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Resumen

Durante este trabajo utilizamos diferentes estrategias experimentales para estudiar la
biogenesis temprana del cloroplasto. En primer lagar tratamos de utilizar los transposones
MuDR/Mu como herramienta para seleccionar mutantes y clonar los genes mutados. Para este
fin flevamos a cabo la caracterizacion de este sistema de transposones en Zapalote chico y ello
constituye una parte fundamental de este estudio.

En esta primera parte del trabajo, encontramos que en algunas lineas de Zapalote chico
existe un elemento que es 94.6% idéntico al elemento auténomo MuDR y este es
trancripcionalmente activo (a este elemento lo hemos llamado MuDR-Zc). En Zapalote chico la
proteina predicha de 93 kD para el gen mudrA contiene 20 cambios de aminoacidos y 10
cambios para la protefna predicha de 23 kD del gen mudrB. Asi mismo en esta raza de maiz los
transcritos de mudrA son muy escasos, mientras que los transcritos de mudrB son tan
abundantes como en lineas Mutator estandar con un bajo niimero de copias de MuDR. MuDR-
Zc es capaz de trans-activar alelos reporteros en lineas Mutator inactivas. Una caracteristica
tnica de Zapalote chico es que las mutaciones causadas por MuDR-Z¢ son somaticamente
estables. Este dato fue fundamental para el propésito de este trabajo y lo discutimos en el
Capituio |
En la segunda parte del proyecto realizamos un analis genetico de la biogénesis del cloroplasto
en Arabidopsis. En un tamizado de 1000 familias M3 mutagenizadas con EMS, 5000 familias
mutagenizadas con T-DNA y todas las mutantes en pigmentos disponibles en el Centro de
Arabidopsis, aislamos 99 mutantes con cambios en |a pigmentacién en las hojas. De estas
identificamos 7 mutantes albinas que afectan biogénesis temprana del desarrollo del
cloroplasto. Estas mutantes no expresan o expresan muy poco genes nucleares requeridos para
el mantenimiento del proplastidio. En todas las mutantes excepto en una, los proplastidios no se
diferencian lo suficientemente para formar la membrana tilacoidea. Ademas en este trabajo se
Mmuesira que existe una correlacion entre la carencia del desarrollo del cloroplasto y desarrollo
anormal de [a hoja. Basado en nuestras observaciones de desarrollo del cloroplasto durante la

embriogénesis, las mutantes afb que muestran una complementacion parcial del desarrollo del




cloroplasto durante embriogénesis han sido clasilicadas como mutaciones no autdonomas de la
célula mientras que mutaciones auténomas de la célula son aquellas que no presentan
complementacion por factores maternales durante la embriogénesis. El bajo porcentaje de
mutaciones albine obtenido es nuestro tamizade de mutantes en pigmentos sugiere que un
namero de genes relativamente pequefio son requeridos para completar la biogénesis temprana
del cloroplasto. La futura caracterizacion de estas mutantes afbino aportaran datos importantes
para el entendimiento de las vias que son requeridas para la diferenciacion y desarrollo del

cloroplasto.



Abstract

During this study we tried different experimental approaches to study early chloroplast
biogenesis We first characterized the transposon MuDR-Zc with the intent to use this
transposon as too! for cloning genes from corn. We found that some accessions of the maize
land race Zapalote chico contain one to several copies of a full-length, transcriptionally active
MuDR like element (which we have called MuDR-Zc), as well as non-autonomous unmethylated
elements. The sequence of the MuDR-Zc element is 94.6% identical to MuDR, with 20 amino
acid changes in the 93 kD predicted protein of mudrA and ten amino acid changes in the 23
kD predicted protein of mudrB. In zapalote chico. mudrA transcripts are very rare, while
mudrB transcripts are as abundant as in Mutator lines containing several copies of MuDR.
MuDR-Zc can trans-activate reporter alleles in inactive Mutator backgrounds; they match the
characteristic increased forward mutation frequency of standard Mutator lines, but only after
outcrossing to another line. A unique characteristic of MuDR-Zc is that the new mutants
recovered from Zapalote chico are somatically stable. This data was fundamental for the
purposes of our work and we discuss this in Chapter One.

For the second part of this project we performed a genetic analysis of chloroplast
biogenesis in Arabidopsis. We examined [000 EMS M3 families, 5000 T-DNA families, and all
chlorophyll pigmentation mutant lines available from the Arabidopsis stock center. In this
screen we isolated 99 pigment mutants, and of these we have identified 7 albino mutants that
affect early chioroplast biogenesis. These mutants have little or no expression of nuclear genes
required for maintenance of the proplastid. In all but one mutant, proplastids do not
differentiate enough to form any thylakoid membrane. In addition, we demonstrate a
correlation between lack of chloroplast biogenesis and abnormal leaf development.

Based on our observations of chloroplast development during embryogenesis, alb
mutants that display partial complementation of chloroplast development during
embryogenesis have been classified as non-cell autonomous mutations, while cell autonomous
mutants are those which are not complemented by maternal factors during embryogeneis. The

low percent of albino mutants recovered in our screen for pigmentation mutants suggests that
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a refatively small number ot genes arve required to complete carly steps of chloroplast
biogenesis. Further characterization of these albino mutants will begin to uncover the pathways

that are required for differentiation and development of the chloroplast.



Introduccion

La vida en la tierra, depende tundamentalmente de la energia derivada del sol. La
fotosintesis es el unico proceso bicldgico capaz de absorber esta energia para sintetizar
compuestos organicos y estos son utilizados como la Gnica fuente de energia renovable de
nuestro planeta.

Los organismos fotosinteticos absorben la luz del sol por medio de pigmentos. En
plantas y algas este proceso se lleva a cabo en el cloroplaste. H cloroplasto es el resultado de
una simbiosis ancestral enfre una bacteria fotosintética aerdbica {parecida a las cianobacterias
modernas } v una célula proto-eucarionte. Durante la evolucién de la célula eucarionte, los
organelos han desplazado a la mayoria de sus genes al niicleo, pero re-importan sus productos
con la ayuda de péptidos de transito y una maquinaria de importacién de proteinas, de tal
forma que las proteinas son reienidas en el organelo. H resultado de esta endosimbiosis y
transferencia de genes, es un sistema integrado en donde [a expresion genética de los organelos
es regulada por el nicleo (y no un organelo genéticamente semi-auténomo como se menciona
frecuentemente en la literatura). La compartamentalizacion de la célula eucarionte involucra el
desarrollo de vias que regulan la expresion de genes, la herencia coordinada de organelos y el
flujo de productos entre los diferentes compartimentos genéticos (Herrmann R. G., 1997 ). De
esta manera la diferenciacion espacial y temporal del plastidio es regulada por la comunicacion
entre el organelo y el nicleo y es mantenida por numerosas actividades regulatorias que
responden a estimulos y sefiales percibidas de otros compartimentos y esta estrechamente

coordinada con el estado de desarrolio de fa planta.



