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Esta tesis esta dedicada a todos aquellos
quienes luchan por transformar a la biologia
en una teoria de los seres vivos




Mendora

Eighteenth-century science, following the Newtonian revolution,
has heen characterized as developing the sciences of organized
simplicity, nineteenth-century science, via statistical mechanics,
as focusing on disorganized complexity, and twentieth-
and twenty-first-century science as confronting organized complexity.
Nowhere is this confrontation so stark as in biology.
Nowhere are new conceptual tools so deeply needed.

Stuart Kauffman
-The Origins of Order, 1993
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PROLOGO

Esta tesis es c¢l producto del trabajo
realizado  durante mi estancta en cl
Laboratorio  de  Genética Molecular v
LEvolucion del Instituto de Ecologia, UNAM,
bajo l1a direccidn de la Dra. Elena Alvarez-
Buvlla. Durante los poco mds de cuatro afos
en el laboratorio. tuve la oporunidad de
desarrollarme en diversos aspectos de mi vida
académica. En la presente tesis se encuentran
s0lo algunos de los resultados obtenidos
durante mi doctorado; a saber, aquellos que
podian ser inclutdos de manera coherente en
forma de tres articulos de investigacidn. Sin
embargo. para ahondar en algunos aspectos
bdsicos de mi proyecto de investigacién me
parecié necesario incluir ademds dos articulos
de revision, los cuales se escribieron como
parte  de  las  actividades  académicas  del
programa  del Doctorado en Ciencias
Biomédicas.

Los articulos forman la parte medular
de la tesis. Sin embargo, para dar continuidad
y omostrar la wnidad entre los diferentes
resultados expuestos en los articulos, escribi
un texto principal con las ideas centrales que
guiaron mi proyecto de investigacién., Por
tanto. los articulos se incluven como
apéndices al texto principal para ampliar y
precisar la informacién expuesta en las
secciones 2.2, 3, 5.1, 5.2 v 5.3 de la tesis.
Debidoe a su estructura, esta tesis puede leerse
por lo menos de tres maneras distintas. La
primer forma es leer todo el escrito,
incluyendo los apéndices. Si bien este tipo de
lectura tiene la mayor coherencia entre las
distintas partes, el lector encontrard una gran
redundancia de informacién entre los articulos
y el texto principal de la tesis. De hecho,
algunos pdrrafos del texto principal son
traducciones literales de algunas secciones de
los articulos. La intencién del texto principal
es servir de guia de las ideas, pero los
resultados y su amplia discusién se presentan
en cada uno de los articulos. La segunda
forma es la lectura exclusiva de los articulos
incluidos en los apéndices. De esta manera se
reduce considerablemente la redundancia en la
informacién leida. Pero para no perder
continuidad, se recomienda leer en el siguiente
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orden: Apéndices 2, 3. 4. 1 y 5. Asi. el lector
enconirard  en el primer articulo las
caracteristicas  generales de las redes de
regulacion  modeladas  como  sistemas
dindmicos discretos. El segundo y el tercer
articulos conticnen una aplicacién de las redes
en la forma de un modelo de regulacién
genética de la floracion en Arabidopsis. En el
cuarto artfculo se presenta la biologia de la
raiz de Arabidopsis. Y finalmente, el quinto
articulo contiene un modelo de regulacién que
controla la diferenciacién en la epidermis de la
raiz. La tercera alternativa de lectura consiste
en leer dnicamente los articulos de
investigacion (Apéndices 3, 4 y 5). De esta
tltima manera es posible prestar atencién en
las ideas centrales v los resultados obtenidos
en el proyecto de investigacién.

Por dltimo  deseo  expresar i
agradecimiento a las personas que hicieron
posible esta tesis. En primer lugar a Elena
Alvarcz-Buylla, por haberme aceptado en su
grupo de trabajo y por apoyarme a lo largo de
mi estancia en su laboratorio. También les
debo mucho a Jaime Laginez y a Julio
Collado, que si bien su papel oficial fue ¢l de
miembros de mi comité tutorial, en la vida
diaria se desempeiaron como verdaderos
amigos y colaboradores, alentindome y
ayudindome en todo momento. Merece
mencién especial mi amigo Denis Thieffry,
quien desde el inicio vio el potencial del
proyecto, pero  ademds creyé en mi y
contribuydé a la proyeccién internacional de
mis resultados. También deseo dar gracias a
los miembros de mi jurado: Jesis Aguirre,
Elena  Alvarez-Buylla, Rafael Barrio,
Germinal Cocho, Wilhelm Hansberg, Patricia
Leén y Pedro Miramontes. Ellos se esforzaron
por leer y sugerir algunos cambios a ésta tesis,
logrando asf hacer mas sencilla la lectura de la
misma.
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I INTRODUCCION

Existen diversos sistemas
biologicos. como  Xenopus  laevis,
Drosophila melanogaster,
Caenorhabditis  elegans, Arabidopsis
thaliana y Antirrhinum majus. en los
cuales se ha realizado un gran esfuerzo
por comprender la regulacidn de la
expresion genética durante el desarrollo.
El esfuerzo se ha centrado sobre el
estudio de los genes involucrados en la
morfogénesis, ya que los efectos
fenotipicos resultantes de las mutaciones
con ganancia o pérdida de alguna
funcién ayudan a tnferir la funcién de
dichos genes durante el desarrollo. En el
caso particular de las plantas, el estudio
de la morfogénesis tliene una larga
tradicion. Baste con mencionar el
estudio cldsico de Johann Wolfgang von
Goethe llamado Versuch die
Metamorphose der Pflanzen zue erkléiren
de 1790, en el cual expone la tesis de
que todos los érganos de las plantas no
son  sino hojas  modificadas.  Pero
ademis, en los tltimos aifos ha habido
un gran impulso al uso de plantas para el
andlisis de la regulacion genética del
desarrollo, debido en parte al potencial
econémico que tiene la manipulacién
genética de algunos cultivos como el
maiz, el jitomate, el algodén, etc. El
conocimiento de las bases moleculares
del desarrollo ha permitido establecer
que e! contro!l global dec la morfogénesis
es muy diferente entre las plantas y los
animales. A pesar de que las plantas y
los animales comparten un sistema
molecular bésico, tienen mecanismos
distintos en la transmision y el
procesamiento de las sefales, asi como
los mecanismos de comunicacion celular
(Meyerowitz, 1997; Trewavas y Malhg,
1997).
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Los cstudios moleculares  han
puesto de manifiesto la dificultad de
describir ¢l desarrollo de los organismos
como funcién de la actividad genética.
Por una parte, se conoce que un gen
puede ser regulado por un gran nimero
de factores de transcripcién (Amone y
Davidson, 1997); y por otra parte, un
mismo gen puede intervenir en diversos
procesos durante el desarrollo. Por tanto,
la magnitud de wuna modificacion
genotipica no necesariamente
corresponde a la magnitud de! cambio
fenotipico asociade (Moreno, 1994).
Una de las razones de la no-linearidad en
la relacién entre el genotipo y el fenotipo
es la existencia de miiltiples inter-
relaciones entre los genes y sus
productos. Dichas regulaciones cruzadas
entre diversos grupos de genes forman
las llamadas redes de regulacion
genética. El modelado de las redes de
regulacion ha mostrado que entre sus
propiedades se incluyen a la estabilidad,
la redundancia, la homeostasis y la
miultiestacionaricdad’, entre otras,
Dichas propiedades no son intuitivas o
evidentes a partir de una inspeccién
visual de las interacciones presentes en
una red de regulacion. Por tanto, es
necesario realizar un andlisis de las
propiedades dindmicas de tales redes,
para asi poder predecir el efecto que
puede tener la activacién o inactivacién
de un gen en particular sobre los
patrones de actividad de la red completa.
Ahora bien, st la red de regulacién
incluye a genes involucrados en el
desarrollo, la modificacién de los
patrones de expresion podria modificar a
la morfogénesis del organismo en
estudio.

' Es decir, la capacidad de un sistema de poseer
més de un estado estacionario.
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Durante la presente década ha
habido un gran esfuerzo por comprender
las bases genéticas del desarrollo floral
en  Arabidopsis  thaliana,  pues ha
demostrado ser un sistema  bioldgico
experimentalmente adecuado para el
estudio de la morfogénesis. Por ello, en
la actualidad se cuenta con una gran
cantidad de  informacion molecular v
morfologica  en dicho  sistema. De
particular relevancia para ¢l tema de esta
tesis, es ¢l hecho de que la cantidad de
informacion  generada ha permitido la
clahoracion  de algunos  esquemas
sencillos sobre las bases moleculares del
desarrollo floral (Coen. 1991 Coen y
Meyerowitz.  1991:  Weigel. 1995;
Weigel vy Meyerowitz, 1993a). En
contraste con la abundancia de
informacién molecular. existen atn
muchas incognitas con respecto a la
naturaleza de las vias de sefalizacién y
las interacciones celulares involucradas
en la morfogénesis floral.

LLos estudios sobre ¢l control
molecular  del  desarrollo v Ia
morfogénesis no se han restringido al
estudio de la flor. El desarrollo de las
hojas y de la raiz también ha sido objeto
de estudio. principalmente en aquellos
aspectos relacionados al papel de las
interacciones celulares en la
morfogénesis  (Scheres.  1996). Por
ejemplo, los resultados experimentales
han  mostrado  que ¢l control de la
diferenciacion celular en la epidermis y
la corteza es muy similar en las hojas, el
tatlo y la raiz. En esos tejidos. el destino
celular es determinado por la posicion
relativa que guardan las células entre si,
y por lo menos  cuatro gencs  son
comunes en el proceso de diferenciacion
(Benfey. 1999). Sin embargo, la cantidad
de informacion molecular disponible es
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claramente mayor en los procesos
involucrados en el desarrollo floral.

Arabidopsis thaliana es un sistema
experimental para el cual se tiene una
considerable cantidad de informacion
experimental a distintos niveles y en
diversos aspectos del desarrollo. Sin
crmbargo, hasta ahora han sido pocos los
esfuerzos por sintetizar dicha
informacion en modelos matemiticos o
computacionales. Previo a la realizacion
del proyecto de investigacion para osta
tesis, solamente se habia publicado un
madelo combinatorio para describir los
patrones globales de expresiéon genética
durante el desarrollo de los organos
flores de Arabidopsis. A principios de la
década de 1990 se desarroll6 el modelo
combinatorio ABC (ver adelante). el
cual describe la relacién existente entre
tres regiones de expresion genética con
la apariciéon de los cuatro tipos de
organos  florales.  Este  modelo, sin
embargo. no propone un mecanismo a
nivel  molecular  para  explicar el
establecimiento  de  tal  patron  de
expresion.

En esta tesis se presentan modelos
dindmicos de regulacion genética en dos
procesos del desarrollo de Arabidopsis:
el desarrollo de la flor y la aparicién de
pelos en la epidermis de la raiz. Los
modelos propuestos aqui constituyen las
primeras explicaciones en (érminos de
redes de  regulacién  sobre el
establecimiento de patrones de expresion
genética observados experimentalmente.
En el caso particular del modelo de ta
raiz. ademds de la regulacion genética se
combinan  algunos  aspectos de fa
transduccion  de  sefiales v las
interacciones celulares. Cabe sefialar
que, si bien los modelos presentados son
muy sencitlos, pues wtilizan
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principalmente variables binarias, ellos
ticnen un alto valor predictivo.

FIGURA T
P a Nor de Arabidopsis v el modelo ABC
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2 Arabidopsis thaliana

Arabidopsis  thaliana  es una
dicotiledonea que pertenece a la familia
Brassicaceae, la cual incluye cultivos
importantes  como  la mostaza y  la
coliffor. Su ciclo de vida completo,
incluyendo la germinacién de la semilta,
fa formacion de la roseta, ¢b desarrollo
del tallo principal, Ta floracion y  a
nuduracion de fas primeras semillas es
de aproximadamente  seis  semanas,
Arabidopsis  presenta  un  crecimiento
indeterminado’, con un tallo principal del
cual sc originan diversas estructuras
durante el desarrollo. Después de la
germinacion y la  aparicion  de  los
cotiledones. comienza la fase de
crecimiento vegetativo. En dicha fase
aparccen un par de hojas en cada nodo

" Esto es. que continua a lo fargo de la vida del
nrg:miﬂmn.
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con una filotaxia decusada’ y un
crecinyento internodal corto,
formdndose de este modo una roseta.
Aproximadamente a lus tres semanas de
pernminacion, comiensia wn crecimicnto
riptdo  del  tallo,  formdndose  la
inflorescencia primaria. En la
inflorescencia aparecen hojas con una
filotaxia en espiral, ¥ en las axilas de las
hojas se originan tallos secundarios.
Finalmente, aparecen los primordios
florales de manera espiral a lo largo de
las inflorescencias. Antes de que las
flores abran sus pétalos, éstas se auto-
polinizan, Posteriormente, las flores ya
maduras se abren, alcanzando su tamano
miaximo de aproximadamente 2mm de
largo. Finalmente, las flores se marchitan
dando lugar a vainas que contienen a las
semiltas (Bowman, 1994).

Arabidopsis  thaliana se utiliza
Como un organismo experimental para
estudios de genética, fisiologia y
biologia del desarrollo, debido a su
tamafio pequefio, a su ciclo de vida corto
y a su genoma relativamente pequeiio
(alrededor de 120Mb'). Otra de las
ventajas  es que  las  semillas  de
Arabidopsis pueden ser germinadas en
una caja de petri, facilitando asi la
buisqueda de mutaciones que alteren Ia
morfologte de algin organo en
particular. Dentro de  las mutaciones
Hamativas que ocurren en la planta se
encuentran las flamadas homedticas, las
cuales resultan en patrones alterados del
desarrollo en donde unos 6érganos son
reemplazados por otros. El andlisis del
efecto combinado de mutaciones ha

*Hay 180" entre las hojas de cada nodo, v 90°
cntre tas hojas de nodos advacentes.

"Se estima que A, thaliana ticne 23,000 genes. v
s¢ espera contar con la secuencia del genoma
completo para Ninales del afio 2000 (ver
hitp://genome-www stanford.edu/Arabidopsis),
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pernitido el establecimiento parcial de la
regulacion entre diversos genes y sus
productos.

2.1 La arquitectura floral de
Arabidopsis

Las flores de Arabidopsis se
componen de cuatro verticilos'. El
primero (el més externo) esti formado
por cuatro sépalos, el segundo por cuatro
pétalos, el tercero por seis cstambres, y
el cuarto por dos carpelos fusionados
(ver Figura 1; Coen. 1991). Esta
arquitectura floral puede ser alterada por
la supresién., o sobre-expresion de
algunos genes. El efecto morfolégico de
los distintos mutantes en la floracién ha
permitido  agrupar a los genes del
desarrollo  floral de Arabidopsis en
cuatro categorias: 1) genes de floracion
temprana y tardia (Coupland, 1995}, 2)
genes de identidad de meristemo
{Schultz y Haughn, 1993; Weigel er al.,
1992). 3) genes cadastrales (Liu vy
Meyerowitz, 1995; Sakai er «f.. 1995;
Weigel y Meyerowitz, 1993a), vy 4)
genes de identidad de drgano (Weigel y
Meyerowitz, 1993h). Las mutaciones
que afectan a los genes de floracion
temprana y tardia provocan un cambio
en la temporalidad de la aparicién de
flores, retrasidndola o adelantdndola, pero
sin afectar a la morfologia floral. Por su
parte, las mutaciones en los genes de
identidad del meristemo retrasan la
aparicién de los meristemos florales, y
las  flores  resultantes  presentan
alteraciones morfolégicas. Las
mutaciones en los genes cadastrales
alteran los patrones de expresién de los
genes de identidad de  Grgano,
modificando el tamafio o nimero de los
organos florales resultantes. Finalmente,

" Anillos concéntricos formados cada uno de
etfos por los distintos érganos florales.
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aquellas mutaciones  que  afectan
directamente a los genes de identidad de
organo modifican la féormula floral.

Se han caracterizado
molecularmente a muchos dc los genes
clasificados en los grupos arriba
mencionados, por lo cual se conocen a
grandes rasgos las regiones y la
temporalidad de su expresién. El
establecimiento de las etapas del
desarrollo en las cuales se activan los
diversos tipos de genes florales, ha
permitido  que  diversos  autores
propongan algunas de las relaciones de
regulacién genética que existen entre los
diversos grupos de genes florales.
Especificamente, se conoce que diversas
sefiales ambientales activan 2 los genes
de floracién tardia (Puterill et al., 1995;
Weigel y Meyerowitz, 1993a), los cuales
regulan la actividad transcripcional de
los genes de identidad de meristemo
{Coupland. 1995: Weigel y Meyerowitz,
1993a; Ma, 1994). Estos (ltimos son los
que regulan la actividad de los genes
cadastrales (Clark er al., 1995; levin y
Meyerowitz, 1995; Liu y Meyerowitz,
1995). Finalmente, tanto los genes de
identidad de meristemo como los
cadastrales regulan la expresion de los
genes de identidad de 6rgano (Okamuro
et al., 1993). No obstante que se conocen
las relaciones de regulacién
transcripcional entre los grupos de genes
arriba mencionados, ha sido muy dificil
establecer la regulacién de ellos en un
nivel gen-a-gen. Por ejemplo, existe un
artfculo en el cual se trataron de reunir
las relaciones de regulacién conocidas
para diversos genes de los grupos ya
mencionados (Theifen y Saedler, 1995);
sin embargo en dicho trabajo no se
establece una distincién clara entre la
regulacién transcripcional, la regulacién



post-transcripcional vy los  cfectos
fenotipicos.

En el caso particular del desarrollo
de las flores de Arabidopsis. ya se han
descrito diversas mutaciones homedticas
que alteran su arquitectura floral. A
partir del efecto fenotipico de tales
mutactones se desarrolld un modelo
combinatorio  llamado ABC (Coen y
Meyerowitz. 1991; Meyerowitz, 1994a).
El modelo ABC propone que la
identidad de los organos que se
encuentran en cada uno de los verticilos
florales  estd  determinada por la
combimmacion de tres “actividades™ o
“funciones”™ gendticas (A B y O Figura
N, Enoel modelo, los sépalos estin
determinados por Ja presencia de la
actividad A, los pdalos por una
combinacion de la actividad A con la B,
fos estambres por la combinacion de las
actividades B y C, y los carpelos por la
actividad € dnicamente. Por tltimo, el
modelo ABC indica que las actividades
Ay C son mutuamente antagonistas.

Se  han asignado  actividades
transcripcionales de genes especificos a
cada una de las tres funciones arriba
mencionadas. Los genes APETALA]
(AP vy APETALA2 (AP2) son los
responsables de 1a actividad AL los genes
APETALAS (AP3Y y PISTILIATA (PD
son los responsables de la actividad B,
en tanto que AGAMOUS (AG) es el
unico gen al que se le ha asignado la
actividad C (Meverowitz 1994a). Con la
identificacion de los genes anteriores a
cada una de las actividades menctonadas,
el modelo ABC puede utilizarse no sélo
para describir a las flores de las plantas
silvestres. sino también a las flores de las
plantas a las cuales se les ha alterado de
algin modo Ta expresion de Jos genes
mencionados. Esto es, siose elimina la
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actividad A al mutar el gen AP/, la
expresion del gen AG se cxpande hasta
cubrir la region en donde se expresaba
normalmente Ta  actividad A. Como
resultado, las  flores en desarrollo
presentan un patron de activacion tal que
desarrollarin (de aluera hacia adentro)
carpelos.  estambres.  estambres y
carpelos (ver Figura I del Apéndice 3).
Por otro lado, al presentarse  una
mutacién en algin gen de la actividad B,
las flores se desarrollan presentando
sépalos, sépalos, carpelos y carpelos.
Finalmente. al mutarse el gen de
actividad C, la actividad A toma su sitio
produciendo flores conteniendo sépalos
v pétalos de manera reiterada. Este grupo
de mutaciones homedticas es tan bien
descrito por el modeto ABC, que aunque
algunos  estudios  sugicren  pequeas
modilicaciones al modelo (Ma, 1994
Ray et al, 1994), éste sigue siendo
ampliamente utilizado para describir la
morfologia floral de plantas mutantes
(Coen y Meyerowitz, 1991; Meyerowitz,
1994a; Ma, 1994; Meyerowitz, 1994b) y
plantas transgénicas (Krizek y
Meyerowitz, 1996).

Existen dos tipos de mutaciones
homedticas florales descritas que no
captura ¢l modelo ABC. Una es la
causada por la mutacion en ¢l gen
SUPERMAN (plantas sup'), que produce
un aumento en cl nimero de estambres
con respecto al tipo silvestre (Sakai et
al., 1995). ademads de vna reduccién en
el nimero y tamano de los carpelos. La
otra  transformaciéon  homeética se

" En la literatura de Arabidopsis. el nombre de
los genes sc escribe con letras ititicas
mayusculas (por ejemplo SUP). Para indicar que
un gene estd mutado, sc escribe su nombre con
letras itdlicas mimisculas Csep). Finalmente, a [as
proteinas de dichos genes se les indica con letra
mavosculas sinitalizar {SUPY,

¢t~} €~_ 3



presenta cuando se muta el gen BELL!
(BEL1). Estas plantas presentan carpelos
en vez de avulos (Ray et al., 1994), de
tal manera que se tienen carpelos dentro
de carpelos, etc. Finalmente, existen
algunos otros cambios homedticos en las
flores de Arabidopsis que pueden
explicarse como efectos indirectos sobre
la actividad transcripcional de los genes
de identidad de organo (los incluidos en
¢l modelo ABCY. Por cjemplo, as
plantas  con la  mutacion  leafv  ({fy)
presentan un  retraso temporal en la
aparicion de los meristemos  florales.
Ademas, las flores de estas plantas
presentan casi siempre una férmula de
sépalos, sépalos, carpelos y carpelos
(Weigel er al., 1992}, lo cual se atribuye
a una disminucién de la actividad de los
genes AP3 y PI, responsables de la
funcién B (Jack er al., 1994, Parcy et al.,
1998).

FIGURA 2
La raiz principal
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2.2 La raiz principal de
Arabidopsis

La rafz de Arabidopsis thaliana o
un sistema experimental que permite
hacer estudios sobre la integracion de
aspectos celulares y moleculares durante
el desarrotlo y la morfogénesis. La raiz
ticne una arquitectura regular, un tamafio
pequeno y ademads es transparente. Estas
caracteristicas  han  permitido la
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combinacion de estudios genéticos,
moleculares. de muerte celular selectiva
por liser. y de microinyeccién de
colorantes para estudiar los mecanismos
de senalizacién involucrados en la
especificacidon celular (Scheres, 1996;
1997). Otra caracteristica importante es
que las células vegetales no migran. Esta
inmovilidad es la razén por la cual las
sehales que puedan indicar la posicion
celular son determinantes para los
procesos de diferenciacton celular y la
formacion de patrones en las plantas,

La arguitectura radial de la raiz
primaria (o principal, Figura 2) de
Arabidopsis  se establece durante la
embriogénesis (Golberg et al.; 1994,
Laux y Jiirgens, 1997). En esta seccién,
sin embargo, se describe la arquitectura
de la raiz madura. Para una descripcién
mds detallada, asi como el origen
cmbrionario  de los  tejidos  que  se
mencionan véase el Apéndice |. La raiz
madura  estd  formada  por  tejidos
concéntricas, que de atuera hacia adentro
son: la cofia lateral, la epidermis, la
corteza, la endodermis, el periciclo. y el
haz vascular. Estos tejidos estdn
formados por columnas (o filas) de
células. Cada fila es mantenida por la
elongaciéon y la subsecuente divisién
anticlinal' de células primordiales,
conocidas como las células iniciales.
Existen cuatro tipos de células iniciales:
de epidermis y cofia lateral, de corteza y
endodermis. de tejido vascular v por
Gltimo de cofia (también Hamada colia
de columela, o columela). Las células
iniciales crecen y se dividen, Como
resultado de ta division se obtienen dos
células, pero sélo una de ellas seguird
siendo célula inicial: a la otra célula se le
llama célula hija. Las células hijas son

' Perpendicular al cie longitudinal de la plania.
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capaces de dividirse v diferenciarse en
alguno  de  los  tipos  celulires  ya
mencionados que conforman a la raiz
madurin

Ll ocrecimiento de la rafr es ¢l
resultado  de la combinacion  de la
expansion v la division celulares que se
da en el meristemo (Beemster v Baskin,
1968). El meristemo de {a raiz contiene a
las células iniciales ya mencionadas, y su
continua  division no sdlo origina el
crecimiento de la raiz. sino que mantiene
la  arguitectura  originada  en la
embriogénesis, Una diferencia
importante de Ta funcién del meristemo
de raiz con la del meristemo apical. ¢s
que éste dltimo produce diversos tipos
de cstructuras (meristemos secundarios,
hojas. primordios florales) durante las
diferentes etapas del desarrollo. Sin
embargo. a pesar del crecimiento
continuo.  se  pucden  reconocer  tres
regiones parcialmente sobrepuestas a lo
largo de la raiz: el meristemo ubicado en
la punta de la misma. la zona de
clongacién inmediatamente arrtba  del
meristemo, y por ultimo la zona de
diferencracion. La zona del meristemo
ocupa cerca de 250 pm de la raiz y estd
cubierta por la cofia y la cofia lateral. De
estos tefidos se van desprendiendo las
células mds viejas conforme crece la
raiz. Por su parte, la zona de clongacién
ocupa una longitud aproximada de 250
pm.  Finalmente, la zona de
diferenciacién es la regién més apical, y
en donde los tejidos se diferencian a su
estado maduro (Dolan ef al.., 1993;
1994).

El meristemo de la raiz esta
formado no sélo por las ¢élulas iniciales
ya mencionadas: ademds tiene un centro
mitdticamente inactivo  llamado centro
quiescente. Las células inciales rodean
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al centro guiescente, haciendo contacto
con ¢l directamente en la parte superior,
lateral ¢ inferior. Las células iniciales de
la cofta Torman una capa de cerca de
veinte  cdlulas que se dividen
periclinalmente’” produciendo la cofia
madura. En una region mis interior, pero
cn contacto con ¢l centro quiescente, se
encuentran las células iniciales de la
epidermis, cuyas divisiones originan
tanto a la epidermis como a la cofia
lateral maduras. Por su parte, las células
iniciales de corteza dan lugar a la
formacidn de la corteza y la endodermis.
El patrén de division secuencial de todas
las células iniciales origina la formacion
de espirales a lo largo de Ta raiz (Baum y
Rost. 1996: Rost et al.. 1996).

La epidermis de la raiz no es un
tejido homogéneo, ya que estd formada
por dos tipos celulares: células con una
proyeceton Hamada pelo radicular (los
tricoblastos) y células sin pelo (los
atricoblastos). Si bien la presencia del
pelo radicular es la diferencia mds
notoria entre las células de la epidermis,
no es la dnica. Morfol6gicamente, los
tricoblastos son mis cortos y tienen un
citoplasma mas denso que el de los
atricoblastos  (Dolan et al..  1994).
Notablemente, la localizacion relativa de
estos dos tipos celulares en la epidermis
es altamente predecible y depende del
contacto establecido con las células de
corteza. La epidermis estd formada en
promedio por 19 filas de células, en
tanto que la corteza casi siempre tiene
ocho filas. Esta diferencia numérica
entre las células epidermales y corticales
origina que algunas células de la
epidermis hagan contacto con dos
células de corteza, y otras sélo con una.
Las células de la epidermis que hacen

' . ,
Paralelo a la superficic de la raiz.




contacto con dos células de la corteza s
diferencian en tricoblastos. En cambio
las células epidermales en contacto con
una sola célula de corteza se diferencian
en atricoblastos. La razén de! nimero de
filas de tricoblastos a atricoblastos sc
mantiene constante durante el
crecimiento de la raiz, y tiene un valor
entre (.5 a [, variando de planta a planta.

En el meristemo de la raiz se
producen las nuevas células para el
crecimiento de la misma. Dicho
crecimiento se da mediante un proceso
que requiere de un adecuado balance
entre la proliferacion v Ia diferenciacion
de los  distintos  tipos  celulares,
manteniendo el patrén radial originado
durante la embriogénesis. Sin embargo. a
pesar del patron fijo de la division y la
diferencincion celulares va mencionados,
las células meristematicas de la raiz
tienen la capacidad de alterar su patron
de diferenciacion  dependiendo de las
células con las que estén en contacto. Se
han realizado experimentos de muerte
celular dirigida con ldser (Van der Berg
e al.. 19950 1997, 1998). los cuales
indican que existe una informacién
posicional que actia continuamente para
mantener la identidad celular. Sin
embargo. no se conoce la naturaleza
molecular  de  los  procesos  de
senalizacion para ¢l mantenimiento del
destino celular.

Por tltimo, en contraste con la raiz
primaria. las  raices secundarias s
originan de meristemos formados post-
embrionalmente a partir de células
fundadoras en el periciclo (Dolan ef al.,
1993: Sussex er al, 1995). La mayor
parte de las rafces laterales emergen de
la raiz primaria. y algunas pocas se
originan de otras raices laterales, pero a
pesar de su origen distinto. las raices
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laterales tienen una arquitectura idéntica
a la de la raiz primaria. Esta similitud
sugiere que el mismo grupo de genes
estd involucrado tanto en ¢l desarrollo de
las raices primarias como de las laterales
(Laskowski er al., 1995. Malamy y
Benfey, 1997a: 1997h).

3 REDES DE REGULACION
GENETICA

Las técnicas modernas de la
biologia molecular han originado un
aumento en la velocidad a la cual se
descubren genes y se les determina su
secuencia primaria. Sin embargo. es
necesario  hacer uso de  estudios
genéticos, bioquimicos vy fisiolGgicos
para identificar las funciones de dichos
genes. Una primera consecuencia de la
diferencia  metodolégica entre  la
identificacion  de  un  gen y el
conocimiento de su funcién, es ¢l hecho
de que la velocidad a la cual se describen
las vins de regulacion ¢s mucho mis
lenta que 1a del descubrimiento de
nuevos genes v osus prodoctos, Para el
tema de esta tesis, son de particular
interés aquellos casos en los que se
describen genes que codifican a factores
de transcripcion.  Tales factores son
proteinas que se unen a las secuencias de
regulacion de otros genes. controlando
sus  ntveles de transcripcion.  Pero
ademads, si esos factores regulan a genes
que a su vez codifican para otros factores
de transcripcion, entonces se crea una
interdependencia entre grupos de genes
formando una red de regulacién genética
(Kauffman., 1991: 1993: Zuckerkandl,
1994). Como resultado del
establecimiento de estas redes, es posible
observar la expresién coordinada de
diversos grupos de genes. Si bien estas
ideas son cominmente aceptadas por tos
bidlogos. normalmente no se conocen las




contacto con dos células de la corteza se
diferencian en tricoblastos. En cambio
las células epidermales en contacto con
una sola célula de corteza se diferencian
en atricoblastos. La razén del nimero de
filas de tricoblastos a atricoblastos se
manticne constante durante el
crecimiento de la raiz, y tiene un valor
entre 0.5 a 1, variando de planta a planta.

En el meristemo de la raiz se
producen las nuevas células para el
crecimiento de la misma. Dicho
crecimiento se da mediante un proceso
que requierc de un adecuado balance
entre Ta proliferacién v Ia diferenciacién
de  los  distintos  tipos  celulares,
manteniendo el patrén radial originado
durante la embriogénesis. Sin embargo. a
pesar del patrén fijo de la divisién v la
diferenciacion celulares va mencionados,
las  células meristemiticas de la raiz
tienen la capacidad de alterar su patron
de diferenciacion  dependiendo de las
células con las que estén en contacto, Se
han realizado experimentos de muernie
celutar dirigida con Hser (Van der Berg
et al., 19950 1997; 1998). los cuales
indican que existe una informacidn
posicional que actia continuamente para
mantener la identidad celular. Sin
embargo. no se conoce la naturaleza
molecular  de  los  procesos  de
sefializacion para el mantenimiento del
destino celular.

Por Gltimo, en contraste con la raiz
primaria. las rafces secundarias  se
originan de meristemos formados post-
embrionalmente a partir de células
fundadoras en el periciclo (Dolan et al.,
1993: Sussex et al., 1995). La mayor
parte de las rafces laterates emergen de
la raiz primaria. y algunas pocas se
originan de otras raices laterales, pero a
pesar de su origen distinto, las rafces
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laterales ticnen una arquitectura idéntica
a la de la raiz primaria. Esta similitud
sugiere que el mismo grupo de genes
estd involucrado tanto en el desarrollo de
las raices primarias como de las laterales
(Laskowski er al., 1995, Malamy y
Benfey, 1997a; 1997h).

3 REDES DE REGULACION
GENETICA

Las técnicas modermas dec la
biologia molecular han originado un
aumento en la velocidad a la cual se
descubren genes y se les determina su
secuencia primaria. Sin embargo, es
necesario  hacer use de estudios
genéticos, bioquimicos y fisiologicos
para identificar las funciones de dichos
genes. Una primera consecuencia de la
diferencia  metodologica entre  la
identificacion  de  un  gen y el
conocinvento de su funcion, es ¢l hecho
de que 1a velocidad a la cual se describen
fas vias de regulacion es mucho mas
lenta que la del descubrimiento de
nuevos genes v osus productos, Para el
tema de esta tesis, son de particular
interés aquellos casos en los que se
describen genes que codifican a factores
de transcripcion. Tales factores son
proteinas que se unen a las secuencias de
regulacion de otros genes. controlando
sus  niveles de transcripcion.  Pero
ademds, si esos factores regulan a genes
que a su vez codifican para otros factores
de transcripcion, entonces se crea una
interdependencia entre grupos de genes
formando una red de regulacién genética
(Kauffman, 1991: 1993: Zuckerkandi,
1994). Como resultado del
establecimiento de estas redes, es posible
observar la expresién coordinada de
diversos grupos de genes. Si bien estas
ideas son comunmente aceptadas por los
bidlogos. normalmente no se conocen las
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propiedades  dindmicas  globales  de
dichas redes de regulacton.

Es una prdctica comuin describir
una relacion de regulacion
transcripcional utilizando flechas
(A—B) para indicar activaciones. vy
flechas despuntadas (A—B) para indicar
represiones. Dicha representacion grifica
es muy util para sintetizar y comprender
a la maquinaria global de transcripcién
de un organismo. Sin embargo. el
conocimiento de la conectividad en una
red de regulacién no es suficiente para
determinar el comportamiento dindmico
de dicha red. Existen algunas
propicdades  que  no  pueden  ser
deducidas  dnicameme a0 partie de 1a
inspeccidn visual de las interacciones en
ta red. Por cjemplo. no es posible
conocer cuantos estados estacionarios de
activacion  puede  tener una red
determinada, ni si esos estados son
estables o no. Para conocer éstas y otras
propiedades, es necesario incorporar las
tasas de transcripcion de cada uno de los
genes como funcion de los factores de
transcripcion unidos a las secuencias
reguladoras  de  los  mismos. Al
incorporar dicha informacién. una red de
regulacion genética puede ser descrita en
términos de los sistemas dindmicos, La
tendencia para modelar una red como un
sistema dindmico es la de utilizar un
sistema de ecuaciones diferenciales
acopladas. en donde cada variable
dependicnte representa la tasa
transcripcional de cada gen modelado.
La mayor parte de las veces. sin
embargo, existe muy poca informacién
cuantitativa experimental para poder fijar
el valor de los pardmetros en ¢l sistema
de ccuaciones. De hecho, una gran
mayoria de Tos resultados experimentales
publicados  sdlo comtiene  informacion
cualitativa. - sobre  los  patrones  de
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expresion espacial y temporal de los
genes en estudio.

Ahora bien. una caracteristica
importante de las redes de regulacién, a
diferencia de uma cascada o una
Jerarquia, es que presentan la posibilidad
de  establecer interacciones  de
retroalimentacion, directa o indirecta. Es
decir. el producto de cierto gen puede
regular directa o indirectamente la
transcripcién de €l mismo. La presencia
de relaciones de retroalimentacién
permite al sistema alcanzar no sélo
patrones fijos de actividad, sino también
patroncs periddicos de activacion. Si
bien Tas propiedades dindmicas de las
redes de regulaciones dependen en gran
medida del tipo de ecuaciones utilizadas,
incluso las redes aparentemente sencillas
tienen un comportamiento  dindmico
global complejo. que incluye la auto-
organizacion, la  estabilidad, la
redundancia, la  periodicidad, la
multiestacionariedad y la homeostasis
(Somogyi y Sniegoski, 1996; Thieffry et
al, 1995; Thomas er al., 1995). El
Apéndice 2 es un articulo de revisién
que presenta con mds profundidad las
propiedades dindmicas de las redes de
regulacion  modeladas como  sistemas
discretos. En €l se resumen algunas de
las aplicaciones que han tenido dichos
sistemas dindmicos.

Existen diversos trabajos tedricos
en los cuales se exploran  las
caracteristicas de las redes de regulacién
hipotéticas (Clarke et al., 1993;
Kauffman. 1969; 1993: Wagner 1996).
A pesar de la abundancia de trabajos
tedricos sobre las redes de regulacion, la
taboriosa obtencion  de  resultados
experimentales  hace  dificil poner 4
prueha la utilidad de los formalismos de
fas redes de regulacion como sistemas
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dinamicos. Hasta ahora se han publicado
maodelos  de 1o regulacion  genética
principalimente para Drosophilu
{Bodnar. 1997 Burstein. 1995: Reinitz y
Sharp. 1995). aunque cada vez es mis
abundante la informacidn para otros
sistemis, como por ejemplo el erizo de
mar  {Arnone vy Davidson.  1997;
Davidson et al., 1998 Yuh er af., 1998).
El mayor esfuerzo en los modelos de
redes de regulacion se ha centrado en la
mosca debido a la gran cantidad de datos
gue se tienen sobre la expresion de los
grupos de los genes maternos, los gap,
fos  pair-rule. los  de  polaridad  de
segmento y  los homedticos.  Sin
embargo, cabe  sefalar que en
Drosophila normalmente se modela [a
expresién genética durante el
blastodermo. en la cual el embrién es un
sincisto, en donde hay muchos nicleos
pero no hay células como tales (Hunding
y Engelhardt, 1995: Mjolsness ¢t al.,
1991; Reinitz. v Sharp. 1995 Spirov,
1996). En esta tesis se presentan dos
modelos  de regulacion gendtica: el
primero  para el desarrollo  florat
(Apéndices 3 v 4). y el segundo para la
diferenciacion celular de la epidermis de
la raiz en Arabidopsis thaliana.