Diterenciacion del plastidio.

Los plastidios son organclos exclusivos de las células de plantas y algas. Como su
nombre lo indica (del griego plastikos: "plasticos” ). los plastidios poseen una extraordinaria
capacidad de diferenciarse, desdilerenciarse y rediferenciarse. La abundancia de cada tipo de
plastidio varia de acuerdo al tipo y al estado de fa célula. En hojas, la via principal de
diferenciacion del plastidio es la produccion de cloroplastos; en raiz, de amiloplastos; en flores
y frutos de cromoplastos y en plantulas que crecen en la obscuridad, de etioplastos. Los
plastidios son responsables de una gran variedad de procesos tales como la fotosintesis, la
produccion de aimidon, de pigmentos, de acidos grasos y de amino acidos, asi como de la
sintesis de moléculas clave requeridas para la arquitectura y el funcionamiento basico de Ia
célula (Kirk J. y R. Tilney-Bassett, |967).

Los plastidios se reproducen por fision binaria de los plastidios existentes,
independientemente de la division celular. E! proceso de fision binaria del plastidio es
morfologicamente similar al de la division de una célula bacteriana. Recientemente se demostrd
que genes homdlogos a ftsZ de Escherichia coli, el cual participa en la formacion del anillo de
constriccion que da origen a las dos células hijas, también estan involucrados en {a division del
cloroplasto. ( Osteryoung K. W. et al., 1998 ). Los estudios genéticos han demostrado que en
angiospermas, los plastidios son heredados maternalmente en forma de proplastidios. Estos
organelos son excluidos de las células espermaticas o degradados durante el desarrollo del
gametofito masculino o durante la doble fertilizacion. En cambio en gimnospermas los pro-
plastidios son heredados también a través del esperma (Warren G. y W. Wickner, 1996)

Los plastidios estan rodeados por una doble membrana y se originan de proplastidios

que estan presentes en células meristematicas de tallos, raiz, embriones y endospermo, en



donde son mantenidos en un estade indiferenciado. La biclogia def proplastidic ha sido poco
cstudiada, quizas debido a gque sen muy diticiles de atslar de células meristematicas. Sin
embargo su estructura se conace desde hace mas de 30 afios, por medio de microscopia
electrénica.

En angiosperimas existen aproximadamente 20 proplastidios por célula v su tamafio
varfa entre 0.2 a .0 pum. Bl sistema de membrana interna de este plastidio permanece
pobremente desarroliade, consistiendo sdlo de unas pocas invaginaciones y un  numero
pequefio de sacos llamados lamela. Algunas de las invaginaciones de la membrana interna
forman estructuras filamentosas y se ha propuesto que pueden ser tibulos. En el estroma (la
matriz del plastidio) existen pocos ribosomas, escasas proteinas solubles y uno o dos
nucleoides con finas fibras de DNA (Figura |}. La presencia de estas moléculas sugiere que
existe un nivel basal de expresion de genes plastidicos y nucleares que permiten la perpetuacion
de la poblacion de proplastidios en células del meristemo en division {Kirk J. y R. Tilney-
Bassett, 1967). Los proplastidios se diferencian en concordancia al tipo de célula en la cual el
plastidio reside; los mecanismos especificos que regulan esta diferenciacion son adn
desconocidos. Cuando en el primordio de la hoja, las células meristematicas inician su
diferenciacion en células del mesdfilo, el proplastidio inicia su diferenciacion en cloroplasto. Los
cambios que ocurren durante el desarrollo del plastidio se han visualizado por medio de
estudios de microscopia electronica. Durante este proceso, la invaginacion de la membrana
interna del plastidio continiia y se va formando una membrana interna a la que se le llama
tilacoide. Al principio se observan sélo algunas membranas aisladas, pero conforme la
diferenciacién procede, el nimero de tilacoides se incrementa y se van apilando en dos, tres o

mds, a esta etapa del desarrollo se le llama plastidio pregranal debido a que los apilamientos



del titacoide daran lugar al grana del cloroplasto madure (Kirk J. v R. Tilney-Bassett. [967)
(Figura I).

El tamano y la composician del plastidio también cambian durante el desarrofio del
cloroplasto. EI velumen del plastidio puede incrementarse mas de 100 veces en las células
maduras del mesofilo. debido en gran parte a la acumulacion de proteinas, lipidos v cofactores
requeridos para la fotosintesis. Estos componentes son derivados de nlimerosas vias

biosinteticas que se activan durante la biogénesis del cloraplasta (Mullet J. E., 1988).
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Figura |. Imagenes de microscopia electronica de diferentes estadios de desarrollo del
cloroplasto.

A). El proplastidio {Pp). B). Cuando los proplastidios son iluminados el volumen del
proplastidio aumenta considerablemente y en el estroma se observa la membrana interior
esparcida en todo el plastidio sin ningiin tipo de organizacion, esporadicamente la membrana
interna muestra invaginaciones( flecha pequefia), en la seccion también se observa un pequefio
granulo de almidon (A). C} La formacion del tilacoide ha inciado pero existe sdlo como
pequefias vesiculas. D) El plastidio en un estadio intermedio de desarrollo con regiones muy
cortas de fusion de tilacoides que forman el primer rudimento del grana. A este estadio se le
{lama estadio pregranal. E). Plastidio con formacion extensiva del grana por apilamiento del

tilacoide. F). Cloroplasto madure con abundante membrana tilacoidea, las cuales estan



distintamente diterenciadas en grana v titacoide estromal. B 77,000 X, € 94,300 X, D
60000 X, E75,750 X, F 43,500 X Modificado de Rebertson D. y W. Laetsch, 1973,

En el cloroplaste maduro el tilacoide se encuentra completamente ensamblade con
todos los complejos necesarios para la captura de {a luz vy el transporte de los electrones. Estos
complejos son construidos por un gran nimero de subunidades polipeptidicas codificadas en el
niicleo o en el genoma del plastidio. El tilacoide se organiza en distintas regiones, como ya se
menciono; las regiones en donde la membrana se apila da lugar al grana, las regiones que no
estan apiladas y estan en contacto con el estroma, forman el titacoide estromal. Estas regiones
estan interconectadas vy encierran un espacio interno conocido comeo lumen. Los cuatro
complejos fotosinteticos de la membrana tilacoidea estan distribuidos heterogéneamente, el
fotosistema 1 { FSI )y el complejo de la sintetasa def ATP reside Ginicamente en ¢l tilacoide
estromal, es decir en las partes no apiladas de la membrana. Por otro lado el fotosistema If {
FSIl ) se encuentra exclusivamente en el grana. A diferencia de los fotosistemas | v 1, el
complejo dei citocromo b,f estd distribuido uniformemente en toda la membrana tilacoidea, a

este fenomeno se le conoce como heterogeneidad lateral {(Hoober J.K., [984) (Figura 2).
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Figura 2. Heterogeneidad laterai de ta membrana tilacoidea.

A). Diagrama en donde se muestra la compartamentalizacidn del cloroplasto. B) Amplificacion
de una micrografia de la membrana tilacoidea en donde se observa el grana y el tilacoide
estromal. H fotosistema Il se encuentra en las regiones apiladas del tilacoide, asi el Fotosistema
[y la sintetasa del ATP se encuentran exclusivamente en el tilacoide estromal (regiones de la
membrana no apiladas). El complejo del citocromo b,f esta distribuido homogeneamente a
través de todas fas regiones de la membrana tilacoidea. El transporte de electrones eatre el
fotosistema | v el fotosistema 1l se lleva a cabo por medio de acarreadores de electrones

moviles, tales como la plastocianina y la plastoquinona. Adaptado de Malkin R. y Niyogi K.
2000.



La totosintesis es uno de los procesos mas unportantes que ocurre en el cloroplasto. En
las plantas, la fotosintesis comprende una serie de reacciones que se llevan a cabo en diferentes
partes del cloroplasto y que sc dividen en dos fases: la fase luminosa que ocurre en la
membrana tilacoidea en la cual se produce NADH y ATP v se libera oxigeno y el ciclo de
Calvin, por otro lado, se lleva a cabo en el estroma del clovoplasto. En este ciclo se usan ef
NADPH vy el ATP producidos en la fase luminosa para fijar el CO, atmosférico durante la
produccion de carbohidratos. (Malkin R. y K. Niyogi, 2000). Por muchos afios este altimo
ciclo ha sido ltamado erroneamente fase obscura de la fotosintesis, sin embargo actualmente
esta bien establecido que el ciclo de Calvin es regulado estrechamente por la fuz. En el
cloroplasto existen cuando menos dos mecanismos regulatorios dirigidos por la luz que
modulan la actividad de varias enzimas fotosinteticas. Los cambios que ocurren en ia
concentracion del Mg' vy en el pH y después de [a iluminacion y que llevan a la activacion de
varias de estas enzimas es uno de ellos. Otro mecanismo de regulacion del ciclo de Calvin es el
sistema de sefiales iniciado por la luz llamado ferredoxina-thioredoxina. En este sistema, el flujo
de electrones de la cadena fotosintética dispara una serie de reacciones redox que activan
enzimas blanco a través de la reduccion por tioredoxinas de los puentes disulfuro de estas
proteinas. Las enzimas fotosintéticas reguladas por este sistema son activadas por reduccion en

la luz y desactivadas por oxidacion en la obscuridad (Schiirmann P. y J.-P. Jacquot, 2000).

Control nuclear de la diferenciacién temprana del plastidio

El desarrollo del plastidio fotosintetico a partir del proplastidio involucra la expresion
coordinada de un gran nlimero de genes nucleares y cloroplasticos. Los mecanismos que

controlan este proceso estan pobremente entendidos. Sin embargo, en los dltimos afios se ha



reconocide que la regulacion de la transeripeion de genes plastidicos por dos RNA polimerasas
y varios factores sigma, tiene un papel clave en la dilerenciacion del plastidio en respuesta a
cambios ambientales y sefiales internas del desarrollo de la planta. También se ha demostrado
que estas sefiales son tejido y célula-especiiicas (Allison L. A. 2000}

La transcripcion de genes del plastidio ta llevan a cabo al menos dos RNA polimerasas,
una de las cuales es parecida a 1a RNA polimerasa de eubacterias, tanto en su estructura como
en el reconocimiento de los promotores. Esta enzima estd compuesta de cuatro subunidades
codificadas en el cloroplasto y se le ha [lamado PEP por sus siglas en inglés (plastid-encoded
plastid RNA polymerase). La otra enzima es codificada en el niicleo, consta de una sola
subunidad v se le llama NEP (nuclear-encoded plastid RNA polymerase ). Los genes que
codifican esta Gltima fueron recientemente clonados en Arabidopsis, maiz y trigo (Hedtke B. et
al, 1997; Chang C. C. et al, 1999; lkeda T. M. et al, 1999). PEP contiene un niicleo
catalitico que se ensambla con factores sigma codificados en el ntcleo para el reconocimiento
selectivo de promotores del tipo o 7® (- 10 /-35 ). Estos promotores no son reconocidos por
NEP, los promotores de esta enzima se encuentran entre los promotores -35 y - 1O y ain no se
ha establecido una secuencia consenso (Hajdukiewicz P. T. 1. et al, 1997; Hitbschmann T. y T.
Borner, 1998 ). Asimismo parece que PEP no reconoce los promotores de NEP. Existen
distintas evidencias de que NEP transcribe principalmente genes de expresion constitutiva (
genes housekeeping ) y PEP transcribe principalmente genes fotosinteticos. La mayoria de los
genes fotosinteticos poseen promotores que sélo son reconocidos por PEP (Hajdukiewicz P. 7. ).
et al, 1997). Los operones que contienen genes fotosinteticos, genes de expresion constitutiva
y genes que codifican para ofras funciones pueden ser transcritos por ambas RNA polimerasas.