4 ANALISIS
CIRCUITOS
RETROALIMENTACION

Dentro de las redes de regulacion
es posible encontrar la presencia de

LOGICO DE
DE

circuitos  de  retroalimentacion,  cuya
immportancia  ha  sido  ampliamente
reconocida por tos bidlogos

experimentales y tedricos desde hace por
lo menos tres décadas {ver por ejemplo,
Monod y Jacob. 1961: Rosen, 1968).
l.os circuitos de retroalimentacion son
cadenas circulares de interacciones, de
tal manera que cada elemento dentro del
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circuito influencia su propio nivel de
actividad.  En muchas  ocasiones  ¢s
posible asignar sin ambigiedad un signo
a cada una de las interacciones entire los
diferentes elementos de un circuito.
Cuando la influencia de un elemento
sobre el siguiente es o de aumentar la
activacion, entonces se considera una
interaccion positiva. Inversamente, una

interaccion  negativa  es  aguella  que
reduce Ja actividad del elemento en
consideracion.  Cuando  se  pueden

especificar sin ambigiiedad los signos a
cada una de las interacciones en un
circuito en particular, dicho circuito
tunbién  puede ser clasificado  como
positivo o negativo. El signo de un
circuito se determina por el nimero de
interacciones negativas que lo
constituyen. Si dicho nimero es non
entonces el circuito completo es
negativo, de otra manera es considerado
como positivo. Los circuitos positivos y
negativos poseen diferentes propiedades
dindmicas, y por lo tanto, confieren
distintas capacidades a los sistemas
biologicos que los contienen (Thomas et
al.. 1995). Desde un punto de vista
dindmico, los circuitos de
retroalimentacidn positivos tienen como
efecto la multiestacionariedad, en tanto
que los circuitos de retroalimentacion
negativos generan oscilaciones
sostenidas o amortiguadas (Figura 3),
Bioldgicamente, los circuitos positivos
son  necesartos  para  lograr la
diferenciacion, entendida en el presente
contexto como patrones alternativos de
expresién genética. Por su parte, los
Circuitos negativos son necesarios para
generar  homeostasis. Las anteriores
proptedades han sido formalmente
demostradas en un contexto general
(Gouzé, 1998; Plahte er al., 1995:
Snoussi, 1998).



dindmicos. Hasta ahora se han publicado
modelos  de  la regulacién  genética
principalmente para Drosophila
(Bodnar, 1997; Burstein. 1995: Reinitz y
Sharp. 1995). aunque cada vez es mds
abundante la informacion para otros
sistemas. como por cjemplo ¢l erizo de
mar  (Arnone v Davidson.  1997:
Davidson et al., 1998; Yuh er af.. 1998).
El mayor esfuerzo en los modelos de
redes de regulacion se ha centrado en la
mosca debido a la gran cantidad de datos
que se tienen sobre 1a expresion de los
grupos de los genes maternos, los gap,
los  pair-rule. los  de polaridad  de
segmento y  los homedticos.  Sin
embargo, cabe  sefalar que en
Drosophila normalmente se modela la
expresién genética durante el
blastodermo. en la cual el embridn es un
stncisio. en donde hay muchos nmicleos
pero no hay células como tales (Hunding
y Engelhardt, 1995: Mjolsness er al.,
1991: Reinitz y Sharp, 1995: Spirov,
1996). En esta tesis se presentan dos
modelos  de regulacion  genética: el
primero  para el desarrollo  floral
(Apéndices 3 v 4). y el <egundo para la
diferenciacion celular de la epidermis de
la raiz en Arabidopsis thaliana.

4 ANALISIS LOGICO DE
CIRCUITOS DE
RETROALIMENTACION

Dentro de las redes de regulacién
es posible encontrar la presencia de

circuitos  de  retroalimentacion,  cuya
importancia - ha sido  ampliamente
reconocida por los bidlogos

experimentales y tedricos desde hace por
lo menos tres décadas (ver por ejemplo,
Monod y Jacob. 1961: Rosen. 1968).
Los circuitos de retroalimentacién son
cadenas circulares de interacciones, de
tal manera que cada elemento dentro del
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circuito influencia su propio nivel de
actividad. En  muchas  ocasiones  es
posible asignar sin ambigiiedad un signo
a cada una de las interacciones entre los
diferentes elementos de un circutto.
Cuando la influencia de un elemento
sobre ¢l siguiente es la de aumentar la
dactivacion, entonces s¢ considera una
inferaccién positiva, Inversamente, una

interaccion  negativa  es  aquella  que
reduce Ja actividad del elemento en
consideracion.  Cuando  s¢  pueden

especilicar sin ambigiicdad los signos a
cada una de las interacciones en un
circuito en particular. dicho circuito
también  puede ser clisificado  como
positivo o negativo. E! signo de un
circuito se determina por el nimero de
interacciones negativas que lo
constituyen. Si dicho ndimero es non
entonces el circuito completo  es
negativo, de otra mamera es considerado
como positivo. Los circuitos positivos y
negativos poseen diferentes propicdades
dindmicas, y por lo tanto, confieren
distintas capacidades a los sistemas
biologicos que los conticnen (Thomas er
al.. 1995). Desde un punto de vista
dindmico, los circuitos de
retroalimentacién positivos tienen como
efecto la multiestacionariedad, en tanto
que los circuitos de retroalimentacién
negativos generan oscilaciones
sostenidas o amortiguadas (Figura 3),
Biol6gicamente, los circuitos positivos
son  necesarios  para lograr la
diferenciacion, entendida en ¢l presente
cotitexto como patrones alternativos de
expresion  genética. Por su parte, los
CITCUILOS Negativos Son necesarios para
generar homeostasis. Las  anteriores
propiedades han sido formalmente
demostradas en un contexto general
(Gouzé, 1998; Plahte et al., 1995;
Snoussi, 1998).



FIGURA 3
Diniimicas de los circuitos
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El efecto dindmico de un circuito
no dependerd solamente de su existencia,
sino también de los pesos relativos de
cada una de las interacciones que lo
conforman. Por tanto, se considera que
existen  circuitos  funcionales  y  no
funcionales. Un  circuito  positivo  es
funcional  si  de  hecho  genera
multiestacionaridad, en tanto que un
circuite negative es duncional  si 0 de
hecho genera homeostasis. Cuando un
circuito es funcional, existe un estado
estacionario  llamado  caracteristico
(Snoussi y Thomas. 1993}, ¢l cual se
encuentra en los valores umbrales de las
interacciones del circuito. En un circuito
positivo el estado caracteristico siempre
es inestable, siendo tipicamente un punto
silla en dos dimensiones que se
encuentra sobre una separatriz. En
cambio, el estado caracleristico de un
circuito negativo pucde ser tanto estable

1ps . - -
i1 conjunto de los estados estacionarios que
QC[TIIHHI a dislintas cuencas (]L‘ atraccion,
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como inestable, formando tipicamente
un foco en dos dimensiones. Una
caracteristica del andlisis logico, es que
cuando se conocen las intericciones de
una red de regulacion, pero no los pesos
relativos de las interacciones, es posible
calcular las restricciones  paramétricas
que hacen funcional a cualquier circuito,
o a un grupo de circuitos al mismo
tiempo. Por supuesto, es también posible
encontrar que algunos circuitos no
pueden ser funcionales simultdneamente
con otros. Por tanto, el andlisis l6gico de
circuitos reduce el estudio de toda una
red de regulacion al problema mds
sencillo de estudiar  dnicamente  los
circuitos de retroalimentacion, y su papel
en la dinamica global de 1a red.

Usando ¢l andlisis 16gico de los
circuitos de retroalimentacion es posible
disociar una red compleja en un conjunto
bicn  definido de  circuitos de
retroalimentacion. También se puede
analizar el papel dindmico de cada
circuito individual, y finalmente se
puede mantener un control completo de
la forma en el que se interconectan los
circuitos. Es importante hacer notar que
cl andlisis 1ogico se puede utilizar sin
importar que la actividad genética sea
representada como una variable continua
(una sigmoide) o una varable discreta
(funciones escaldon). De hecho, se ha
mostrado que si primero se estudia un
modelo con variables discretas, sc reduce
enormeniente la dificultad de un andlisis
exhaustivo de ese mismo modelo pero
que utilice variables continuas (ver por
ejemplo, Muraille et al.. 1996).
Brevemente. en un andlisis de circuitos
se asigna una variable légica que
representa el nivel de activacion de cada
gen. El conjunto de valores que pueden
tomar esas variables es {0, s, 1, &7, 2,

in

Jm LA
s .} en donde s representa el valor



umbral que separa a los estados i-7 ¢ i
Con el uso de estas funciones en escalon
es posible conocer si un elemento de la
red se encuentra debajo. en o arriba del
umbral de activacion. Adicionalmente,

se introducen  pardmetros  légicos
(marcados como ‘K" e indices

apropiados) para calificar el peso de cada
interaccion, 0 combinacion de
interacciones, en la expresion de un gen
regulado (Snoussi, 1989; ver Apéndice
4).

En el contexto del formalismo
l6gico. una red genética de n elementos
puede ser descrita por dos matrices, la
primera siendo  una  matriz = (nxn}
conteniendo los signos (y eventualmente
los umbrales) de todas las interacciones,
y la segunda matriz (nx2") conteniendo
los valores de los pardmetros 1ogicos. En
este formalismo. ¢l estado del sistema
estid deflinido por un vector de dimensidon
n. Cada vez que el vector v su imagen
(i.c.. ¢l vector formado por los valores de
las  funciones  correspondientes)  son
igwales, hay un estado estacionario del
sistema. Debido a que se toman en
cuenta  explicitamente  los  valores
umbrales, sc¢ pueden distinguir entre
estados 10gicos regulares y singulares,
donde los tltimos incluyen uno o mds
valores umbrales. Debido al hecho de
que ¢l mimero de estados 16gicos es bien
definido y finito. se pueden derivar todos
los posibles estados, calcular el valor de
las funciones correspondientes. y asi

identificar todos los estados
estacionarios del sistema.

5 LOS MODELOS DE
Arabidopsis

Hasta ahora no  sc conoce

completamente la naturaleza de! mapa
del genotipo al fenotipo de ningln
organismo. Sin embargo. poco a poco se
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presentan  modelos  para  describir
procesos de diferenciacion para algunos
subsistemas  biolégicos  especificos.
Afortunadamente. ahora se cuenta con
una gran cantidad de informacién que
relaciona a la actividad genética con
varios procesos de morfogénesis en
Arabidopsis thaliana. En las siguientes
paginas se resumen dos modelos de
regulacién genética, uno sobre el control
de la floracidn, y otro sobre el proceso
de diferenciacion en la epidermis de la
raiz de Arabidopsis, los cuales se
desarrollan en esta tesis.

5.1 El modelo NET sobre Ila
regulacion genética de la floracion

En el Apéndice 3 se incluye el
primer articulo de investigacion que
contiene los resultados obtentdos en mi
proyecto  de doctorado. El articulo
presenta uni red de regulacidon genética
que incluye 11 genes involucrados en la
reguiacion  de la {loracidon en
Arabidopsis. La red incorporie o los

siguicntes genes: EMBRYONIC
FLOWER 1 (EMFD, TERMINAL
FLOWER 1 (TFLI). LEAFY (LFY),
APETALAL  (AP]), CAULIFLOWER
(CAL), LEUNIG (LUG), UNUSUAL

FILLORAL ORGANS (UF0Q). AGAMOUS
(AG), APETALA3 (AP3), PISTILLATA
(PIyy SUPERMAN (SUP); ver Figura 4.
En el articulo del Apéndice 3 se
describen los cfectos fenotipicos de las
mutaciones en los genes mencionados.
Las interacciones de regulacion de la
transcripeion de los genes mencionados
fueron inferidas a partir de sus patrones
de expresidn reportados en mutantes con
perdida de funcidn. algunos
experimentos  de  sobre-expresion, e
incluso informacion morfolégica de las
flores en plantas mutantes. Una vez
establecida la red de regulacion, se
construy$ un sistema dindmico capaz de
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umbral que separa a los estados -/ ¢ 1.
Con el uso de estas funciones cn escalén
es posible conocer si un elemento de la
red se encuentra debajo. en o arriba del
umbral de activacion. Adictonalmente,

se introducen  pardmetros  ldgicos
{marcados como ‘K° e indices

apropiados) para calificar el peso de cada
interaccion, 0 combinacion de
interacciones, en la expresion de un gen
regulado (Snoussi. 1989: ver Apéndice
4).

En el contexto del formalismo
l6gico. una red genética de n elementos
puede ser descrita por dos matrices, fa
primera siendo una  matriz  (nxn)
conteniendo los signos (y eventualmente
los umbrales} de todas las interacciones,
y la segunda matriz (nx2") conteniendo
los vatores de los pardmetros 1Ggicos. En
este formalismo. el estado del sistema
cstid definido por un vector de dimensién
n. Cada vez que el vector y su imagen
(i el vector formado por los valores de
fas  funciones  correspondientes)  son
iguales, hay un estado estacionario del
sistema. Debido a que se toman en
cuenta  explicitamente  los  valores
umbrales, se¢ pueden distinguir entre
estados l6gicos regulares y singulares,
donde los dltimos incluyen uno o mds
valores umbrales., Debido al hecho de
que ¢l nimero de estados l6gicos es bien
definido y finito. se pueden derivar todos
los posibles estados, calcular el valor de
las funciones correspondientes. y asi

identificar todos los estados
estacionarios del sistema.

5 LOS MODELOS DE
Arabidopsis

Hasta  ahora  no  se  conoce

completamente la naturaleza del mapa
del genotipo al fenotipo de ningtin
organismo. Sin embargo, poco a poco se
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presentan  modelos  para  describir
procesos de diferenciacién para algunos
subsistemas  biologicos  especificos.
Afortunadamente. ahora se cuenta con
una gran cantidad de informacién que
relaciona a la actividad genética con
varios procesos de morfogénesis en
Arabidopsis thaliana. En las siguientes
piginas se resumen dos modelos de
regulacién genética, uno sobre el control
de la floracion, y otro sobre ¢l proceso
de diferenciacién en la epidermis de la
raiz de Arabidopsis, los cuales se
desarrollan en esta tesis.

5.1 El modelo NET sobre la
regulacion genética de la floracion

En el Apéndice 3 se incluye el
primer articulo de investigacién que
conticne los resultados obtenidos en mi
proyecto de doctorado. E! articulo
presenta una red de regulacién genética
que incluye N genes involucrados en la
regulacion de H] floracion en
Arabidopsis. La ved incorpora a los

siguienics genes: EMBRYONIC
FLOWER | (EMFI1), TERMINAL
FLOWER | (TFLI). LEAFY (LFY),
APETALAT (AP}, CAULIFLOWER
(CAL), LEUNIG (LUG), UNUSUAL

FLORAL ORGANS (UFO). AGAMOUS
(AG). APETALA3 (AP3)., PISTILLATA
(Phy SUPERMAN (SUP). ver Figura 4.
En el articulo del Apéndice 3 se
describen los efectos fenotipicos de las
mutaciones en los genes mencionados.
Las interacciones de regulacion de la
transcripcion de los genes mencionados
fueron inferidas a partir de sus patrones
de expresion reportados en mutantes con
perdida de funcion, algunos
experimentos  de  sobre-expresion, e
incluso informacion morfolégica de las
flores en plantas mutantes. Una vez
establecida la red de regulacion, se
construyd un sistema dindmico capaz de
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describir los  patrones  de activacion
genéticos presentes en fas flores maduras
de Arabidopsis. El sistema dindmico estd
formado por ccuaciones en diferencias, v
en él se utilizan variables binarias (con
valores de 0y 1) para
actividad  de cada uno de los genes
modelados. El sistema dindmico fue
bautizado como el modelo NET.

deseribir 1a

FIGURA 4
El modelo NET

Iptsin
Whlrt

Un examen exhaustivo de las
dinimicas del modelo NET mostré la
cxistencia de scis atractores', siendo
todos ellos puntos fijos. Esto es,
partiendo de cualquier estado inicial de
activacién, tarde o temprano el sistema
llega a alguno de seis estados
estacionarios de activacién. De los seis
atractores obtenidos, cinco de elios
describen los estados de expresion

"Un atractor es un estado estacionario. formado
por una sucesion de estados de Ja red. En una red
de estados diserctos sdlo hay dos tipos de
atractores: los puntos fjos y los ciclos, Para

mayer detalle ver e Apdndice 2.
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observados in vivo: el sexto atractor es
una prediccion del modelo. El primer
atractor consiste  en la  activacion
exclusivade AP/, el gen de funcion A en
¢l modelo ABC. En ¢l segundo atractor,
sdlo se encuentran activos los  genes
APL AP3 y Pl oque corresponde a la
presencia de las funciones A 'y B. En el
tercer atractor se encuentran activos
tinicamente los genes AG, AP3 y P, es
decir los gencs de las funciones B y C.
El cuarto atractor corresponde a la
activacion exclusiva de AG, el gen de la
funcién C. Estos primeros cuatro puntos
fijos  de  actividad  tienen  una
correspondencia inmedinta - con Jas
regiones de actividad propuestas por el
modelo ABC. En el quinto atractor del
maodelo NET se presenta exclusivamente
L expresion de los genes EMELy THLE,
que son genes de inhibicion floral y por
tanto sc encuentran activos en las células
que no formardn parte de las flores.
Dicho atractor, por lo tanto. representa el
estado de no-lNoracion en Arabidopsis.
Finalmente, el sexto atractor del modeto
NET estd formado por la expresién
estacionaria de los genes EMFI, TFLI,
AP3 y PI. que representa la activacion
simultanea de la actividad B y los genes
de inhibicion floral. Si bien este iltimo
atractor no se observa en condiciones
normales en  Arabidopsis, el modelo
predice que ¢éste puede ser inducido
experimentalmente.

El  modelo NET  presenta
diferencias notables con respecto a los
anteriores esfuerzos de presentar la red
de regulacién que controla la floracién.
La primera y mas importante diferencia
es que cl modelo NET es un sistema
dindmico. Este es el primer modelo que
estudia  los  patrones  posibles  de
activacion  del grupo de genes ya
deserito. Segundo. ¢l modelo NET es la




primera integracion sobre la regulacién
genética existente entre 11 de los

principales genes que afectan Ia
floracion  en  Arabidopsis.  Ya  sc
menciond  que  muchas  de  las

interacciones del modelo habian sido
propuestas con anterioridad. pero no se
habia presentado hasta ahora una sintesis
de las  relaciones  de  regulacion
transcripcional. E! unico caso similar
anterior es el propuesto por Theiflen y
Saedler (1995). Sin embargo. dicha
propuesta no distingue claramente entre
clfectos los fenotipicos y la regulacion
transcripeional, ademis de que no es un
modelo dindamico. Tercero. el modelo
NET presenta por primera vez la
importancia, o pesos  relativos,  de
muchas de las interacciones. La
informacién cualitativa de dichos valores
se infirié de la informacién experimental
publicada. Sin embargo, para elaborar al
sistema dindmico hubo que asignarles
valores numéricos especificos a csos
valores. Cuarto. los estados estacionarios
de activacion  del sistema ticnen un
referente morfologico claro, debido a
que entre los |1 genes incorporados se
encuentran aqguellos que conforman al
maodelo combinatorio ABC. Quinto, el
modelo NET es la primera explicacion
dindmica de como es posible lograr los
cuatro estados de activacién presentes en
el modelo ABC, ademds del estado de
no-floracion. Y sexto, el modelo predice
por primera vez un cstado estacionario
estable de activacion genética.

Finalmente, uno de los objetivos
esenciales al claborar modelos es el de
poder hacer predicciones que sirvan de
guia para la realizacion de experimentos
futuros. Ya sc menciond previamente
que muchas de las interacciones de
reguiacion del modelo NET habian sido
propuestas con anterioridad. Otras, sin
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embargo. fueron hechas por primera vez
en este modelo, a saber: 1a activacién de
EMFI sobre TFLI, la inhibicién de
EMFE1 sobre AP, la inhibicion de EFMF/
sobre LFY, la inhibicién de TFL] sobre
AG, y la activacién de LFY sobre AG
(ver Figura 4). Notablemente, algunos
autores habian propuesto que LFY inhibe
a AG (Weigel v Meyerowitz, 1993b),

pero nosotros  utilizamos  evidencias
experimentales de diversos tipos para
proponer que se trataba de una
activacion -y no  una  inhibicién,

Resultados experimentales recientes por
un grupo independiente a  nosotros
(Parcy er al., 1998), confirmd que LFY
activa a AG como nosotros lo predijimos
por primera vez. Ademds, existe
evidencia preltiminar en favor de nuestra
prediccidn acerca de la inhibicion de
EMF! sobre API (Aubert, 1998). Otra
prediccion del modelo que ain queda
por confirmar es la concerniente a que la
activacion simultinea de EMFI, TFLI,
AP3 y Pl cs estable. Para terminar, cabe
mencionar que los resultados obtenidos
del modelo NET son particulares a las
ecuactones utilizadas. Esto es, en
general. si se cambian los pesos de las
interacciones, los niveles de activacion,
o ¢l método de soluciébn de las
ecuaciones en diferencia, se obtendrin
resultados distintos. Sin embargo, el
andlisis formal que se explica en la
siguiente  seccion  muestra  que  los
estados estacionarios obtenidos en este
modelo son robustos, de tal manera que
los resultados obtenidos son propiedad
de la conectividad del modelo, méas que
de los pardmetros particulares utilizados.

de circuitos del

5.2 Anilisis
modelo NET

Una de las criticas mds comunes
que presentan los biclogos

experimentales ante un sistema dindmico
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que describe alguan proceso biologico. es
que los  parametros  utilizados en las
ccuaciones se ajustan de manera ad hoc
para obtener los resultados deseados. Sin
cinbargo, existen diversos estudios sobre
L estabilidad de tos sistenias dindmicos
para  demostrar la robustez de los
resuftados obtenidos de los modelos.
Para tal fin, escogimos ¢l método de
analisis de los  circuitos de
retroalimentacién desarrollado por el
grupo de Thomas (1991). Como se
describiv en una seccidn anterior. la
ventija de dicho anilisis es que se

pueden estudiar las  implicaciones
dindmicas de las interacciones

presentadas en el modelo, mostrando que
los resultados s0n altamente
independientes del tipo de ecuaciones
utilizadas  para  elaborar el sistema
dinimico. El Apéndice 4 es un articulo
en donde se hace un andlisis formal del
papel de los cireuitos de
retroalimentacion en el modelo NET,
presentado en la seccidn anterior.

Es importante recalcar que las
metodologias utilizadas en los articulos
incluidos como los Apéndices 3 v 4 son
diferentes e independientes entre si. Sin
embargo, los resultados obtenidos en
wmbos estudios son comparables uno g
uno. En el caso del andlisis de circuitos,
éste reveld que Ta red de regulacion
gendlica  presenta  seis  estados  de
activacion. Nuevamente. cuatro de esos
estados corresponden @ los patrones de
activacion presentes en los drganos
florales, 'y establecidos por las
actividades genéticas combinatorias del
modelo  ABC. Otro estado estable
corresponde al de no-floracién: v un
dltimo estado que no se encuentra en las
plantas silvestres pero que es posible

inducir  por mcétodos  experimentales.
Ademds, se  obtuvicron  resultados
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novedosos cuales sc  enumeran

cnsceguida.

que

Primero, los circuitos establecidos
entre los genes APy AG por una parte,
y AP3 v PI por otra, son suficientes para
dar  lugar a  la actividad  genética
propuesta en el modelo ABC. Scgundo,
los resultados indican que,
funcionalmente hablando, la red de
regulacion genética puede considerarse
como compuesta por dos modulos, uno
formado por los genes TFLI, LFY, AP/
y AG. y el otro por los genes AP3 y PI.
Pero ademis. el andlisis de circuitos
indica que ¢l gen LFY ¢s el responsable
de la comunicacién entre los dos
modulos del modelo NET completo.
Esta funcién de LFY no habfa sido
reconocida anteriormente. Tercero, el
modelo ABC describe los patrones de
activacion observado en los drganos
florales maduros, pero no describe cémo
s¢ establece el paso entre el estado
genético de no-floracién a los de la
aparicién de las flores. El grupo de
pardmetros utilizados en el andlisis de
circuitos permite claborar una
proposicion acerca de las condiciones
necesarias para pasar del estado inicial
de  no-floracion  hacia  los  distintos
cestados Horades. Cuoarto, el andlisis de
circtitos predice  la existencia de un
regulador de Ta actividad del gen LFY
que no e¢s ninguno de los que se
presentan en la red de regulacién. El
papel de dicho regulador seria el de
promover la actividad transcripcional de
LFY en los primeros estadios de la
floracién. Quinto. al igual que el articulo
anterior, se predice la existencia de un
estado estable de activacién que no se
encuentra en las plantas silvestres. El
estado es el de la activacidén estable
simultinea de EMFI TFLI, AP3 y Pl
La explicacion para este estado es que




AP3y P torman un modulo de Ta red de
regulacion. por lo cual una vez activo se
queda en ese estado independientemente
de lo que ocurra con la actividad de los
otros genes de la red. Una manera de
confirmar dicha prediccién serfa. por
cjemplo,  tnvectando  cn uny zona
vegetativa de Arabidopsis una cantidad
suficiente de las proteinas AP3 y Pl con
las cuales se iniciaria la transcripcidn de
sus  mismos genes vy se cerrarfa el
circuito positivo de autorregulacidn.
Sexto y ultimo, al igual que lo expresado
en el articulo anterior. se propone que
los circuitos presentes ¢n este modelo
son suficientes para explicar la aparicion
de los patrones estables de activacion de
los genes de identidad de organo
observados en las flores de Arabidopsis.

FIGURA §

Madelo de los pelos radiculares
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Como se puede apreciar, los
resultados del andlisis formal no sélo

dan sustento a los resultados obtenidos
con ¢l sistema dindmico propuesto para
el modelo NET. sino que también aporta
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nuevas predicciones. Tomando en cuenta
los dos articulos, el modelado de la red
de regulacion genética que controla la

floracion  aporta  tres  tipos  de
predicciones: 1} la existencia de
relaciones de regulacion adn no

reconocidas entre genes ya descritos, 2)
la existencia de por lo menos un gen atin
no caracterizado. y 3) la existencia de
por lo menos un patrén estacionario de
activacién genética. Las implicaciones,
asi como las maneras de confirmar las
predicciones son discutidas con mds
detalle en los Apéndices 3 y 4.

5.3 El modelo de aparicion de
pelos radiculares

La  cantidad  creciente  de
informacién acerca de los mecanismos
responsables de la diferenciacion celular
y la morfogénesis estd originando la
aparicién de miltiples relaciones de
regulacion  transcripcional en el
desarrollo de la raiz de Arabidopsis. El
Apéndice 5 es un articulo que presenta
un modelo de red parnc describie la
diferenciacion  celular durante el
desarrollo de la epidermis de la rafz en

Arabidopsis, ver Figura 5. En los
siguientes parrafos se resumen las
principales caracteristicas de dicho
modelo.

La epidermis de la raiz de
Arabidopsis es un sistema

excepcionalmente simple para estudiar a
los mecanismos celulares y genéticos
que determinan un patrén relativamente
sencillo de diferenciaciéon celular. La
epidermis de la rajz esta formada por
filas alternadas de células que presentan
una proyeccion celular denominada pelo
(tricoblastos), y otras célutas sin pelo
(atricoblastos). En  este  sistema, el
destino celular estd determinado por la
localizacidn relativa de las células de la



epidermis con respecto a las células de la
corteza (Scheres, 1997). Experimentos
de muerte celular dirigida por ldser han
mostrado  que el proceso  de
diferenciacion  depende  del  contacto
directo con células ya diferenciadas (Van
der Berg er al., 1995: 1997). Por otra
parte. la inyeccion de colorantes
muestran que las células meristematicas
de rafz tienen citoplasmas acoplados
{Duckett er al., 1994), 1o cual refuerza la
hipétesis del contacto celular como un
factor importante en la diferenciacion
celular. Con respecto a las moléculas
involucradas,  se  ha identificado  ta
participacion de por lo menos cuatro
factores de transcripcion (ver adclante)
cn ¢l desarrollo de los pelos radiculares,
Finalmente, también se haidentificado a
[ ruta de transduccion en respuesta al
etileno como  una  de  las  vias  de
sefializacion involucradas en el proceso
(Scheres y Wolkenfelt. 1998). A pesar de
las. moléculas y los procesos ya
identificados, no se conoce la forma en
la que se integran los distintos factores
para dar lugar al patron de diferenciacién
observado en la epidermis de la raiz.

Previo al modelo aqui
desarrollado, no se ha desarrollado
ningln otro modelo para proponer un
mecanismo  de  regulacion  genética
responsable de controlar el patrén de
diferenciacién observado en la epidermis
de la raiz de Arabidopsis. La arquitectura
de la red de regulacion propuesta incluye
dos vias paralelas. Una via formada por
los factores de transcripcién
TRANSPARENT  TESTA  GLABRA
(77TG), el homdlogo del gen R de maiz,
GLABRA 2 (GL2) y CAPRICE (CPC). Y
la otra via formada por las proteinas de
transduccion  de  seiales ETHYLENE
RESISTANT i (ETR1) y
CONSTITUTIVE TRIPLE RESPONSE
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I (CTR1). Ambas vias regulan
independientemente la aclividad de dos
genes: AUXIN RESISTANT 2 (AXR2) y
ROOT HAIR DEFECTIVE 6 (RHDG6),
quicnes o su vez controlan el desarrollo
de los pelos radiculares, La red de
regulacion se implementé como un
sistema dindmico, en donde la actividad
de cada molécula s¢ representé como
una variable discreta con dos o tres
estados. Ademds, se incluyd la
informacién espactal observada en la
epidermis en la forma de distintos
estados iniciales de activacién de la
variable que representa la actividad de
CPC. Finalmente, el hecho de incluir en
¢l modelo al receptor de ctileno (ETR1),
permitio simular los clectos
farmacoldgicos de aumentos 0
disminuciones en las concentraciones de
ctileno durante el desarrollo de 1a raiz.

Al igual que con los modelos de la
flor, se hizo un estudio de los estados de
activacion a los cuales llega el sistema
dindmico partiendo de todos los estados
iniciales posibles. Como resultado, el
modelo presenta seis estados estables de
activacién. El siguiente paso consistié en
traducir un patrén de activacién en un
destino cclular. Para cllo se ide6 una
tabla en la cual se relacionan los
distintos niveles de activacion de AXR2
y RHD6 con el porcentaje de células que
desarrollan pelo en una fila de células de
epidermis. Se eligieron tanto a AXR2
camo RFD6 pues son los dos elementos
que se encuentran més abajo en las
relaciones de regulacién en nuestro
modelo. Ademds, las mutantes dobles
axr? rhdé no presentan ningin pelo
radicular, por lo cual es de esperar que
en cstado silvestre tanto AXR2 como
RID6 ticnen un papel central en la
aparicion de los pelos en la cpidermis.
Con  base  en  estainterpretacion




morfolégica  de  los  patrones  de
activacion, es claro que de los scis
estados estacionarios de activacion que
alcanza el modelo, dos de ellos
corresponden a los patrones de
activacion presentes en los tricoblastos y
los atricoblastos maduros en condiciones
normales, respectivamente.  Los  otro
cuatro estados corresponden a patrones
de actividad  que dismmuirian o
aumentarian la relacion de atricoblastos
a tricoblastos debido a cambios en 1a
disponibilidad del etileno.

El modelo propuesto para la raiz
contrasta de manera importante en dos
aspectos con los modelos para el
desarrollo de las flores en Arabidopsis.
Primero, en la red de regulacién de la
floracién se utilizé al modelo ABC de la
morfogénesis floral para traducir los
eslados cstables de activacion genética
en patrones morfoldgicos. Debido a que
no existe un modelo morfogenético
similar para la formacion de los pelos en
la raiz. se usaron a los estados de
activacion de los dos genes mis abajo en
la via de regulacion (RHD6 y AXR2)
para establecer el destino celular hacia
tricoblastos o atricoblastos. Segundo, los
modelos de la flor fueron tratados como
sistemas dindmicos auténomos en los
cuales no habia interaccion con ninguna
sefial extracelular. En el modelo de raiz,
sin embargo, se postula la existencia de
una seiial externa. via la respuesta de lTos
clementos CPC vy ETRI1 del modelo.
Dichas  respuestas incorporadas
fijando los estados iniciales de esos dos
elementos en la red. de tal manera que la
aparicion de los pelos estia determinada
por la posicion de las células de la
cpidermis en relacion con las células de
la corteza. Dicho en términos fisicos. se
propone la existencia de un campo.
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Nuestro  modelo  tiene  dos
supuestos  hisicos  con respecto a las
sefiales involucradas en la determinacion
del destino celular, pero cabe mencionar
que ambas estdn basadas en datos
experimentales. La primera suposicién
es que el contacto de las células de la
epidermis con una pared longitudinal
anticlinal de las células de corteza es
determinante para el desarrollo de los
pelos (Scheres. 19962 1997y En tanto
que ta segunda suposicion es que cl
destino celular por omision es el de
atricoblasto (Berger et al., 1998). Dicha
informacién fue utilizada para establecer
que el estado inicial del elemento CPC
depende de la posicion relativa de la
célula de epidermis con respecto a las
células de corteza. Esta suposicién
implica que wuna sefal alin no
caracterizada activa a CPC en las células
(ue  posteriormente ¢ convierlen  en
tricoblastos. La evidencia proveniente de
experimentos de muerte celular dirigida
(ver Apéndice 5), hace muy improbable
la suposicion de la existencia de una
molécula difusible como la sefial que
activa CPC. Por tanto, es posible que un
componente no difusible de la pared
celular.  como  por ejemplo  una
glicoproteina, pudiera estar involucrada
en dicho mecanismo. Un requisito
indispensable para este componente
putativo  es  que  s¢  encuentre
exclusivamente en las paredes
longitudinales anticlinales de las células
de corteza. Cabe sefialar que este tipo de
patron altamente restringido a an tipo
particular de pared celular va ha sido
documentado para carbohidratos en la
raiz dec Arabidopsis (Freshour et al.,
1996). Por otra parte. en el modelo
supusimos que el etileno es una seiial
disponible de manera uniforme para
todas las células de la epidermis. Por
tanto, el etileno no serfa el portador de
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ninguna informacién posicional durante
la especificacidn celular. En contraste,
algunos esgueIis previamente
publicados suponen que ¢l etileno. o su
precursor directo ACC, se difunde sdlo a
través de las paredes longiudinales
anticlinales de las células de corteza,
induciendo el desarrollo  de  pelos
radiculares cn los lugares observados
{Scheres. 1997; Tamimoto, 19953 Sin
embargo. existen resultados
experimentales que no concuerdan con la
hipétesis  del  etileno  como  sefial
posicional {(ver discusion en ¢l articulo
det Apéndice 5).

Otros han
representaciones  esquematicas estalicius
de las

autores propuesto
mteracciones gencticas
mvolucradas en la determinacion del tipo
celular en la epidermis de Arabidopsis
(Scheres y Wolkenfelt, 1998:
Schiefelbein. 1998: Schiefelbein et al.
1997). Nosotros proponemos la misma
arquitectura que ellos con respecto a las
interacciones  entre  los  genes que
codifican  factores  de  transcripcion
(CPC. TTG. GL2. y el homdlogo de R).
Sin embargo, a diferencia de Tos demis,
nosotros proponemos que la via de
respuesta del etileno es independiente de
la via que incluye a GL2. aunque
proponemos gue ambas convergen en la
regulacion negativa de AXR2 y RHDG6.
Nuestro modelo. ademds de  describir
muchos fenotipos de manera similar a
otros esquemas presentados
anteriormente, describe adecuadamente
el efecto de la perdida de funcién de la
familia del receptor de etileno,
especificamente ¢l mutante  cuddruple
errl e eind ers2. fenotipo que no
pucde ser explicado por los esquemas
publicados anteriormente  {como  por
ciemplo, Tanimoto ef af L 1995),
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El modelo arriba descrito es el
primer modelo dindmico de su tipo, y
constituye una nueva proposicion de las
interacciones de regulacién entre los
genes y las proteinas ue controlan ¢l
desarrollo  de  los  pelos  radiculares.
Notablemente. el modelo establece que
la via de transduccidn del etileno es
paralela del grupo de los factores de
transcripcion que controlan la aparicién
de pelos. Pero ademds. es un modelo
dindmico que puede ser utilizado para
describir v predecir patrones estables de

cxpresion, en  condiciones  silvestres,
mutantes ) bajo tratamientos
farmacoldgicos  de  la raiz. La
concordancia  entre fos  resubtados

pubhicados y Jos simuplados sugicre que
este primer modelo  dindmico  captura
muchos de los clementos tmportantes
involucrados  en  la  determinacion
genética de la diferenciacion en  la
epidermis. Sin embargo. el modelo es
ain un primer estuerzo y necesita ser
aumentado y mejorado. Por ejemplo, se
conoce que el gen ROOT HAIRLESS |
(RHLI) csta involucrado en 1a formacion
de los pelos radiculares (Schneider er al.,
1998). pero no se incluyd en el modelo
pues aun no existen los resultados
necesarios para inferir sus relaciones de
regulacion. Mds adn, los datos existentes
sugieren  que  existen  genes  no
caracterizados todavia que intervienen en
la red propuesta. Especfficamente, el
fenotipo  del doble mutante  ¢pe g
sugiere que GL2 tiene un nivel de
expresion basal en 1a ausencia tanto de la
inhibicién por CPC, como de |la
activacion por la via TTG/R. Lo anterior
sugtere que hay por lo menos un
activador de GL2 por descubrir.




6 CONCLUSIONES Y NOTAS
FINALES

En Ta actualidad existen proyectos
de secuenciacion de genomas completos
para 75 procariontes, 0 eucariontes
unicelulares v 10 multicelulares. Esta
explosion de informacion genética estd
causando un incremento en la necesidad
de  metodologias  para la anotacion
gendmica, la deteccion de patrones. la
identificacion de genes, la comparacion
de sccuencias. etc. Ademds, ¢l ripido
avance  en teenologias como los
microarreglos o DNA-chips  hace
inminente  la aparicion  de una gran
cantidad de informacion  sobre  la
expresion de grupos de genes. Toda esta
dispontbilidad de informacion permite

prever la aparicion de un nimero
importante  de redes de regulacién
genética. Es por ello indispensable

contar con metodologias formales para el
amilisis — de  Jas  propiedades  tanto
generales como particulares de  dichas
redes. Desde hace algunas décadas han
habido  estudios sobre  las
propicdades  de  redes  de  estados
discretos (Glass. 1975; Kauffman, 1969,
Thomas. 1973). Sin embargo. sdlo hasta
hice poco tiempo comenzaron a aparecer
modetos de redes de regulacion de
sistemas biolégicos en particular. Con
mucho, Drosophila melanogaster es el
sistema mejor estudiado desde el punto
de wvista de las vedes de regulacion
gendtica. La o complejidad  de oy
modelos, asi como la tecnologia para la
adquisicion de informacion claborados
moscia han rin
Comao han

teoricos

para i alcanzado

solisfrcacion, resuttido se
presentado  modelos que permiten o
descripeion. con gran resolucion espacial
v temporal. de la formacion de patrones
de expresion de diversos grupos de
genes (ver por cjemplo Kosman  y
Reinitz, 1998). Pero ademis de los
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modelos para Drosophila, ¢l estudio de
otros sistemas biolégicos estd avanzando
lentamente. Sin embargo. el resultado
central  de esta tesis fue el
establecimiento de modelos dindmicos
de las redes de regulacidén genética que
controlan dos procesos de morfogénesis
en Arabidopsis. Dichos modelos son los
primeros de su tipo para un sistlema
vegetal.