Los genes rpoB (que codifican la sub-unidad 3 de PEP), rp/f23 rpf /28 (genes que codifican
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Figura 3. Control nuclear de la diferenciacion temprana del cloroplasto.
El modelo propuesto en donde la expresion diferencial de genes durante el desarrollo del
cloroplasto esta basado en el reconocimiento de distintos promaotores por NEP y PEP. En
proplastidios, NEP transcribe genes de mantenimiento v los genes del operon rpoB que
codifican las subunidades B, 8', R” de PEP. Asi, en cloroplastos tanto genes fotosintéticos como

de housekeeping son transcritos por PEP. Basado en Hajdukiewicz P. T. et al 1997.

En este escenario, NEP parece tener un papel primordial en el mantenimiento de los
proplastidios v plastidios-no fotosinteticos; su principal funcion es la de transcribir los genes
que son necesarios para la maquinaria de expresion de los genes involucrados en mantener al
plastidio como un compartimento en donde se llevaran acabo diferentes vias metabélicas, tal
como la biosintesis de aminodcidos, de acidos grasos y de ciertas fito-hormomas.

Otro factor importante en la regulacion de la diferenciacion del plastidio es la
activacion diferencial de factores sigma, los cuales a su vez modulan la actividad de

transcripcion de la PEP. En los altimos cuatro afios ha habido un gran avance en el

I'1




entendimiento de como estos lactores proveen al nuclee de un mecanismo para controlar la
expresion de grupos de genes plastidicos en respuesta a sefiales internas del estado de
desarrollo del plastidio ¢ tipo de plastidio y a seitales ambientales como la luz ( Allison, L. A.
2000)

En Arabidopsis se han reportado seis factores sigma denominados AtSig A afa F
respectivamente (Isono K. et al, 1997; Tanaka K. et al 1997; Yao J. et al, 1998 ) los cuales se
expresan preferenciaimente en tejidos de 1a hoja y muy poco en la raiz. La expresion de éstos
en tejidos de la hoja se incrementa con [a luz. Ademas fue demostrado que AtSig B se expresa
24 horas mas temprano que AtSig A, sugiriendo que hay una cascada de expresion de estos
factores lo cual es consistente con su papel en la induccidn de la transcripcion por luz en los
cloroplastos maduros. En maiz se han descrito también cinco factores sigma plastidicos,
ImSigl™, ZmSig2*, ZmSig |, ZmSig 2 y ZmSig3 los cuales presentan un patrén de expresion
muy especifica (Tan S. y R.F Troxter, 1999; Lahiri S. D. y L. A. Allison, 2000 ) (Figura 4). Un
estudio en donde se usaron aniicuerpos que reconocen los factores ZmSigl ™ y ZmSig2* pero
que no reconocen ninguno de los otros tres, mostrd que ZmSigl* y ZmSig2™ se acumulan
preferencialmente en las hojas verdes, que no se acumulan en la raiz y que ZmSig2* se expresa
también en etioplastos, lo que sugiere que éste puede estar involucrado en la transcripcion de
genes de mantenimiento & housekeeping (Tan 5. y R.F Troxler, 1999}. Por otro lado se
encontré que ZmSig3 se expresa en tefidos no fotosinteticos tal como raiz, hojas etioladas y en
fa porcion basal de la hoja en donde se encuentran plastidios en proceso de diferenciacion,
mientras que ZmSig| se expresa exclusivamente en tejidos que contienen cloroplastos maduros
(Figura 4) (Lahiri S. D. v L. A. Allison, 2000 }. Asi, parece que la expresion diferencial de

factores sigma y por ende el reconocimiento de un promotor por dicho factor, responde a
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Transcripcion inducida
Celulas maduras

(Cloroplastos maduros) (23 imSio

o gt

Células en elongacién
{Cloroplastos en desarrollo)

Transcripcidén constitutiva

Células meristimaticas (‘35/‘10)(—21118ig1
(Proplastidos)

Figura 4. Modelo de la funcion de factores sigma durante el desarrollo del cloroplasto.
En la hoja de maiz existe un gradiente de plastidios en diferentes estadios de desarrollo, en la
region meristematica en Ja base de la hoja existen solo proplastidios, la zona de elongaciéon
celular contiene cloroplastos en etapas tempranas de desarrollo y la parte superior de la hoja
contiene células maduras con cloroplastos completamente desarrollados. ZmSig3 se expresa
solo en la region meristemdtica de fa hoja. ZmSig! se expresa solo en tejidos en donde existen
cloroplastos maduros. La expresion diferencial de factores sigma responde a sefiales como el
estado de desarrollo de la planta, tipo de tejido v factores ambientales como luz, Estos factores
reconocen un promotor especifico dependiendo de la sefial que se encuentre presente.

Adaptado de Lahiri S. D. y A. Allison, 2000.
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Seftales que participan en la diferenciacion del cloroplasto.

La Onica sefal necesaria conocida hasta el momento para el desarrollo del cloroplasto
es la luz . Las plantas durante todo su ciclo de vida tienen la capacidad de percibir la calidad,
cantidad, direccion y duracion de la luz y usar esta informacion como una sefial para modular
sut crecimiento y desarroflo.

Las plantas regulan la expresion de sus genes espacial y temporaimente por la
integracion de sefiales celulares originadas por la luz, con programas intrinsecos de desarrollo
a través de una maquinaria molecular que incluye: a) fotoreceptores, los cuales perciben (a luz
de diferentes regiones del espectro solar, b) segundos mensajeros que amplifican fa sefial y ¢}
efectores celulares que traducen la sefial al nicleo y disparan una cascada de cambios en ia
expresion de genes. Cuando una planta es iluminada y emerge del suelo, ocurre un proceso
llamado fotomorfogénesis que se caracteriza por la inhibicidn del crecimiento del hipocétilo, la
expansion de los cotiledones, {a formacion de pigmentos v tricomas asi como [a diferenciacion
de hojas y cloroplastos. La expresion de los genes cloroplasticos codificados en el nicleo como
CAB y RBSC se incrementa mas de 100 veces después de Ja iluminacion (Chory J. er al, 1989).
La cantidad y [a calidad de luz también regulan la sintesis, la composicién v la estequiometria
de los pigmentos vy las proteinas de los centros de reaccién fotosinteticos FSI y FSII. Los
cambios mediados por la fuz en la biogénesis de los fotosistemas ocurre a muchos niveles,
incluyendo: la regulacion de la trancripcién, la traduccion vy ia estabilidad de fos mRNA de los
genes fotosinteticos; el apilamiento y la ultraestructura del tilacoide { revisado en Gruissem W.

y 4. C. Tonkyn, 1993 ). En contraste, cuando la plantula esta creciendo bajo el suelo o en la



obscuridad, presenta hipocotilos elongades, cotiledones cerrades fermando un gancho apical.
los cotiledones no contienen cloroplastos sino etioplastos y no existe expresion de genes
fotosinteticos. A este tipo de desarrollo se le Hama etiolacién & escotomorfogénesis.

Las plantas superiores tienen al menos tres sistemas de fotoreceptores que median su
respuesta a luz: los fitocromos responsables para la deteccion de luz roja/roja lejana del
espectro visible (longitud de onda entre 600-800nm) aunque también tienen la capacidad de
detectar la luz azul/luz ultra violeta-B. En Arabidopsis existen 5 tipos de fitocromos
denominados phy A a la E. Los criptocromos son otros de los fotoreceptores de plantas los
cuales detectan luz azul/luz ultravioleta-A. A la fecha han sido descritos 3 diferentes
criptocromos, CRYI, CRY2 y NPHI (non-phototropic hypocotyl). Los criptocromos, o
receptores de luz ultravioleta-B, atin no han side caracterizados molecularmente (Batschauer
A, 1998).

Las aproximaciones genéticas en Arabidopsis han sido muy fructiferas para la
identificacion de genes nucleares que participan en la traduccion de la sefial luminosa y que
afectan la biogénesis del cloroplasto y la morfogénesis en general. Estas mutantes pueden
clasificarse en dos amplias categorias; a) mutantes en fotoreceptores, la mayoria de estas
mutantes tienen fenotipos de plantas que crecen en la obscuridad, atin cuando estan creciendo
en presencia de luz monocromatica que normalmente captura el fotoreceptor silvestre y b} las
mutantes en transduccion de la sefial, estas mutantes tienen fenotipos similares a plantulas que
crecen en luz cuando estan creciendo en la obscuridad (Chory 1. et al, 1989). A las mutantes
del primer grupo se les ha llamado fy; varias de estas mutanies tienen defectos en
fotoreceptores especificos, solo fiy5 no es una mutante en un receptor  Batschaver A., {998).

El gen HY5 ha sido clonado y se conoce que codifica un factor de transcripcion que activa
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genes que responden a fuz (Qyama T et al 1997} Las mutantes del segundo grupo incluyen a;
cop (constitutive photomorphogenesis) v det (de-etiolada) {para revision ver Deng X. W.,
1994: Chory J. et al, 1996). Los loci COP/DET son idénticos al previamente identificado
FUS (fusca). Las mutantes /us se caracterizan por la gran acumulacion de antocianinas aiin en
la obscuridad (Kwok S.F. et al, 1996). COP/DET/FUS actian como represores de la

fotomorfogénesis v son inactivados por sefiales de luz percibidas por los fotorreceptores.

Organismos utilizados como modelos para el estudio del desarrolio del cloroplasto

Debido a la importancia que tiene la fotosintesis, la mavyoria del esfuerzo de las
investigaciones concernientes al desarrollo del cloroplasto se ha orientado a la comprensidn del
metabolisme asimilatorio y biosintétice de este organelo, especialmente a [z fijacion del CO,. H
aparato fotosintetico constituye el principal componente protéico del cloroplasto; de los
cientos de proteinas que participan en la fotosintesis, menos del uno por ciento son codificadas
por el genoma del cloroplasto, la mayoria de las proteinas son codificadas en el ntcleo. Las
protefnas que son codificadas en el nicleo participan en muchos procesos del cloroplasto que
incluyen franscripcidn, procesamiento de RNA mensajero, traduccion, ensamble e insercion de
proteinas, sintesis de lipidos y aminoacidos, entre otros. Debido a que en el genoma del
cloroplasto hay pocos marcos de lectura abierta de funcién desconocida, lo mas probable es
que 1a mayoria de factores que participan en procesos regulatorios en respuesta a sefiales
ambientales y de desarrollo, sean productos de genes nucleares.

Se han utilizado diferentes estrategias experimentales a lo largo de los afios para
estudiar el desarrolio del cloroplasto. Historicamente, las aproximaciones bioquimicas

resultaron ser muy Gtiles para identificar los genes estructurales de la maquinaria basica de la
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fotosintests. Tambicn el uso de mutantes en el analisis de la fotosintesis es una herramienta bien
establecida. Los tres organismos mas ulilizados genéticamente para este propésito son: el alga
unicelular Chlamydomonas reinhardtii, la dicotiledénea Arabidopsis thaliana y la
monocotiledonea Zea mays. Chlamydomonas es (inica entre estos organismos, ya que tanto el
genoma nuclear como el cloroplastico pueden ser transformados en individuos no fotosintéticos
y producir progenie. En maiz y Arabidopsis, la mayoria de las mutantes fotosintéticas tienen
que ser propagadas como heterdcigas, por lo que es dificil identificar segundas mutaciones gue
supriman el defecto fotosintético. Por otro lado, las plantas presentan frecuentemente genes
multiples con funciones redundantes, lo cual dificulta determinar la funcién de los genes
especificos {Grossman A. R., 2000).

Aunque Chiamydomonas es en muchos senttdos un organismo experimental ideal, no
es il para elucidar mecanismos regulatorios en plantas que involucran comunicacion entre
diferentes tejidos. Entre las plantas terrestres, el maiz ofrece propiedades tnicas que facilitan el
andlisis de fenotipos mutantes y la clonacién molecufar de los genes mutados. La clonacion de
genes por la insercion de transposones ha sido una técnica muy exitosa. Recientemente, con el
proyecto de la base de datos de maiz ZmDB {Zea mays Data Base), estan siendo desarroliadas
nuevas estrategtas genOmicas utilizando técnicas de PCR y rescate de plasmidos para
identificar mufaciones en genes especificos mutados por un transposon { Gai X. et al, 2000).
Otra ventaja es que los estudios bioquimicos se facilitan en esta planta por el gran tamafio de
sus semillas, lo cual permite a la plantula crecer hasta que ha alcanzado estadios de tres o
cuatro hojas, tiempo suficiente para colectar material de hojas o raiz. Por otro lado, en maiz

existe un gradiente de proplastidios en maduracion y cloropiastos maduros, separados
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espacialmente a lo large de ta hoa, lo cual puede ser muy il para estudios de desarrollo del
cloroplasto.