Existen ain pocos estudios en los
cuales se pucdan integrar de  mianera
clara tanto los mecanismos  celulares
como los moleculares para explicar la

formacion  de  patrones  durante el
desarrollo  de algin  organismo. Sin
embargo.  las  plantas  constituyen

sistemas muy ttiles para el desarrollo de
modelos de regulacién involucrados en
la morfogénesis porque no existe la
migracion celular. La acumulacion de
resultados  cxperimentales sobre la
arquitecctura  celutar y la regulacion
genética  en  diferentes organos  de
Arabidopsis thaliana ban hecho de este
organismo un sistema ideal para claborar
modelos sobre la regulacion genética de
la morfogénesis.  Para el trabajo
desarrollado en esta tesis. la primera
aproximacion fue la de describir al grupo
de genes involucrados en alglin proceso
de morfogénesis, y estudiarlos como un
sistema dindamico cuyos estados estables
de activacion  corresponden  a los
patrones de actividad gendtica
observados  experimentalmente.  El
siguiente paso tue el de imaginar a una
célula una red de regulacion,
donde el estindo de activacion de la red
determina el destine celular. En el
futuro.  cuando  se  incorporen  mis
detalles a dichos modelos, serd posible
hacer predicciones  sobre el posible
efecto que  tendria  la  duplicacion,
eliminacién o sobre-expresion de uno o

COIMma
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varios genes sobre el desarrollo de la
planta. La utilidad de este tipo modelos
es doble, por un Tado strven de guin para
la realizacion de  experimentos
determinados, reduciendo las bisquedas
azarosas de muatantes de interés, Por otro
Lrdo, este tipo de modelos sistematiza el
conocimicnto experimental y  abre ¢l
camino hacia el anihisis formal de los
resultados experimentales.

El estudio de las redes de
regulacion  genética  como  sistemas
dinimicos  permite obtener  resultados
que no son evidentes. Es una prdctica
comun que cuando los estudios genéticos
y bioquimicos sugicren una secuencia de
ceventos de regulacion, se utilicen flechas
para representar las interacciones entre
las macromoléculas. Dicha
representacton grifica es necesaria, pero
no  suficiente. para entender el
comportamiento dindmico de la via de
regutacién bajo estudio. Por ejemplo,
opor qué se observan ciertos patrones de
actividad v no otros? [Por qué cicrtos
patrones  son  {ransilorios y  otros
estacionarios? .Cuantos estados
gstacionarios son posthles para una red
determinada? ;Los estados observados
son  todos  los  posibles? [ Cuales
interacciones son necesarias para obtener
un - patrdn de  actividad
Jhixiste algin tipo de
funcional  que  no  dependa  de  la
homologia en la secuencia primaria de
los genes? Las respuestas a estas, y
muchas otras preguntas, no son
evidentes y requieren de un estudio de la
dindmica de la activacion
transcripcional. En particular, el andlisis
de las redes de regulacién genética como
sistemas  dindmicos  provee de una
herramienta adecuada para el anilisis
integrativo  de una gran cantidad  de
informacidén pgenética disponible. Mas

necesario?
redundanei
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atn, los modelos de redes no sélo son
utiles para la sintesis de informacion
sino que ademis permiten la elaboracion
de  predicciones gque no se pueden
claborar ntitizando ta concepeion de la
regulacion  gendética como un - sistema
estiatico vy gerdrquico, Por cjemplo, a
prediccion de interacciones genéticas, o
de estados estables de expresion, son
guias  dtiles  para  los  bidlogos
experimentalistas para continuar con el
andlisis molecular de ciertos organismos
modelo. Es claro, sin embargo, que el
estudio de las redes de regulacién no
agota ¢l tema de los modelos de la
morfogénesis. En particular, es
indispensable incorporar la informacién
espacial o los modelos, de il manera
que se puedan describir los cambios de
expresion asociados a la diferenciacion
celular en  distintas  regiones de un
organismo.

El tipo de modelos presentados
aqui para Arabidopsis permite un estudio
completo del comportamiento dindmico
de algunos subsistemas de dicha planta.
Dicho estudio provee de informacién
importante  para  claborar  modelos
continuos conforme se obtengan datos
cuantitativos  de  la  dindmica de
activacion de cada uno de tos genes
involucrados. Sin embargo,  es
npartante tener en mente que cualquier
proceso  de modelado implica  ciertos
problemas. Un problema importante al
elaborar las redes de regulacién de
cualquier tipo es la inferencia correcta de
las interacciones genéticas propuestas. El

proceso de inferencia involucra un
andlisis concienzudo de una gran

cantidad de informacion expertmental
publicada por diversos laboratorios. Este
paso incluye por lo menos dos posibles
fuentes de error. El primero tiene que ver
con el proceso de discriminacién, ;cual
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informacion e cual - es
supertlua? No es evidente si un resultado
experimental reportado se relaciona con
un  proceso  de regulacion, 0 a una
respuesta molecular debida i un proceso
no previsto por ¢l modelador. U'na
solucion ideal al problema seria Ia
formacion de grupos interdisciplinarios.
en los cuales colaboraran tanto expertos
cen ¢l proceso de modelado como
expertos en el sistema bioldgico bajo
estudio. Sin embargo. ésta no es una
tendencia comtn:  usualmente  cl
modelador es quien recolecta, analiza ¢

relevante v

incorpora L intormacion generada por
los diferentes grupos experimentales en
el mundo. Dicha necesidad en la forma
de trabajo trae consigo ¢l segundo
problema: usualmente  en  diferentes
laboratorios se trabajan con diferentes
metodologias.  subespecies  animales,
ecotipos vegetales, etc. Entonces, ;co6mo
distinguir entre diferencias de resultados
debidas a procesos de regulacién, o a
diferencias  en  las  metodologias  de
adquisicion de datos? En este aspecto no
hity una respuesta sencilta EI modelador
tienc que establecer un balance entre ¢l
conocimiento del sistema experimental y
la intuicién que le da la experiencia. Por
supuesto. es muy importante mantener el
contacto  con los propios  bidlogos
experimentales para poder valorar la
informacién y las suposiciones que se
hacen durante el desarrollo del modelo.

El problema de la inferencia
correcta de las relaciones de regulacion,
sabre todo cuando se cuenta con mucha
informacion, ha despertado el interés por
el desarrollo de  algoritmos para la
deduccion  atomatizada de redes
genéticas, a partir de patrones temporales
de transcripcién. Sin embargo, muchos
de los algoritmos desarrollados cstdn
basados en 1a suposicidn de que las redes

22

Mendosa

de regulacion se comportan como redes
binarias. Por ¢jemplo, Liang e al. (1998)
propone un algoritmo lamado REVEAL
para ta inferencia de la red particndo de
tablas de transicidn de estados, las cuales
pucden corresponder i series temporales
de expresion. EI algoritmo usa un
andlisis de informacién mutua para
reducir la cantidad de puntos de
informacion necesiarios para la
inferencia. A pesar de Ja eficiencia de los
algoritmos propuestos hasta ahora, su
implementacion en laboratorios requiere
de una abta precision en la adquisicion de
datos de expresion genética, lo cual es
muy  dificil. Sin embargo.  avances
recientes  como ¢l ensayo  RT-PCR
permite mediciones simultaneas de un
gran nimero de genes c¢n  tiempos
diversos. Un notable ejemplo de esta
clase de tecnologia es la matriz de
expresion genética de Wen er al. (1998),
la cual contiene la expresion de 112
genes en al sistema nervioso central de
rata. A partir de esa informacion es
posible.  en  principio. inferic las
relaciones de regulacion transeripeional
de grandes grupos de genes.

La convergencia de los avances
tedricos y experimentales tiene un
impacto importante en la comprension
de los procesos biolégicos. Por ejemplo,
se sabe que todas las células de un
organismo multicelular tienen el mismo
genotipo, y por lo tanto la misma red de
regulacién dentro de cada una de ellas.
Sin embargo. los patrones de expresién y
las respuestas genéticas difieren entre los
distintos tipos celulares. Es decir gue Ta
respucsta a los cambios ambientales y
las seftales celufares son particulares de
cada tipo celular.  Esta  respuesta
diferencial. a pesar del material genético
comtin, puede ser entendida con el uso
del concepto de las redes de regulacién
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gendtica  como  sistemas  dindmicos.
Como se expresé anteriormente, la red
puede estar en diferentes estados de
equilibrio, y cada uno de esos estados
estables de expresion puede interpretarse
como el perfil genético caracteristico de
cada tipo celular. Pero también existen
aspectos practicos en el uso de modelos
de regutacién genética. La reciente
disponibilidad  de  grandes  recursos
financieros para establecer anilisis
genéticos de  miltiples  especies,
especialmente en sistemas con un alto
potencial econémico como los cultivos,
atrae el interés de muchos cientificos
(Bennetzen et al., 1999), Los alcances
técnicos para estudiar la expresion
genética de genomas completos estin
estableciendo 1a pauta para la formacidn
de grandes grupos de investigacion para
describir patrones de expresion genética.
El entendimiento de los procesos hisicos
es  necesario para ¢l control  del
desarrollo de un  organismo  con
importancia econdmica, Basta  pensar,
por cjemplo, en el control del proceso de
floracion: su control podria llevar a
elevar la produccién de algodén, frutas,
etc., con el consiguiente impacto
economico.

Todas las consideraciones
anteriores apuntan a la importancia que
ticnen. y pueden tener, los modelos de
redes de regulacion. Existe una vasta
literatura en la que se cxploran las
caracteristicas generales de las redes de
regulacién. como por ejemplo  su
capacidad de evolucion (Clarke et al.,
1993) y redundancia (Wagner, 1996).
Pero los modelos  desarrollados  para
sistemas bioldgicos especificos ayudan a
validar o rechazar algunas de las
suposiciones bioldgicas utilizadas con
los enfoques no formales. Estas
validaciones finalmente tendrian el valor
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de que los modelos de regulacion scan
mas aceptados por la comunidad de
bilogos interesados en la regulacién
genética. Ademds, la formalizacién
permite la sintesis de la informacién
experimental generada para distintos
niveles de organizacién. El modelo de
ratz presentado no es mds que un eshozo
de lo que pueden ser modelos que
integren Ia regulacion  transeripcional
con la comunicacién celular. Existen
razones que permiten afirmar que la
interaccion entre diversos niveles de
organizacion tienen como resultado la
disminucitn de los grados de libertad del
sistema en cuestion (Goodwin et al.,
1993). En el caso en particular del
desarrollo, las interacciones entre dos
niveles de organizacién resultardn en la
formacion de patrones morfogenélicos
mds robustos que los obtenidos si se
modelaran los  dos  niveles  de
organizacion por separado. Este tipo de
ideas ha impulsado el desarrollo de
propuestas  para utilizar  modelos
hibridos. En particular, Mjolsness et al.

(1991)  propusieron  un  sistema
constituido  por una red neuronal
acoplada  a una gramitica, con la

intencién de modelar la diferenciacién
celular. Sin embargo. los mismos autores
reconocen que no cuentan con sistemas
bioldgicos a los cuales se pueda aplicar
csta metodologia.  Nuevamente, el
modelo de raiz presentado en esta tesis
pudiera servir como punta de lanza para
¢l desarrollo de modelos que integren el
nivel molecular de regulacion genética y
el nivel celular.
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ABSTRACT

The ample use of Arabidopsis thaliana
as a model system has helped to understand
the cellular and  molecular mechanisms
controlling plant development and
morphogenesis. In particular, the Arabidopsis
primary root presents the convenience that
cellular fate can be traced and predicted with
accuracy. Classical genetic and molecular
analyses have shown that many genes
involved is celtular determination act early
during root development. Furthermore, laser
ablation experiments show that intercellular
contacts are determinant to establish cellular
fate. Therefore it is clear that developmental
pathways arise from a coordinated interplay
between molecular and cellular cues. To
hetter understand  those two  levels  of
organization, we review most of the
mutations that affect the normal development
of the primary root in Arabidopsis, and some
of the results from cellular ablation.

INTRODUCTION

The study of the molecular basis
underlying development and morphogenesis
has been an active area of biological research
since the first morphogens were discovered
(the bicoid protein is by far the most studied.
Driever and  Niisslein-Volhard.  1988).
However. most of these studies have uvsed
animals  as model  systems. Drosophila
meltanogaster,  Caenorhabditis  elegans,
Xenopus Aaevis. Mus musculus being the
most thoroughly stodied ones. In contrast,
plants hive become the focus of molecular

geneticists only for the last two or three
decades. Great progress has been achieved in
understanding the genetic and molecular
mcchanisms underlying plant development,
thanks to the use of Arabidopsis thaliana as a
model system. These studies are showing that
plants and antmals are very similar in their
housckeeping genes, in many aspects of the
regulatory networks controlling development
and in their biochemical pathways. However,
plants and animals differ considerably in the
mechanisms of signal acquisition by cells
{Trewavas and Malhé, 1997) and the
mechanisms of cellular communication
{Mecyerowitz, 1997). Therefore, the overall
control of morphogenesis and pattern
formation seems to be quite different in
plants and animals. Consequently, the study
of a plant model system has become now
more relevant.

Flower development has received
special attention and many genes involved in
this process and their interactions have now
been characterized at the genetic and
molecular levels (Theifen and Saedler, 1995;
Weigel, 1995). However, there are still many
open questions in plant development
concerning the signaling pathways, cell-cell
interactions and the integration of internal
and cnvironmental cues among cells that
orchestrate plant development and
morphogenesis. To address many of these
issues, the root is becoming a useful system,
Nevertheless, we stifll know very litile abous
the molecular nature of the genes involved in




cell differentiation and pattern formation in
this plant organ. In contrast with the dozens
of root mutants affecting different aspects of
development, the sequences of only four of
these genes are known up to now. However,
it is highly probable that several root-specific
genes for which no mutant phenotype is still
available will be known soon as the
Arabidopsis genome sequencing project
progresses.  Finally, the reverse genctic
approaches available now for this plant
should enable the pursuit of loss-of-function
mutants for these genes in the somewhat near
future.

Roots have several advantages over
acrial shoots to study the biochemical,
molecular, genetic and cellular mechanisms
underlying morphogenesis. The advantages
are: a) roots have a relatively simple
cylindrical form with stereotyped cell
differentiation and division patierns, b) in
some of the root tissues the number of cells
is small and fixed or nearly so. c¢) the root
pattern formation can be traced to the plant
embryo, d) main and lateral roots have the
same  cellular  structure  and  overall
architecture, and the lateral organs arise from
a cell layer within the primary root rather
than from lateral buds with complicated
phyllotaxis as in the shoot apex, and e) roots
present a continuous development without
large shifts in developmenta! stages as in the
aerial part of the plant. Some technical
aspects also facilitate now the study of roots
from a molecular perspective. The
stereotyped structure of the root has attracted
the attention of many developmental
biologists and embryologists, and there are
detailed descriptions of the wild type root
cell division pattems that constitute an
excellent reference for the analysis of
mutants. Also there are a number of enhancer
trap lines for roots that are yielding cell type
markers, to trace cell types at early
developmental stages. As a drawback,
however, the clegant simplicity of the root
limits the number of obvious developmental
mutations, such as the many organ types, size
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and number, and homeotic mutations
available in flowers (see for example Coen,
1991; Weigel 1995; Yanofsky, 1995), These
mutations have been very useful to establish
genetic and molecular models of pattern
formation in flowers.

In this review we describe the wild
type root architecture, then we describe the
phenotypes of most of the root mutants
available up to now, as well as the genes
responsible for these mutations in the few
cases that this is known. Finally, we review
recent cell ablation experiments that are
providing cues to the cell interaction
mechanisms underlying cell fate
determination in the root.

ROOT ARCHITECTURE IN WILD
TYPE Arabidopsis thaliana

The architecture of the primary root is
laid down during embryogenesis. Various
previous  reviews  have  considered
Arabidopsis thaliana embryogenesis
(Golberg, De Pavia and Yadegari, 1994;
Laux and lirgens, 1997), but we focus here
o those embryogenesis events most relevant
for root development. The Arabidopsis
thaliana zygote expands along the apical-
basal axis to later divide asymmetrically
producing a small apical and a large basal
cell. While the apical cell gives rise to most
of the embryo, the basal cell forms the very
basal end of the plant. The root originates,
therefore, from both apical and basal cells.
The quiescent center and columella root cap
regions come from the basal cell, while
vascular bundle, lateral root cap, cortex and
endodermis come from the apical cell
(Scheres et al., 1994). The apical cell
undergo two consecutive rounds of vertical
divisions and the resulting cells then divide
horizontally, forming the octant-stage
embryo. These embryonic cells divide
tangentially to give an inner cell mass and an
outer layer of epidermal precursor cells to
yield the dermatogen embryonic stage. By
this time, the basal cell has divided and its
uppermost derivative joins the




aforementioned cell group and becomes the
hypophysis. Subsequent cell differentiation
and division events result in the production
of an inner procambium tissue layer and a
middle layer of ground meristem cells. In this
globular stage embryo, therefore. the three
basic, primordial layers are established: the
protoderm, ground tissue and procambium,
that will become the epidermal, parenchyma
and vascular tissues, respectively. After the
globular stage, the cotyledons are specified,
the hypocotyl elongates and the root
meristem differentiates from the hypophysis
at the bottom of the embryo. By this time the
embryo acquires the shape of a heart, and the
body plan altogether with the tissue layers of
the mature embryo are already formed.
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experiments have revealed four differem
types of initials: epidermis/lateral root cap,
cortex/endodermis, vascular and columella
initials. While initial cells only divide, the
resulting daughter cells are able to divide and
to differentiate into one of the mature cell
types. In contrast to the development of the
shoot, root development is continuos without
significamt developmental phase transitions.
This continuous development yields three
partially overlapping recognizable regions
along the root axis: at the tip of the root is the
meristem, immediately above it is located the
elongation zone and then the differentiation
zone. The meristematic zone occupies the
most distal 250 pm of the root, and is formed
by small cells covered by the root cap.
Adjacent to this region lies the elongation

FIGURE 1

Schematic representation of transversal (left) and longitudinal (right)
sections of the Arabidopsis thaliana primary root

atrichoblast

trichoblast

The Arabidopsis thaliana mature root
consists of single concentric layers of lateral
root cap, epidermis, cortex. endodenmis and
pericycle. surrounding a vascular bundle.
Every cell file is maintained by the
elongation and subsequent anticlinal division
{perpendicular to the apical-basal axis) of
initial cells. Transposon excision

Lateral root cap
Epidermis
Cortex
Endodermis
Pericycle

Vascular bundle

zone spanning about 250 pm also. Finally,
the differentiation zone is where cells from
all root  tissue mature into  their final
developmental fate (Dolan er al., 1993;
Dolan er al.. 1994).

The root meristem consists of the
initial cells and a mitotically inactive center
of four cells called the quiescent center.
Initials surround the quiescent center, making




direct contact with it from above, around and
below, the wvascular, cortex and columella
initials respectively. Epidermal initials. on
the ather hand, are somchow adjacent and
below the quiescent center cells (see Figure
1). This meristem generates new cells for the
growth and  development  of  the  root
throughout the plant's life. Above the apical
meristem, the rate of cell division decreases
while cells enlarge and differentiate into
specialized cell types. Therefore, root growth
results from a combination of expansion and
proliferation. See Beemster and Baskin
(1998) for a study on the rates of cell division
underlying Arabidopsis root development.

The columella initials form a single
layer of nearly twenty cells that divide
periclinally (parallel to the apical-basal axis)
producing  the columella  root  cap.
Surrounding these cells, there is a collar of
cells that give rise to the epidermis and root
cap. These initials divide periclinally in an
asynchronic and sequential pattern around
the columeila initials. This sequence of
periclinal divisions in the root cap initials
gives rise to two cell layers. The inner cells
become more initial cells that maintain the
pool that originated them in the first place,
while the outer cells become the peripheral
root cap. Such pattern of division gives rise
to a spiral that surrounds the rest of the root
tip (Baum and Rost, 1996: Rost, Baum and
Nichol, 1996).

Epidermal initials enlarge, divide and
give rise to daughter cells that forn the
mature epidermis. This tissue is not
homogeneous, however, it has two types of
cells: hair (trichoblasts) and non-hair
(atrichoblasts) cells. Interestingly, the
location of these two cell types is highly
predictable and it depends on their spatial
location with respect to the cortical cells. On
average, each epidermal ring consists of 19
cells, which generally surround eight cortical
cells. This numerical difference between
cortical and epidermal celils causes that some
epidermal cells contact only one cortex cell
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while others comtact two of them. The
epidermal cells that are in contact with two
underlying cortex cells will develop into
trichoblasts, while those epidermal cells that
comtact  only  one  cortical  cell become
atrichoblasts. The ratio of  epidermal o
cortical cells is maintained constant during
root growth, and both trichoblasts and
atrichoblasts form files, with a ratio that
ranges between 0.5 and 1 of hair and non-
hair files. Trichoblasts are shorter and have
denser cytoplasm than atrichoblasts (Dolan er
al., 1994).

The cortex and endoderm cells arise
from the ground tissue formed during
embryogenesis.  As it occurs  with  the
epidermal and lateral root cap layers, the
most basal cells from the ground tissue
behave as initials dividing continually by
anticlinal divisions and clongating. This ring
of initials is almost always formed by eight
cells and this number is settled before the
globular stage embryo (Scheres e al., 1995),
These cells undergo a few proliferative
divisions, giving rise to cortical daughters.
Later on, cortical daughters divide
periclinally and asymmetrically to give rise
to cells of unequal size. The smalles
innermost cell becomes an endodermis cell,
and the larger outermost one becomes a
cortex cell (Scheres. 1997). Recent laser
ablation expcriments have shown that the
differentiation  process  depends  upon
contacting already differentiated cells, when
this contact is climinated cortex initial cells
only grow and divide anticlinally (Van der
Berg er al., 1995).

Finally, in the lower region (the low
lower tier) of the globular/triangular embryo,
a series of regular periclinal divisions create
four inner and four outer cells that constitute
the pericycle and the vascular primordium,
respectively. Later. the cell number forming
the pericycle increases to  approximately
eight or nine by means of anticlinal divisions,
until the final number of initials found in the



seedling root is attained (Scheres er af..
1995).

Cell ablation and dye injection
experiments demonstrate  that  cell-cell
interactions are important during root
development and morphogenesis. Dye
injection experiments have shown that most
of the injected cells in the tip zone are
symplastically coupled. while very few are
coupled in the differentiation zone. The
movement of the dye is scen preferentiatly
towards cells of the same (ype rather than
among cells of different tissue type (Duckett
et al., 1994),

In contrast to the primary root,
secondary roots originale from meristems
formed postembryonically from founder cells
in the pericycle (Dolan er al., 1993; Sussex er
al.. 1995). Most of the lateral roots emerge
from the primary root and some originate
from other lateral roots. This review,
however, is restricted to mutants that alter
mainly the primary root. But despite their
different origin lateral roots have an
architecture identical to that of the primary
root, This suggests that the same set of genes
is involved in development of both lateral
and primary roots (Laskowski et al.,, 1995;
Malamy and Benfey. 1997a; Malamy and
Benfey. 1997b).

MUTANTS

There is a large collection of mutants
that disrupt primary root development. It is
estimated that between 15 and 50 genes
control root pattern formation in the
Arabidopsis thaliana embryo (Jiirgens et al.,
1991). In this section, we will describe
briefly the morphological effects of most of
the published mutants in the primary root.
The chromosomtic location of these genes is
listed in Table 1. In this review we [irst
discuss the mutants that affect the embryonic
root, then those that alter cell division and
elongation patterns, and finally we review
mutants that disrupt cell fate or patterning
during the development of the primary root.
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Several mutations that affect root
development during embryogenesis have
been identified. Mutations in the GNOM
(GN) gene produce zygotes with no apical-
basal polarity already from the first cell
division. In wild type embryos, after the first
asymmetrical cell division, the resulting
apical cell is about one-third the size of the
basal cell. In contrast, in gn mutants the
apical cell is only slightly smaller than the
basal one, and both cells are smaller than in
wild type. Other alterations become evident
as zygolic development proceeds. Most gn
mutants do not show root differentiation at
all and these mutants never develop a root
meristem, suggesting that GN is normally
required for proper root formation. This gene
affects, however, other aspects of plant
development.  The  strongest  mutant
phenotypes do not have cotyledons and
completely lack an apical-basal axis. In the
developing gn scedlings, the radial pattern of
the epidermal, ground and vascular tissues is
present although the latter consists mainly of
single cells. rather than of interconnected
strands. as in wild type. Despite their radial
tissue organization, the pattern of division of
these mutants is highly distorted, the cell
arrangement is abnormal. and the number of
cells at the quadrant and octant stages is
larger than in wild type embryos of the same
stages. These phenotypes suggest that GN is
required before the first asymmetric zygotic
cell division, when apical-basal polarity first
becomes visible, and that it participates in the
formation of the root (Mayer, Biittner and
Jilrgens, 1993).

Mutations in MONOPTEROS (MP)
lack root and hypocotyl, and have an altered
number and position of cotyledons. Shoots of
these mutants are normal. All strong mp
mutant  seedlings  have a  conical  basal
structure formed of large cells with no
morphological or tissular characteristics
typical of roots. This gene seems, therefore,
to be necessary for patterning of basal
structures as the hypocotyl, the radical and




rool meristems. Abnormalities of mp mutants
can be traced to the octant stage of the
embryo where four. instead of the normal
two, embryonic cell tiers are attached to the
suspensor. Conscquently, mp embryos fail to
specify the lower tier at the octant stage,
resulting in an abnormal cell division pattern
(Berleth and Jiirgens, 1993). mp mutants also
show alterations in the embryonic vascular
system. Early in embryogenesis, sup mutants
lack provascular cells in the basal region that
gives rise to the hypocotyl and primary root.
This gene has been cloned recently and MP
encodes a protein similar to the Arabidopsis
ARF1 transcription factor, which binds to
auxin-induced genes. In situ hybridization
experiments show that MP mRNA is present
in all  subcepidermal  cells  in globular
embryos, und its mRNA expression is limited
to the central domains and the embryo axis
later in development at the heart stage
(Hardtke and Berleth, 1998). gn mp double
mutants  have  scedlings  with  the  gn
phenotype, suggesting that an intact GNOM
product is necessary for MONOPTEROS
activity, thus it is very probable that these
two genes are in the same pathway (Mayer et
al., 1993).

Mutations in the FASS (FS) gene
produce abnormalities in the whole plant.
Seedling shape is altered. although overall
bedy patterning is maintained. F§ product is
probably required throughout development
for proper cell-wall orientation. Alterations
are evident from the heart embryo slage
during which cells have abnormal shapes.
Later on, seedlings show an extremely
compressed apical-basal axis with an
enlarged diameter. The root and root
meristem can be recognized. The root tip of
fs mutants is made of compressed cells,
probably belonging to the root cap, that
overlap with small and densely cytoplasmic
meristematic cells. The quiescent center is
apparently absent. These mutants can attain
maturity but they are very tiny plants
(Torrez-Ruiz and Jiirgens, 1994). These
mulants are imporiant because they show that
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morphogenesis in Arabidopsis can proceed
almost normally even though precise cell
patterning is heavily disrupted.

Several mutiations that affect the root
apical meristem have been identified. In any
of the ROOT MERISTEMLESS (RMLI and
RML2) mutants, the primary root growth
stops alter germination. In rmi seedlings root
growth is arrested early. they lack a root
meristem, and have nodule-like lateral root
outgrowth. Shoot development, however, is
normal in these mutants. There are some
differences between rmf! and rmi2 plants,
while the former produce shorter roots,
lateral roots and a curved hypocotyl, the
latter have roots larger than those in rmi/, do
not pgive rise to lateral roots and  the
hypocotyl is straight. At the cellular level,
rmi ! seedlings lack half-sized daughter cells,
and maintain the same cellular arrangement
as the wild type embryonic root. The arrest in
rool growth is due 1o a lack of celb division in
rmil and to limited division in the rmi2 root

tips as evidenced by H-thymidine
incorporation.  Despite  the  apparent
embryonic root morphology. most root apical
cells do not rematn undifferentiated. mutants
have hairs near the root tip evidencing
premature cell differentiation. Furthermore,
instead of the meristematic cells, mutants
present  highly vacuolated epidermal and
cortical cells, again suggesting that the root
apex have undergone terminal differentiation
(Cheng, Seeley and Sung, 1995).

Plants with the hobbit (hbt) mutation
have a characteristic short embryonic root
with no meristematic activity.  The
phenotypic effects of this mutation are not
restricted to the root, however. The whole
seedling has a stout appearance. The root and
hypocoty! of these mutants have all the wild
type cell types and the normal radial
arrangement. But in the root cap of hbt
mutants there are irregular cell divisions that
affect the columella, eliminating in this way
the layered structure present in wild type root
cap. Another feature of the root of hbt plants




is the absence of a recognizable quiescent
center, and in the case of strong mutants
there are also root hairs in irregular positions.
The quiescent center and the columella root
cap, including columella inttials, originate
from the hypophysis in the basal embryonic
region. Therefore, it is very probable that the
earliest effect of the hbr mutation is during
the development of the hypophyseal cell
region. The short embryonic root is due to a
reduction in the number of cells at the root
apex. which is caused by the absence or
extreme reduction of mitotic activity of the
root meristem initials that flank the
hypophyseal region at the heart stage of the

embryo (Willemsen e al.. 1998).
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Several genes seem lo play important
roles in root development by affecting the
rate or capacity of cell division, the
orientation of cell diviston planes, the rate
and axis of cell elongation, and the
asymmetry in the division of initial cells that
precedes cell differentiation of daughter
cells. tonneau (tonl and ton2) mutants grow
as thick small plants. Organs are present in
their normal relative positions, but root
sections reveal that cell division patterns are
completely disordered and no cell files are
formed. Root cells of these mutants do not
have normal  cell  clongation  and  their
division planes are also abnormal. These cell

TARBLE 1
GENE LOCATION REFERENCE
ANRI Sequence available in GenBank Zhang and Fonlde, 1998
coB Chromosome 5. Position 90 *. Hauser ef al., 1995
CTRI Top of chromosome 5. Schincider et al., 1997
cupD Chromosome . Position 76 *. Hauser et al.. 1995
ERHI Middle of chromosome 5. Schneider et al., 1997
ERH3 Bottom of chromosome 1. Schneider et al., 1997
FS Chromosome 5. At 5¢cM from ug. Torres-Ruiz and Jirgens, 1994
and closely linked to GAJ.
GL?2 Bottom of chromosome 1. Schnceider er al., 1997
Gene sequence available, Rerie, Feldmann and Marks, 1994
GN Chromosome 1. At 24¢M from Maycr eral., 1993
ehis- 1 and 2¢M from ga-4.
HoT Chromosome 2, At 15.4¢M from Willemsen et al., 1998
marker m246, and 8.2¢M from
GPAL.
LIT Chromosome 5. Position 70 *. Hauser er al., 1995
MP Chromoseme 1. At 25¢M from Berleth and Jirgens, 1993
angustifolia. Sequence available.
PAS? Chromosome 3. Mentioned in Faure ef af.,
1998
PAS2 Top of chromosome 5. At 2cM of Faure er af., 1998
nga2d9. and 4. 1cM of ngal5l.
PAS3 Cromosome 1. At 1eM of GAPB. Faure et al., 1998
POM] Chromosome 1. Position 5 *. Hauser et al., 1995
POM?2 Chromosome 2. Position 60 *. Hauser et al., 1995
Qui Top of chomosome {, Hauser et al., 1995,
Schneider er al., 1997
RGL3 Middle of chromosome 3. Schncider et al., 1997
RHD6 Bottom of chromosome 1. Scneider et al., 1997
RHL1I Middte of chromosome t. Schneider et al.. 1997
RHL2 Top of chromosome 5. Schneider et al., 1997
RMLI Middle of chromosome 4. Cheng el al., 1995
RML2 Lower arm of chromosome 3. Cheng et ol 1995
SCR Botom of chromosome 3, close to Di Lautenzio et al,, 1996
B Geoe sequence available,
TG Top of chromosome 5. Schneider er al., 1997

* According with the CAPS procedure presented in Konieczny and Ausubel (1993)




division abnormalities suggest that the ron
mutation affects the microtubules. However,
root hair cells. phragmoplasts and spindles
are normal in these plants, indicating that
microtubules are normal Craas e af., 1995).
Authors of such work suggest, however, that
cither TON! or TONZ i< an alicle of the
atready deseribed FASS

Plants bearing the sabre (sab) mutation
have abnormally wide roots and stunted
aerial organs. The increase in root diameter is
the result of abnormal cell expansion.
Cortical cells expand radially instead of
longitudinally (Aeschbacher er al.. 1995:
Benfey er al., 1993). In these mutants the
cells of the epidermis and endodermis [ook
somewhat altered. but contrary to cortical
cells their expansion axis are normal, along
the longitodinal axis. The defect present in
sab plants is reversible to some extent. In
mutants grown in the presence of an inhibitor
of cthylene synthesis or action, the radial
expansion is reduced, but not ctiminated.
Nonetheless, the sab phenotype cannot be
attributed to an excess of ethylene, because 1)
wild type plant grown with ecthylene
precursors increase the radial growth
inespecifically, and if) sab plants do not have
ectopic root hairs as wild type plants with an
excess of ethylene (Aeschbacher er af.
1995).

There are several mutants that affect
the size of roots by affecting the degree and
axis of clongation of cells in different layers,
Cobra (cob) and lion's tail tir) mutants have
also thick roots. but the azerial shoot is
normal. The expansion of these mutant roots
is mainly in the meristematic zone. The
elongation and differentiation zones are
fairly normal in thickness. The extent to
which these mutants’ roots are thickened
depends on the sucrose concentration in the
medium {Benfey et al., 1993), and this effect
is not due to the osmolar potential of the
sucrose (Hauser. Morikami and Benfey,
1995). Root expansion in cof and fir is also
temperature  dependent, and  in low
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temperature  the roots are of a normal
diameter. The extent of expansion is not
homogeneous among the different cell lavers.
In the eob mutant the epidermis shows the
greatest degree of expansion. Cell
architecture 1s fairly normal, and because
expanded  cells are less elongated in the
normal direction, the cell volume is not
affected  as  dramatically  as  the linear
expansion (Benfey er al.. 1993). On lir plants
the stele is the region with the greatest
expansion, but in this case the resulting
cellular volume is smatler than the wild type.
only one fourth of the normal (Hauser ¢t al.,
1995). In contrast to the effect of other
mutations, c¢ob and lir do not cause
significant abnormalities in cell number of
epidermal, cortical or endodermal lavers
{Benfey er al.. 1993), cob and it are not
unigue in their morphological etfect. Other
nmutants, such as pom-pom!t (poml). quill
(qui). pom-pom2 (pom2), endeel (cueh, also
have significantly  altered  cell elongation
with respect o wild type. Take cob, i gui
and cud mutants the epidermal cells are the
ones with an altered polarity of expansion,
but unlike cob. the resnlting cell volume in
these mutants s greater than in wild type
plants. pom! and pom2 mutants also have
epidermal and cortical cells with a larger
volume than those of wild type. In qui and
pom2 mutants there is a reduced root caused
by a reduction in cell ¢longation. In cob, lit,
poml and cud mumants there is also a
reduction in the rate of cell division (Hauser
et al., 1995).

Some genes are important in root
radial  patterning by controlling  the
asymmetric divisions of initial cetls. One of
these genes is SCARECROW. This gene is
expressed in the mature root endodermis of
wild type plants. Its expression begins very
close to, maybe inside, the cortex/endodermis
initials (Di Laurenzio et al., 1996; Scheres,
1996). The SCR product contains a basic
domain reminiscent to  that in  bZIP
transcription factors. Seedlings with the ser
mutation are phenotypically distinct from the




wild type becanse they have a shorter root,
Morcover. transverse root sections show that
in such plants there is one cell layer missing
between the pericycle and the epidermis. The
only ground tissue layer of scr plants retains
the casparian strip, which is a marker for
endodermis. However, the same layer also
has the arabinogalactan epitope. which s
normally present both in cpidermal and
cortex cells. Therefore, it seems that the
unique layer between the epidermis and the
pericycle of scr mutants has a mixed nature
presenting biochemical properties of both
cortex and endodermis (Di Laurenzio er al.,
1996). It is important to stress that at least
part  of the biochemical  differentiation
between  cortex and  endodermis is still
naintained in gor phnts, Theretore the SCR
gene is somehow involved in the asymmetric
division of the cortex daughter, but not in cell
differentiation.

An important (uestion in
morphogenesis is to what extent is organ
formation determined by the rates and
patterns of cell division. In order to evaluate
the role of the genes controlling the cell eycle
in root growth and development, expression
of the mitotic cyclin evelAr under the
cde2uAr promoter  {which  confers  an
expression in apical meristems) was tested in
transgenic  plants. The evelAr gene s
normally expressed only in cells that divide
actively. like those in apical meristems or
Jateral root primordia. The resulting cyclin
over-expression gives rise to plants with o
marked increase in root growth, caused by an
increased number of cells rather than an
increase in overall cell size. Despite the
abnormal excessive length of these
trangenics, the overall root architecture.
including the pattern  of  lateral  roo
formation. is indistinguishable from wild
type. This result indicates that the enhanced
root growth by stimulation of cell division in

meristems does not alter the organization of

the root meristem or its size (Doerner of ol
1996).
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The rate of cell division has been
experimentally manipulated by other non-
genetic means. Root length can be increased
by treating  roots  biochemically  with
glutathione (GSH). This compound causes a
significant. dose-dependent increase in the
mean root length, which s attributed to an
increased number of cells. Treated roots also
had a meristematic zone  that  extended
beyond the apex into the elongation zone. A
decrease in GSH by biochemical treatment
causes a reduction of mitotic figures,
although the root keeps its normal overall
size. That GSH concentration affects cellular
division, is further suggested by the high
GSH levels present in actively dividing cells
ol the  apical  meristem, Tnversely,  the
quicseent center shows lower GSH levels
than neighboring cells (Sianchez-VFerminderz o1
af., 1997).