Actuaimente Arabidopsis es una de los modelos mas utilizados, debido a que tiene un
ciclo de vida cortoe, es una planta pequefia que permite hacer biisqueda de mutantes entre miles
de plantas sin que se requiera de mucho espacio, su genoma ha sido totalmente secuenciado vy
se han generado una gran cantidad de marcadores moleculares que permiten el mapeo de

mutaciones y la clonacion de genes por posicion en un tiempo relativamente corto.

El maiz como un medelo de estudio

El maiz es el principal cultivo extensivo en México y representa una fuente importante
de alimentacion. En México, el consumo anual per capita de tortillas es de [80 kg/afio (~0.5
ke al dia) y se ha estimado que en areas rurales las tortillas proveen cerca del 70% de las
calorias adquiridas durante la alimentacién (Salvador R., 1997). Pero el maiz es importante en
México no solo por razones econdmicas, bioldgicamente tiene un gran valor ya que México es
su centro de dispersion. Los datos antropoldgicos v genéticos sugieren que ef maiz se origind a
través de la domesticacion del teocintle (Zea mays ssp. parviglumis o spp mexicana), un pasto
relacionado al maiz actual (Goodman M. N. y W. . Brown, 1988). La diversidad genética mas
amplia del maiz se encuentra representada en las variedades criollas de nuestro pais (Doebley

J.yR. L Wang, 1997).

El maiz es la principal monocotiledonea utilizada como modelo en investigacion basica
para estudiar procesos fisiologicos fundamentales de cereales, los cuales contribuyen a nivel

mundial con un 70% de las calorias de la dieta humana. La mayoria de los cereales son
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tratados como un solo sistema genctico. debido a que en su genoma ¢l orden de tos genes se ha
conservado. i los cromosomas individuales se disectan en segmentos, y estos segmentos se re-
arreglan, los cromosomas pueden ser alineados en bloques que se relacionan entre si (Moore et
al., 1995). Asi, las preguntas que se resuelvan utilizando al maiz come modele, daran mucha

luz sobre mecanismos semejantes que ocurren en otros cereales.

Los transposones como una herramienta para el analisis de mutantes y la clonacién de

genes en maiz.

Una de las ventajas mas importantes que tiene el maiz como modelo de estudio es la
presencia de varios sistemas de elementos moviles o transposones en su genoma, lo cual
permite generar un gran nimero de mutantes y la clonacidn de sus genes por abanderamiento
del transposén. El uso de transposones para la clonacion de genes en maiz es en la actualidad
el tinico método practico disponible. Las famifias de transposones Ac/Ds y MuDR/Mu han
sido las mas utilizadas en experimentos de mutagénesis. En lineas en donde los elementos
regulatorios (llamados tambien elementos autonomos) Ac o MuDR estan transcripcionalmente
activos, los elementos no autonomos de las famiiias, los cuales tienen sitios de unidn para la
transposasa en las terminales invertidas repetidas (TIRs), son movilizados para crear una nueva
insercion {Waibot V. 1992; S. L Dellaporta, 1996) . Durante un experimento de
abanderamiento, la actividad del transposon es convenientemenete monitoreada con un alelo
reportero que tiene un fenotipo que es visible después de la excision de el transposén. En la
Figura 5 se ilustra la progresion de eventos durante la movilizacion de un transposén, en este

caso se ha usado como gjemplo el sistema MuDR/Mu, pero este mismo modelo podria
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Figura 5. kventos que ocurren durante Ia movihzacion de un transposén.
A) El gen C coditica una enzima necesaria para la acumulacion de clorolila en las hojas,
cuando el gen C es activo las hoyas son verdes, B) MuDR codifica una transposasa que acliva la
transposicion de los elementos Mu. El gen C es inactivado cuando un elemento Mu se inserta
dentro de el, lo cual origina un lenotipo mutado en donde las hojas no acumulan clorofila. €)
St durante ef curso del desarrollo Mus transpone fuera del gen ¢ la funcion del gen es restaurada

y se observan sectores de reversion somatica en donde hay acumulacion de clorofila.

La familia de transposones MuDR/Muy tiene dos ventajas principales como sistema
global de mutagénesis con respecto a Ac/ Ds. a) Mu tiene un gran nimero de copias, por lo
que su frecuencia de mutacién es muy alta (107 - 10° por locus por generacion ). b) los
elementos de esta familia se insertan preferencialmente en genes a traves de todo el genoma. En
cambio Ac/ Ds tiene una baja frecuencia de mutacion (10° por iocus por generacion) y estos
elementos se insertan preferencialmente en sitios cercanos a la insercion original (Dellaporta §.
L., 1996). Sin embargo 1a clonacién de alelos mutados con Mu puede ser una tarea dificil,
debido a que la mayoria de fas fineas Mu contienen numerosos elementos y la identificacion del

gen mutado que esta dando origen al fenotipo de interés, puede Hevar varios afios,

La familia de transposones MuDR/ Mu

La familia MuDR/ Mu también llamada Mutator es uno de los sistemas de transposones
mas diverso; estd compuesta de cuando menos ocho elementos no autonomos Muf - Mu8
cuya actividad es regulada por MuDR. Los diferentes elementos de esta familia comparten
secuencias conservadas en las TIR de aproximadamente 200-215 pares de bases {pb). En las
TIR se encuentra el sitio de union de Ia transposasa (Benito M.-l. y V. Walbot, 1997). Las

secuencias internas de estos elementos no estan relacionadas a la secuencia interna de MuDR,
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intrones del gen A
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Figura 6. Estructura del elemento auténomo MuDR.
Con el objeto de estudiar la distribucion de transposones Mutator en diferentes lineas de maiz
actuales y tratar de averiguar el origen de estos transposones, el laboratorio de la doctora
Virginia Walbot de [a universidad de Stanford realizé una bdsqueda en varias lineas de maiz de
estos transpososones. Esta consistio en experimentos de hibridacion tipo Southern utilizando
como sonda al transposon MuDR. Se encontrd que la dnica variedad natural que contenia un
elemento relacionado a MuDR, pero con un menor nimere de copias, es la variedad mexicana
Zapalote chico . Esta variedad es cultivada en el Istmo de Tehuantepec v se caracteriza por ser
muy resistente a la sequia, las enfermedades y los vientos fuertes. Varias lineas (linea es usado
como traduccidn de accessions) de Zapalote chico colectadas en el Istmo de Tehuantepec
mostraron una elevada frecuencia de mutacion siendo hasta 100 veces superior a la de otras
veriedades de maiz aunque tres veces inferior a ia de una linea Mu. Esto sugeria fuertemente la

presencia del efemento auténomo MuDR transcripcionalmente activo.