Relatively few genes that affect root
patterning  or root cell fate have heen
identtfied and studied. Many of the mutants
with altered root patterning and cellular
differentiation also have altered cell size and
number. Some mutants with altered radial
patterning in  roots  are  pinecchio (pic),
gollum (glony and wooden leg (wol) with
short roots and retarded root growth. pic
mutants lack @& ground tissue layer, gl do
not have a normal orgamzation in the
pericycle and vascular bundle, and wol have
fewer vascular cells than wild type (Scheres
et al., 1995). Mutants 5905 are short, hairy
and with a diameter larger than wild type due
to both a radial swelling in all tissues and an
increased cell number in epidermis, cortex,
endodermis and pericycle layers. Plants of
the 1767 line have hairy roots, trichoblasts
are not always overlying (wo cortical cells,
and overall cellular elongation is reduced.
Epidermal. cortical and endodermal cells of
4792 primary roots are radially swollen and
present an irregular size and shape. 7133
mutants are very similar to the previous hat
only thetr epidermal and cortical cells are
swollen, Lastly. 7203 mutants lack 1he
endodermal cell layer (Holding, McKenzie




and Coomber, 1994). It is imporiant to say
that all these swollen mutants also present
anomalies in their aerial development. A
deeper understanding of the mechanism
leading to the abnormal phenotype will
unravel the normal role of all these genes in
root development.

Short-root (shr) mutants have
particularly short roots, but their aerial parts
are relatively normal. Besides being short,
the root in shr mutants is determinate and it
does not have the ability of continuous
growth. These mutants also have an
increased number of secondary roots that
initiate from the hypocotyl. At the cellular
level, shr plants do not posses the small,
densely cytoplasmic cells that are present in
the normal elongation and meristematic
regions, Furthermore, these plants do not
present the same number of cell rings as in
roots of wild type plants, The endodermis
ring is missing and the stele has fewer cells
thun in wild type, These resulis have been
obtained by studying the presence of the
casparian strip, normally associated with
endodermal and some stele cells (Benfey er
al., 1993).

Probably. the best understood
developmental pathway in roots is that
leading to the formation of trichoblasts and
atrichoblasts. Mutants in ROOT HAIRLESS
{RHL1, RHL2 and RHL3) genes have short
roots and fewer root hairs than in wild type.
The effects of rh! mutation are not restricted
to the root, though, rh!l plants are dwarf,
never produce flowers, show necrosis and
die. Despite the evident dwarfism, the
reduction in hair cells is not due to a decrease
in cell number, and the different tissue layers
are normally established in rif plants.
However, epidermal cell walls of these
mutants are perfectly smooth without any
sign of root hair initiation, indicating that the
RHL genes are somehow involved in the
trichoblast developmental pathway
{Schneider ¢t al., 1997).
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Roots of ectopic root hair | (erhl)
mutants are shorter, wider and more hairy
than wild type. Despite the radially expanded
roots and excess of hairs, cellular root
architecture in erh] mutants is otherwise
identical to wild type. As mentioned above,
cells that will bear hairs are distinguished by
their dense cytoplasm. but in erhl plants
some cells overlying two cortical cells
(putative future hair cells) do not contain
dense cytoplasm, indicating developmental
abnormalities (Schneider et al.. 1997).

glabra? (g12) mutants are
characterized by the presence of hairs on
essentially every root epidermal cell
(Schiefelbein, Masucci and Wang, 1997),
suggesting that the action of wild type GL2 is
to gencrate the hairless cellular fate. The G1.2
MmRNA and its homeodomain product are
preferentially expressed in those atrichoblasts
within the meristematic and elongation
regions of the root. With the use of GUS
staining. it is possible 1w observe that the
eartiest L2 expressing cells are located
outside the core meristem, approximately
two or three cells away from the
cpidermal/lateral root cap initials (Masucci et
al., 1996). Furthermore, ;1.2 expression is
absemt or highly reduced in developing
trichoblasts, in mature root epidermal cells of
either cell type. in the epidermis/lateral root
cap initials, or in the other underlying rings
of the Arabidopsis root. Hairs in gi{2 plants
arc normat at the morphological level
irrespective of their relative position with
respect to the underlying cortical cells.
Despite the increase in number of hair cells,
the total number of cortical and epidermal
cell files is equal to those in wild type plants.
No other abnormalities in root cell
organization were identified in g/2 mutants
(Masucci et al., 1996).

Like gl2, transparent testa glabra (11g)
mutants present root hairs in almost every
epidermal cell (Schiefelbein er al.. 1997).
Developing epidermal cells in such mutants
exhibit the normal characteristics of




differentiating root hair cells despite their
position. In the elongation region of the root,
all epidermal cells display a delay in
vacuolation that is normal in differentiating
root hair cells of wild type plants. The
phenotype of these mutants indicate that the
wild type TTG gene normally influences the
fate of atrichoblasts but does not affect the
cellular organization (Galaway et al., 1994).
These results indicate that 7TG and GL2 act
in similar pathways. Since the rrg and g2
mutants resemble the effect of ethylene/auxin
overproduction, it has been suggested that the
action mechanism of normal 77G and GL2
products is to negatively regulate the
ethylene/auxin pathway, very probably by
inhibiting the AXR2 gene pathway in the
developing hairless epidermal cells (Masucci
and Schiefelbein, 1996).

Genetic anatyses of the genes involved
in hair root formation have led to partial
models for the genetic and hormonal control
of root epidermis development. Briefly, it has
been suggested that in atrichoblasts 77G and
GL2 are the primary genes transforming the
positional  information  into  hiochemical
pathways. One cffector of those genes scems
to be RHDG6. At the same time, in the
trichoblasts the ecthylene and auxins are
supposed o convey signals affecting genes
AUX!, ETRI, and AXRI directly. The
products of those genes would activate a
biochemical pathway ending in the activation
of AXR2. A proper interaction of signals in
trichoblast and atrichoblast would determine
the correct appearance of root hair cells in
the root (Masucci and Schiefelbein, 1996;
Schneider er al.. 1997)

Plants with the constitutive triple
response 1 (ctrl) mutation are small with
short  hypocotyls and rool. compact
inflorescence and a very reduced root system
overall. Also, these mutants have ectopic root
hairs in epidermal cells overlying only one
cortical cell {(Dolan er al.,, 1994). But in
contrast to rrg and gI2 plants. crr/ mutants
have only a modest increase in the proportion
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of root hair cells. The CTRI gene encodes &
RAF homologue that secems to regulate
negatively the ethylene signal transduction
pathway (Kicber ef al.. 1993; Scheres, 1997).
Nevertheless, the ¢tr! phenotype cannot be
reverted by inhibitors of ethylene
biosynthesis or action, suggesting rather that
the defect of this mutant is localized
somewhere in the ethylene signal
transduction pathway. Now, because all
alleles of ctr! are loss-of-function mutations,
and the morphological effect resembles an
increase in ethylene, the ethylene response
pathway contains at least one negative
regulator in wild type Arabidopsis. See Ecker
(1995) for a preliminary genetic pathway of
ethylenc response.

The ethylene overproduction mutants
{etol, eto2 and ero3) have inhibited root and
hypocotyl elongation, and a radial swelling
of both. If seedlings with the eto are grown
with  either  inhibitors of ethylene
biosynthesis or antagonists of ethylene
action, the aberrant phenotype is no longer
observed. The previous result implies that the
efo phenotype is originated by a defect, in
this case an increase, in the function of
ethylene biosynthesis (Ecker. 1995),

Pasticeing motamts (past, pas2 amd
pas3) are  phints  with  stunted  growth,
deformed leaves and abnormal root
development. While pas/ and pasd have
shorter primary roots and very few (if any)
secondary roots compared to wild type, pas2
plants have larger roots than wild type and an
increased number of secondary roots.
Differences in root length are not
accompanied by changes in the radial root
pattern, however. The phenotype of pas
mutants is similar to that caused when there
is an unbalanced cytokinin/auxin ratio in the
medium. The pas phenotype is also very
similar 1o the  phenotype  caused by
Corynebacterivn fuscians or  Rhodococcus
fascians discases that are correlated with an
increased cytokinin concentration. These
results suggest that mutations in the PAS
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genes have altered cytokinin sensitivity.
Finally. it is very probable that pasi, pas2
and pas3 form part of a common pathway as
suggested by double-mutant  phenotypes
(Faure er af.. 1998).

There are other gene products that
mediate signal transduction pathways that
also have an effect on root development.
Mutants in the LONG HYPOCOTYL 5 (HY5)
gene present excessive cell elongation in root
hairs, widely spread lateral roots. and
abnormal gravitropism. Interestingly. the
normal HY5 gene product is transported to
the nucleus to modulate light stimuli signal
transduction {Oyama, Shimura and Okada,
1997).

Finally, cosuppression lines of a
MADS-box gene (ANR!} suggest that this
gene is important for lateral root elongidion
in response to local nitrate levels in the soil,
ANRI mRNA is only present in roots, and
not in flowers, stems or leaves. Northern
analyses suggest that ANR/! expression is

inducible by treatment  with  NO3 .

independently of the presence of K" or

PO43_. In wild type plants. local NO3

treatment stimulates the development of
lateral roots. This seems to be a response
dependent of the presence of ANRJ.
However, a ubiquitous high concentration

(>10mM) of NO3  inhibits lateral  roo

growth, hut through an ANRI-tndependent
mechanism,  lmportantly,  primary 1o
elongation is insensitive to this treatment. In
ANR! suppressed lines, but not in contro!
plants, the presence of 10mM to 100mM of

NO3  significantly inhibited lateral root

growth (Zhang and Forde. 1998). The authors
of this study propose that ANR/ is a key gene
for root morphological plasticity. This is the
first MADS-hox gene characterized up to
now that is not important in  floral
morphology in Arabidopsis (Weigel. 1995).
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LASER ABLATION

Recent laser cell ablation experiments
arc uncovering  some  cell  interaction
mechanisms important in determining cell
fate in Arabidopsis thaliana root. After cells
are killed with a precisely focused laser
beam, dead cells are compressed and pushed
towuards the periphery of the root. The
resulting  vacant space is invaded by
neighboring cells. When quiescent center
cells are ablated. the cellular remains are
displaced towards the root tip while cells of
the proximal vascular bundle occupy the new
available space (Van der Berg er al., 1995).
The replacement rate., however. is dependent
on the number of quiescent center cells
ablated (Van der Berg er al., 1997). Invading
cells transdifferentiate, at least partially, as
evidenced by the disappearance of a vascular
marker and the appearance of a root cap
marker in the cells that ocenpy the position
of the ablited cells,

As described  above, each  cortical
initial divides asymmetrically to produce one
cortex and one  endodermis  cell. Upon
ablation of such initials, some cells of the
pericycle invade the available space and
continue to divide and generate the pericycle
and cortical cell files. Pericycle cells are
smaller than cortical cells, and more than one
pericycle cell take the place of the ablated
cortex initial. This yields a cortical ring with
more than eight cells that is the typical
number in wild type roots. The invading cells
thereafier clongate and divide
asyminetrically, fike normal cortical initials
do, forming the cortical and endodermal
files. These new endodermal cells posses a
casparian  strip  that is  evidence of 1the
transdifferentiation undergone by these cells
once they are in their new location (Van der
Berg er al., 1995), In a similar experiment a
neighboring cortical cell replaces an ablated
epidermis initial, here too. the replacing cell
behaves  as a normal  epidermis  imitial,
growing and dividing anticlinally,




Daughters  of cortical imtials  were
ablated before their asymunetric division. If
only one cell is ablated. the cortical initial
continues to grow and divide while the
daughter divides asymmetrically as in wild
type. However, if three adjacent cortical
daughters are ablated, the underlying middle
initial still generates a daughter cell, but this
is unable to divide asymmetrically to
generate the cortex and endodermis files.
Such cxperiments indicate that the meristem
initial cells perpetuate the pre-existing
cellular pattern (Van der Berg er al.. 1995).

Other cell ablation experiments have
been performed to stady the control of cell
division versus differentiation  in  root
meristems.  Columella initials  stop  their
normal growth and division if the touching
quiescent center cell is ablated. Furthermore,
the columella cells that stop dividing
differentiate into daughter cells as suggested
by the presence of starch granules specific of
daughters and absent in initials (Van der
Berg et al, 1997). These results are
confirmed in experiments performed in
mutants that fack post-embryonic division,
suggesting a relative independence of cellular
differentintion  and  division. bFrom  these
results, the authors suggest that the quicscent
center does not directly regulate cell diviston,
put primarily arrests cell differentiation.

Both of the cell ablation studies
described in the previous paragraphs suggest
that there is a high correlation between the
position inside the root and the cellular fate.
This relationship does not seem to be
restricted to the early stages of development
but seems to continue throughout the plant
life. It seerns that positional signals directing
differentiation arise from mature cells to
guide initials to their proper cell fate (Van
der Berg er al., 1995). But there seems to be
another kind of signaling, that accomplished
by the quiescent center to maimain touching
cells in an undifferentiated (or initial) state
(Van der Berg et al., 1997).
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FINAL REMARKS

A big gap in the study of development
and pattern formation concerns  the
mechanisms  and processes by  which
molecular  signals  are  integrated  and
coordinated across cells and cell layers to
yield the overall morphogenetic patterns of
complex structures. The Arabidopsis thaliana
root architecture is very suitable for studies
on morphogenesis, because of its simple and
highly stereotyped layered pattern and in
some cases, fixed number of cells per layer.
Also, the recent demonstration that in roots
the fate of at least some cells is determined
by the cell's relative position inside the root
structure, provides experimental support Tor
the so-called positional hypothesis (Wolpert,
1994; Wolpert, 1996). These results open the
possibility  of developing  computational
models  of  root  morphogenesis,  using
advanced formal tools such as cellular
automata {Ermentrout and Edelstein-Keshet,
1993) or L-systems (Prusinkiewicz and
Lindenmayer, 1990). These tools have been
widely used to model the form of plants, and
such implementations assume, precisely, that
the future state of an clement is a function of
the present state of itself and its contacting
neighbors, Previously developed models only
provide descriptive simulations of pattern
formation, however. The cellular-level
information available for Arabidopsis root
already enables the forrulation of models
that may be used to explore the overall
morphogenetic  effects  of  different
mechanisms and patterns of cell-cell
interactions. For example, many models have
assessed the role of positive and negative
signals 1o orchestrate differentiation. These
could be applied to roots. Also, the process
of cellular communication may be elicited by
direct cell-cell contact (Slack, 1993), or by
the diffusion of signaling  molecules
(Kerszberg and  Wolpen, 1998; Wolpert,
1969, Wolpert, 1996). The kind of results
provided by the laser ablation experiments in
Arabidopsis regarding cellular signaling for
differentiation, makes the Arahidopsis root a
nice biological system suitable for a joint



theoretical and experimental effort to unravel
the cellular and molecutar mechanism of
morphogenesis. But for roots we still need
much more molecular and genetic data to
formulate models of the regulatory networks
within cells. This type of models have
already been devetoped for genes underlying
Arabidopsis flower development (Mendoza
and Alvarez-Buylla, 1998).

The integrative  analysis  of  many
developmental mutants in Arabidopsis is
enabling the formulation of morphogenetic
models in plants. The ABC model for flower
morphogenesis, despite its simplicity, has
been very robust for describing the overall
organ type organization of wild type, mutant
and transgenic flower phenotypes (Coen and
Meyerowitz, 1991, Ma, 1994, Meyerowitz,
1994, Krizek and Meyerowitz. 1996;
Mizukami and Ma. 1992). There are
propositions to modify the ABC model (Ma,
1994: Ray er al., 1994), but they suggest only
minor changes, s the Arabidopsis root
architecture  also ruled by an ABC-type
model? In order to establish that kind of
model, it is necessary to look for homeotic
mutants. At the organ level, the possibilities
are few in roots, however. Would it be
possible to obtain a shoot instead of a root?
Or maybe a secondary instead of a primary
root? Other possible helpful mutants might
be those in which the concentric rings of
different cell types are interchanged by
altering the cell fates of different cell layers.
For example, one plant with an extra normal
cortical ring taking the place of the
endodermis. As more mutant and molecular
data of root development accumulate, we will
be able to address these and other questions.
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ABSTRACT

Biological systems are composed of
multiple interacting elements; in particular,
genetic regulatory networks are formed by
genes and their interactions mediated by
transcription factors. The establishment of
such networks is critical to guarantee the
reliability of transcriptional performance in
any organism. Whole-genome sequencing
efforts have created a growth in those areas
refated to genetic information, increasing the
necessity for integrative tools. The study of
genetic regulatory networks as dynamical
systems is a helpful methodology to
understand the transcriptional behavior of the
genome. From a number of theoretical
studies, it is known that networks present a
complex dynamical behavior that includes
stability, redundancy, homeostasis and
multistationarity. In this paper, I present some
particular biological processes modeled as
discrete networks to show that the previously
mentioned theoretical properties have a clear
biological interpretation. In the discussed
examples, the stress relies on the predictions
and novel interpretations, rather than on the
biological! data itself.

INTRODUCTION

Development of multicellular
organisms  requires  the  coordinated
accomplishment of many molecutar and
cellular  processes, like division and
differentiation. Regulation of those processes
must be very reliable. capable of resisting
fluctuations of the internal and external
environment. Without such homeostatic

capacity, the viability of the organism would
be compromised. For instance, unrestrained
division of some cells may lead to the
appearance of tumors, with the possible result
of the organism death. Cellular processes are
finely controlled by a number of regulatory
molecules. In particular. transcription factors
are proteins that determine the transcription
rate of genes. including those involved in
development and morphogenesis. Since
transcription factors are present inside cells at
a low quantity, a random variation in their
concenttation might alter cellular fate. For
such reason, it is reasonable to look for the
molecular mechanisms responsible of the
homeostatic  capacity, and coordinated
behavior of the transcriptional machinery.

Madern  techniques  of  molecular
genetics have greatly increased the rate at
which genes are recognized and their primary
sequences  determined.  Still,  classic
biochemical and physiological studies are
necessary to identify the targets, and to
vnderstand the functions. of the coded
proteins. For such reasons, the rate at which
pathways are described is much slower than
the rate of gene sequencing. The large
quantity of available sequences creates the
challenge for molecular geneticists of linking
genes and proteins into functional pathways.
Of particular interest for this paper. are those
cases when the discovered genes code for
transcription factors. These proteins bind to
cis-regulatory sequences of other genes, and
if their targets also code for other
transcription factors, then interdependence is
created among groups of genes, thus forming




a genetic regulatory network. The observed
molecular result is the controlled and
coordinated expression of a large group of
genes. In  this way, genetic regulatory
networks control the transcriptional behavior
of the cells in an organism. These ideas arc
commonly accepted by experimental
biologists;  however,  geneticists  and
molecular biologists generally are not aware
of the global dynamical properties of genetic
regulatory networks. This problem might be
partially solved by presenting models of some
particular biological networks, and by
showing the descriptive and predictive
capacity of them. Network models contain
some dynamical properties that are not
evident from a global visual inspection of the
system connectivity. Thus, it is possible to
increase the use of network modcling by
stressing some novel results obtained from
the interpretation of well-known biological
processes as dynamical systems.

One relevant biological problem that
may be partially understood by making use of
network models, is how different stable
genetic patterns arise inside one organism.
All cells in an individual organism have the
same genes, and therefore the same global
genetic regulatory network. However, each
cellular type of an organism differs from
others in its particular molecular profile, i.e.
in its pattern of transcriptionally active genes
and the presence of other molecular markers,
In addition, those genetic activation patterns
are stable, in a normal situation cells do not
differentiate continually from one type into
another. In an adult organism, many stable
genetic activation patterns coexist despite the
common underlying network in every cell.
This  characteristic  is  known  as
multistationarity. Importantly, it turns out that
some particular networks provide the
molecular mechanism of multistationarity.

To describe the genetic circuitry, it is a
common practice to represent transcriptional
regulatory interactions with arrows (A—B) or
blunt lines (A-=B), to indicate activation or
repression  respectively. Such  graphical
representation is very helpful to understand
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the transcriptional machinery of an organism.
However, the knowledge of the connectivity
is not enough to determine the behavior of a
regulatory network. There arc propertics that
cannot be deduced just with the aid of a
visual inspection of the circuitry. For
example, it is not possible to know how many
steady states of genetic activation are allowed
by a particular network, neither if those
steady states are stable or not. To know these
properties, it is necessary to incorporate the
transcription rate of each gene as a function
of its regulators. In this way, a genetic
regulatory network can be translated into a
dynamical system. To model a genetic
regulatory network, the tendency would be to
choose a series of coupled differential
equations, with each dependent variable
representing  the transcriptional activity of
one gene. Most of the times, however, there
is a lack of quantitative experimental
information to fix the set of parameters in the
system of equations. In contrast, most
published  results  include  qualitative
information of the spatio-temporal activation
patterns of genes. Thus, there is usually
enough information to describe a genetic
regulatory network as a system of difference,
instead of differential, equations.

It might appear that a discrete approach
is somehow inferior to continuos modeling,
but it has been shown that continuos and
discrele  network  models  share  many
qualitative dynamic features (Bagley and
Glass, 1996; Glass, 1975; Glass and
Kauffman, 1973). Also, it is known that the
modeling of genetic regulatory network as
dynamical systems with discrete variables is
adequate, because such systems present
global complex behavior including self-
organization, stability, redundancy and
periodicity (Somogyi and Sniegoski, 1996),
Moreover, the presence of feedback loops
permits the possibility to obtain homeostasis
and multistationarity (Thieffry er al., 1995;
Thomas et al., 1995). In contrast, classical
hierarchical and static models do not presem
the rich behavior of networks. In this mini-
review, | present some global properties of
networks, and in another section some




biological examples of regulatory genctic
networks modeled as discrete state dynamical
systems. Those models permit to show that
genetic regulatory networks have the capacity
of forming a set of particular genetic
expression patterns.

DISCRETE NETWORKS

Basic concepts

Most biological systems are composed
of multiple interacting elements. For
example, consider the genes and proteins in a
genetic tegulatory network, necurons im a
nervous system, lymphocytes in the immune
system and so on. The molecular response in
those systems often involves cooperation,
saturation, competition, etc., establishing a
non-linear relationship between the input and
output. Such non-linear responses of the
network elements result in the impossibility
of predicting the network behavior just by
knowing the response of its isolated elements.
Therefore, in a living organism it is necessary
to consider the dynamics of cach element as
part of an entire functional network, rather
than isolated entities. To elaborate models
that capture the qualitative essence of the
system under study it is necessary 1o consider
some  simplifications,  because  of  the
complexity of the biological regulatory
networks,

A common hypothesis in network
modeling is that events occur at certain time
intervals, rather than continuously. In this
case, the state of the system at a particular
time depends only on its own state at the
preceding time  step.  Mathematically
speaking, the supposition is that the
dynamical behavior of the system is governed
by an equation of the form S_=f(S). Here, S
represents the state of the system under study,
for example the activation pattern of a group
of genes. The system behavior is thus
expressed by a succession of states, namely
S, 8., S, ... 5. Often, the function f governing
the change from one time step to another is
unknown. If the function is known, the
dynamical behavior of the system can be
obtained by an iterative process. In most
cases, however, f turns out to be a nonlinear
function, making its analysis a hard task.
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A network is a system formed by
multiple elements, or nodes. Each node has a
state of activation, which depends upon the
states of another nodes. To describe the
activity of all elements, it is necessary to
express each node as a dependent variable in
a system of coupled equations. When
modeling a genetic regulatory network, the
activity of a node represents the
transcriptional rate {or activiry) of a particular
gene. A natural tendency would be to
represent nodes with conlinuos variables.
However, usually there is only qualitative
experimental data regarding the activity of
most genes. For such reason, a useful
simplification it is to suppose that genes can
attain only a finite number of possible sties.
Thus. it is a common practice to represent the
transcriptional rate of a gene with a discrete
variable. In the simplest case, a gene might be
“turned on” or “turned off” at a given time. In
this case. we are dealing with swirching
networks,  boolean  networks,  or  more
properly binary networks. Despite the gross
simplifying assumptions of discrete time and
discrete  activity  states,  the  dynamical
propertics of hinary networks are remarkably
complex.

To describe the collective behavior of
the clements in a network, it is necessary to
use the concept of the stare of the nenvork.
Such state is represented by a vector of the
form (x. x, x), which contains the
activation state of genes X, X, ... X. By
convention, in binary networks the values ‘0’
and ‘1" represent transcriptionally inactive
and active genes, respectively. Therefore, the
state of a binary network is completely
characterized by a  binary vector, e.g.
(Q.1,1.0.1); although often the shorthand
without parentheses or commas are used
instead, e.g. Q1101 Now, since cach node in
a binary network can attain two states, there
are 2" possible states for a network of size #.
Or in more general terms, there are " states,
where m is the number of discrete states
permitted for cach node. The collection of all
possible activation states forms the stare
space of the network.



An autonomous network does not have
any input from the outside. and its behavior
depends only upon the activation state of its
constituent nodes. In such system, each
network state at time ¢ determines o unique

successor at time r+1; it is a deterministic
system. Over a series of tme steps the
network passes through a succession of

states, thus forming a trajectory. The
trajectory cannot be infinite because the state
space is itself finite. Therefore, the system
must eventually repeat a previously visited
network state, thus cycling repeatedly around
a number of recurrent states. This set of states
that are cyclically repeated in a trajectory
constitutes an attractor. An attractor can be
characterized by its period, if the same
network state is repeated after m time steps,
then it is a period-m attractor. The period of
an attractor has a range from | to 2", where n
is the number of nodes in the binary network.
Period-1 attractors are also known as fived-
point attractors.

Every autonomous finite-stale network
has at least one attractor, in such case any
network  trajectory  flows  into  the  same
attractor. But a network may have more than
one attractor; some states may lead to a fixed-
point attractor, for example, while others may
lead to a period-3 attractor. The collection of
all network states leading, or belonging to a
particular attractor is called the basin of
attraction. Thus, the state space on the
network is partitioned among its basins of
attraction, each draining towards an attractor.

Some properties of discrete networks

It was already mentioned that each
network reaches one of the possible attractors
draining the state space. Such characteristic
confers stability to the networks; which
means the possibility to resists some
perturbations. To illustrate the property, take
the following trajectory of a binary network:
1110 — 1101 — 0000 — 1111, Suppose that
the four network states form the whole basin
of attraction of the fixed-point attractor 1111,
Once the network reaches the attractor, the
network state will be 1111 for as long as no
perturbations exist. Now. suppose that an
external stimulus changes the activation state
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of the fourth network element from | to 0; in
that case the new network state would be
1110. It turns out that such state is part of the
basin of attraction of 1111; thus, after three
time-steps the system returns to the original
activation steady state. Notice that a similar
situation holds if the third network element is
perturbed. Moreover, if all the elements are
changed at once, turning the network state
from 1111 to 0000, it takes only one time-
step for the network to restore its normal
state. Therefore, the existence of basins of
attractions guarantees that the effect of a
number of perturbations will die out after a
transient response. Of course, not all
perturbations have the same transitory effect.
In the previous example, an alteration of the
attractor on the first element results in the
state 0111, which is outside the depicted
basin of attraction. Such new activation state
lies necessarily in another basin of attraction:
thus, the network will follow a trajectory
ending in an attractor different to the original
1111, Therefore, some perturbations may
result in o change in the final stable state
attained by the network. I o perturbation
originates a shift from one attractor to other
or not, depends on the particular partition of
the state space. In any case, the existence of
attractors confers stability and resistance to
some perurbations, which are fundamental
qualities observed in biological systems.

Genetic regulatory networks present
redundancy, the removal of an element may
not necessarily affect the global behavior of
the system. Redundancy is more easily
observed in large systems, which have many
elements and abundant interactions. This
characteristic is relevant because genetic
redundancy is present in biological systems.
Experimentally, there are some cases where
null mutations do not have phenotypic effects
by themselves, but enhance the effects of
mutations in other genes (Kempin et al.,
1994). Normally, it is assumed that gene
duplications, and further point mutations,
cause the appearance of similar genes that are
partially redundant. An excellent example is
the HOM/Hox gene clusters, in which gene
duplications and deletions occurred during
evolution (for a review see Ruddle et 4l.,



1994), and they present partial redundancy
(Horan er al.. 1995). However, contrary to
what is  intuitively  expected,  network
simulations  show that the amount of
redundancy is not necessarily proportional to
the similarity between the coding regions of
the original and duplicate gene pair (Wagner,
1996a; 1996b). Even more, genes with
redundant or partial overlapping functions but
with low sequence similarity are known
(Cooke et al., 1997). Redundancy thus seems
to be a global property of networks. rather
than a particular property of the primary
sequence of genes involved in regulatory
pathways. In the next section, there are a few
examples of networks whose dynamical
properties depend only on a subset of their
clements,

Regulatory networks may or may nol
include feedback circuits. Their presence is
necessary to ensure  multistationarity  and
homeostasis, which are particularly important
properties of biological systems. The logical
analysis of feedback loops decomposes any
network into a well-defined set of feedback
loops; it was first developed by Thomas
(1978), and formally demonstrated by others
(Plahte et al., 1995; Gouzé, 1998; Snoussi,
1998). According to such methodology, a
feedback loop is positive or negative if the
involved negative inleractions are even or
odd, respectively. On the one hand, negative
feedback loops generale homeostasis. in the
form of damped or sustained oscillations. The
importance of homeostasis in maintaining the
internal ambient of an organism is well
known, and dates back from the work of
Cannon (1929). On the other hand, positive
feedback loops generate multiple alternative
steady states; n independent feedback loops
can generate up to 3" steady states, of which
2" are stable. The already discussed biological
interpretation of multistationarity as cellular
differentiation goes back to Delbriick (1949),
but has been further developed by the group
of Thomas (Thieffry er al., 1995; Thomas er
al., 1995).

As noticed, the connection of many
simple elements results in the appearance of
complex nonlinear dynamics. Such behavior
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rarely permits the analytical study, and
thorough description. of all properties of
network models. To solve the problem, a
common approach is the statistical study of
randomly constructed networks. As a result,
there is a large collection of results that are
particular of the type of network used (for
example, see Kauffman, 1993). Nevertheless,
there are some specific properties that are
directly relevant for the study of biclogical
systems. In the previous paragraphs I
mentioned four: stability, redundancy,
homeostasis and multistationarity. Those
properties make of the network modeling a
suitable tool to describe and predict the
characteristics  of  genetic  regulatory
networks. To give validity to the previous
claim, in the following section [ describe
some examples of the use of discrete-state
networks  to madel  particular  hiological
systems.

DISCRETE NETWORK MODELS
OF SOME BIOLOGICAL SYSTEMS

Classical  schemes  of  regulatory
cascades make explicit the elements and
interactions conforming a pathway. However,
they almost never incorporate a description of
how the presence of the regulatory elements
determines the activity of genes or proteins.
Because of this absence, schemes presenting
cascades of rcgulation are not dynamical
systems. As a result, it is not possible to
evaluate how many steady activation patterns
(attractors) are allowed by the regulatory
pathway. neither if those patterns are stable or
unstable. The intention of the following
recount is not to make a thorough description
of many models, but to stress some of the
novel results and interpretations emanated
from the network modeling approach. Since
the concept of attractor is of central
importance in network modeling, the
following examples stress the biological
interpretation of different attractors. The area
of discrete network modeling of regulatory
pathways is in development; therefore, this
review covers most of the published
examples, but is by no imeans complete,

The lambda phage is a virus of E. coli
that can integrate its genetic material into the



host DNA or muluply o the cytoplasm.
Many bacterial and viral genes take part in
this alternative between the so-called Iytic or
lysogenic pathways. Thieffry and Thomas
(1995) elaborated a regulatory network
incorporating the interactions among gencs
cl. ol cro and N of  the  dambda
bacteriophage. Those four genes control the
choice if the host bacterimm will lyse or
become  lysogenic, a process  somewhat
similar (o cellular differentiation. Despite that
the complete genome sequence of the lambda
phage is well known, modeling of the
dynamical behavior emphasize aspects that
are not appreciated intuitively. First, the
model shows that the cl and cl-cro circuits
are sufficient to obtain the change of stable
expression patterns induced by a change of
temperature. Specifically. the model has two
stable expression patters at low temperature,
but only one at a high temperature. Second,
the circuit analysis of the model shows tha
the inclusion of cl-cll and cI-N-cll negative
loops. as well as the cl-cro-cll positive loop,
results in the increase of cooperativity but do
not play a crucial role in the decision for or
against immunity. Of course, this model is
capable of reproducing the effect of many
known mutations, but an important aspect is
the establishment of some unexpected results.
For example. authors stress the importance of
the negative self-regulation of the cro operon
in diminishing the effect of gene  dosage
while the phage is replicating at high rates. In
brief, this model reinterprets and predicts the
role of positive and negative feedback loops
during the infection process of the lambda

phage.

Genetic and molecular  studies on
Drosophila  melanogaster have shown  the
existence  of  gradient  mechanisms in the
generation of embryonic patterns. Sinchez er
al. (1997) published a regulatory nctwork
constituted by genes dorsal, mwist, snail,
decapentaplegic, sog. toll. and rhomboid, to
explain the establishment of the dorso-ventral
genetic pattern of Drosophila. However, it
was found that the consideration of only the
first four of the mentioned genes was enough
to elaborate a discrete model. The model
contains two feedback loops, which generate
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five steady states. Three of them are stable
steady states, which correspond to the genetic
expression found in  the ectoderm,
neuroectoderm and mescoderm. Apart from an
adequate description of transient and stable
activation pattern. the model also describes
the effect of  single-gene  mutations.
Morcover, the model permits 1o establish that
from a formal point of view, the putative
autoregulatory  function  of  snail s
dispensable for the  esablishment ol the
dorso-ventral pattern. This result is not
evident without the formad analysis of the
network model.

Genes  that  establish - the  antero-
postenior pattern of  Drosophila also have
received attention. Burstein (1995) elaborated
a network model incorporating maternal, gap,
pair-rule. segment polarity, and homeotic
genes. Even though the network contains 16
clements, the author was interested in the
dynamics of the Deformed gene alone. In
brief, the model was developed to establish
the requirements of Bicoid. Hunchback and
Even-skipped  protein  concentrations (o
cstablish the Deformed striped  expression
pattern, Burstein®'s mode] helps to understand
how relatively few, broadly expressed gap
genes  specify  organized  stripes  of
downstream penes. The model suggests that
the mechanism depends upon a combination
of overlapping  patterns and  gradient
concentrations of gap proteins.

Flower development has demonstrated
to he a suitable system for network modeling.
Mendoza and  Alvarez-Buylla  (1998)
developed a genetic regulatory network with
IT genes  that  control  the  flower
maorphogenesis of Arabidopsis thaliana. The
network model results in the formation of six
attractors. Four attractors correspond to the
genetic activity observed in the four floral
organs, i.c. scpals, petals, stamens and
carpels. A fifth attractor, in turn, represents
the genetic  activity of meristems not
competent to initiate a flower; il is 8 non-
flowering state. Finally, the model predicts
the existence of a sixth attractor constituted
by the activation of two non-flowering genes
and two involved in flower development.




Notably. the model posed some predictions
regarding the existence of some  genetic
interactions. From those, the activation of A¢;
by LFY has been confirmed experimentally
(Parcy  er al.. 1998). Morcover, there s
prehiminary data confirming the predicted
inhibition of AP/ by EMF/ (Aubert, 1998). A
subsequent logical analvsis of the network
model (Mendoza er af, 1999 showed that
only two feedback loops. ie. API-AG and
AP3-PI, are sufficient to obtiain the six
attractors  already mentioned. Also, the
analysis predicts the existence of a yet
undiscovered activator of the gene LLFY.

The differentiation process in the root
cpidermis  of  Arabidopsis also has been
subject  of modeling. There iv o model
{Mendorza and  Alvarez-Buvtla: submitted)
that mcorporates the genctic tepulation amd
signal transduction pathways leading to the
development of root hairs. The dynamic
system incorporates eight elements. including
transcription factors and signaling
transduction proteins, Interestingly, the imtial
state of two variables represents the ethylene
availability  of  cells.  and  another
uncharacterized signal coming from the root
cortex. The particular combination of the two
signals determines the attractor reached by
the network. Each attractor represents a
genetic expression pattern leading 1o the
appearance of different number of root hairs,
Normally, alternate files of hiir and non-hair
cells torm the root epidermis of Arabidopsiy,
but there are multiple mutants altering the
number and distribution  of hairs.  An
impontant difference of this model with other
previous non-network maodels for the root
epidermis, s it capacity 1o deseribe and
predict the morphologicual effects of single
and multiple mutations. as well as the
response to some pharmacological
treatments.

Network  elements not pecessarily
represent  genes, proteins or other single
molecufes. Muraille ¢r al. 11996) claborated a
network model 1o study the nenrocndaocrine
repulation  of  the immine response. The
model  contains only  four  clements
representing  a pathogen.  the nnmune
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response, the hypothalamao-pituitary-
adrenocortical axis, and the host organism
itself. With the use of o logical analysis, the
authors showed that the model contitins six
feedback loops, functionad in some regions of
the  variable  space.  Such  analysis  also
revealed the existence of ten steady states.
Seven of the steady states are characteristic of
the feedback loops, one is the zero state, one
represents the state where the pathogen is
dead.  and  finally  one  represents  the
organism’s death. In addition, the discrete
model was used to construct a more refined
differentiul model. Briefly. the study of the
diserete and continuos models accounts for
some  classical  and  peculiar immune
responses,  particalarly  immunogenicity,
toxicity.  neuro-hormonal  feedback,  toxic
shock syndrome, the relation of  pathogen
witl snfection, and the elstion of dress with
the immumne respense. In Muraille's work, the
claboration of a discrete network helped to
locate and dentify the nature of steady states
in a more eluborated  continuos model.
Morcover, the Tognical approach abvo was used
o predict some dynamical changes as the loss
of muitistationarity or homeostasis.

Without doubt. the most elaborated
models of genetic regulatory  networks are
made tor Drosophila carly embryogenesis, In
particular,  Bodnar (1997)  preseated an
extraordinary spatio-temporal discrete model
that integrates the genetic and nuclear events
from the cep to the svoevtial blastodernn,
comprising 13 nuclear divisions, In the model
all genes and protein products have four
possible states. while the rules controlling
gene's switching depend upon the protein and
chromatin states. Briethy ) maternal effects are
stmulated as the mitial state of the system,
and  the subsequent genetic  expression
establishes protein step gradients that activale
o repress other genes in neighbor nuclei. A
network of 11 genes was sufficient to form
the 10 compartments corresponding to the
parasegments  Tormed  along  the  antero-
posterior axis of the Drosophila cmbryo, In
contrast. it network  of T4 Clements was
necessary o simutate the expression patiern
of homeotic genes. Finalty, the doeso-ventral
expression  wis modeled  with o network



formed by seven elements. This model
permits not only to describe the early
development of the Drosophila embryo, but
also can be used to study the evolution of
developmental pathways. Just with the
elimination of two genes, and the addition of
one gene and three connections, it is possible
to obtain the homeotic gene patterning of the
beetle or grasshopper.