La presencia de este transposon en Zapalote chico representaba una ventaja para la

seleccion de mutantes y fa clonacion de genes de interés en nuestro laboratorio por varias
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razones: por un lado tiene un nimero de copias menor de elementos Mu y por otro lade
Zapalote chico crece bien en México Ambas caracteristicas son muy importantes, ya que para
la identificacion del gen mutado se requiere de propagar la planta heterociga cuando menos
durante dos generaciones v las plantas Mu estandar crecen pobremente en algunas regiones de
México en donde la intensidad de luz es muy alta.

La generacion de mutantes fotosinteticas por la insercidn de transposones es
especialimente Gtil, debide a que el fenotipo es facilmente visible v los sectores con reversion
fenotipica por excision del transposdn son 3 prueba irrefutable de que la mutacion es causada
por la insercion de un transposdn. En este trabajo exploramos la posibilidad de utilizarlos como

herramienta para aislar mutantes en el desarrolio del cloroplasto

Objetivos del proyecto

El oEjetivo de esie trabajo es idéﬁtific;r genes quem parii‘éipaﬁ en la biogéneéis temprana
del cloroplasto. Para ello se utilizaron como modelos maiz y Arabidopsis, debido a las
diferentes ventajas que cada uno de ellos ofrece. Por un lade tratamos de establecer un sistema
de clenacion de genes en maiz utilizando como herramienta el transposon MuDR en Zapalote
chico. Por lo que uno de los objetivos de esta parte del trabajo fue el analisis del transposon
MuDR en Zapalote chico con el fin de poder establecer un sistema de clonacidn de genes en
esta raza de maiz. En resumen, las dos preguntas que pretendiamos responder son: ;existe en
Zapalote chico el elemento MuDR activo?, ;es posible desarrollar estrategias para clonar
genes marcados con Mu en Zapalote chico? Si esto fuera posible, tendriamos una herramienta
muy practica para facilitar el desarrolio de {a clonacion de genes en una raza de maiz que

crece bien en México.De ello se habla en el capitulo | de esta tesis. Por otro lado, en
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Arabidopsis nos enfocamos a hacer un anjlisis genético de la biogénesis del cloroplaste a
traves de la caracterizacion de mutantes afectadas en el desarrofio temprano de este organelo;

los resultados se presentan en el capitulo il.
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Capitulo |

caracterizacion de MuDR en Zapalote chico

Existen varias caracteristicas que definen a una linea Mutator estandar, entre ellas se
encuentran; la presencia del elemento MuDR y elementos Mu no metilados. Ha sido
demostrado que la metilacion de estos elementos lleva a la pérdida de la actividad Mutator
(Revisado en Walbot V. y G. N. Rudenko, 2001}. La expresién abundante de los transcritos
mudrA 'y mudrB es otra de tales caracteristicas, los elementos auténomos pueden perder
espontaneamente su actividad durante el desarrollo, un proceso que es acompafiado por
metilacion llevando al silenciamiento transcripcional del elemento (Martienssen R.. A. vy A.
Baron 1994). Una de las caracteristicas que hacen de las lineas Mutator un sistema eficiente
para la generacién de mutantes y el abanderamiento de genes es su alta frecuencia de
transposicion (20 al 00 veces por arriba de las mutaciones espontaneas o de las mutaciones
causadas por Acy Spm ) resultado del alto nitmero de copias de elementos Mu. MuDR/Mu
presentan transposicion duplicativa en célufas pre-meidticas y células gametofiticas, las
excisiones de elemenios Mu ocurren sélo durante fas tiltimas divisiones celulares de tejidos
somaticos y se observan como pequefios sectores en donde se ha restaurado el fenotipo en
anteras, aleurona y hojas. { Levy A. A. y V. Walbot, 1990). Nosotros examinamos cada una
de estas caracteristicas en Zapalote chico para determinar si estas se conservan y si es posible
utilizar estos elementos para la seleccion de mutantes y el aislamiento de los genes mutados. A

continuacion se presentan los resuitados.

28



Copsiight & 1998 by the Genetics Soclety of Astedica

Transcriptionally Active MulDR, the Regulatory Element of the Mutator
Transposable Element Family of Zea mays, Is Present in Some Accessions
of the Mexican land race Zapalote chico

Maria de la Luz Gutiérrez-Nava,* Christine A. Warren,!! Patricia Leén* and Virginia Walbot'
Bl

~Institute de Biotecriologla, Untverstdad Nacional Autonoma de Méxice, Apdo. 510-3. Cugrnavaca, Morelos 62271, Mxico

and *Depattment of Biological Sciences. Stanford University, Stanford, California $4305-5020

Manuscript recewved October 28, 1998
Accepted for publication January 2, 1998

ABSTRACT

Ta date, mohile Mu wanspasons and thewr autenomous regulator MulDR have been found enly in the
two known Mutator lines of maize and their immediate descendants. To gain msight into the origin,
organization, and regulation of Mutator elements, we surveyed exotic maize and related species for cross-
hybridization to MuDR. Some accessions of the mexican land race Zapalote chuco contain one o several
copies of fulllength, unmethylated, and transcriptionally active MulDR ke elements plus norrautonomous
Mu elements. The sequenced 5.0-kb MuDR-Zr element is 94.6% identical to MuDR, with only 20 amino
acid changes in the 93-kD predicted protemn encoded by mudrd and ten amino acid changes in the 23
kD predicted protein of mudrB. The terminal inverted repeat {TIR) A of MuDR-Z¢ is identical to standard
MuDR;, TIRB is 11.2% divergent from TIRA. In Zapalote chico, mudrA transcripts are very rare, while
mudrB transcripts are as abundant as in Mutator lines with a few copies of MuDR Zapalote chico hnes
with MuDRlike elements can trans-activate reporter alleles in inactive Mutator backgrounds; they match the
characteristic increased forward mutation frequency of standard Mistator lines, but only after cutcrossing to
another line. Zapalote chico accessions that lack MuZlRlike elements and the single copy MuDR al-mum?Z

line produce few mutations. New mutants recovered from Zapalote chico are somatically stable.