CONCLUDING REMARKS

Biological components, most  often
macromolecules,  altogether  with  their
interactions controlling physiological
processes are considered regulatory networks.,
In the particular case of genetic regulatory
networks, nodes represent genes, while the
connections usually depict the regulatory
interactions established among genes by
means of transcription factors. With the
advance of molecular techniques, the
availability of gene sequences is increasing at
a high rate. Thus, it is necessary to integrale
such molecular information into functional
networks. For a long time there have been
theoretical studies of the properties of
discrete state networks as models for genetic
regulation (Kauffman, 1969; Thomas, 1973;
Glass, 1975). However, only until recently
there are some models of particular genetic
regulatory networks of some biological
systems. Drosophila melanogaster is by far
the most studied system from the point of
view of regulatory networks. The complexity
of the models and data acquisition technology
elaborated for Drosophila have reached high
sophistication (see for example Kosman and
Reinitz, 1998). Apart from such case, other
models are arising slowly. With the advent of
whole genome sequencing projects, plus
some technologies like DNA chips, the
identification of new genes and their
regulatory interactions are imminent. For
such reason, it is important to show the
integrative capacity of the regulatory network
modeling approach.

Traditionally, when genetic and
biochemical studies suggest a sequence of
regulatory events, people use arrows (o
represent the interactions among
macromolecules. Such graph representation is
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necessary but not sufficient to understand the
dynamical behavior of the pathway. This
mini-review was aimed to show that finite-
state networks offer a simple methodology
that permits to study the collective behavior
of a large number of elements. Moreover, this
kind of modeling permits a thorough
dynamical and analytical study. which gives
important information to elaborate more
reatistic continuous models. Despite the clear
uscfulness of regulatory networks, it is
important to kecp in mind the difficulties
behind  network  modeling. A significant
problem in elaborating genetic regulatory
networks of any kind is the correct inference
of the genetic interactions. Such process
involves a thorough analysis of a large
quantity of relevant experimental literature to
infer the connectivity. This step includes at
least two possible sources of error. The first
is involved with the discrimination process,
what informatton is relevant and what is
superfluous? It is not evident at all if a
reported experimental result is related to a
particular regulatory process, or rather to a
molecular response not expected by the
modeler. An ideal solution would be the
formation of interdisciplinary groups with
experts in the nodeling  process  and
experimentalists  familiar  with biotogical
systems. However, this is not a common
trend: usually the modeler has to incorporate
information from different experimental
groups. This brings about the second
problem. Different experimental laboratories
often work with different methodologies,
animal subspecies, plant ecotypes, etc. Here
again, how to distinguish between changes
due o regulatory process or due to
differences  in the data  acquisition
methodology? There is no easy response; one
has to balance between knowledge of the
experimental systemn and modeling intuition.

To circumvent the problems inherent to
the inference of network connectivity, there is
an interest in the development of algorithms
for the deduction of genetic networks,
departing from temporal expression patterns
of a group of genes. Many algorithms are
based on the supposition that the regulatory
networks behave as boolean networks. For



example, Liang et al. (1998) proposed an
algorithm named REVEAL for network
inference  departing  from  state  transition
tables, which might correspond to time series.
The algorithm uses a mutual information
analysis to reduce the quantity of data points
necessary for the inference. Notably, o small
number of state transition pairs (F0 rom a
total of 10" possible} were sufficient to infer
networks made of 50 nodes. Using another
algorithm (Akutsu er af., 1999), it has been
proved mathematically that the number of
transition pairs necessary to identify the
network is proportional to log s, where n is
the number of nodes. Despite the efficiency
of the algorithms, their implementation in
experimental laboratories requires o high
precision in data acquisition of genetic
expression, which is very difficult. However,
recent advances, like the use of RT-PCR
assays, permit the simultancous measurement
of expression of a large number of genes a
different time points. A notable example of
this kind of technology is the gene expression
matrix of Wen et al. (1998), which contains
the expression levels of 112 genes.

The convergence of theorctical and
experimental advances has an important
impact on the basic understanding of global
biological processes. For example, it is
known that all cells in a multicellular
organism have the same genetic regulatory
network.  Nevertheless,  the  expression
patterns and genetic responses are different in
distinct cellular types. Thus the response to
environmental changes and cellular signals
are particular to cach type of tissue. This
differential  response  despite the common
underlying genctic material can now  be
understood with the use of the concept of
genetic regulatory networks as dynamical
systems. As explained before, the network
may have different equilibrium states in its
expression patterns. Each of those stable
expression patterns might correspond to the
genetic profile characteristic of a particular
cell type. Of course, there are many
conceptual issues that need to be clarified bot
experimentally and  theoretically.  For
example, what kind of mechanism permits
the correct divergence in expression of the
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involved genetic networks during
ontogenesis? To answer this and other
questions, it is necessary to claborate more
integrative models that take into account not
only the molecular level, but also the cellular
constitution of an organism,

There is also a practical side in the use
of genetic regulatory network models. The
recent availability of large financial resources
to establish multi-species genetic analyses,
specially in biological systems with potential
cconomic impact like crops, attracts  the
interest of many scientists (Bennetzen et al.,
1999). The technical achievements to assess
whole-genome genetic expression are paving
the ground for the establishment of large
research groups to generate massive data sets
of gene expression patterns. Such information
availability of information does not warrant
the understanding of the basic processes,
controlling  gene  expression, and  thus
differentiation and morphogenesis. Now, the
understanding of busic processes is necessary
to the control of organism with potential
economical importance. Think for example
on the flowering process, its control might
lead 10 higher yield of cotton, fruits. etc., with
the consequent econormical impacts.

The use of integrative methodologies is
necessary to reproduce the complex
dynamical  spatio-temporal  patterns  of
biological systems. In particular, the analysis
of genetic regulatory networks as dynamicat
systems provide with a suitable tool for the
integrative analysis of the large quantity of
genetic data that is becoming  available,
Morcover,  network  models  not only
synthestze  data but  also  permit the
elaboration of predictions that are not evident
by using the classical conception of
hierarchical static models. For example, the
prediction of missing regulatory interactions,
of missing genes, or stable genetic expression
patterns, are useful guides for the
experimental biologists to continue with the
molecular analysis of certain experimental
organisms. Certainly, there are very few
biological examples to show the utility of the
network modeling. In this paper, I presented
some characteristics of seven network models



to give a glimpse of the usefulness of the
translation of regulatory pathways into
dynamical systems. The understanding and
use of genetic regulatory models is becoming
indispensable as the output of whole genome
projects accelerates.
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We present a network model and its dynamic analysis for the regulatory relietionships among 1 genes
that panticipate in Arabidopas thahana ower morphogenesis, The 1opology ol the netwoerk and the
relative strengths of interactions among these genes were based from published genetic aned molecular
data, mainly relying on mRNA expression patterns under wild type and mutant backgrounds, The
network model is made of binary elements and we used a particular dynamic implementation for the
network that we call semi-synchronic. Using this method the network reaches siv atteactors; four of
themy correspoend to obsersed patterns of pene expression found in the floval orpans of eafidopas
{sepals, petats, stamens iind can pelsd as predicted by the ABC model of flower monphopenesis Phe fifth
state corresponds to celbs that e net competent to loswening, and the ssatd attracton predhcted by the
madel is never found in wild-upe plants, but it conld be induced experimentally We discuss the
hiological implications and the potential use of this network modeling approach to integrate funchonal

data of regulatory genes of plant deselopment.

1. Introduction

As experimental data on gene function and regulatory
interactions accunulate in biological model systems,
the nced of formal and modeling paradigms for
functional inference and integration of large data sets
is becoming imminent. In this paper we put forward
a first trinl o apply dynamic analyses of o genetic
regulatory network model to integrate molecular and
genctic data of drabidopsis thaliana genes involved in
flowering morphogenesis. In contrast to cascade or
hierarchical models of regulatery genes, that arc
widely used in molecular biology (see for cxample
Kornfeld, 1997), models ol genctic regulatory
networks consider  direct and  indirect  (eedback
regulatory relationships (Garzon. 1990). Such feed-
back regulatory interactions are analogous to those
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present in metabolic routes, in which the product of
a reaction regulates its own synthesis rate. The
product of a certain gene might also regulate its own
trunscription riate directly or indirectly. Feedbhack
loops  make genctic regulntory network  models
dynamic systems, which may have fixed or periodic
activity patterns. Morcover, feedback loops, chiarie-
teristic of genetic regulatory networks, consutute the
necessary. mechanism to explain multiple equilibria
and homeostasis of a given network (Thiellry ef ol
1995; Thomas, 1991; Thomas & 12 Ari, 1990; Thomas
cr al.. 1995).

Transcriptional and post-transeriptional regulation
are central dssues for understanding the origin of
cellular  differentiation,  Each cell type can be
identified by its molecular profile (i.c. by the pattern
of all molecular markers present in the cell). and in
thcory the celluiar identity might be determined by
describing all the active penes in the cell (Kautfman,
1969, 1991, 1993). Gene activity. in turn, depends on
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the presence of one or several transcription factors,
which are themselves gene products, creating in this
way a Tunctional interdependence among a large
group of genes. These groups of genes regulating the
activity of cach other are known as genctic regulatory
networks. Formal dynamic analvses of these net-
works can be useful to explore the possible long-term
genetic activation patterns (called attractors) of a
given genotype. Such altractors have been identified
with the different cell types of uan  organism
(Kauffman, 1993; Zuckerkandl, 1994), thus in order
to achieve cellular differentiation it would be sufficient
to give a perturbation to the genetic regulatory
network Lo change from one attractor to another. The
perturbation might be in the form of a morphogen or
an environmenial factor, and the identification of
such signaling Factors or molecules is a4 matter of
intensive experimental research (see Wolpert, 1996).

Many studics have explored the behavior of partial
hypotheticat regulatory networks (Kauthwan, 1993
Clarket er o, 19923), but there are few published
applications of this dynamic approach to specilic
biological systems. Most of the published applications
are for Drosophila melanogaster (Burstein, 1995,
Reinitz & Sharp. 1995; Spirov. 19%6) for which
abundant genctic and molccular data has accumu-
lated over the past few years. From this kind of model
it has been possible to acquire insights that could have
not been reached otherwise. For example, these
models have suggested that a small group of homeotic
proteins are sufficient to coordinate morphogencsis
{Burstcin, 1995), that the conncectivity of the network
determines a metabolic pathway {(McAdams &
Shapiro. 19935), or that it is possible to find a
correlation among biochemical regulators and mor-
phogenesis cven  when  the mechanism  is  not
completely known (Mjolsness ef al., 1991}, Network
models have becn useful to make inferences on
the evolutionary pathway of a group of regulatory
genes (Spirov, 1996), or even to suggest missing
components of a regulatory system (Loomis &
Sternberg. 1995).

During recent years much has been learned about
the genetic and molecular basis of flower morphogen-
esis in Arabidopsis thaliana (Coen, 1991; Weigel, 1995,
Yanofsky. 1995). We used published genetic and
molecular data for 11 genes to construct a genetic
regulatory network for Arabidopsis thaliana flower
morphogenesis and we provide analyses of the
dynamic behavior of this network. To our knowledge,
this is the first genetic regulatory network model for
a plant, or part of a plant. We are particularly
interested in the dynumics of the genetic regulatory
network and we cxplore the hypothesis that the
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attractors of a network correspond to the activation
states of specific cell groups. In this paper, we
specifically addressed il the four gene  activittion
stales predicted by the ABC model of Arabidopsiv
flower marphogenesis (Meyerowity, 19%4u; sce later)
can be recovered as stable activation states of the
regulatory nctwork model that we put forward. We
found that the dvnamics of the network predicts six
stable states: the four gene activation states of the
ABC model, an activation state of cells in vegetative
tissue, and anactivation state not found in wild-type
plants.

1.1. ARABIDOPSIS THALIANA FLOWERS AND THE
ARC MODEL

Flowers of  Arabidopsis thaliana  (hereafter Ara-
hiddopsisy are formed by four concemtric whorls of
flower organs made of. from outside to inside: four
sepals (whorl 1), Tour petals (whorl 23, six stivmens
(whorl 3 amd two fused carpels (whorl ) This
particular organization can be disrupted by mutitions
in different genes, and the analysis of such mutations
have led to the proposition of a combinatorial model
that has been used extensively 1o describe the
morphology of Arahidopsis flowers in wild-type and
mutant plants (Fig. 1} The so-called ABC modcl
(Cocn & Meyecrowitz, 1991; Mcycrowilz 1994a)
postulates the existence of three different activities (A,
B and C) which are cach active in two adjacent
whorls, and their combination determines the identity
of the organs that develop in the Nowers, According
to the maodel, the presence of activity A will determine
the differentiation of scpals, a combination of
activities A and B will resuft in petals, while the
presence of hoth Band C will give rise to stamens, and
finally activity € alone results in the formation of
carpels. Additionally, the ABC model postulates a
mutual inhibition between activities A and C, such
that when function A is absent function C substitutes
it and vice versa.

There are several specific genes related to the three
above mentioned activitics. APETALAL (AP1) and
APETALA? (AP2) have been considered A funclion
genes (Bowman et al.. 1991, 1993. In the Arabidopsis
literature, proteins are abbreviated using uppercase
letters, wild-type genes with uppercase italics, and
mutated gencs with lowercase italics), because plants
mutated in cither gene vield ftowers lacking sepals and
petals. However, while molccular data confirmed the
expected spatial distribution of 4P1 mRNA accord-
ing to the ABC model (Mandel ¢r al., 1992), AP2
mRNA is present throughouwt the flower and is also
present in non-foral organs (Joluku er af.. 1994),
Even though A72 might he regulated at a
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Frs 1. The ABC combinatorial made! proposes that the four
different loral enpans ure determined by the specific combination
of three dilferent functions or activitics Agtivily A spearfies sepals,
activities A and B specify petals, activities B and C speaify stamens,
and activity C alone specifies carpels. Additionally. the ABC model
postulates a mutual inhibition between activities A and C, such that
when the function A is absent function C takes its place und vice
versa. The rightmost figures are schematic representations of
Arabidopsis thaliana Nowers, which in wild-type plants (top) arc
composed from the outside to the inside of four sepals, four petals,
six stamens and two carpels. Mutants in genes that confer each off
the three fMoral activities and their effect on floral morphology are
shown. se = sepals, pe = pelals, st = stamens. ca = carpels. se* =
an iteration of sepals. petals and petals.

post-transcriptional level, for simplicity we  will
consider AP1 as the only A function gene. On the
other hand. it is known that APETALAY (AP and
PISTILLATA (PI) constitule the B activity (Krizck
& Meyerowitz, 1996}, Finally, AGAMOUS (AG) iy
the only rcported C function gene (Bowman ¢f al,,
1991; Sicburth ¢r af., 1995; Yanofsky, 1995; Yanofsky
et al.. 1990). Even though some authors have
suggested minor modifications to the ABC model
(Ma. 1994: Ray e al.. 1994) based on new molecular
data, the model has been very robust for describing
overall flower morphology of mutant (Cocn &

Meyerowitz, 1991; Ma. 1994; Mcyerowitz, 1994a) and
transgenic plants (Krizek & Meyerowitz. 1996;
Mizukami & Ma. 1992). Morcover, the molecular and
genetic mechanisms implicd in this model seem to be
conserved in virtually all angiosperms (Bowman.
1997 but sce Vergara & Alvarez-Buylla, 1997).

2. The Network Model

We reviewed the litleratuee fooking for molecular
andjor morphological data that could reveal the
regulatory interictions among 11 genes involved in
flowering morphogenesis of Arabidopsis. Four of
these genes are the ABC genes deseribed above. Based
on this information we constructed the genctic
regulatory network that we present as the NET mawded
in Fig. 2. Most of the postulated gene interactions
represent  regulatory interactions at the transcrip-
tional level. Each clement in the network represents
one gene with one cxeeption: the clement referred to
as BFU in the network implementation denotes a
protein heterodimer formed by AP3 and Pl this
complex forms an active transcription factor (sce
later), therefore this interaction is represented by
merging arrows acting over AP3 and PI. Further

a>bh
a>c
a>d

ax>e
a>i r
a>lol
bl
c>l
d>\f1
@g

AP1
(]
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d>m
d>n
ex>d
e>n
e>lgl
=gl
1hi>i
fI>k
m>n
Ipl>igl

sI>Ir)

Fig. 20 The NET mode). Arrows represent activations and
fliut-end lincs represent inhibilions. Genes included nre EABRY-
ONIC FLOWER V {EMEF), FERMINAL FILOWER 1 (FHL),
LEAFY (LFY), APEFALAL (4P1), CAULIFLOWER (CAL),
LEUNIG (LUGY UNUSUAL FLORAL OQRGANS (UFH,
APETALAR(APWN, PISTHELATALL]), and SUPERMAN(SUP).
Lowercase letters indicate the weight ol interactions while
inequalities at the left are the relative values inferred (rom
experimental data. Absolute values represent the effect of
de-repression, for exumple |A] > i means that the absence of the
repression of TFL1 has u stronger impact over AG expression than
its activation by LFY.
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more. molecular data enabled us to obtain the sign of
cach interaction {activation or inhibition. arrow-head
or dash-head. respectively), and the relarive sirengih
of many interactions. We explain case by case the
logic that led us to cach of these relative values,

T IMPTTMENTATION OF THE STT MODEI

We wanted to know if the dynamics of the penctic
reguliatory network teads to attractors that corre-
spond 1o the genctic actisities proposed in the ARC
muodel Tor cach ol the four Noral organs. Despote the
great advances in the studies of gene expression of
Arabidopsis. the published molecular data is still
quitlitative. Nevertheless, we have used this data 1o
put forward the frst network architecture and we
explore the final stable patterns of gene activity
{attractors of the network).

We do not have data regarding rates of
transcription but rather know only if a gene is cither
active or inactive at certain time intervals. Further-
more, the spatial reselution of such data docs not
provide information on the cxpression dynamics of
genes inside individual cells. Therefore, we cannot
construct a state transition digram Lo infer the
network connectivity as has been achieved in some
studies of peural networks (Glass & Young, 1979 or
biochemical control networks (Glass & Kaultman,
£973). However, the molecular data at hand provide
cnough information to establish gene connectivity
and a first proposition of the reltise cllect of some
interactions (see later). Consequently, we decided 10
use a network realization that takes into account both
genc activation states and relative interaction weights,
the implementation takes the form of a difference
cquation:

b
\'.!!FI)=H(>_‘.\| v H) (h
|
where His the Heaviside step function:

| I IS
HEv) - {n i v

The vector state indicating the activity of the n
clements (genes) of the network is represented by
X =(x;. v .. x,) where v, € :(). I:: meaning that a
genc can only be in either of two states. active (1.
maximum transcription rate) or inactive {0). In this
network implementation a gene v, becomes active if
the weighted input of all the genes regulating it
exceeds a certain activation threshold ¢, Biologically,
thresholds  represent the amount of  activators.
inhibitors needed for turning on olf the transcription
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of that gene. Since we do not have any experimental
evidence regarding the magnitude of such thresholds,
we used integer values to keep computation simple,
1o 0 e Zo A sinnlar situation applics for the weights
(u. sy of exery interaction, thus w, ¢ Z. Regarding the
weights or relative strengths of  the  interactions,
however, we based their sign (positive for activations
and negative for inhibitions) and refanre magnitudes
on experimental datay unless otherwise indicated (see
nent section and inequalities i Pipo 23 The relative
vilues that we propose here imply diflerences in the
transcription  factors’ efliciency. concentration, or
both. Although we propose here a simple network
mode! with on off clements, previous theorctical
work has yiclded maps to compare some shared
dynamic featurcs between continuous and discrete
networks {Glass, 1975; Glass & KaufTfman., 1973).
Therefore. the model we present here could be used,
in principle, to construct more realistic continuous
models, that should still keep the same long-term
dyvnamic behaviors,

For our purposes, the thresholding  behavior
implied in egn (1) was adequate because we were able
to obtain the pene expression patterns observed inthe
flower. namely . four stationary <tates corresponding
tor the Tour tegions of the ABC model that give rise
to the Moral vrgans (see ahead). Nesertheless, such
implementation does not allow for interactions like
those shown in FFig. 2 between the products of 473
and P40 To circumvent this problem we introduced o
network clement (BFU, for BB tunction) receiving
inputs only from A£3 and P/, in such a way that 1t
becomes active if and only if 4P3 and PI are both
active (this is a logical AND  function, sece
experimental data later). Finally, we assigned numeric
values to all thresholds and interactions between
clements of the network, In
ditferent values might result in different dyvnamnes,
therelore we tricd 1o find the Jowest integer values
that result in the long-term patterns
obsenved in the abudopay Dower Remember thi
vt objective s to evalite ol the arcdetee e of the
netw ork, rather than the specific values, 1s compatible
with the observed oxperimental data. For o that
reason, we used the lowest numerical values in our
madel 1o avoid as much as possible hypotheses that
cannot be supported by experimental data at the
moment.

All interactions among network clements depicted
in Fig. 2 are presented in matriv. W, where cach
clement w, represents the weight of the interiction
from gene v to gene v Likewise, insvector @ the 68
represent  the  thresholds  of  activation Tor  cach
network clement v, The order of the clements are

networks, howeser,

activittion
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The numerical values of matrix W and vector @
were obtaincd using a  genetic  algorithm. W
implemented a program that used only mutations,
where a particular vatue of w, or 8, chosen at random
was changed for another one that fulfilled the
following restrictions: {a) inequalities in Fig. 2: (b)
network topology {i.c. no interactions were created or
disappeared); and (¢) the sign of intcractions in Fig. 2.
Such procedure was done with a population of 20
networks. After cach mutation, every network was
studicd to examine if it had as stable states the four
gene aclivation patterns corresponding to the ABC
model and to non-flowering. After this step. cach
network was assigned with a fitness value, The fitness
value wag a lincar function of the number of desired
fixed points. Finally, to avoid local maxima during
the selection step, besides the network with the
highest fitness value, a randomly chosen network was
kept. These two networks were used to replenish the
neiwork population, and the cycle of mutation,
assignment of fitness values and selection were
repeated until the population fitness reached a
maximum,

The final issue regarding the implementation of the
NET model concerns how to solve the transition from
the vector state X{r) to X(r + 1). The casiest way is the
synchronous approach (as in Kauffman, 1969, 1991)
in which cqn (1} is applied to all nctwork clements at
the same time. This dynamic description is problem-
atic from the biological point of view, because it
implics the unlikely situation in which all the genes
respond exactly at the same lime. Conversely, the

asynchronous approach (as in Thomas. 1991) consists
in solving cgn () for onc nctwork element at
cach time step, once the order in which the elements
to be solved has been specified. This asynchronous
approach is also problemalic for our purpose. because
the order for solving eqn (1) might change the gene
activation pattern and the long term stable states,
and there 15 still no cxperimental data on the
precise order of activation of individual genes. We
therefore decided to introduce a combined, biologi-
cally inspired approach, henceforth named  semi-
synchronic. In this mcthod, the clements of the
network are divided into groups. FHence, eqn (1) s
sobved synchronically for elements within the same
group, and asynchronically for clements in dilferent
groups (sce Fig. 3). We used experimental data to
decide the order of activation of the different groups.
Therefore, we think that this method is more
appcaling from the biological point of view, than
previous ones.

Experimental biologists have grouped the genes
related 10 flowering into a hicrarchy of four sets of
genes depending on their time ol activation as the
transition to flowering and Aower morphogenesis
procceds. For the genes included in our network,
EMF1 and TFL! belong Lo the first group of gencs
to become active, namely the group of early and fate
floral genes (Coupland, 1995). The next set of genes
to become active is the group of meristem idenlily
genes (Weigel ¢f al.. 1992), in which LFY, AP] and
CAL are included. Then, the so-called cadastral genes
become aclive {Weigel & Meyerowitz, 1993a), from
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Fig 3. A samiple of the network activation patterns These are some af the initial stutes tmarked by ¢ = ) that eventunlly lead 10 onc
of the six fixed points. Rectangles indicate the group ot ¢loment (o which egn (1) is applicd to obtuin the following network activation
siate. The order of the network elements here and throughout the text is from left to nght EMFU THIVLTEY AP CAL LUG, UFO,

BFU" (B function. sce text for details), 4G, AP PHand SUP

which LUG and UFO are representatives. 10 s
important to mention  that LUG and U'FO are
included in the same category due to their ellect on
flower morphology rather than to their spatial and
temporal expression patterns, since LUG is not yet
cloned and UFO is active at all developmental stages
(Lee et al., 1997). Finally, the ensemble of organ
identity genes (Ma, 1994), represented in our model
by AG. AP3 and PI, become active. It is important
Lo say that SUP was first considered as a cadastral
gene, but it becomes active after the organ identity
genes (Sakai er al., 1995). Based on these consider-
ations. we have divided the 12 network clements into
five groups: the first containing EAfF1 and TFLI1: the
second LFY. AP1 and CAL; the third LUG, UFO,
and BFU; the fourth AG, AP} and 1. and the fifth
with only SUP.

Another important biological consideration while
performing the dynamic analysis. concerns the activa-
tion state of EAfF1. This gene is part of the proposed
floral repressor (Haughn er al., 1995; Weigel, 1995),
which supposcdly controls the transition from
vegetlative Lo reproductive growth, and it is proposed
to be under the infleence of many upstream genes
{Coupland, 1995). To incorporate such an external

mfhience, we decided to fix the activation state of
EMEFL {either 0 or 1) throughout cach dynamic cyvele,
In this way, we simulated the cffect of an external
fuctor not incorporated in the nctwork. We achieved
this by changing wy, from 0 tol.

220 MOLLCUL AR BASIS OF THE NET MODEDL

LEAFY {LFY)is known to be positively rcgulated
by AP1 and CAULIFLOWER (CAL), because its
mRNA is reduced in apl eal plants (Bowman er al..
1993; Kempin ¢ af., 1995, Weigel & Nilsson, 1995).
However, AP1 and CAL products arc nol needed
simultancously to activate LFY because single and
double mutants lor these two genes have dilferent
floral morphologics and LEY mRNA levels (Bowman
er al.. 1993; Gustalson-Brown ¢t al., 1994). Thercfore,
AP1 and CAL regulations over LFY are part of two
independent  pathways. Conversely, AP mRNA
{Weigel & Nilsson, 1995) onsct is delayed in {fy
mutants. The relative reduction of AP1 mRNA in Ify
plants is morc pronounced than the reduction of LFY
mRNA in apl plants. Therefore, we propose that the
up-regulation of AP1 by LFY s stronger than the
up-regulation of LFY by APl (a > b; sec Fig. 2).
Furthermore, the phenotype of 355::LFY apl plants
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{(Weigel & Nilsson, 1995: 358:LFY is a molecular
construction that over-cxpresses LFY)is between that
of wild-type and 355 LFY plants, suggesting that a
large Tunction of LFY is to activate AP We
incorporited this in the NET model by making the
relative value of such activation greater than any
other activation frem LFY to any other gene (ie.
a>c,a>doa>e and o >0 Papublished data
suggest that a similar regulatory interaction Lo that
documented between LFY and API1 exists between
LEY and CAL (Savidge & Yanofsky. unpublished
data: see also Fig. 6 in Weigel & Nilsson, 1995) 1n
order to maintain the symmetry of the relationship
between LFY and AP1I'CAL. we made the activation
of LFY over CAL stronger than that of CAL over
LFY (¢ > 1 in the NET modcl). Finally, because apl
plants have a more pronounced mutant phenotype
than cal plants we made » > 1.

TERMINAL FLOWER I {TFL1) is a repressor of
LFY (Okamuro er al., 19930 Weigel er al | 1992),
because in (1 mutants, both AP and LEFY mRNAs
are cctopically expressed (an expression found outside
the  wild-type  pattern, Bowman  ¢or of | 1993
Gustatson-Brown ef wf., 1994), Bul the eflect of FHLS
over AP seems to be mediated by £, heeause 11
apl mutants have an additive phenotype (Bowman
et af., 1993; Shannon & Mecks-Wagner, 1993} 11 the
morphology of dounble mutants is the summation of
the phenotypes of the individual single mutants, we
consider that one of the two genes is not dircetly
downstream of the other. Besides. (il Ify double
mutants (£71-10 {f3-16) have determinate growth and
a flowering time similar to that of the (1 single
mutant  (Shannon &  Meeks-Wagner.  19923),
suggesting that LFY and TFL1 are in the same
pathway, one downstream of the other. Conversely,
LFY seems to inhibit TFLI transcription, becuuse
3I55:LFY plants are very <imilar to ] mutants
{Shannon & Mecks-Wagner, 1991 Weipel & Nilsson,
19958y, The ept-1 mutation largely attenuwates the
355 LEY phenotype. nevertheless those plants still
form terminal flowers (Weigel & Nilsson. 1993) as in
111 mutants. indicating that LFY inhibits TFL1 using
an AP l-independent pathway. However, 35S:LFY
plants produce a terminal flower before and at a
shorter inflorescence stem size than /1 mutants,
therefore, we postulate that the inhibition of TFLI
over LFY is weaker than the inverse inhibition
(|s| > |r]). In other words. the cffect causcd by the
disinhibition of LFY in the Il mutants is not
sufficient 1o cause the dramatic ellects seen with the
constitutive cxpression of LFY in 355:LFY plants,
Such contrast might be due to a diftercnee in the levels
of the LFY protein, to the activation or inhihition of

other downstream genes, or a combination of hoth.
This mutual tnlabition between LFY and TELL s
supported by the fact that their spatial domiins of
mRNA cxpression are contiguous but they do not
orverlap (Bradley of of.. 1997)

There 8 much evidence indicating  that  LFY
activates both B activity genes, A7V and P (Golo &
Moeverowity, 194 Jack or ol 1999, Weigel o af..
1992 Weigel & Meyerowitz, 1993 b). However, in ifr
mutants PI mRNA reduction is more pronounced
than A P3 mRNA reduction, therefore suggesting that
the activation of 27 by LFY i« stronger than that of
APl (¢ >d). Likewise, the gene UNUSUAL
FLORAL ORGANS (UFO) activates API and P/
(Lee er al.. 1997; Levin & Mcyerowitz, 1995;
Wilkinson & Haughn. 1995). but in this casc 4P3
mRNA levels arc more dramatically reduced in nfo
mutants than levels of PF mRNA (m > n). Finally,
morphological sinalyses of mutant flowers sugpest
that LY is a stronger activistor ol 8 Tunction genes
than {(FO (e>d.e>m.e>n.d>m d>n and
m o> ) Iis necessary to mention that LR has arole
in el proliferation or organ initiation (Lee or ol
19973, therelore at is quite probable that the eftect ol
this gene over A P3 and P72 is not a direet regulation
ol expression.  Newertheless, the daynamic study
presented here might be valid even when some of the
proposed regulatory interactions turn out to be
indirect mediited by other products or processes (see
discussion). It has been proposced that UFO and LFY
might act as corcgulators (Lee ef af.. 1997). However.,
since the single and double mutants have different
phenotypes, the putative interaction between LEFY
and UFO are not yet clear and therelore we decided
to wait for more cxperimental results before including
such interaction in our model

In Fig. 1. merging arrows between APY and Pl
indicate that a dimer of the proteins encoded by these
wo genes 1 Tormed  and  that it maintams the
activities ol both A2 and 27 (Goto & Meverowile,
1994; Jack er al., 1994), Finally, S inhibits both
APY and PI(Bowman er of. 1992; Goto &
Meyerowitz. 1994; Shultz er al.. 1991% and once
more. AP mRNA expression is the most affected one
in sup mutants (Sakai er ol 1995) suggesting that
I} > {g|- In sup mutants, in contrast to wild-type,
AP3ImRNA is partially expressed in the fourth whorl
during late stages of Aower development. PI mRNA,
on the other hand. is present in the fourth whorl from
the onset of its expression. as normally docs, but is
nmaintained at detectable lesels throughout develop-
nent in contrast to the pattern of mRNA expression
in wild-type (Sakai or i, 1995). These changes in
mRNA cxpression of 1723 and P21 are less drastic than
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those observed in ffy mutants, where A3 and P/
mRNAs are  abolished  completely,  therclore
suggesting that ¢ > |g| and > || in Fig. 2. Here
again, SUP scems 1o have a role in cell division (Sakai
er al., 1995) rather than a direct regulation of AP
and P ogene cxpression, Its inclusion in the NET
madel, however, reveals the possible existenee of
another. yet undiscovered. inhibitor of the B function
genes (see Discussion).

The mechanism by which AP and AP2 (activity
A) inhibit AG (activity C) is still uncertain. with the
cxtra problem that most of the genctic analyses arc
reported for weak apl and ap2 alleles. 1t is known
that AP2 is needed for the inhibition of AG in the
whorls that will give rise to sepals and petals, but not
in those where stamens and carpels will arise even
though 472 messenger is expressed throughout the
flower (Joluku ef af, 1994) However, stee AP
MRNA is present in the two outer whorls (Mandel
et af.. 1992) many authors have sugpgested that
combination of both APl and AP2 are needed for the
inhibition of AG (Bowman er al.. 1993: Liu &
Mceyerowitz, 1995, Ma, 1994). Nevertheless, these
regulatory interactions are still controversial and the
mechanism is far from clear. However, our purpose
is 1o investigale the dynamic propertics of the genclic
regulatory nctwork, and AP2 scems to be a
constitutively expressed gene in the Arabidopsis
flower. Thereflore, Tor simplicity we will assume that
AP\ inhibits 4G, keeping in mind that AP2 and
perhaps other factors are also needed.

AG is activated by LFY (Weigel & Meyerowitz,
1993¢), and inhibited by LEUNIG (LUG: Liu &
Meyerowitz, 1995; Mcyerowitz, 1994h). Howcever,
single ap1 mutants have more severe floral transform-
ations than single lug mutants (Jp| > |g|). AG itself
provides an important feedback regulation by means
of its inhibitory cffect over AP (Gustafson-Brown
et al.. 1994). But the strongest regulation over APl
seems to come from LFY (rather than from AG)
because flowers of 355::4G plants (Mizukami & Ma,
1992) start diverging morphologically from wild-type
flowers when LFY expression diminishes in the center
of the Aower primordium (Weigel er al.. 1992). Hence
the up-regulation of APl by LFY seems to be
stronger than the down-regulation of APl by AG
{a > |o|). An experimental way to test this hypothesis
is 1o observe flower development in 3550A4G [y
plants, our maodel predicts that such flowers would
diverge morphologically from wild-type carlier than
their 35546 counterparts, since the former plants
would not have the activation of LFY over AP,
while the inhibition of A over AP1 would always be
present. There are other possible experiments of this

kind that might help to unrave! genetic interactions,
for example if 3I58504G apl plants start diverging
from wild-type while LFY diminishes its expression in
the center of the flower, that would indicate that there
is another gene acting downstream of both AG and
LEFY but mainly repulated by LEY.

Finallv, concerning 46, it seems that 7411 inhibits
AG. Flowers of apl ap2 double mutants have an
inflorescence-like morphology and also lack a proper
central pistil. For example, the fourth whortl of apl-1
ap2-2 (strong) muants is formed by carpels that often
fail to fuse and have scctors of stamen  lissuc
[Bowman er al., 1993, sce Fig. Blo)l, suggesting an
alleration of the C activity. However, ifll apl ap2
mutant flowers do have pistil (Shannon & Mecks-
Wagner, 1993), suggesting that the #71 mutation
re-cstiblishes the Cactivity. Given that ¢ s the only
repotied O function gene, we inler that the ¢ff1
mutation ciauses an increase in A6 mRNA L and hence
in wild-type plants  7FL1 would be normally
inhibiting AG. This inhibitory relationship s not
mediated by LEY, hecause (/i1 Iy plants flower at the
same time as (1 plants do (Shannon & Meeks-
Wagner. 1993). indicating that the LFY product is not
needed. Furthermore, Ify plants flower later and 471
carlicr than wild-type plants: then if #1 ify plants
flower at the same time as 711 mutants, we can say
that 4G expression is more severely aflected by the
lack of TFL1 product than by the lack of LFY
product, thus cstablishing that | > i.

EMBRYONIC FLOWER | (EMF1} is the most
upstream gene we have considered. Actually, £3F1
has not been cloned and  we rely only on
morphological data of the mutant plants to make
inferences  about possible  regulatory interactions
involving this gene. EMF1 is considered as part of the
so-called floral repressor (Haughn er af., 1995;
Weigel, 1993), and it may fulfil such a function by
two, non-cxcluding possibilities: cither EA#1 inhibits
the flora! promoting genes (LFY and AP1) or it
activates the other floral repressing gene (TFL1). The
morphology of mutants suggests that both pathways
may be operating. First, Ify mutants grown under
short photoperiod have a stronger mutant phenotype
than the samc plants grown under continuous light
{Schuliz & Haughn, 1993}. Actually, iy plants under
short photoperiods have hardly any Nowers, just like
v apl plants under long photoperiods (Hanghn
ot al., 1995, Weigel er of .. 1992), This suggests that
widder short photoperiods A P21 expression is abscat or
very reduced in ffv plants, thus acquiring a iy
api-like phenotype. This putative inhibition might be
carried out by cither EMF] or TFLI, the late-
flowering penes. However, TFL1T mRNA is found just
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below the inflorescence dome and absent in the
regions that will give rise to flowers (Bradley es af.,
1997). thus TFL1 mRNA is never present in the
regions where APl mRNA eventually appears.
making very unlikely that TFL| would repress API.
Such spatial considerations leaves only FAF] the
possible repressor of 471

Indirect cvidence suggests that EMF1 activates
TFL!. Long day grown enif1 (fl1 plants flower just
like 1f11 single mutants (Yang er al.. 1995), suggesting
that  TFL1 is directly  downstream  of  EAFL
Additionally, pistils are the most prominent organs in
emfl flowers (Yang ¢f af.. 1995), suggesting that those
mutants over-express AG. presumably due to the
absence of the inhibitory effect of TFLI1. Finally,
EMF1 could also be directly inhibiting LFY, because
emf1 fr plants develop Ifv-like Mowers with leafl-like
organs, but do not develop emft-like flowers (Yang
et al., 1995), again suggesting that LFY is directly
downstream of EAMFI. Furthermorec, it has been
shown that the gene CONSTANS (CO) activates LFY
(Simon er al., 1996) mediated by the inhibition of
EMF1 (Coupland, 1995). This is. CQ inhibits EAMFI
which in turn inhibits LFY. Finally. the emfl
mutation causcs un carly flowering which is more
similar to that presented by 35StLFY than fft
plants. This morphological evidence suggests that the
morphology of cnif1 plants is due to an over-acti-
vation of LFY rather than to a lack of TFLI
expression (|f| > k).

2.3. DYNAMICS OF THE NET MODEL

We made an exhaustive examination of the
dynamics of the model. We tested all possible initial
states (2'* = 4096 states) and we used the scmi-
synchronic method for solving eqn (1) for a
sufficiently long time period (r = 200) to find the final
activation states of the network. In such a way we
obtained the attractors and basins of attraction of the
NET model (Fig. 4). Six stable fixed points were
obtained, five of them with a clear biological meaning.
Insicad of writing the nctwork activity state as a
vector, bke X(r) =(0.0.0.1.0,0.0,1,0,1,1,0), we
will simply write it down as a 12-digit hinary number,
i.e. GOOTO0O101T L0

The first attractor (000100000000) corresponds to
the exclusive activation of AP1, the A lunction gene.
As discussed above, this pattern of activation is found
in the first whorl of flowers, where sepals develop. The
sccond fixed point (000100010110) is a stable
activation of genes AP1, AP3 and P/, and the
presence of the AP3/Pl protein complex. This
attractor corresponds to the activation of A and B
functions that delermine petal lormation in the

Rasins
of Atteactors
atiraction

Correspondence
with the
ABC model

OxOxxxxx00xx
MxOxxxxx0]dx
Oa0xxxxx0111
Ox1xxxxxxdxx
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=i | 000100000000
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Ox0xxxxx011 - v
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Ixxxxxxxxixx "
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Fui. 4. Attractors, basims of atiraction of the NET muodel nnd
their correspondence with the ABC model A basin (left column}
is composed ol all those minad states that eventually fead to a
particular atiractor (central column). 0 and I represent inactive und
aclive genes respectively, while x means that an element might be
either active or inactive, Four aliractors have a direct cquivalence
with the four regions of the ABC model (right column), thereflore
it is possible to infer the floral organs that will develop from those
fixed-point of the NET modcl

second whorl. We also obtained a fixed point
(00000001 1110) representing the stable activation of
AG. AP, PIand the presence of the AP3/P1 complex,
(i.c. B und C functions sctive). This activation state
corresponds to that proposed by the ABC model for
the third whort cells that differentiate into stamens.
The fourth attractor (KODO0OODTO00) corresponds to
an exclusive activation of AG, the only C function
gene. This activation pattern is Tound in cells of the
fourth whor! that give rise 10 carpels. The last
biologically meaningful attractor (110000000000) is a
stable activation of the NMoral inhibitor genes KAMF]
and TFL1, characteristic of cells that will not become
part of flowers. Herctofore, the dynamics of the NET
model agrees with the well supported ABC model
(Meyerowitz, 1994a).

The NET model has a sixth attractor
(110000050110) with stable cxpression of EMPFI,
TFL1, AP3, PI and the complex of AP3/PI. In this
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case we obtained  the stable expression ol the
flowering inhibition genes at the same time as
the presence of Qoral B function genes and products.
This attractor does not agree with any  observed
pene expression pattern in wild-type plants, but we
think that at can be expenimentielly mduced. 1173
and 1 can be turned on despite the activation ol
the EMF1 and TFLI, because of the mutual positive
feedback present between AP3 and PF (see Fig. 2).
If for any reason the AP3 Pl dimer is present at
any stage of development. and in the absence of an
inhibitory signal (notice that SUP is inactive in
this basin of attraction), the B function gencs will
be expressed. The model predicts, therefore, that
the presence of the APZPI dimer will be enough
to originate and sustain their own cxpression as
long as the proteins do not dilfuse or degrade.
Ncevertheless, flowers would not appear in this
putative region of induced AP3I and PI expression
because mieristem identity genes (mainly LFY and
APy will remanin inactive. This type of experiment
has not been performed but plants over-cxpressing
both B function genes (Krnizek & Meyerowitz, 1996)
showed AP3 protein cxpression in some vegetative
tissues,

3. Discussion

Many genes involved in  dArahidopsis  thaliana
flowering and flower morphogenesis have been cloned
in recent years (Weigel. 1995, Yanoflsky, 1995}
Messenger RNA expression patterns. altogether with
their reltted phenotypes are accumulating Bist and
providing valuable functional information regarding
such genes. Some interesting pictures of the complex
regulatory interactions established by these genes are
slowly arising {see for example Theillen & Sacdler,
1995}, but these schemes are mostly hicrarchical amd
static, In this paper we provide a first example of how
nonlinear dynamic models can help us understand the
molecular mechanisms  underlyving flowering and
ffower morphogenesis.

The network presented here provides a first
provisional architecture that yields as stable states the
A. B and C activitics and their combinations as
proposed in the widely used ABC medel (Fig. 1). This
network model is. therefore, a first proposition ol at
least some of the molecular mechanisms underlying
the ABC mode!l. We do not claim that the NET model
incorporates all the important genes invelved in
determining the cellular fate in flower morphogenesis,
The inclusion of further genes would alter the
network topology but it could be possible to maintiain
the four attractors that represent the achivation stites
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chiracterizing  the regions where
stamens or carpels diflerentiate.

En this work, our main goal was to know if the
molccular  dita avaitable for genes related  to
Arvabidopay Dower morphopenesas could be syn-
thesized o dyime model compatible with the
ANBC model. Qur goal i the long run is, however, o
obtain a more general dynamic model that includes
the ABC model as a particular case. In the meantime,
the NET model provides with both a tool for further
theoretical analysis.and a gawde for future experimen-
Ll work. For example, we are currently looking for
the minimal network representation that still has the
four activition regions represented by the ABC
modcl. This excrcise might prove useful for the
experimental biologist working with Arabidopsis in
order to distinguish dircet from indirect regulatory
relationships among these genes. Further simulations
on this NET model may be used also 1o identify
interactions for which the quantitative value is critical
to recover the expected stable states, Special eftort
might be put 1o obtain quantitative data for such
interactions.

The attractors of the NET model (Fig. 4). show
that two tvpes of elements can be distinguished: those
which inttial states affect the attractor reached and
those which initial states do no atteer the attractor
reached. The former are EMFY, LFY. AG, AP3, PI
and SUP. and those that do not alfect the final
network state are TFLY, API. CAL. LUG. UFO and
the AP3 Pl complex {BFU'). This could imply that a
perturbation of one of the clements of the first group
might be sufhicient to change the fate of the cetls in the
deseloping organ by altering the identity of the
attractor, On the other hand, a perturbation in any ol
the clements ol the second group would not alter the
cell dilferentiztion commitment. Morcover, i our
model turns out to be experimentally robuost, it s
possible 1o predict that Noral geones still 1o be
discovered most probably will cither belong to the
sccond group or conneel (o clements in that group, In
any case, the inclusion of such new genes in the NET
maodel would alter the topology of the network but
would not modily its final attractors. Hence the
capacity of a nctwork of absorbing perturbations due
to the inclusion or deletion of clements depends on
the connectivity of the whole network., Previous
theoretical stalistical analyses (Wagner, 1996) have
also shown that the final activation pattern in a
network might remain unchanged. or very slightly
modified. despite large deletions.

Genes belonging to cach of these two groups might
be prone 1o dilferent evolutionary forces. We may
spectlate that network clements that are less critical

sepals, petals,
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lor the establishment of adequate activation patterns,
might be more prone to neutral mutations, than those
that are critical for maintaining the correct pattern.
For example. if o mutation permancntly “turns off”
a gene member of those genes that do not alter the
attructors  of  the network, then the  transient
activation pattern of the network might be altered.
but the final activation state woukl remain un-
changed. The reverse hypothesis can also be
postulated. Genes belonging 1o the group that aflect
the attractors might be more sensible to mutations,
and therefore the ratio of non-neutral to ncutral
mutations would be higher in these genes than in
those not invohed in establishing the network
attractors. This bold hypothesis could be tested by
making comparative analyses of scquence data of
genes belonging 1o each of these two groups from
dillerent species

There is another wiy in which the addition of o
newly discorvered gene would not alter our resuits,
Suppose that the inhibition of 4G by LLG is not a
direct one as depicted in Fig. 2 but is indirectly
mediated by a still undiscovered genc A, Adding this
new gene to the NET model would certainly modily
the topology of the network and might alse alter the
transient dvnamic behavior. However. since LU
betongs 10 the group of genes that are not critical o
reach the attained attractors: the activation state of
any gene that is exclusively controlled by L17G cannot
allect the attractors, because this muginary gene t
would be only o relay between LUG and A
Therefore, we do not postulute that all the genes
directly connected in our model have  direat
interactions fnr rivo. This has to be tested experimen-
tally for most cascs. We state, however, that many
intermediary genes might act only as relays and would
not affect the stable states reached. Nevertheless. not
all possible altermions are of this kind, some gene
inclusions might actually add new attractors to the
dynamics of the network. These new attractors would
not invalidate our model. however. In this tirst model
we are dealing only with four major regions of gene
activation as stated by the ABC madel, but cach floral
whotl contains difTerent cell types, Therefore. future
experimental results may be incorporated into larger
networks, ideally yiclding as many attractors as cell
types are in the entire flower,

We want to make clear that the dynamic approach
used here has clear advantages over a static analysis.
This point can be illustrated by comparing. for
example, the activation state of AP3 Pland SUP in
the basins of attraction {last three values in every
vector. Fig. 4} to their activation in the corresponding
attractors. Notice that those attractors in which the

B activity is present (AP3Y and PL active) come rom
initial states in which AP and Pfare active but SUP
is mactive. This means that the activity of SOP
determines il the B activity will be present or not: if
during the initial state SUP s active, the B activity
will not be cstablished. This result indicates that a
gene inhibiting the B oactivity genes is absolutely
necessiry to oblain i result compatible with the ABRC
model. However, SUF is probably acting at the
cellular level regulating cell disision rate rather than
direetly regulating the transeniption of B genes. 1 this
proaves to he the case, our dynamic model predicts
that there would be o still undiscovered gene that
inhibits 4P} and 7 at the transeriptional Jevel,
because a negative transeriptional regulator of the B
genes 1s required 1o vield some regions with and other
regions without the B activity.

One of the ohjectives of this atudy was 1o sk il the
network mode! could reach as stable states the (o
patterns of gene activation predicted for APV, AP),
PIand AG in the ABC modecl. Although other genes
may be involved in determining the A and C functions
{Bowman, 1997), the ABC model is the best global
description of the activitics of flower organ identity
genes. Therelore, the numerical vialues of network
parameters that could not be estimated based on
current experimental resulls were obtained with o
genetic algorithm using o fitness Tunction delined
according 1o the pene activation paticrns proposed in
the ABC model Towever, the topology of the N T
mode! imcluded more genes and more inleractions
than those included in the ABC maodel. Henee, there
i$ no @ priosi reason to cxpect that the dynamic moded
proposed here should reach the same gene activation
patterns predicted by the combinatorial static ABC
model, Forthermore, the NET model constitutes a
new hypothesis regarding the molecular mechanisms
underlying the establishment of the ABC functions.

Although the dynamics of the NET model heavily
depends on the non-zero vitlues of W oand 0. the
topology of the nctwork imposes restrictions. For
example. it was impossible to obtain values of W and
0 that yiclded only the four Moral stuble states plus a
unigue non-floral state. The sixth stable patiern of
Fig. 4, that docs not have a biological interpretation,
is therefore o restriction imposed by the topology of
the network on its dynamic behavior, On the other
hand. certain network topologies never attain the
ABC activation patterns as stable states, no maltter
which numerical values of W and # are used
(including those used  here, results not shown),
Therefore, the comcidence between the NET and
ABC models validaies some of the assumptions
incorporated in both modcls. Simulations in progress
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(Mendora & Alvarez-Buylla, io prep.} and addimonal
theoretical (Thicdtry er ol 1995, Thomas, 1991,
Thomas & ID'Ari. 1990, Thomas er af.. 1995) and
experimental work should help us elucidate which of
these assumiptions are valid and which are not.

How can we reconcile the use of the network
approach  with the temporal puattern of flower
development in Arabidopsis? In early flower primor-
dia (stages 1 and 2, Smyth er af., 1990} before floral
organ primordia are apparent, the regulatory genetic
network of cach cell forming the bud would be in the
same state, namely  HOGOOONON according to the
NET model. As cell division proceeds and mediated
by still unknown cell cell signaling cues and
mechanisms, the stable activation pattern of the
network is changed only by turning olt EAFI, for
cxample. This putative signal acting only on one gene
would be enough to ensure commitment of cells to
differentiate into sepals, the organs of the outermost
whor! of floral organs. Such a perturbation would
tuke the network to the state 010000000000, that is
puart of the attractor that eventually leads to the state
i which only APL is on (QCOTOID)  and
determines  sepal  diflerentiation  according to a
simplification of the ABC model. As flower
development proceeds. the same or other putative
signals might prompt the genctic network 1o each of
the other attractors for petals, stamens and carpels,
thus completing flower development. This account is
lurgely speculation, but it might be useful for thinking
about the role that gencue regulatory networks play
in the process  of cellutar  differentianon and
development of Nowers.
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Abstract

Motivarion: A large number of molecular mechanisms at the
basis of gene regulation have been described during the last
few decades. It is now becoming possible 10 address
questions dealing with both the structure and the dvnanics
of genetic regudatory networks, at least m the case of some
of the best-characierized organisms, Most recent attempis to
address these questions deal with microbial or animal model
svstems. In contrast, we analvze here a gene netmwork
imvolved in the control of the morphogenesis of flowers ina
model plant, Arabidopsis thaliana.

Results: The genetic control of flower morphogenesis in
Arabidopsis involves a large number of genes. of which 10
are considered here. The nepvork topology has been derived
Jrom published genetic and molecular data, mainly relving
on mRNA expression paiterns under wild-type and mutant
backgronnds. Using a “generalized logical formalism’, we
provide a qualitative model and derive the purameter
constraints accounting for the different patterns of gene
expression found in the four floral organs of Arabidopsis
(sepals, petals, stamens and carpels). plus a ‘non-floral’
state. This model also allows the simulation or the prediction
of variens mutant phenotvpes, On the basis of our medel
analvsis. we predict the existence of a sivih stuble patiern of
Eene expression, yet to be characierized experimentally.
Moreover. our dvnamical analvsis leads to the prediction of
at least one more regulator of the gene LFY. likely to be
involved in the transition from the non-flowering state to the
fowering pathways. Finally, this work, together with other
theoretical and experimental considerations, leads us to
propose some general conclusions abous the structure of
gene networks conrrolling development.

Contact: lams@servidorunam.mx; denis@dbm.utb.ac.be;
abivlla @ servidorunam.mx

Introduction

The study of the melecular basis underlying development
and morphogenesis is an active area of biological research.
Most studics use animals as model systems, mainly Droso-
phila melanogaster, Caenorhabdiiis elegans, Xenopus lgevis

and Mus musculus. More recently. plants have also become
the focus of molecular geneticists. and new insights into the
genetic and molecular mechanisms underlying plant devel-
opment have been gained through the study of vegetal model
systems, especially Arabidopsis thaliana. Flower develop-
mend has received special attention, ad many  genes in-
volved in this process have now been characterized at the
genetic and molecular levels (for areview, see Weigel, 1995).
Though still fragmentary, published data already support the
existence of a complex regulatory nctwork controfling
flower morphogenesis in Arabidapsis,

A qualitative madel for flower morphogenesis in A.thalia-
na was recently proposed (the ‘'NET model’; Mendoza and
Alvarez-Buylla, 1998), together with a pretiminary analysis
of its dynamical behavior, Here, we develop an extensive
analysis of the relationship between the architecture of this
gene network (in terms of feedback circuits) and its dynami-
cal behavior, Basic formal prerequisites are introduced here-
alter, whereas the experimental background supporting the
modelis summarized in the last part of this intriductory sec-
tion. A second section is devoted to the presentation of the
NET model and its feedback circuit analysis, whereas a third
section contains a thorongh discassion of the hinlogicul rel-
cvance ol the results, followed hy some conclusions and
further prospects.

Feedback circuits and logical formalization

Experimental and theeretical biologists have long been
aware of the important biological and dynamical roles of
genetic “feedback circuits” or “feedback loops' (sce, for
example, Monod and Jacob, 1961; Rosen, 1968). Feedback
circuils are defined as circular chains of interactions. such
that each element of a circuit influences its own future level,
Whenever specific signs can be associated to cach interac-
tion, a given circuil can be unambiguously classified in one
of the two following classes: either cach element of the cir-
cuit exerts a positive direct or indirect effect on itself and the
circuit is said 10 be “positive’, or cach clement of the circuit
cxerts a negative effect on itself and the circuit is said o he
‘negative”. The sign of o circuit is casily determined by

© Oxford University Press 1999
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checking the panty of the number of negative interactions
involved. If this number is even or 7ero, the circuit is positive,
but if the number is odd the circuit is negative. Positive- and
negative-feedback circuits have different dynamical and bio-
logical propertics (for a review, sce Thomas ¢f al., 1995).
From a dynamical point of view, positive circuits yield mul-
tistationarity, whereas negative circuits gencrate (damped or
sustained) oscillatory behavior. Biologically, positive cir-
cuits are necessary to accomplish difTerentiation (i.c. altema-
live patterns of gene expression), whereas negative circuits
are necessary to generate homeostasis. Formulated by Tho-
mas about 20 years ago, these conjectures have recently been
demonstrated in a general formal context (Plahtc er al., 1995;
Gouzé, 1998; Snoussi, 1998).

Formally, a gene network can be represented by a set of
differential equations, Most of the time. however, little is
known aboul the precise shapes of regulatory interactions, or
about the values of the various parameters. This situation led
several authors to propose a qualitative or ‘logical’ formal-
fzation of sets of interacting genes (c.g. Kauffman, 1969;
Glass and Kauffman, 1973). In this paper, we use the formal-
ismintroduced by Thomas, which has the advintage of being
particularly suited to cvaluating the roles of the various feed-
back circuits present in a given network.

Following Thomas, we associate a logical variable (noted
by a lowercase letter, ¢.g. *x") and a logical function (noted
by an uppercase letter, e, X"} o cach gene of a network,
The logical varishle represents the actual expression state of
a gene, while its logical function indicates the gene’s future
state as determined by the action of the genes (activators and
inhibilors} that regulate it. The expression states are char-
acterized by a limited number of integer values (0, 1. 2, ...),
but ‘threshold” values [, 2, .. Jthat separate the express-
ton states arc also considered. Finally, logical parameters
(noted by Ks and appropriate indices) are introduced to qual-
ify the weight of each interaction, or combination of interac-
tions, on the cxpression of a regulated gene (Snoussi, 1989).
For example. K; represents the lowest expression state of a
gene a. K, indicates the effect of an activation of gene b
over a, K, »,» the combined activatory ¢ffect of genes b and
c over the state of @, and so forth. In the simplest cases, our
logical variables, functions and parameters take one of the
three values {{}. 5. 1}, where s stands for the threshold be-
tween '0° and *1” (for a review, see Thomas, 1991). A simple
case of wo interacting genes and the dvnamical conse-
quences of different values of Ks is shown in Figure |,

In the context of this logical formalism, an n-element genc
network can be described by two matrices: the first (1 X n)
matrix contains the signs (and eventually the thresholds) of
allinteractions, the second (n x 2™ matrix contains the values
of the logical parameters. The state of the system is repre-
sented by a vector of dimension n. Whenever this state vector
and its image (i.e. the vector formed by the values of the

cotresponding functions) are equal, there is a steady state in
the system. Becausc we explicitly take into account threshold
values, we will distinguish between ‘regular” and ‘singular’
logical states. Regular states are those including only zeros
and ones, while singular states may include one or more
threshold values. Finally, the discrete approach esed here
guarantees the explicit calculation of numerical values of all
parameters and functions. Therefore, it is possible to idemtify
all the steady states of the system.

A much more interesting approach, however, consists of
using the nation of feedback circuit. Clearly, the effect of a
circuit witl not depend only on the miere existence of the rel-
evant interactions, but also on their relative strengths. Within
appropriale parametric ranges, posilive circuits generate
multistationarity and ncgative circuits generate homeostasis.
Thereforc, if a circuit is found to generate its associated dy-
namicat behavior, we will say that the circuit is ‘functional'.
That is, a positive circuit is functional if it actually produces
different stable steady states separated by unstable stcady
states. Conversely, a negative circuit is functional when it
generates damped or sustained oscillatory behavior. Figure
| presents a simple cxample of how circuit functionality de-
pends on the paramictric vatues (K5). In this example, the cir-
cuit is functional only for the first sct of values,

In the context of Thomas® logical formalism, it is possible
to compute the parameter constraints making any single
feedback circuit Tunclional, Maorcover, it was found that
whenever such a cicuit is functionad, it generates usingubu
(*charactenistic ) steady state located on the thresholds of the
inferactions forming the cireuit. More precisely, when the
circuit is positive, its characteristic state is always unstable
(typically a saddle point in two dimensions) and stands on a
scparatrix, When the circnit is negalive, its charactenstic
state can be either stable or unstable (typically a focus in two
dimensions). Snoussi and Thomas (1993) have demon-
strated that only those singular states which are circuit char-
actenstic can be steady. thus making superfluous the scan-
ning of all ‘non-characteristic’ singular steady states.

The logical formalism outlined above cnables us to dis-
sociale a complex netwaork into i well-defined set of feed-
back circuits and check their dynamical roles individually,
yet keeping complete control of the ways in which these cie-
cuits are interconnected. The scope of this paper consists pre-
cisely in applying this approach (o the analysis of the genetic
nctwork controlling flower morphogencsis in Arabidopsis,
Before that, however, we still need to summarize the basic
genetic and molecular data supporting the ‘NET model’.

Flower development in Arabidopsis
Mature flowers of Arabidopsis display a stercotyped archi.

tecture that consists of four concentric whorls of organs,
These are from the external to the internal whorls: four sepals
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(O K=K,=K,.=0,K,,= | (D) K=K, =0. K=K, = |

Fig. 1. Schematic representation of the parameter constraints on circuit functionality for o two-elerient cross-inhibitory positive cireuit. The SICp Curves
give the value of the logical function X trespectively 1) as a function of the value of the kogical variable ¥ (respectively ). In biological terms, the step
curve X = Ry} represents the Jevel of expression of genc X in response 1o increasing concentrations of the regulatory product y [similarly for ¥ = Hux)).
These step curves comespond to the ‘nulictines” in the differential formalism (ODEs) and, consequently, intersections (circled) between the Siep curves
give the steady states of the system. The number of steady states depends on the parsmeter values. The four dingrams correspond (o four different
combinations of parameter values. As we account only for two states corresponding to maximal and minimal transcriptional activities, the variables,
functions and parameters can izke only one of the two regular values 0 and 1. or. in special cases, the threshokd value 5. The logical parameters {Ks)
determine the amplitude of each function F. accordingly with the value of the relevant varighle. For example, K, stands for the level of expression of
gene X {function X) in the presence of high concentrations of its repressor, the regulatory product ¥ (variable v its value is set to O in (A) and (o)}
whereas it is set to | in (B) and (D} {leftmost vertical segment of X = F(y)I. Ky, stands for the level of expression of gene X in the absence of the repressor
y. ithas the value | in all four ilfustrated cases [rightmost vertical segment of X = Ry)). K, stands for the level of expression of gene Yin the presence
of its repressor x; its value is set to 0 in all four examples [rightmost horizontal segment of ¥ = F(x)]. Finally, Kyx stands for the expression of pene
¥ in the absence of its repressor x; it has the value 1 in cases (A) and (B), and the vatue 0 in case (C) and (D) [leftmost horizontal segment of X =
F(33]. Note that multistationarity is found enly in case (A), where K, = K=0wd K, =K, ,=1

(whorl 1), four petals (whorl 2), six stamens (whorl 3) and floral architecture, have been alrcady reported. The analysis
two fused carpels (whorl 4). Many mutations that disupt  of homcotic floral mutants was the basis for the so-called
normal flower development. and therefore alter the final - *ABC' combinatorial model of fower morphogenesis that is
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widely used to describe the morphology of wild-type and
mutanl Arabidopsis flowers. This model (Coen and Meyem-
witz, 1991) postslates the existence of three differem genetic
lfunctions or activities (A, B and C). cach of them present in
two adjacent whorls. According to this model, each whorl
requires a specific combination of genetic activities: activity
A inthe first whorl determines sepal identity: activities A and
B combined in the second whorl determine petal identity;
activities B and C combined in the third whorl determine sta-
men identity; linally, activity C alone in the fourth whorl de-
termines carpel identity, Furthermore, the ABC model postu-
lates a mutual inhibition hetween aclivitics A and C,

The ABC model also accounts for the phenotype of home-
otic floral mutants (sce Figure 2), Nevertheless, we still fuck
a thorough understanding of the molecular mechanisms un-
derlying the ABC model. Recent genctic and molecular
studies have already uncovered over a dozen genes involved
in the control of flower morphogenesis. Some of these are
clearly associated with cach of the ABC functions described
above. The gene APETALA T (AP is associated with func-
tion A (Mandecl et af., 1992; Bowman et af.. 1993), APETA-
LAZ (AP3) and PISTILLATA (Pl) are B genes (Krizek and
Meyerowitz, 1996), and AGAMOUS (AG) is the only gene
associated with the C function (Yanofsky et al.. 1990), More-
over. these genes have heen found 1o cross-regulate with

many others and thus form a complex regulatory network
summarnized in Figure 3. The molecuilar and morphological
datay uncerlying this net muoxdel are shown in ‘Table 1.

Feedback circuit analysis of the NET model

A quick look at the interaction matrix in Figure 3 indicates
that EMFI, LUG, UFQ and SUP do not reccive any regula-
tory input, although cach of them regulates at least one gene
of the network. Closer inspection leads to the identification
of eight feedback circuits involving from ene to four of the
remaining six genes. Morcover, considering the variables in-
volved, we can split these circuils into two  groups;
TFLI-LEY. LFYAPI,  API-AG,  LFYAG-APD ond
TELI-AG-API-LFY. oncthe one hand; AP2. PLHand AP3-PI,
on the other hand. Our 10-variable network can thus be con-
sidered as the combination of two smaller subnetworks, one
formed by AP3 and 1. and the other one formed by TFLI,
LFY. API and AG. The other four genes (EMFI LUG, UFO
and SUP) can be represented as input vanables. Note, how-
cver, that the two subnetworks are not isolated, because the
smallest receives two inputs from LFY, which is part of the
larger subnetwork. In the next two sections, we consider the
dynamics of each of these two subnetworks and then recon-
stitute the dynamics of the whole network.

Table 1. Experimental data that support the gene interactions inciuded in the NET mode! For a dewniled account. see Mendoza and Alvarez-Buylin ¢ 1998)
The interactions supported by Mendora and Alvarez-Buy 11a €1998) are not based on new expenmental data, but rather are inferred from previous analyss of

the patierns of gene expression

Inteenctions Main evidence Mun references
Al — AP AP mRNA accumulates umfonnly inag-1 mutant Mow e Ciustatson-Broown ef o (1994
AP —| AG Scpals are replaced by campels. and petals by stamens in upl mutants AG mRNA found  Bowman ef of. (1993)

in all the flower primordium of ap!-7 plants Weigel and Meyerowitz (1993)
APl —> LFY Reduction of LEY mRNA in ap! caf double mutanis (independent pathw av<) Weigel and Nilweon (1995}

APIPE —> APVPI

EMFI —{APILFY

AP3and PI mRNA levels are not maintained in apd: 3, pi-| or douhle mutanis
Co-immunaoprecipitation of AP3 and PI proteins

Inferred by morphological evidence that EMF { inhibits the flowering promoting genes

EMF! —>TFL} Inferred by momphological evidence that EMF ! activates the late lote-flowering genes

LFY —-> AG Early expression of AG is abnormally low in ifv-6 flowers

LFY —> AP API mRNA delayed in Ifv mutants. Earlier API promoter induction in plants
overexpressing [ FY

LEY —> AP2 Amrount and domain of AP eapression reduced in ffy & mutants

LFY —> Pi Amount and domaen of P/ expression reduced in -6 mutants

LFY - TFL} Plants overexpressing LFY are very similar to ! mutants

LUG = AG Ectopic expression of AG in fug-1 mutants

SUP —|AP3 Frtopic expression of AP in sup-1 mutants

sSUp -y Cantrany o wilid type, I'f expression is not reduced in the center of wip- | Dowers

THLD —| AG [nferred from marphological evidence. Double mutants ap -7 ap2-2 have o disrupted ¢
aclivity, which is rescucd with the addition of i} mutation

TFLI —| LFY Precocicus appearance of Mlora! buds expressing LEY in 111 £-2 plants

UFO —> AP AP3 protein and messenger levels reduced in ufo-2 planis

UFO —> Pi PI mRNA reduced in early suages of Mlower development in ufi-2 plams

Bowman eral (1993)

Kempn et ol (199%)

Gote and Meyerowatz (1994)

Jack et ad (1992)

Mendoza and Alvarez-Buylla ( 1998)
Mendoza and Alvarez-Buylla (1998)
Weigel and Meyerowitz (1993)
Weigel and Nilsson (1995)

Parcy et al (1998)

Weigel and Meyerowtz (1993)
Weigel and Meyerownz (199
Weigel and Nilsson {1995)

Liu and Meyerowits (1995

Sakni et af (1995)

Ciote and Meyerowinz (1994)
Mendosn nnd Alvacer-Buylin { 1998)

Weigel er af. {1992)
Levin and Meyerowitz { 1995)
Levim ond Meyerowitz {1995)
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Table 2. Genernl state tible for the subnetwork AP2-PI Variabies p and i <iand
for the levels of activiry of the regulstory prducts of genes AP and P,
respectively, wheneas functions P and [ stand for the levels of expression of the
commesponding genes Finch row comespond to a specific combination of the
possible values (0 or 1} for the variables p and i. In biclogical termx, the rows
thus correspond 1o different combinations hetw cen the two Sevels of activity for
the two regulatery prxhacts. For example. "107 0 the penultiniite mw means
Ot ihe fira repulatory prodoct GAF) 16 prcseon o oa hagh level, whereas the
second product (760 14 abrent (o present o a negligible besell Uder the
columas £ and £ are given the comesponding kvels of gene cxprossion i terme
of the logical parameters (Ks). A, sands fer the basal expression of pene AP,
Ky p for its exprossion in the presence of its own prockict (outorcgutation). Ko ¢
for its expression in the presence of the sole product of gene PFand K, o forits
expression in the presence of both regulatory products. The meaning of
parameters K, K. Ki; and K; 5 is analogous 1o that associaled with APJ,
Clearly. differern vatues of the logical parameters (As) may give rise to different
dynamics

P i P I
0 0 X, K;
0 1 Kp, L
1 o Kpp Kp
! | Ko pi K pi

Table 3. Feedhack circuits of the AP3-P# subnetwork and the corresponding
funcrionality consumints. This subnetwork formed by AP and P (variables p
and i} contains three circuits that are indicated in the leftmost column, The X
columns give the paameter constraints to b fulfilled for each feedhack circuit
to be functiomal in a particular region of the phase space ('Domain’ column) A
‘=" means that there are no constraints on the corresponding parxmeter, The
values seiectend on the basis of experimental data (see the text) are indicated in
the Towenmod row, Note that for thewe valucs, the two autpregulatory cincuits are
functionnl only in o timited region of the phase space. whereas the two-clement
circwit is functional in the entire state <pace. Notation of the parameters is as in
Table 2

boop Domain K, Kp Ki Kom K Kp K K
Q
0

pt+) Sl - 0 | - - - -
S10] 1 - | - -

i{+) (s - - - - 0 0 - H
[0]S - - - - 0 - t I

p+) 88 0 - - H 0 - |

Selectent values 4] [+] L | { 1] h 1

AP3-PI subnetwaork

The analysis of this subsystem is stmightforward as it is made
of only two elements. The general state table is given in Table
2.

Depending on the value of the logical parameters, this table
covers various dynamics. Note that the system involves three
positive feedback circuits. The parameter constraints that make
each of these circuits functional are given in Table 3.

Remember that AP3 and PI genes are both associated with the
B function. Both genes are expressed i petals and stamens, but

not in scpals and carpels. Morcover, it is known that AP3 and
PI regulate their own, e well as cach other’s, Imnsenption
through the formation of a heterodimer of their protein pricducts
(Goto and Meycrowitz, 1994), In logical terms. these regulatory
interactions can be represented hy Ky =Ko =Kyi=0 Ky =
I for the parmeters associted with the regulation of the ex-
pression of gene AP (indices p), and by K = K, = Kip = 00K
= 1, for the parametens wsociged with P (indices i), Onee in-
cluded in Table 2, these parameter vidues give two stable states,
[04)] and [#1], comesponding to the absence and presence of B
function, respectively. For the parameter values selected, inspee-
tion of Table 3 reveals that the two-variable positive circuit is
fully functional, whereas the onc-vaniable positive circuits are
functional only in some limited regions of the variable space.
Additionally, the system comprises a thind unstable steady state,
namely [ss]. which is the characteristic state of the two-element
positive circuit,

TFLI-LFY-AP!-AG subnerwork

Analysis of the four-variable subnetwork is somewhat more
complex, but still siraightforward. By hand or using a com-
puter program (ThicfTry eral., 1993), we obinin Table 4 (gen-
eral state table) and 5 (functionality constraints for the five
feedback circuits of the system),

For the four-variable subnetwork, we have also derived some
of the parameter values from genc expression data in the outer
and inner whorls of the flower. First, we need to account for a
default non-flowenng staite’. Considered as a Nlower sup-
pressor, TELL is expressed in plant apices before flower devel -
opment {Ratcliffe e7 of., 1998). In contrast, LFY expression has
been shown to be very low before flowering, reaching its
highest tevel upon flower induction (Nilsson er /., 1998). Final-
ly. API and AG genes are known to be specifically expressed
during flowering. This Jeaxds us 1o associate the state 1000
(vector notation for TRLE = 1, LEY =0, AP =0, and AG =)
with the non-flowering state. Looking @ the comesponding
(tenth) row in Table 1, we find that state 1000 will be steady if
K=l and Ky =K, = Ky, = 0, where indices 1, 1, o and g starxl
lor TFLL LEY, APDand AG respectively,

In contrast with the defanlt state mentioned above, the
Nower suppressor gene THL4 should be “off” during Hower
morphogenesis and in cach of the developing flower organs.
In addition, as LFY is known 1o be only transicntly expressed
in most of the developing Aower (Weigel e al., 1992), we
consider thatits final steady value is ') in the Dower organs.
Finally, taking into account the association of API with A
function, that of AG with C functian, as well as their probable
mutual inhibition, we are led 1o assoctate the states 0010 and
0001 with A and C functions, respectively. On the basis of
Table d. the first of these states will be steady if K,y = K;,, =
Ker=0and K, . = . whereas the sccond will be steady for
Ki=K =K, =0amd K, ,, = 1.
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Fig. 2. Schematic representation of the wild-type Arabidopsis flower and the ABC model. The mutant types are in the lefimost column. The
domains of expression of the ABC genctic activitics in the four floral whorls are shown in the central column of the diagram, Longitudinal
sections of wild-type (upper part) and mutant {lower part) Arabidopsis flowers are schematized in the righimost eolumn. For example, mutations
in the AP{ gene eliminate activity A, and activity C expands to the first two whorls; this causes the ap! mutant flowers to have carpels, stamens,
stamens and carpels. se. sepals; pe. petals; st, stamens; ca, carpels,
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4/,EMFI\‘

TFL1

4

LUG ‘;' PID
SUP —| AP3
EMFS TFL.1 LFY AP1 }&)LUG UFO AP3 4] sup

EMFI] ( 0 0 0 0 0 0 0 0
TFL1 + 0 - 0 0 0 0 0 0 0
LFY - - 0 + 0 0 0 0 0 0
API - 0 + 0 - 0 0 0 0 0
AG ol -]+ -Jol-1Toloflo] 0
e | 0l oo ] o]olol]lolol ol o
UFO 0 0 0 0 0 0 0 0 0 0
AP3 0 0 + 0 0 0 + + + -
I 0l o |+ ol oo+ [+ ]+

svr 0 0 0 0 0 0 0 0 0 0

Fig. 3. Diagram (upper part) and matrix {lower part) describing the interactions established amung 10 genes that regulate flower morphogenesis
in Arabidopsis. Activatory and repressory refationships are indicated by arrows and blunt lines, respectively. In the matrix, the rows give the
sign of the transcriptional response of cach gene (italics) 1o the gene products indicated in the column headings. Positive and negative
transceiptional interactions are represented by plus (+) and minus (-} signs. respectively. Zeros indicate the absence of a transcriptional
interaction. Focusing on the genes involved in feedback circuits, two subnetworks can be readily distinguished: one involving the genes AP3
and P/, and the other involving the genes TFLL. LFY. API and AG. These subnetworks are highlighted in the matrix.

Note that the consideration of these different sicady states
leads to conflicting values for K, ; and K, ¢. In fact this apparent
contradiction disappears when we include the input variables in
our description. Specifically, EMF is a key flowering repres-
sing element (Yang et al., 1995). that activates TFLI and repres-
ses LFY and AP/ (sce Table 1). Rather than directly introducing
an aklitional index in the parameter notation, we hereafier con-
sider two sets of parameter values, comresponding to the pres-
ence and the absence of EMFI, respectively.

In the first case, where the flower inhibitor is present (EMF!
= |), we have Ky = | and K, =0, giving ris¢ to a unique,
regular steady state, namely 1000} (afl other Ks = 0, except
Kotg = Kg = Ky o = K to = K ita = 1). This state corresponds
10 the default state. Looking back to Table S, we find that all
three two-clement circuits are functional, but only in a limited

region of the variable space. Therefore, they do not generate any
complete separatrix, while the sysiem includes a single attractor
representing the non-flowering stage.

Inthe sccond case, with the flower inhibitor ahsent (EMF7
=0}y, wehave Ky =0and K, , = | (all other parameters ident -
ical 1o the preceding case). This leads to the two regular
stable states [0010] and [0 ], representing Tunctions A and
C. respectively. Inthis case, only one circuitis functional (see
Table 5), comesponding to the mutual exclusion of AP and
AG. This circuit generates a separatrix across the variable
space, defining two basins of attraction, each draining to-
wards one of the stable states [0010] or [0001]. An addi-
tiona), singular, steady state [00ss] is found on this separatrix.
This singular state is unstable because it is generated by the
positive circuit API-AG.,
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Table 4. Genernl <tate 1able for the TFLL LFY. AP! and AG subnetwork. Yariables 1.1, a and g sand for the leveln of sctivity of the regulstory products of
genes TFLI LFY, APl and AG, respectively, wheneas functions T. L. A and G «and for the Jevels of expression of the corresponding genes Nointion of the

parmeters i< ax in Table 2

I ! [} £ T L A [
0 Q 1] o Kt Ki, Ko Kera
o 0 0 1 Kt Ki, L# Ky
0 0 1 0 L L™ L] Ker
0 0 ! 1 Kt Ktra Ky Ke
0 ! 0 0 X, ' Kot Ky ita
0 ] 0 ! K, Ky Kat Ke t1a
0 I 1 0 K Kt 1o Katy Ken
0 1 ' 1 K, Kt Kai Ken
1 o 1] 0 Lo LY Kap Ko

1 0 0 ! Ky & K Kra

! o 1 0 Ky Kia Kaw Ay

t o I 1 Kyt L Ky Ky

1 i 0 0 X, A Kaig Koty
1 1 0 1 K, Ay L] LY
1 1 t 0 X Ko Koty Kyt

I I 1 [ X Kia Kai Kyt

Table 5. Feedback circuits of TFLI, LFY, AP and AG subnetwork and the corresponding functionality consimints, This subnetwork contains five circuiln
that arc indicated in the lefimost column. The X columns give the parameter consteaints to be fulfilled for each feedback circwit to be functional in a
particular region of the phase space (‘Domain’ column). For the parameter notation. see Table 2

Loop Domain X Ky K K, Ko Ko K K Koy Kagg K K, Ket Kea Ked Kew Kyio Kedla

t(+) ss[)o1) o ] ] - 0 | - - - - - - - - - _ . _
S5(0}[01] © 1 0 t - | - - - - - - - - - _ _ -

fag+)  [1)SS{1} -~ - 0 - t | 0 t - | - - - - - - - -
(11ss(0] - - 0 - | 1 0 - 0 1 - - - - - - - -
lojssty - - ¢ o - t 0 t - 1 - - - " - . -
(1880 - - 0 0 ] 0 - 0 ! -

ag(+)  [1)1)Ss - - - - - - 0 0 - | 1] - [} - - - | H
11o|ss - - - - - - 0 1 | - - | - 1 1 1
[onss - - - - - - 0 o - ) 0 0 0 - 0 - - 1
O0)ss - - - . - - n t 1 o 0 - | )

logi-) [1)S8§ - - 0 - | 3 o - - 1 0 - t [0} | - [ t
{ojsss - - o ] - | 0 - - 1 0 - 1 0 - |

fag (-}  SSSS 0 1 - - | o 0 1 i 1 0 1 1 0 I

Dynamics of the whole network

On the basis of the results obtained for the two subnetwaorks,
it is now possible to derive some key fealures of the dy-
namics of the whole system. The steady states of the whole
network can be constructed by combining the steady states
of the two subnetworks and relevant vialues of the four inpat

variables. Since EMF1 is a floral repressor gene, it is con-
sidered active only in non-floral attractors. In addition, it is
known that UFO, LUG and SUP regulate the line spatial ¢x-
pression patterns of the organ identity genes (Levin and
Meyerowitz, 1995: Liu and Meyerowitz, 1995; Sakai er af.,
1995). Consequently, these three genes play a role only in the
transicnt activation patterns of the organ identity genes AG,
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AP and PI, but not in the establishment of the Noral organs
themselves. Therefore, the combination of the stable states
found for the two subnetworks leads to the following six at-
tractors:

[00} + [0D010] — [0001000000] (A = sepals)
[11] + [0010] = [0001000110] (AB = petals)
1T+ [O006G] — [OOKKOO10] (BC = stamen)
{007 + [0001] = [O0BO10000N) (C = carpels)

[00] + [1000] — [1100000000] (flower inhibition)
L) + [1000]) — [1100000110] (61h attractor)

using the vector rotation Ipil| + |tug] — ledaeufpis),
where e, t Loa, gou, f.p.fand s stand tor EMET TELL LEY,
AP AG, LUG. UFO. AP3, P! and SUP. respectively.

This sei of attractors can be obtained for several combina-
tions of paramcter values, e.g. all values equal 1o zero, except
Kot Kaee- Keaus Kipico Kipis. and the parameters necessar-
ily greater or equal to these. Note that these parameters take
into account the inpul variables ¢, v and s. As the two mod-
ules behave largely independently, we obtain all possible
combinations of their respective steady states, including the
sixth global mtractor that does not correspond 1o any exper-
imentatly characterized cell 1ype.

The methodology used here allows for the location of all
the steady states of gene activation implied by the network
connectivity, but in contrast to dynamic Systems, this
methodology does not identily the transitory activation path-
ways that lead to each attractor. The sequence of activation
and repression of the input variables EME], UFO, SUP and
LUG, as well as the timing of response of the genes in the
circuit, determine which attractor is attained. In order to in-
corporate this information in the model, we need biological
data such as the time needed for synthesis and degradation
of regulatory factors. This information would cnable us to
obtain a flux diagram similar to that in Figurc 4, which shows
possible routes of gene activation starting at the vegetative
stage and reaching the four genetic activation states char-
acteristic of the floral organs.

Five of the six altractors have a clear biological interpreta-
tion. The first one, represented by [0001000000], corre-
sponds to the exclusive activation of AP/, i.e. function A in
the ABC model. This activation pattern is found in the first
whorl of flowers, formed by sepals. The second attractor, i.e.
[000 10001 £0}], represents the stable activation of genes AP/,
AP3 and PI. These genes are responsible for A and B func-
tions, whose combination delermines petal formation in the
second whorl. The third attractor {00001 001 10] denotes the
activation of AG. AP3 and P, representing the presence of
both B and C functions. This state corresponds to the differ-
cntiation of stamens in the third whorl. The fourth attractor
[00C0100000] corresponds to the exclusive activation of AG,
the only reported C function gene. This pattem is found in
cells of the fourth whorl which give rise to carpels. The last

biologically meaninglul attractor { TTOOOOOOMN] consists of
the stable expression of the two floral inhibitor genes EMF 1
and TFL{, charactenistic of cells that will not become part of
flowers. Hitherto, these four long-term paticrns of gene cx-
pression are consistent with the ABC model.

The analysis performed here revealed a sixth attractor, i.c.
[TTOOMMH O], representing the stable expression of EMFT,
TFLI, AP and L The combined expression of the flower
inhibition and B function genes has not yet been reported
experimenially. This result can thus be interpreted as a pre-
diction of our analysis. From realistic initial conditions, how-
ever, il is supposced that this sixth attractor is never reached,

In addition to the six attrctors described abave, the
1(O-variable system also comprises six singular sicady states,
all unsiable because they are cach characienistic of at least
one positive feedback circuit:

[000SS00110] © circuit AP1-AG
[000SS00000] ¢ circuit API-AG
FHIOO000SS0] €3 circuit APL-PI
{00010008S0) > circuit AP3-PI
[0000100SS0] &> circuit AP3-PI
[000SSNSSO] & circuits API-AG + AP3-PI

Each of these unstable steady states is found on o separtrix
generaled by the corresponding circuit(s). Altogether, these
separatrices are dividing the variable space into six hasins of
attractions, cach draining towards one stable state.

Simulation of niutations

Our model also allows the simulation or the prediction of
mutant phenetypes. As an example, let us analyze the effect
of LFY null mutation. Recall that LFY specifics the floral fate
and activates the four organ identity genes represented in this
model.ie, AL AG, AP and P1. Null Ify mutants are practi-
cally devoid of Nowers, and those that eventually appear
present organs with characteristics of wild-type sepals and
carpels. To simulate a null {fy mutant in our model, it suffices
to eliminate the variable /. As a result, the LF Y-dependent AG
activation pathway is lost, whereas the LF Y-independent
pathway remains unaltered.

Similarly, we can simulate a mutation in AG, the only re-
ported genc for the C activity. As AG is involved in a func-
tional positive circuit, its inactivation allogether eliminates
the corresponding multistable behavior. Indeed, climinating
variable g in the four-variable subnetwork leads to the single
stable state {001}, drnining the entire varinble space. Com-
bining this steady state with those of the small subnetwork,
we find that only the states commesponding to the A function
alone and the combination AB are reached. This result ac-
counts for the phenotype of strong ag mutants, whose
ffowers contain only sepals and petals (Gustafson-Brown e
al., 1994),
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[etlagufpis]
ti th
Vegetative grow [1100000000]
Floral induction 1100000060

0100000000 11100600000
~a P
0110000000
0010000000
Flower development
0011000000
» £
0011011000 00!01_0[000
\ v
0011010000 0011001110 0010101110 0011100000
0011000000 0011000110 06010100110 0010100000
0010100111
0000100111

{0001000000) [0001000110] [0000100110] [0000100000)
A A n C B «
sepals petals stamens carpels

Fig. 4. Possible pathways of gene expression during the transition to flowering and during Newer morphogenesis in which sepals. petals, stamens
and camels are formed. The initial state is always the same, but as Aower development proceeds, different cells follow alternative pathways,
Thisis only arough scheme of what might be the dynamics of the whole network. Uniil now, there are no published reports on the spatio-temporal
patterns of expression of significant combinations of these genes in a single plant. We use here a vector notation of the form (etlagufpis). where
variables e.r. L a. g.u. f. p. i and s stand for the Tevels of activity of the regulatory products of genes EMEL, TFLL LFY, API, AG,LUG, UF(,
APJ. Pl and SUP, respectively. Brackets () indicate steady states. An induction signal is needed to switch from the stable non-floral patterm
of gene expression to any of the pathways leading to the floral organs. Since we do not know the precise nature of this signal, we indicate it with
the use of the question mark. Note that several genes (LFY, UFO, LUG and SUP) are only transiently expressed. Solid arows stand for single
variable commutations, Dotted amows stand for multiple variable commutations.

Our model can also be used to predict floral phenotypesof  a simulation of a null mutation in TFL7 results in the climin-
mutatiens in the non-ABC genes included in it. Forexample,  ation of the non-floral steady state. However, the stable pe.
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tivation of the A, B and C functions remains unaltered. The
biological intetpretation of such a result is thal a mutation in
the TFLI gene gives rise to plants with severely reduced veg-
ctative growth and flowers with wild-type phenotype. Plants
with the 777 mutation have very shont primary shoots termin-
ated prematurely by a group of flowers with normal or slight-
ly altered organs (Shannon and Mecks-Wagner, 1991]).
Therefore, the biological effect of inactivating TFL! is de-
scribed accurately in the model by the loss of stability of the
non-floral state, converting it into a transiem state. In contrast
with the regulatory network presented here. the ABC model
tdoes not Lake into account a non-floral state. and hence can-
not explain mutations that accelerate or retard the onset of
Nowering. Within flowers, we can also simulaic the dynami-
cal consequences of cis-regulatory mutations by adjusting
the values of the relevant logical parameters. Morcover, it is
possible to assign a phenotype 1o cach simutation. Our model
cannot, however, be used to describe mutant phenotypes of
TFLI, or other genes, outside the flower, A comprehensive
analysis of various types of loss and gain-of-function muta-
tions will be presented elsewhcere (Mendoza et al., in prep-
wration).

Discussion

We previously presented the topology of the genetic regula-
tory network shown here and a system of difference cqua-
tions to mawdel the stable gene activition patteris ohserved in
the flowers of Arabidopsis (Mendozn and Alvarez-Buylla,
1998). Here, we focused on the analysis of the dynamical
roles of the feedback circuits contained in the same reguli-
tory network. Despite the difference in the formatism used,
both mudels predict the same stable sates, but how much of
these results depend on the precise genes involved in the net-
work” New developmental genes are rapidly being discov-
cred and characterized in Arabidopsis. Will the incorporation
of these new genes soon invalidate our results? We think that
this will not be the case, because the dynamic properties of
feedhack circuits depend on their sign (positive or negative)
and not on their size (Thomas et al., 1995). Therefore,
changes in the interaction matrix accounting for new inter-
mediate elements should not invalidate our results regarding
the number and nature of stable gene activation states. For
cxample, if an intermediate gene between TFLF and LFY
were to be discovered, the interaction matrix of Figure 3
would be modified, but the positive circuit involving TFL/
and LFY would still operate and fulfill the same dynamical
role. The only difference is that it would become a threc-cl-
cment instead of a two-clement ciseuit. in short, the qualitat-
ive amalysis presented here does not depend on the precise
molecular nature of the regulatory pathways,

We found eighl circuits in the regulatory graph and matrix
(Figure 2), of which only two are functional in the whole

space of gene expression states. These arc the positive cir-
cuits AP/-AG and AP3-PI. These circuits, together with the
input vanable EMF], account for the generation of several
scparatrices across the phase space, that define six basins of
attraction, each containing onc stable state. These attractors
comespond to the pattemns of gene expression found in the
four floral organs of Arabidopsis (scpals, petals, stamens and
carpels). plus a non-floral state and a new state awaiting ex-
perimental characterization. Although the regulatory matrix
comtains several other circuits, none of these are found to
play any crucial dynamical role. Once again, we may be con-
cemed by the discovery of new genes and interactions (hat
define additional feedback circuits in the network. We pre-
dict that if such a hypothetical loop includes any of the ABC
genes, this circuit should not be functional, Indeed, the ex-
perimental evidence available up to now suggesis that there
are only two (unclional feedback loops among the ABC
genes, which correspond to the two functional circuits identi-
fied in this analysis. Messenger RNA in situ hybridization
experiments in mutant backgrounds have shown that the A
and C gencs inhibit cach other (Bowman er al., 1993). This
creates the stable exclusive choice between A and C func-
tions. There is also experimental data that support the view
that the B function genes only have Iwo possible stahle states
of activation, They are either both active or both inactive
{Knizek and Meyerowitz, 1996). We exclude the possibility
of additional functional circuits involving ABC genes be-
causc this would change the well-established combinations
of activities described by the ABC mudel. However, we do
not exclude the possibility of additional functional feedback
cireuits involving some of the nan-ABC genes included in
our model,

Our model acconnts only tor exireme Jevels ol gene netiva-
tion, either active (or more properly, with an aclivity above
its threshold of functionality) or inactive (below this thresh-
old). We used this simple binary representation because there
is a scarcity of quantitative data. As a result, we reached a
consistent but somewhat schematic picture of the differenti-
ation pathways leading to the alternative states of gene ex-
pression in the developing flower of Arabidopsis. It would
be more realistic to think in terms of a gradient of activation
between these extreme values. As more data on different pat-
terns of gene expression become available, we will be able
to take advantage of the more sophisticated aspects of the
generalized logical formalism (e.g. multilevel variables,
functions and parameters, analysis of state transitions. etc.)
to refine our mode). These refined logical models could fead
to more precise and detailed accounts of the kinetics of gene
expression during flower development. This logical model
and its potential turther refinements could alse help the de-
velopment of a quantitative differential deseription. In this
respect, note that previous theoretical analyses have shown
that analogous continuous and discrete models yield com-
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parable resufts in terms of steady states (Thomas ef al.,
19935).

The Jast issue regarding the accuracy of our model concerns
the particular values of the parameters (Ks) that we used. Most
ol these were based on existing data about the patterns of gene
expression ohserved in Arabidopsis. However, not all of the
parameters could be infermed from experimental data. Indeed,
the valucs for K, 1. Kg 1. Ko i and K, 1, were adjusted to obtain
plausible transient gene activation pattems that did not affect
the configuration of steady states. Neventheless, an imponant
prediction arises from the cormresponding constraints on the
values of some of the logical parameters. More precisely, our
analysis predicts that LFY has at least one additional regulator
yet to be discovered. Indeed, in order 10 obtain the three stable
states experimentally found in wild-type Arabidopsis (non-
flowering, activation only of AG or of API), K}, (represent-
ing the maximum expression state of LFY, i.e. when the prod-
ucts of 7FLI and EMF] are below their respective inhibitory
thresholds. and when the product of AP/ is over its activatory
threshold) needs 1o be set equal 1o zero, but the experimental
evidence available shows that LEY is expressed at high levels
at the onset of flowering (Blazquez et al,, 1997). and at low
fevels during later stages of flower development, This discrep-
ancy strongly suggests that there is at least one additional
regulator of LFY still to be discovered. We further predict that
this regulator should play a key role in the transition from the
non-floral attractors to the Rowering pathways, implying both
temporal and functional specific features.

The analysis presented here includes all the possible activa-
tion states of the network. However, cells in an organism like-
ly only access a limited subset of these theoretical states dur-
ing development. Each cell probably follows a limited set of
states untl it attains its final differentiated fate. In the particu-
lar case of Arabidopsis, some plausible pathways of gene ac-
livation states are shown in Figure 4, At the onset of flower
development. flower inhibitors (EMF! and TFL1) are active
and cells are trapped in the stable non-flowering state
(11000000001, An external signal, which alters the activation
of the flower inhibitors EMF] and TFLI, is thus necded to
move the regulatory network towards one of the floral steady
states. From this point onwards, a choice between four main
pathways that reflect aliemative gene activation routes in dif-
ferent parts of the flower arises. AP/ mRNA is found through-
out floral primordia during the very first stages of develop-
ment, but by the time the sepals arise, its expression is re-
stricted to the first two whorls. LFY follows a similar
expression pattern, except that its mRNA becomes undetect-
able in the outer whorls at late stages of flower development.
This temporal expression leads to the long-term activation
pattern of the first and second whotls. On the other hand, LFY
and AP/ expression are found in the inner whorls of the flower
until sepals arise, when AG expression sets in (Weigel and
Meyerowitz, 1993).

The dysamics explained above account for the differenti-
ation of those regions of the fower characterized by cither A
or C activily, To complete this picture, it is necessary 10 take
into account B activity. as well. In fact, the transient cxpress-
ion of LFY mentioned above might be important for the ac-
tivation of AP and PI, ultimately leading o the stable staes
[OOOLOXH O] (AB combination) and (00001001101 (BC
combination). This role of LFY in the establishment of B ac-
tivity is supported by the observation that LEFY mutant plants
bear flowers that often lack petals and stamens, and that the
cxpression of AP3 and PI messengers is reduced. Recent data
on transgenic plants bearing a super activator form of the LFY
product (LFY protein fused to the activation domain VP16)
also suggest that LFY is an important activator of B gencs,
panicularly AP3. In addition. UFO might act as a co-regulator
in the activation of AP3 and PI (Lec et al.. 1997: Parcy et al.,
1998), but the mechanism is not yet known. Once AP3 and P/
are fully active, the activation of LFY becomes dispensable,
because AP3 and Pl cross-activation ensures their mutual
mainterance. Additional data on the kinctics of expression of
cadistrd genes and on their upstream regulators are needed
refine this scheme.

I addition to the vegetative state and the four states corre-
spanding 10 Noral organs alreaxdy accounted for by the ABC
model, our analysis predicts a sixth attractor [ 100110,
which implics a stuble activation of AL TELL AP tand PL.
This state autontically results from the combination of the
steady states [11] and [1100] generated by the two regulatory
modules. Such relative independence of B and A/C functions
is supported by the fact that B activity can be disrupted with-
out affecting other aspects of flower morphogenesis (Day er
al., 1995),

Conclusions and prospects

We have derived a nctwork of 10 genes involved in the genetic
control of flower morphogenesis in Arabidopsis from pub-
lished molecular and genctic data. Using a logical formalism,
we provided a qualitative dynamical analysis of this regula-
tory network and derived the parameter constraints account-
ing for the different pattems of gene expression found in the
four flor! organs of Arabidopsis (scpals, petals, stamens and
carpels), as well as for a non-floral state. In wddition, our
model leads to the prediction of & new stable state character-
ized by a simuhtaneous expression of the floral repressor and
B function genes. Finally, we predict the discovery of at least
a new regulator of the gene LFY, likely to be involved in the
transition from the non-llowering state 1o the flowering path-
ways.

Our analysis also explains how specific genes cooperate (o
generate the alternative patterns of gene expression through
two functional positive circuits. From a general perspective,
this work further supports the idea that positive regulatory cir-
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cuits play a central role in development. Such a rule was
postadated by several theoretical biofogists in the lae 1970s
(see. for example Lewis er al., 1977; Mcinhardt. 1978: Tho-
mas, 1978). More recent studies have confirmed that key de-
velopmental genes are often involved in such positive circuits,
thus positively affecting their own expression. Ofien, but not
always, this is accomplished through a dircct autoregulation,
like in the case of the gene MyoD that codes for a muscle-cell
specific transcription factor and is involved in both cell de-
termination and differentiation [see Murre et al., 1989: more
examples are found in Thieffry er al., 1995].

The present mode! also emphasizes another important fea-
lure of developmental gene networks, namely their modular-
ity. Indeed, developmental biologists are now realizing that
developmental genes can be grouped in relatively indepen-
dent *regulatory modules’ or *syntagms’, acting in parallct or
in temporal cascades (the best available example is the seg-
mentation network of D.melanogaster, see, for cxample, Re-
initz and Shamp, 1995: Sénchez ef al., 1997). The present
analysis points to a straightforward formal criterion 1o isolate
regulatory modules in complex inteniwined network, namely
that a module can be simply defined as a set of feedback cir-
cuils sharing some element(s).

Our analysis accounts for various stable states and. to a
lesser extent, for the kinctics of gene expression of the ABC
and other interacting genes included in the network. It is clear,
however, that pattern formation and cellular differentiation
most often involve interplay between subcellular and supra-
cellular levels. In addition, this interplay should be considered
in the context of cellular growth and multiplication. Our
model should thus be considered as a fimst step towand a more
ambitious model of flower development, covering intercellu-
far communication. cell growth and division, as well as three-
dimensional morphogenesis. For example, our model could
not account for lower phenotypes with the same four floral
organs, but with a different spatial amangement (e.g. sepals,
petals, carpels and stamens), because it does not incorporate
explicit spatial information. Future models will have 1o con-
sider genes underlying cellular processes that are at the basis
of aspects of floral morphalogy. such the shape. number or
color of floral organs.

In spite of the limitations of our model, it can already be
used to explore the role of regulatory genes in determining
important aspects of floral morphological variation across an-
giosperms (plants with flowers). The stereotypical structure of
flowers of >250 000 angiosperm species, and molecular and
genetic data available for a few other model angiosperm sys-
tems, strongly suggest that the ABC model is widcly con-
scrved across flowering plants (Bowman, 1997). All flower-
ing species. excepl one (Lacandonia sehismatica: Martinez
and Ramos, 1989: Alvarcz-Buylla er af., 1999), have concen-
tric whorls of floral organs which, from the outside to the in-
side of the flower, are: scpals (or modificd sterile oggans), pe-

tals {or moxlified verile organs), stamens and carpels, Farther-
more, compartive molecubr studies have shown that the
ABC genes and their expression patterns are highly conserved
across distanily related angiosperm species (Bradley er al.,
1996, Mena er al., 1996; Purugganan, 1997). Therefore, the
ABC model may be used (o describe important aspects of the
floral architecture of most angiosperms. In this context, the
NET model is useful to claborate hypotheses reganding vari-
ations in the network that underlic important aspects of Nower
morphological diversification during evolution. We refer to
the morphological response that results from the variation of
the patterns of gene expression involved in the control of the
morphogenesis of floral organs (c.g. sepals, petals, stamens
and carpels). This model also constitutes a formal framework
susceptible to guiding future experiments aimed at identifying
new regulatory genes or interactions. For example, our previ-
ous analysis of the NET model (Mcndoza and Alvarcz-Buyl-
la, 1998) led us to propose that the gene AG was activated by
LEY, a regulatory internction which was soon confirmed ex-
perimentally by an independent group (Parcy er al., 1998).
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ABSTRACT

The root epidermis of Arabidopsis
thaliana is formed by aliernate files of
hair and non-hair cells. Epidermal cells
overlying two cortex cells eventually
develop a hair, while those overlying only
one cortex cell do not. Here we propose a
network model that integrates most of the
available genetic and molecular data on
the regulatory and signaling pathways
underlying root epidermal differentiation.
The network architecture includes two
distinctive pathways; one formed by the
transcription factors 77G. R homolog,
GL2 and CPC, and the other one by the
signal transduction proteins ETR1 and
CTR/1. Both parallel pathways regulate the
activity of AXR2 and RHD®6, which in
turn control the development of root hairs.
The regulatory network was simulated as
.a dynamical system of eight discrete state
variables. The distinction between
epidermal cells contacting one or two
cortical cells was accounted for by fixing
the initial states of CPC and ETRI. The
model allows for predictions of mutants
and pharmacological effects because it
includes the ethylene receptor. The
dynamical system reaches one of six
stable states depending upon the initial
state of the gene CPC and the ethylene
receptor. Two of the stable states describe
the activation patterns observed in mature
trichoblasts (hair cells) and atrichoblasts
(non-hair cells), in the wild type
phenotype and under normal ethylene
availability. The other four states
correspond to changes in the number of
hair cells due to experimentally induced
changes in ethylene availability. This

model is a new interpretation of the
interactions among genes Lhat encode
transcription factors that regulate root hair
development and the proteins involved in
the ethylenc transduction pathway. This is
the first effort 1o use a dynamical system
to understand the complex genetic
regulatory  interactions  that  rule
Arabidopsis primary root development.
The advantages of this type of models
over slatic schematic representations are
discussed.

INTRODUCTION

The increasing amount of data on
the molecular mechanisims  underlying
cellular differentiation and morphogenesis
are putting forward complex networks of
genetic interactions. These are dynamical
systems that operate in specific cellular
and spatial scales. Network models of
genetic  regulatory  interactions are
dynamical representations of molecular
interactions, and can be used to predict the
stable activation states attained by a given
genetic architecture within mature cells
(Kauffman, 1993). These models provide
a formal dynamical framework to analyze
cellular differentiation, in contrast to
schematic represcentations of gene and
protein interactions often published in
experimental papers. However, network
models for specific biological systems are
still scarce (for notable examples see
Bodnar, 1997; Reinitz & Sharp, 1995). In
this paper we propose one network model
for cell differentiation during root
epidermis development of the
experimental plant system Arabidopsis
thaliana.



In contrast to most animals, plant
cells cannot move, while posilional cues
are important in ruling cellular fate. Also,
plant organ development is remarkably
plastic in response to environmental
conditions (Meyerowitz, 1997; Pigliucci,
1996; Scheres & Wolkenfelt, 1998).
Therefore, cell signaling should play
important roles in plant cellular
specification and pattern formation, which
take place in shoot and root meristems,
where organs continuously develop
(Scheres, 1997). Within floral meristems,
transcription factors are known to be
involved in regional specification (Coen
& Meyerowitz, 199]; Weigel &
Meyerowitz, 1993), but the gene products
required for the signaling processes during
pattern formation are only starting to be
studied. The complexity of the shoot
meristem, however,  hinders  the
experimental approaches that are required
to understand the role of cell signaling
during development. In contrast, the
regular cellular architecture, small size
and transparency of the Arabidopsis root
meristem, enables the combination of
genetic, cell ablation and microinjection
approaches to study the signaling
mechanisms involved in cell specification
{see Scheres, 1996; 1997), This makes the
root a particularly attractive system to
develop mechanistic models. which help
understand how molecular signals and
cellular interactions are integrated across
cells during development.

The root epidermis of Arabidopsis
is an exceptionally simple system to
address questions regarding the cellular
and genetic mechanisms that determine a
stereotyped pattern of cellular
differentiation. The root epidermis is
made of alternate columns of hair
(trichoblasts) and non-hair cells
(atrichoblasts); and inside it, cellular fate
is determined by the relative location of
epidermal cells with respect to the cortex
cell walls. However, il seems that the
atricoblast cell fate is a default state
(Berger er al., 1998a). Recent studies in
the root of Arabidopsis have identified at
least four transcription factors that
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regulate root hair development, and the
ethylene signaling pathway as one of the
signaling mechanisms involved in it (sce
Scheres & Wolkenfelt, 1998), 1t is unclear
if cthylene is a molecule available 10 all
epidermal cells, or if it forms a gradient
conveying positional information during
sub-specification of epidermal cell-types.
Additional experimental results are
necessary to solve the details of the
interplay between transcriptional
regulation and ethylene transduction
pathway: but to integrate all the data
available to date we put forward the first
genetic regulatory network model for root
hair development.

No previous model has proposed a
genetic regulatory mechanism responsible
for the cellular patterning obscrved in the
Arabidopsis root epidermis. In this paper
we propose a regulatory network model of
discrete states that may be used as a
framework to predict the effect of
mutations that alter root hair formation.
The network is implemented as a
dynamical system with discrete state
variables. Departing from any initial
activation state, the model reaches one of
six stable activation patterns. Two of these
correspond to stable activation states that
characterize mature trichoblasts and
atrichoblasts under wild type conditions.
The other four correspond to genetic
pattecrns that would diminish or augment
the trichoblasts to atrichoblasts ratio
according to induced changes in ethylene
availability. This model contrasts in two
important ways with our previous models
of flower development {Mendoza &
Alvarez-Buylla, 1998; Mendoza er al.,
1999). First, in our previous network
implementations we used the ABC model
of flower morphogenesis to translate the
steady gene activation patterns into flower
morphology (Coen & Meyerowitz, 1991;
Meyerowitz, 1994). Since we lack a
similar morphogenetic model for root hair
formation, we used the activation state of
the most downstream elements of the
regulatory network (RHD6 and AXR2) to
establish cell fate (i.e., trichoblasts or
atrichoblasts). Second, the flower models



were treated as autonomous dynamical
systems in which no links with extra-
cellular signals were postulated. In this
case, however, we postulate a link with
external signals via the tesponse of the
elements representing CPC and ETRI.
Such responses are incorporated by fixing
the initial states of these two elements in
the network. in such a way that the
appearance of root hairs is determined by
the position of epidermal cells relative 1o
that of cortical cells. This is the first
dynamical model that is able to describe
the effect of mutations as well as
pharmacological treatments on the cellular
patterning in the root epidermis.

atrichohlast

trichoblast

Figure 1

THE ROOT OF Arabidopsis

The mature root of Arabidopsis
consists of single concentric layers of
cells, which from the periphery to the
center form the lateral root cap, epidermis,
cortex, endodermis and pericycle,
surrounding a vascular bundle (Fig. 1).
Each tissue layer is formed by cells
arranged in parallel columns called files.
Mature cells are located distal to the root
tip, while immature cells are near the root

Lateral root cap
Epidermis
Cortex

Endodermis

Pericycle

Vascular bundle
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meristem. Along this gradient, from the
root tip to the plant base four regions have
been defined: the division, the slow
elongation, the fast elongation, and the
differentiation zones (Berger et al.,
1998b). Each cell file is maintained by
clongation and subsequent anticlinal
division (radial, with the division planc
perpendicular to the growth axis) of initial
cells. There are four types of initial cells:
epidermis/lateral root cap,
cortex/endodermis, vascular and
columella initials. While initial cells only
divide, the resulting daughter cells are
able to divide and differentiate into one of
the mature cell types forming the different

Mendoza and Alvarcs -Buylla

root tissues (Dolan er al.. 1993; 1994).
Iipidermal celts undergo a further process
of differentiation. Cells that contact the
anticlinal cell wall between two cortical
cells differentiate into root hair cells
(trichoblasts). In contrast, developing
epidermal cells contacting the wall of a
single cortical cell differentiate into
mature hairless cells (atrichoblasts). The
hair is a tubular projection that develops
in trichoblasts, but its presence is not the
only morphological  difference  with
atrichoblasts. From a very carly stage of
development trichoblasts have a more



densely  staining  cvtoplasm, a reduced
viacuolation and a  smaller size than
atrichoblasts (Berger et al., 1998b: Dolan
et al., 1994).

MOLECULAR AND GENETIC
BASIS OF THE REGULATORY
NETWORK MODEL

We present a network model that
integrates most of the published genes
involved in root epidermis development
for which regulatory interactions could be
inferred. We first review the experimental
evidence that supports the proposed
regulatory  network  architecture.  The
made) inclikdes genes that eocode
tmmscription  factors and  regulatory
proteins. In some cases. transcriptional
and post-transcriptional regulation could
not be distinguished based on available
data. Therefore, if an element of the
network model is “off”, it represents
either a null transcriptional gene activity
or an inactive protein. Despite being
biologically relevant. the ambiguity on the
molecular mechanism does not affect the
dynamical result. because the particular
nature of functionality (or fack of it) is
irrelevant for the study of the colicctive
behavior of interdependent clements, For
a review on the known moleculsr nature
of many mutations see Van der Berg er al.
(1998). Throughout the text. genes coding
for known transcription factors are in
italics, Wild type and matated genes are
indicated with uppercase and lowercase
letters, respectively,

TRANSPARENT TESTA GILABRA
(TTG) is a gene coding for a WD40
protein involved in root hair development,
and its loss-of-function mutation results in
plants with hairs throughout the cpidermis
(Galway et al.. 1994; Walker er al.. cited
m Hung er al., 1998). 776 i< an important
activator of GIABRA2 (GL2), of which its
mRNA 18 expressed inside atrichoblasts in
wild type plants, Like g plants, ¢f2
mutants  have  hairs  throughout  the
epidermis. However, ¢f2 epidermal cells
can be distingeished as trichoblasts or
atrichoblast  based on  vacuolation and
cytoplasmic density. while rr¢ epidermat
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cells cannot (Galway er al.. 1994 Masucci
et al.. 1996, Muasncei &  Schiefelbein,
1996. Schiefelbein er al.. 1997). GL2
encodes o  homcodomain  protein  that
probably  functions as a  transcription
factor of genes involved in determining
the hairless cellular fate, One important
activator of GL2 is the gene TTG, because
G1.2 expression is markedly reduced in rtg
mutants (Di Cristina, 1996; Hung et al.,
1998). However. the activation of GL2 by
17TG seems to be mediated by another
gene product. In  Arabidopsis. over-
expression of the com R ¢DNA (a mye
gene), under control of the couliflower
monaie vitus 388 promoter, suppresses the
g phenotype (Galway of al., 1994), Such
information suggests that an Arabidopsis
R homolog is acting downstream of 77¢.
Moreover, transgenic 35508 GL2::GUS
plants show GUS activity throughout the
epidermis, lateral root cap cells and
cortical cells; while 35S::R gI2 plants
show a gf2 phenotype (Hung er al., 1998).
All this evidence supports that TTG
activates  an  Arabidopsis R homolog,
which in turn activates G2 (Fig. 2a).

TTG is not the only regulator of
(1.2 GL2::GUS g seedlings exhibis o
sigmificant reduction, but not a total loss,
ot GUS  activity. Interestingly,  the
remaining GL2::GUS activity is found in
the atrichoblasts, where GL2 it is normally
cxpressed (Hung er al., 1998). Therefore.,
the e mutation affects the level of 1.2
expression but not its spatial localization,
These results suggest that an additional
TTG-independent pathway restricts the
GL2 expression to atrichoblasts. Such
alternative pathway might be mediated by
CAPRICE (CP(C) that is o putative
transcription factor vxpressed in
trichoblasts. as revealed by GUS staining
(Wada et al., 1997) and preliminary in sitn
hybridization experiments (Wada er al.,
1998). The epe mutants cxpress GL2 in
ahmost all epidermal cells and have few
irregularly  distributed  root hairs,  while
A55::0PC plants have root hares in all
epidermal cells like the /2 or #re mutant
phenotypes. Also, epe g2 double mutants
have the same phenotype as g2 single




mutants {Wada er al., 1997). Together, all
this evidence indicates that CPC is a
negative regulator of GL2 (Fig. 2a). CPC
and TTG regulate GL2 via two different
pathways, because cpce g roots have an
intermediate phenotype compared to each
of the single mutants (Wada er al., 1997).

e ETRI

|

R homolog

1 __AAXRI~__
crPC —GL2 CTRI
e

ethylene

Figure 2

Members of the ethylene receptor
family share sequence similarity. and
mutations in any of them have a similar
ethylene insensitive phenotype (Hua et al.,
1995; Hua & Meyerowitz,  1998).
Analyses of single and multiple mutants
showed that ETHYLENE RESISTANT |
(ETRI), ETHYLENE RESISTANT 2
(ETR2)., ETHYLENE INSENSITIVE 4
(EINgY and ETHYLENE RESPONSE
SENSOR 2 (ERSD) have redundant
functions in the ethylene signaling
pathway (Hua & Meyerowitz, 1998). The
most studied member of such family is
ETRI1, which is a membrane protcin very
similar to the bacterial two-component
histidine kinases (for recent reviews see
Fluhr. 1998: Kieber, 1997). We have
included only the ETRI1 protein in our
model because the ethylene-binding
activity has been demonstrated solely for
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this receptor. However, it should be kept
in mind that the in vive response Lo
ethylene is probably mediated by the
formation of  multiple  complexes
(reviewed in Johnson & Ecker, 1998). It is
known that ETRI  acts upstream  of
CONSTITUTIVE TRIPLE RESPONSE 1
(CTRI, Kieber, 1997), and ETR 1 seems to
be an activator of CTRI1 (Fig. 2a) because
loss-of-function mutants of the ethylene
reeeptor family and  err/ mutants are
similar (Hua & Meyerowitz,  1998).
Finally., in contrast with the typical
mechanism of hormone action, ethylene
represses the activity of the receptor
complex upon binding. which in tum
activates  CTRI {Hua & Meyerowitz,
1998). Although the net effect of ethylene
is the inhibition of CTRI, its specific
mechanism of action is relevant for the
specification of the model (see ahead).

The ethylene response  pathway
plays a major role in root hair appearance
and development (Tanimoto er al., 1995).
Such  pathway has  been  partially
uncovered, and includes the gene CTRI
Plants with the crr] mutation have ectopic
root hairs: hut in contrast to g and gi2
plants. they have only a slight increase in
the proportion of hair to non-hair cells
(Dolan er al. 1994). The CTRI gene
encodes 2 putative  serine-threonine
kinase. and the phenotype of crrl mutants
suggests that the CTR1 protein negatively
regulates the ethylene signaling pathway
(Kieber er af.. 1993; Scheres, 1997). Also,
it is known that CTRI acts downstream of
the cthylene receptor family. The family
of genes encoding different forms of the
ethylene receptor includes ETRI, ETR2,
FEINA ERST and RS2, In vitrn assays
show that CTR! interacts with, at least,
ETR! and ERS1 proteins (Clark et al.,
1998).

AUXIN RESISTANT2 (AXR2) and
ROOT HAIR DEFECTIVEG6 (RHDG6) are
also involved in root hair development but
they seem to be part of two different
pathways downstream of GL2. Both single
axr2 and rhd6 mutants have fewer root
hairs than wild type plants, while double




axr2 rhd6 mutants do not have any root
hair. suggesting that AXR2 and RHD6
form  part of two  separate pathways.
However. the pathway including RDHO6
scems to be more important than that of
AXR2, hecause rhd mutants have tewer
hairs  than a2 muotants {see ahead),
Double axr2 rrg and ave? el mutants
have the same phenotype as a2 plants
(Masucer & Schiefelbein, 19946),
suggesting that AXR2 i< downstream of
the TTG/GL2 pathway. We propose that
GL2 inhibits the AXR2 gene, or
alternatively, inactivates the AXR2
product (Fig. 2a). This ambiguity is not
problematic  for defining the model
becanse  the mathematical  treatment s
identical in both cases. In contras., trg
rhdt and g2 rhdn mutants have more
hairs than #id6. but clearly Tewer than g
or ¢/2 plants (Masucetr & Schiefelbein,
1996y, This partial suppression ot the
nelel2 phenotype indicates that RHDO s
downstream of 776G and (1.2, However,
gl2 rhd6 mutants have more hairs than
rhd6, also supporting that there is an
RHD6-independent pathway altering root
hair  appearance. To explan the
phenotypes described above we propose
that RHD6 is inhibited by GL2 but in a
separate pathway from that of AXR2 (Fig.
Za). However. the inhibition of RHD6 by
G122 weems 1o he weaker than that of
AXR2, because the difference in the
number of root hairs between w2 and
ave?  ef2 mutants s larger than the
difference between rhidh and  rhedty ¢l
mutants, Finally, the tact thae ¢1.2:06078
expression is not altered by mutations in
AXR2, RHD6, or even GL2 (Masueetr &
Schiefelbein, 1996) suggests that there is
no feedback from RHDG or AXR2 to (51.2.

RHD6 and AXR2 seem to connect
the transcriptional regulation pathway
determining cell fate in the root epidermis
(i.e. trichoblasts or atrichoblasts) to the
ethylene response pathway via GL2. ACC,
the direct precursor of cthyvlene. induces
the appearance of root hairs in a dose-
dependent manner in wild type plants
{Tanimoto er al.. 1995). The hairless rlidt
and axar2 single muttants almost recover

6
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the wild type phenotype when treated with
ACC. However, ACC addition does not
induce root hair fonmation i eldty axe?
double mutants (Masucei & Schiefelbein,
1996}, Thiv data suggests that RHDG and
AXR2 are downstream of the ethyvlene
response pathway. Such a pathway from
the ethylene recepror to RUDO amd AXR2
shonld be independent from G20 becanse
ACC weatment does nor alter G112
expression  (Masuccr & Schiefelbein,
1996). We propose that CTRI represses
AXR2 and RHDG independently of (1.2
(Fig. 2a). We do not know. however. if
such negative regulation is exerted at a
transcriptional level or directly on the
protein.

Abnormal cell divivions and laser
cell ablation experiments show that the
expression of GF2 s o default state in the
root  epidermis: thus  the  atrichoblast
cellular Fate does not seem o involve any
extracellular signal. The tiles of epicderiml
cells are created by transverse anticlinal
divisions and further enlargement of an
epidermis initial, keeping a0 constant
nunther  of epidenal files, However,
sometimes an o epidermal cell (often a
trichoblast) divides longitudinally
originating an extra file. Trichoblasts do
not express GL2 hefore an abnornal
division: however,  in the  resulting
daughter  cefl that  overlies  only  one
cortical cell €71.2 becomes active (Fig. S in
Berger er af., 1998b). Since the expression
patterns ot GE2 O and CPC are
complementny AWadiae er af, 1997), the
latter should not be active in the newly
formed  ateichoblast, In this new
atrichoblast, either a repressor of CPC
could hecome active, or an activator could
be  absent. Somce  indirect  evidence
supports  the second  possibility.
Developing atrichoblasis, isolated from
trichoblasts. other atrichoblasts or cortical
cells, continue with their normal division
and  development into mature  non-hair
epidermal  cells,  as  evidenced by
molecular  and  maorphological  markers
(Berger ef aof.. 19980). In contrast, isolated
trichoblasts do not always continue with
their normal development. Consequently,



the non-hair cell fate (e, active 612 and
mactive €Y does not oreguire a
positional information and thus might he
the default genctic and  developmental
statec.  Under  such  scemario. the
development of a hair cell involves an
cxternal signal that initiates the expression
of CPC with the consequent inhibition of
GL2.
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The network model incorporittes the
cffect of extra-cellular signals that modify
the activation  state of  wo  network
clements: CPC and ETRY. The initiad
states of these determine which attractor is
reached. Each attractor is a particular
pattern of stable gene activation. including
AXR2 and RHD6. Morcover. the
activation state of AXR2 and RHDG can
be translated into a particular phenotype.
We determined the initial state of CPC
based on the location of cells. Epidermal
cells that contact two cortical cells express
cPC titial state = 1) while those that
cotact onhy one cell do not express this
gene (initial state = 0). Also, we assumed
that the ethylene supply. and therefore the
ethylene receptor activity, are maintained
constant  and uniform  throughout the
epidermis (Fig. 2b, and sce discussion

Netwark made! of root hair development

ahead), In our model we et ETRI=1 o
sitnulate the swild type activation devel of
cthyvlene receptor in both trichobliasts and
atrichoblasts, On the contriny, to <imulate
pharmacological treatments we have set
ETRI initial states to 0 and 2, 10 model
the addition of cthylene (or ACC) and
AVG. respectively.  This  is  because
ethvlene inhibits the activity of its own
receptor, while AVG inhibits ethylene
synthesis and  thus leads to an over-
activation of the ethylene receptor. Based
on e¢xpernimental evidence at hand, we
assutned that the ethvlene supply and the
cthylene receptor activity are maintained
comstant and  uniform  throughout  the
epidermis (Fig, 2h, and see discussion
ahead).

Finally. according to the available
molecular evidence in both normal and
abnormal division patterns, 776 should be
constitutively  expressed  in the  root
epidermis. while CPC expression should
be induced only in cells overlying two
cortical cell (see Fig. 2b)y. Our model
incorporates hoth hypotheses, The
constitutive expression ot 176G could be
maintained by a positive self-regulation
after e induction during  embryonic
development. (e possible way to atain
the localized CPC activation is by means
of o diffusible signal such as ethylene,
capable of crossing between the junction
of tongitudinal anticlinal cell walls, bt
not through them (Tanimota of af., 1995).
However. a more phiusible mechanisim
could involve a molecule  spectficatly
expressed in the anticlinal cell  walls,
capable of inducing the activation of CPC
in the contacting epidermal cells.

SIMULATIONS

Fig. 3 shows the transitton tables
for cach one of the elements included in
the  regulatory network. Half of  the
network  clements are binary viriables,
while network clements involved in the
cthylene-response pathway are modeled as
three-state  variables. The  three-state
ctements enable the simulation of the
differentisd response of roots 1o ACC (the
direct precur<or of cthylene) or AVG (an



inhibitor of ethylene synthesis) treatments.
All the tables in Fig. 3 could be united
inte a single transition table for the entire
network. thus defining the entire
dynamical behavior of the system,
However. this is not practical because a
complete table would have 1296 rows.
Nevertheless. we present in Table | the
final activation states associated with
every initial state (i.e., attractors and their
basins of attraction), excluding the
transient states. In the model. six basins of
attraction are reached. Two of them
correspond to the wild type stable
activation states of atrichoblasts and
trichoblasts. The other four correspond to
altered patterns of root hair formation duc
to experimentally induced changes in
ethylene availability. For comparison with
the “normal”™ model, we also include in
Table 1 the attractors of all the single loss-
of-function mutants. Such mutants might
be correlated with a panticular phenotype
with the aid of Table 2 (see ahead).
Multiple mutants are not shown, but they
can be derived from the transition tables
in Fig. 3.

The initial state of CPC and ETRI
alone determine which attractor is reached
by the model. Two of the final stable
states correspond  to  the cxpression
patterns observed in wild type trichoblasts
"and atrichoblasts. To simulate epidermal
cells overlying a longitudinal anticlinal
wall, CPC and ETRI initial states are set
to 1, and for the epidermal cells contacting
only one cortex cell CPC and ETR1 are
set to 0 and 1, respectively. In the First
type of cell, which correspands to a
trichoblast, the attractor reached s
11101121; while in the second one that
corresponds  to  an  atrichoblast,  the
attractor is 11011100 (Table 1). The first
attractor (11101121) includes an active
CPC variable, RHD6 equals 2 and AXR2
equals 1. Based on Table 2. these
activation states of RHD6 and AXR2 yield
a phenotype where 90% of the cells in a
file develop a hair. In the second attractor
{11011100), CPC, RDH6 and AXR2 are
equal to 0. In this particular case,
according to Table 2, none of the cells in
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the file with that stable activation state
develop o hair, These resulis of the model
match the phenotype of wild type roots in
which most trichoblasts develop a hair
while no atrichoblast do.

The other four attractors correspond
to the simulation of pharmacological
treatments on the root under a wild type
genetic background. As mentioned carlier,
we  may simulate  ethylene or ACC
treatment by setting the vaniable ETR] to
zero. In this case the attractors 11100022
and 11010011 are reached in the
trichoblasts and atrichoblasts,
respectively. The extra availability  of
cthylenc on the root induce all the cells
that contact anticlinal walls to develop a
hair. In contrast, only 30% of the cell files
that contact a periclinal wall are predicted
to develop a hair. Similarly, in order to
model AVG treatment we set the initial
state of the variable ETR1 to 2. In this
case the attractors reached are 11102210
and 110122000 for  trichoblasts and
atrichoblasts, respectively. As shown in
Table 2. these attractors correspond to 20
and 090 of cells ina file developing a hair,
respectively. The model seems Lo describe
accurately the change in the hair to non-
hair ratio due to a change in cthylene
availability { Table 3).

Our regulatory network model, in
contrast to previous root epidermis models
(Scheres, 1996; 1997; Tanimotoe er al.,
1995), can be used also to simulate gain-
and loss-of-function mutations. In our
model. mutations in all members of the
ethylene receptor family (ETR1 = 0) cause
the inactivation of CTRI (= 0). In this
case, the attractors reached by the model
arc 1100022 and 11010011, for cells
overlying two and one cortical cells,
respectively. According to Table 2, the
phenotype corresponding to these two
autractors are 100% of hair cells if over the
anticlinal wall. and 30% of hatr cells if
not, The attractors of other mutations are
also shown in Table!. Simulation results
for other mutants are shown in Table 3,
where we compare the attractors predicted
by our model for trichoblasts  and




atrichoblasts with published mutants and
pharmacological treatments. Comparison
with published results show that there is
an overall good agreement among those
and the simulated results. Finally, we
summarize some simulation predictions
for novel mutants and pharmacological
treatments in Table 4.
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Finally, it is necessary to make
clear how Table 2 was constructed since it
links the activation state of the genetic
network with a root phenotype. To obtain
the phenotype associated to each attractor
of the network model, either under wild
type or mutant backgrounds, we used the
activation states of the most downstream
genes in the model (RHD6 and AXR2). We
have inferred the effect of these two genes
on rtoot hair development based the
phenotypes of their single and double
mutants, r.e. rhd6, avr2 and rhd6 axr2
plants. In Table 2 we propose a correlation
between discretized values of the RHD6
and AXR2 variables with the percentage
of hair-bearing cells in an epidermal file.
Even though the expression levels of
RHD6 and AXR2 are not known, Table 2
reflects the fact that these  genes

Network model of root hair development

collaborate positively to the development
of root hairs and that their combincd
mutation result in a total loss of root hairs
(Masucei and Schicfelbein, 1994; 1996).
Due to the scarce molecolar evidence, and
the large variability of the published
results regarding hair count in the reported
mutants, we did not elaborate Table 2 by
using any optimization procedure. We
rather  chose  values  that  roughly
approximate the available information for
single and multiple mutants involving
RHD6 and AXR2 genes. The rightmost
column of Table 2 shows the percentage
of cells in a file that develop a hair, given
that the activation state of the genetic
network should be identical for all the
cells forming that particular file. Notice
that the response in Table 2 is not all-or-
none, there is o gradual change in the
appearinee of root hairs depending on the
values of variables AXR2 and RHD6.
Moreover, the precise location of the hairs
instde a file is not specified, thus
describing a partially stochastic process.
Fig. 4 exemplifies the gradual response in
rool hair formation under different genetic
backgrounds.

There are two sources of variation
that prevented us to make a close fit of
values in Table 2 with experimental
results. The first is the variability in the
number of hairs per file, while the second
is the variability of the number of the cell
files themselves. While the number of
epidermal files is maintained constant
during root growth, their number varies
from individual to individual. The ratio of
trichoblasts tc atrichoblasts normally
ranges between 0.5 and 1 (Dolan er al.,
1993; 1994). For such reasons, authors
report the number of hair cells as the
fraction of the total number of epidermal
cells, regardless of the number of cell
files. This explanation is relevant 1o
compare the numerical results of our
model with those results already reported.
For example, the rightmost column of
Table 3 along the wild type line indicates
that 42% of epidermal cells present hairs,
It is not reported. however, the average
number of files per individual. If the




quantificatiorn was made on plants having
a trichoblast to atrichoblast ratio of 1, then
the results would imply that 84% of the
cells in a trichoblasts file present o hair.
However, if the results were obtained with
plants with a trichoblast to atrichoblast
ratio of 0.43, then the same reported value
should imply that all cells in the
trichoblast file present a hair. Therefore, it
is important to have in mind that our
model presents results in a different way
with respect of the results reported by the
experimentalists.

DISCUSSION

Cellular interactions are important
during plant morphogencsis. However, the
precise molecular mechanisms entailed by
such interactions are only starting to be
understood. Such  mechanisms  include
how cells react to signals, and how these

are integrated among cells during
morphogenesis  (Meyerowitz.  1997).
Integrative dynamical modeling

approaches will become useful to make
progress in this area. In this paper we have
proposed a model for a mechanism by
which  cells  transduce  extra-cellular
signals, via the genetic regulatory network
that controls cell fate determination in the
ool epidermis.

We presented a simple discrete-
state model. However. theoretical studies
show that the number and type of stable
states found in discrete systems are the
same 1o those attained with appropriate
equivalent continuous models (Bagley &
Glass., 1996; Glass, 1975; Glass &
Kauffman, 1973). It is noteworthy, that in
contrast to our previous Arabidopsis
network models. this one does not include
any feedback loops. The presence of
functional positive feedback loops is a
pre-requisite to obtain multistationarity,
which s necessary to attain dilferent
stable states that represent the genetic
activation patterns observed in different
cell types (Thieffry er al.. 1995; Thomas,
1991). In the network model presented
here, cellular differentiation depends upon
the initial activation states of two
elements of the model, CPC and ETRI,

"
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which are assumed to depend on a
signaling mechanism external to the
network. This mechanism does not
preclude the possibility that future studics
uncover new  genes  and interactions
including some positive functional loops,
which may reinforce the cell patterning
process simulated by the model that we
present here.

Our  model  makes  two  basic
assumptions  concerning  the  signals
involved in cell fate determination in the
root  epidermis. Both  are  based  on
experimental  data that show  thit the
comtact  of  epidermal  eells with  a
longitudinal  anticlinal  cortex wall s
critical  for root  hair  development
(Scheres. 1996: 1997), and that the default
state scems to be the non-hair cell fate
(Berger o1 af. 19Y98a).  With  such
information we established that the initial
state of CPC depends on the position of
the epidermal cell relative to cortex cells.
A similar mechanism has been proposed
beforc by  Scheres  (1997).  This
assumption implies that an unknown
signal activates CPC in those cells that
will become trichoblasts. A cell wall
component. for example a glycoprotein,
rather than a diffusible molecule could be
involved in such mechanism. A key
prerequisite for that component is its
localization along the longitudinal
anticlinal walls of cortex cells. This type
of  cxpression  pattern has been
documented  already  in cells  of
Arabidopsis roots for some carbohydrates
{Freshour et al.. 1996).

Second, we assume in our model
that ethylene is a signaling molecule
uniformly available to all epidermal cells.
Thus, ethylene does not convey by itself
positienal  information  during  sub-
specification of epidenmal cell-types. In
contrast, some previous models assume
that cthylene (or ACQCO) diffuses only
through longitudinal anticlinal walls of

cortical  cells, inducing root  hair
development only in epidermal cells that
are in direct contact with the cleft

(Scheres, 1997; Tanimoto, 1995). The fact



that in the absence of 77(¢ and GL2. hair
formation in AVG-treated roots occurs in
the night place, partially supports the pre-
pattemming role of ethvlene. However,
there are two experimental results that
challenge such hypothesis. The first one
coimes from a trichoblast that divides
longitudinally to yield two daughter cells.
from which one becomes an atrichoblast
(Berger e ol 1998by. I a0 ditfusible
signal determined the trichoblast fate, then
both daughter cells should attain this fute.
One could still argue for a diffusible
signal that could only maintain the
trichoblast fate in one cell and not the
other, but this mechanism docs not seem a
plausible one. The second picce of
evidence is that an atrichoblast remains as
such even if surrounding trichoblasts,
atrichablasts or cortical cells are ablated
(Berger er al. 1998a). With such
experimentat manipulation any gradicnt of
a diffusible morphogen should have been
destroyed  thus  increasing  cthylene
availability. This in wm would  have
caused that isolated atrichohlast
differentiate into a trichoblast,

Previous authors have proposed
static  schematic  representations of the
gene interactions involved in o cell-type
determination in the  Arabidopsis root
epidermis (Scheres & Wolkenfelt. 1998:
Schiefelbein, 1998: Schiefelbein er al.
1997, These authors have proposed the
same architecture of mteractions among
the genes encoding transcription factors
(CPC, TTG, G2, and R homolog) that we
present here. However, we propose that
the  cthylene  response  pathway s
independent of the G1.2 pathway., although
both converge in the negative regulation
of downstream ¢lements such as AXR2
and RHD6 (see Fig. 2a) In contrast, most
previous authors have postulated that the
ethylene response pathway is downstream
and repressed by GL2 (see for example
Schiefelbein ¢r al.. 1997). However. loss-
of-function  mutations, either  on  the
ethylene receptor family or on CTR/ (Hua
& Meverowitz, 1998, Kicher ef af.. 1993)
develop root hairs in all epidermal cells,
evidencing that the cthylene response

Network model af root Bair development

pathway is active even in cells expressing
GL2. Therefore. GL2 cannot be a
repressor of the ethylene pathway (sce
Fig. 2a). Moreover. our architecture is
also compatible with phenotypes of g
and /2 muotants treated with the ethylene
synthesis inhibitor. AVG  (Masucer &
Schicfetbein, 1996). 1t is noteworthy that
in  some  previous papers these
cxperiments live been osed to postulate
that the ethvlene response pathway iy
downstream  of  GL2  (Scheres. 1997
Schiefelbein er al.. 1997). Finally. loss-of-
function mutants of the cthylene receptor
family. namely the etrl enr2 eind ers2
quadruple mutants, have a constitutive
ethylene response phenotype, like that of
ctrl mutants (Hua & Meyerowitz, 1998).
This phenotype is also compatible with
the model presented here, but not for
previous ones (see Tanimoto ef al., 1995).
In brief, our model is 4 new proposition of
the regulatory interactions between genes
and  proteins controlling  root  hair
development. Notably, it establishes that
the transduction pathway of ethylene s
paraliel. and not downstream. of the group
of transcription factors that control root
hatr  appearance. And  finally., it s a
dynmamic model that can bhe used to
deseribe and predict the stable expression
patterns, under wild type. mutants and
pharmacologically treated roots, of a
group of proleins  and  molecules
controlling root hair development,

The agreement of puoblished  and
simulated results suggests that this first
dynamical model captures key clements
involved in the genctic regulation of cel
fate  determination  in the  epidermis.
Notice the overall  agreement  among
results of the model and the published
experimental dita presented in Table 3. 1t
1s  important 10 consider  that  the
experimental results have o large standard
deviation that we did not included in the
table (see for example, Masucci and
Schiefelbemn. 1994, 1996). Sull. the
phenotypes predicted by the mode! lie
most  of the times ncar the  average
observed phenotypes but for two cases.
The model  does not reproduce  the




reduction in the number of root hairs
observed for the double mutants g axr2
and g/2 axr2, Notice. however, that the

percentage  of cectopic  hairs is  more
accurate. A partial  solution for  the
discrepancies  would  be  solved by

including a non-zero activity for ;1.2 in
the absence of the normal activation
coming from TTG. Even though there is
experimental evidence for such activity
(Hung er al., 1998), we did not include
that characteristic because it seems 1o
come from an unidentified gene not
accounted for in our model. as discussed
in a previous section. Such 77G-
independent  GL2  activation  might
contribute to a reduction in the RHD6
activity with a concomitant reduction in
the predicted number of hairs in the ng
axr? mutant, thus approaching better the
published  results. Nevertheless,  the
incorporation of such influence over GL2
would not explain the discrepancies of the
model with the gi2 avr2 mutants. In this
particular case, the presence of an
inhibitory pathway aver RHDG6
independent of TTG/GL2 might cxplain
the inaccuracy of the model. In this case
we do not posses evidence of such a
pathway, but it might be used for the
experimentalist as a chue for future work.

We still need much more molecular
and genetic data to further elaborate the
model. For example, it is known that the
gene ROOT HAIRLESS | (RILI) is an
important  gence invelved in root hair
formation (Schneider er al, 1998).
Nevertheless, we were unable to include
this and other genes because the
appropriate  multiple mutations and
molecular evidence are still unavailable.
Furthermore, available data already
suggests that there are missing genes in
the network proposed here. For example,
the phenotype of ¢pc rig double mutants
suggests that GL2Z has a basal expression
level in the absence of the inhibition of
CPC and the activation of TTG/R-
homolog pathway. This suggests that there
is another activator of GL2 yet to be
discovered.
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There is another relevant  issuc
regarding the interpretiation of our model.
The network includes many of the
repulatory  genes  that control  the
appearance of root hairs, but does not
icorporie the most downstreinn  target
genes  and  biochemical  pathways  that
directly affect the morphological cellular
processes underlying  hair  formation.
Thus, a stable activation pattern of the
network represents the activity only of
some key regulatory genes. These
regulatory genes trigger the activation and
inhibition  of  many  non-modeled
downstream pathways, which in turn
determine the cellular  fate  of the
epidermal cell. For example, the activity
of the CPC network element results in the
inhibition of GL2, causing the de-
repression of AXR2 and RHD6, which
form part of the proteins leading to the
appearance of a root hair. In other words,
the molecular events determine the
cellular fate. In contrast. some authors
imply in their schematic representations
that the ccellular fate determines the
activation state of some of the genes that
are themselves responsible for cell fate
determination (see for example Fig. 1 of

Schiefelbein, 1998), such circular
schematic models wmay lead 1to
considerable confusion,

Network models like the one

presented here are not appropriate for
anidyzing  triansient states of - cell
differentiation, nor the explicit spatial and
cellular context of developmenmt. Cell
differentiation in the root epidermis is a

continuous process. Macroscopic
differences between trichoblasts and
atrichoblasts  appear early  during
development (Dolan er al., 1993; 1994).
As development continues, epidermal
cells stop dividing and enlarge
differentially. Finally, epidermal cells

cease to grow and trichoblasts develop
root hairs, thus defining the differentiation
root zone. At this stage. epidermal cells
reach a stable state and are considered to
be mature. Different genes seem to control
different stages of this process. For
example, while TTG secems to act early,




ethylene seems to act late (see Scheres,
1996; 1997). However, once cells reach
the stable mawre state of differentiation,
the activity of such genetic products
should also reach a stahle steady state.
Discrete network models are suitable for
the prediction of such stable genetic
regulatory patterns observed in mature
cells. In this case. those steady states
correspond to the genctlic profiles of
trichoblasts and atrichoblasts in the root
epidermis. Therefore, the morphological
interpretation of our genetic regulatory
nectwork corresponds  only to  the
differentiation  region of the root.
Consequently,  our model may  not
simulate  the transitory  stages  of
development and does not consider
explicitly the gradient of cellular
differentiation that exists from the root
meristemn towards the hypocotyl.

The rapid progress in genetic and
experimental approaches will eventually
provide the data to detail the molecular
pathways and cellular mechanisms that
determine cell fate, cell shape and cell
division during organ development. Also,
they will help to understand how these
pathways are integrated and modulated by

external  signals.  However,  formal
approaches  will  become  necessary 1o
provide rigorous spatio-temporal

frameworks to integrate data, and also to
elaborate predictions that link the genetic
circuitry underlying developiment with the
final morphology of an organism,
Network models are useful to this end by
integrating these models with others that
explicitly consider the spatial and cellular
scales. In particular. Mjolsness ¢r al.
(1991) proposed a system made of a
neural network coupled to a grammar to
model cellular differentiation. However,
those authors recognized that they do not
have yet a specific biological system in
which to apply their methodology. n this
paper, we showed that since cellular fate
in the root is largely determined by
positional information, it is possibility of
developing spatially explicit models using
computational toots such as cellular
automata (Ermentrout &  Edelstein-
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Keshet. 1993) or L-systems
{Prusinkicwicz & Lindenmayer. 1990),
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TABLE 1. Basins of attraction and attractors of the network model.

Mutants Basins of Attractors
attraction {final steady
{initial states)
states)

Wild type XXX X 11ririnn »
XxXiwlamx 11101121+
xR ¥ MxEX Lre1tr 1l @
X id M Tiinee2d wi
XX . XzMXY lol2z.0 00
XX%1x2xxX 11102217 a¢

thg xx(x1xxx 00701121 *
x1x1xxx tn1o1121 **
XXX HEX rPeAnNE A
xx1x 'vnx [N VAR AN S M
ML XIXHN L3202210 ¥
XX1XIRAX Cn1p2210

P hnmolng XX NXK 1n0n1121 ¢
Xx1x1xxx 1r1n1121
XXX 1oonon2 2 A
welv vy T Yha 2
LS S 3 RS AL |
vy lwSxwy 11221 wk

cye PR A8 3 31 11n0p11et *
b33 3 315 344 11100l
XXKK2XKX 11012200 #

at? HxOx 12 1107031121 *
xxinlxxx 1111121 o+
Xx 'eUMMX 1100022 4
xX1¥ xxx 111cn22 1
XXOX2xxx 11002210 &
wxlx2xxx 11102210 u#

errl xx0xxxxx 11010011 *
X1 XxXAX 11100022 **

crrl rx{xlxxx 11viloply o»
Mxlaixxx 11101022 *~
XNTHMOXNK 11710011 @
woelar MmN 1117022 %1
MR UM NNN fiol2o1l »
xx1x2xxx 11102022 Wn

1 hrls Xx M INMx Lir1iine
xulxlunx [ R A S
MMOHIMKX | R AATRERN S
XXIN XK 11100002 2
AXOX2XXX 11012200 &
XX 1X2RXK 11102200 H4

axr) XxO0x1xxx 1t11inn
¥rlxlwxx Plriegiisn v
XM i jivinnin 4
xx1x"xrx 11100020 24
XXOxdxxn 11012200 #
XRIXIRXX 11102210 w#&

We present simulation results for wild type, and the Joss-of-Tunction mutants of all the neiwork
clements (left column). The central column comains the basins of attraction (initial states) that lead to the
corresponding attractors (final stcady states) in the right column. The state of the entirc network is represented
by a vector containing the activation states of variables TTG, R homolog (Rh). CPC, GL2, ETRI, CTR},
RHD6 and AXR2, always in this order. In the basins of attraction the initial state of the vanables can be 0, 1,
2 or X (indicating any of the possible values). In the attractors, variables attain an activation state of 0, 1 or 2,
Attractors marked with *, @ and #, are those obtained in the simulations eoder normal ethylene, ACC and
AVG treatments, respectively, Single and double symbols indicate attractor obtained in epidermal cells
overlying one or two cortical cells, respectively. Thus, the genetic activation patterns of wild type
atrichoblasts and trichoblasts are marked with asterisks in the “wild type” row,
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TABLE 2. Phenotypic ¢ffect on root hair development of all the possible activation states of RHD6 and

AXR2, the two most downstream elements of the network model.

RHD6 AXR2 | % of hair-bearing
o cells in a file
{} 0 ]

0 I 10

0 2 70

1 0 20

1 1 30

! 2 90

2 0 70

2 I 90

2 2 100

Not all cells in a file develop a hair: the table presents the percentage of cells in a particular file that
develops a root hair depending on the activation state of AXR2 and RHD6, which can be 0. 1 or 2. The tabie
assumes that all the cells ot a particular cell file have the same activation state of the corresponding regulatory
network. Notice that the appearince of roat hairs s o gradual response 1o the activity of AXR2 and REHDG.

Figure 4 comains a schematic representation of the root hair morphology under ditferent genetic backgrounds,

Table 2



TABLE 3. Companson of network simulauon predictions wath expenmental published daia.

Mutam Cells over two Cells over one Percentage of hair-cells with respect (o0 | Expenmental evidence.
cortical cells (%) | cortical cell %) the WT mudei Average pereentage of hair-cells with respeet to wild type tW T unless otherwise
stated.
WT L0121 (90) OO0 Oy U% eciopic. 42% of ¢prdermal cetls have a har, 1% ectopc tMasucct and schiefelbein. L9960
| 75% ectopic (1 Cristina er of., 1996).
{Fe ectopre ( Tammoto ef al.. 1995}
WT + ACC 11100022 (160) L1001 1 30} 14 4177 7% 23.37.57 cctopic. 126 % than without ACC. 227 ectopie (Masucct and Schicteiten, 1996)
38-50% ectopre tTanimoto ef ol 1995).
WT + AVG HHI02210(20 11012200 04 12.2% 0% cclopte. 267 than without AVG. 0% cetopic (Masuccr and Shietelbein. st
0-157 than without AVG. (V% ectopic (Tanimoto eral | 145
1"y DO 121 (%) Q0QC 12 v éh 200- WHFE, 50-66.6% celopie 223%, S 1% ectopic tMasuccr and Schiefelbein. 1996)
227% (Wada er i, 1997}
200 1 Hung er al.. 198)
ope LIOLI100 (W) OO0 W% % oWada eral L 1997).
I55:00C 11101 12) (90) TLIOMI2] by 200 KT S0-06 0% cctopic 3127 than WT tWada er af., 1997).
w2 11101120 (9 10O 21 200- MKVE. S0-66.0% cclopic 2% 537% ectopic tMasucer and Schieteibein, 1996)
50T Wada erad | [99T)
2107 tHung er af.. |998)
vird 11101022 (100) 11011011 3y 144 4177 7% 23.37.5% cotlopic. 147, 32% ectopic (Masucer and Shiclelbein, 149961
rhdt 1101101 (1hy 10T 100 ah L1 0% eclopic. Y%, 37 ectopic 1Masucer and Schicfelbein, (994, 14901
rhd6 + ACC 11100002 (7 1010001 1w 83 8-100% . 12.5-22.27% cctopre. BT than without ACC. 61°F than WT + ACC (Masucer ana ~chiefelbein, 1994,
1496
axrl 11101120 (70) 11011100 e 77 7% (% ectopic. 647 (1T ectopic tMasucer and Schifelben, 14961,
aer? + ACC 11100020 (70) 110100102 109-122 2% 22.2-36 3% cclopic. 6% than WT + ACC. |14 % than without A{CC I Masucer ang sehietelbein, (9960
e epe Q0001121 (%0) 000G 121 -0 200- 0%, 50-66.6% ectopic 1507 (Wada er el , 197
e ¢f2 Q0101121 (90) 00001 12! 200-%0%F 50-66.6% cclopic. 220% . S6% ectopic (Hung e af . 1U98)
ope gl L1012 (30) T1001121 - wh 200-300%. S0-66.6%F ectopic. 2327 Wada et al., 1997}
e rhdty 00101101 (10} 000011 b 22231 ¥R 50-060.6% cclopte 547%. 1 3% ectopic (Masucer and Schietelbein, 194961
g rhdty + ACC 00100002 (70) 00000002 + it 153 5-233 37 5{)-66.6F cclopic. 1117 Masucet and Schiefelbein, 19961

fte avr2

00101120 (7))

00001120471

|55 5.233 3% 50-66.6%F ectopic.

S9% . 0% ectopic {Masucct and Schicfelben, |9,

¢l2 rhdt 11101101 (10) L1001 101 Ly 222315 50-66.6% ectopie, 0% . 3% eclopic 1 Masucar and Schiefetbein. 996).

212 rhdty + ACC 11100002 (70) 11000002 170 155 5.233 3% 5{}-66.6F ectopic, §23% than without ACC iMasucci and Schicfelbern, 14061
g2 arer 11105120 70) 11001120:47H 155 £.233 3% 50.66.0% cclopic. 66%, 257 ectopic ( Masuce and Schietelbein, L9961

cird rhedt 11101002 (70) 11011001 ¢ 11h M8 S-HOF 12.5-22.2% ectopic. Like WT i Masucer and Schiefelbein. 1996)

rhdb axrl 11101100 () LIOLLiN 0 0% {Ft Masuces and Schiefelbein, 1996).

rhd6 axr? + ACC

11100000 (0}

11010000 ¢

N3

1% 1 Masucer and Schiefelbein, 19496)

Musants are hsted in the left column. The second and third columns list the auractor predicted for celts comacnng one or two cormical cells, respecuvely The predictzs nercentage of hair
beanng cells (sce Table 2) is presented in parentheses The third column presents the predicted phenotype as the percentage ot hair ¢ells with respect to the wild 1vpe mode: Finally, the founh
column lists expenmental results. Notice that many of the expenmental rewits are reported as phenotypes with respect of pharmacological treatments. WT = wild type: ec1oew hairs = mot har
cells developed outside their normal position. Of the 24 phenotypes included in the table. the model descnbes zocuratety 15 of them, with the predicted aumber of hain +ng at £15% of the
reported average. Seven of the phenotypes (pe, rid6, riufo+ACC, wir2, wir2+ ACC.irg cpe and g #hed6) desenbed only gualitatively by the model, with the numencal predizzon at S50% of the
reported average of root hairs. Finally, only two of the phenotvpes (17g war and gi2 wer?) are descnbed badly by the model. the probable cause of such poor fitting and the «- stzon are explained

in the discussion.




TABLE 4. Predictions of the regutatory network for mutants and pharmacological treatments not reported yet.

Mutant Cells over two Cells over one Predicted phenotype.
cortical cells cortical cell Percentage of hair-cells with respect to
wild type modcl.
rrg + ACC 00100022 (100) | OO00022 (100) 222-333%, 50-66.6% cclopic.
e + AVG 00102210 (20) OOON2210) (20) 44.4-66.6%. 50-66.6% cctopic.
cpe + ACC 11010011 (30) HOI0011 (30) 66.6-100%. 50-66.6% cctopic.
cpc + AVG 11012200 (0) 11012200 (0) 0%
358::CPC + ACC 11100022 (100) [ 11100022 (100) 222-3339%. 50-66.6% cclopic.
355::CPC + AVG 11102210 (20) 11102210 (20) 44.4-66.6%. 50-66.6% cctlopic.

el2 + ACC 11100022 (100} _| 11000022 (100) 222-333%. 50-66.6% cclopic.
el2 + AVG 102210 20) | 11002210 20) 44.4-66.6%. S0-66.6% cclopic.
ctrl + ACC 1100022 (100) [ 11010011 (100) 222-333%. 50-66.6% cctopic.
crrl + AVG 11102022 (100) | 11012011 (100) 222-333%. 50-66.6% ectopic.
rhd6 + AVG 11102200 (0) 11012200 (0) 0%

axr2 + AVG 11102210 200 [ 11012200 (0) 22.2%. 0% eclopic.

e epe + ACC

(HHMMKI22 (100}

OOOON022 (100)

222-333%, 50-66.6% cclopic.

g cpc + AVG 00002210 (20) 00002210 (20) 44.4-00.6%, 50-606.6% ¢clopic,
g g2 + ACC 00100022 (100} | 00000022 (100) 222-333%. 50-66.6% cclopic.

e gl2 + AVG 00102210 20) Q0002210 (20) 44.4-66.69. 50-66.6% cclopic.
cpe 212 + ACC 11000022 (100) | 11000022 (100) 222-333%. 50-66.6% cclopic.
cpe gl2 + AVG 11002210 (20) 11002210 (20 44.4-66.6%. 50-66.6% cclopic.
tg rhd6 + AVG 00102200 () 00002200 (0) 0%.

ttg axr2 + ACC CH OO0 20 () (HHXNKI20 (1)) 155.5-233.3%, 50-606,6% cclopic,
g axr2 + AVvG 00102210 (201 (02210 (200 44.4-66.6% . 50-66.6% ectopic.

212 rhdt + AVNG

11102200 (1)

11002200 (0)

0%,

212 axr2 + ACC

11100020 (70)

1000020 (70)

155.5-233.3. 50-66.6% ceropic.,

gl axr2 + AVG

11102210 (20)

11002210 (20)

44.4-60.64 . 50-66.6% eclopic,

cted rldty + ACC

LHTOOA2 (70)

LIOTOO0L (1)

BE.R-100%. 12.5-22.2% ectapic.

cirl riedh + AVG

LLT02002 (70)

11012000 (10)

88.8-100%., 12.5-22.2% ¢clopic,

rhd6 axr2 + AVG

11102200 (0)

11012200 ()

0%

cpe gl2 + ACC

11000022 (100}

11000022 (100)

222-3339. 50-66.6% cclopic.

cpe gl2 + AVG

11002210 (20)

11002210 (20)

44.4-66.6%. 50-66.6% cclopic.

358::CPC rhd6

11101101 (10)

11101101 (1))

22.2-33.3%. 5(-66.6% cclopic.

338::CPC rhd6 + ACC

11100002 (70)

11100002 (70)

155.5-233.3%. 50-66% cclopic.

355::CPC rhd6 + AVG

11102200 (D)

11102200 (0)

0%.

The table contains the same kind of information as the first four columns in Table 3.




CAPTIONS

FIGURE 1. Schematic representation of transverse (left) and longitudinal (right) midsections of the
Arabidopsis thaliana root. The primary root is formed by concentric layers of lateral root cap, epidermis, cortex,
endodermis, and pericycle surrounding a vascular bundle. The transverse section represents a region where the
lateral root cap detaches and root hairs begin o grow. Epidermal cells contacting one and two cortical cells
differentiate into atrichoblasts and trichoblasts, respectively. Mature trichoblasts develop a root hair.

FIGURE 2. a. Architecture of the genetic regulatory network meodel for hair development in the
Arabidopsis root epidermis. Arrows and blunt-lines represent activation and repression, respectively. b.
Assumption on signals affecting the activity of the regulatory network. Ethylene availability, acting upon its
receptor ETRI1, is assumed to be uniform across epidermal cells under normal conditions and pharmacological
treatments (thin lines). An unknown signal expressed along the longitudinal anticlinal cell walls of the cortex
cells (thick line and question mark) is assumed to activate CPC in cells overlying two cortical cells.

FIGURE 3. Transition tables for the network variables: a. Rh (the Arabidopsis homolog of the corn R
element}, b. GL2, ¢. CTR1I. and d. RHD6 and AXR2. Variable TTG is assumed to be constitutively active (see
main text), or always inactive if mutated. The state of variable ETRI1 reflects the level of available ethylene;
under wild type conditions ETR1 is set to 1. To simulate treatments with increased ethylene or ACC, ETR1 is set
to zero. Conversely, a decrease of ethylene availability, or the addition of AVG, is achieved by setting ETRI1 to 2.
Finally, CPC is set to | for cells in direct contact with two cortical cells, and set to 0 in those contacting only one
cortical cell.

FIGURE 4. Schematic representation of root hair phenotype in: a. wild type plants, b. rhd6 mutants, and c.
g2 mutants. Steady state activation patterns of the genetic regulatory network in epidermal cells overlying two or
one cortical cells are shown on the leftmost and rightmost columns, respectively. Root epidermis cell files are
schematised in the central columns. Two mutants are exemplified: one that decreases (rhd6) and another that
increases (g/2) the number of epidermal root hairs without changing the total number of epidermal cells. The
topology of the genetic network corresponds to that presented in Fig. 2a. Network elements with an activation
state equal to 0, | or 2 are represented as white. square-filted and black circles, respectively. Crosses indicate
loss-of-function mutated genes.
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