OLECULAR, genetic, and anthropological data
indicate that maize arose in what 1s now Mexico
through domestication of teosinte, a grass closely related
to preserit-day maize (Goopman and Brown 1988). Do-
mestication s proposed to have occurred once, not
more than 10,000 years ago (DoesLEY 1990). Because
this is such arecent event on an evolutionary time scale,
corn should have a very homogeneous genome. How-
ever, both the allelic diversity (SHATTUCK-EIDENS ef al,
1990) and the range of genome size (from 9.82 to 12.12
pg; RAYBURN e al 1985) are among the highest for
any eukaryotic species, In the short time span since
domestication, transposable elements and selection for
growth in many habitats are proposed to have played
important rolesin first generating and then maintaining
this diversity (ScHwarz-SommMmzr ef al. 1985; Kiogc-
KENER-GRUISSEM and FREELING 1995; WaLsoT 1996),
Characteristically, active transposable elements are
found in a few populations within a species, and both
the origin and malntenance of transposable elements
remain enigmas (Capy ef al. 1994). Within a lineage,
fransposons are transmitted in predictable, albeit non-
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Mendelian, patterns and often exhibit mechanisims to
increase copy number, In ad dition, analysis of Pand Mari-
ner elements in Drosophila spp. and insertion sequences
in bacteria implicate horizontal transmission as a possi-
ble explanation of the punctate distribution of active
transposons, at least for some cases {Capy ef al. 1994).

The Mutator transposons of maize are one of the most
actlve transposable element families described in any
organism. Standard Mutator activity is defined by a suite
of characters: high forward mutation frequency {1073
to 107° per gene per generation), frequent somatic exci-
sion late in development, and infrequent germinal exci-
ston (<107%to 1077 per gene per generation} (reviewed
in WarLBot 1992). These features have only been ob-
served in plants derived from a single line of maize,
first described as Mutator by RoserTsoN (1978). These
standard Mutator Hnes have multiple copies of a diverse
family of transposable elements. My elements share
~Z10-bp Terminal Inverted Repeats (TIRs) and create
8-bp host sequence duplications at the site of insertion.
The Mu transposon family is composed of at least six
distinct subfamilies that are distinguished by unique
internal sequences between the TIRs (reviewed in Ben-
NETZEN 1996). In standard Mutator lines, the 4942-bp
MuDR regulatory elements are present in 5-50 coples
{HersHBERGER et al 1991}, and non-autonomous Mu
element copy numbers are even higher (ALLEMAN and
FrerLING 1986; TaAvLor and WaLsoT 1987; reviewed in
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WaLsoT 1991). All of the Mu elements exhibil non
Mendelian inheritance, with copy number malitalned
on outerossing by replicative transposition late (n the
sporophytic or during the gametophylic plwase of the
Hfe cycle (reviewed in WaLpoT 1991; BENNETZEN 1996).
Collectively, the multl copy Mu clements increase the
mutation frequency 20-100-fold or more above the
spontaneous level (reviewed in WaLsoT 1992; BENNET-
ZEN ei al, 1993). In these standard Mutator lnes, loss
of Mutator activity is an epigenetic phenamencn rather
than the result of segregation of MuJR; loss of activity is
correlated with Increased methylation of the regulatory
MuDR and non-autonomous Mu elements (reviewed in
CHANDLER and HARDEMAN 1992; BennerzEn 1696).

A few exceptional Mutator Yines contain only a single
MuDR that segregates as a near-Mendelian factor; these
lines were derived from standard. high copy number
Robertson lines with the al-mumZ or al-mum3 reporter
ajleles (RoBeErTson and STINARD 1889, 1992; CHoMET
et al. 1991; LiscH e al. 1995). In the most thoroughly
analyzed example, the MuDK element is located on
chromosome ZL (RoserTson and STinvarp 1992; Lisch
ef al. 1985). At this location, it programs the standard
pattern of high frequency somatic excision. However,
few element insertions occur and both MulDR and Mu
element copy numbers typlcally remain low (LiscH et al
1995). Independently, ScHNABLE and PETERsON {1986,
1988, 198%9a,b) described Cy'rey;, a two-element trans-
posable element system that has turned out to be a low
activity Mutator line; Cy lines often contaln a single,
segregating regulatory element, riow known o be a
MuDR (Hsia and ScHnaBLE 1986). The sequence of
MuDR (HERSHBERGER et al. 1991) is identical to Cy
(Hsta and ScHNaBLE 1836) and, with the exception of
a single, Inconsequential base change, identical to the
single MulIR in the al-mum?Z lines (JAMES et al. 1993).
Consequently, the differences between high- and low-
activity Mutator lines cannot be explained by differences
in the primary sequernce of MuDR.

Based on Southern hybridization, all Zeaspecies tested
contain multiple, dispersed sequences homologous to
segments of Mu elements; some of these widely shared
sequences appear to be parts of genes that have become
incorporated intc a Mu element (TALBERT ¢ al. 1989).
By Southern hybridization, TIR-homologous sequences
are not found beyond the genus Zea and the maize X
Tripsacumn hybrid specles Trpsacum andersonii {TaL-
BERT ef al. 1990}, However, genomic clones with se-
quences similar to Mu TIRs and Hmited regions of simi-
larity to MulIR have been reported in rice (Eisen ef al.
1994; IsHikAWA et al. 1994). Within malze, MuDR is not
widely distributed (HERSHBERGER ef al 1991), nor is
Mutator activity. The largest survey to date tested maize
lines for a Cy capable of activating somatic instability
of bzl-rey. ScHNABLE and PeTERSON (1986) found that
active {y elements were nearly restricted to the original
Cyline and Robertson’s Mutator lines. Weak Cy activity

was [ound sporadically tn a few plants in 7 of 47 other
lines surveyed, but this rave occurrence could represent
activation of crypue regulatory clements [rom the Cy
parent; this possibility could not be tested as Mul2Rhad
not yet been cloned. Because standard Mutator actlvity
creates S0 marly mutations. 1t is not surprising that MuDR
Is apparently missing from most strains of corn.

We are interested in whether AMuDR can be maintalned
in the maize genome. To address this question, we sur-
veyed for MulJR in American inbreds. exotic malze
lines, and Zea spp. by Southern blot hybridization. While
nearly all lines had cross-hybridizing fragments. only the
Mexican land race Zapalote chico had a multicopy cross-
hybridizing band of approximately the correct size. Anal-
ysls of different accessions of Zapalote chico demon-
strated that only a subset of the population contains
MuDR ke elements: only the Zapaiote chico lnes with
MuDRltke elements exhibited a high forward fre-
quency.

The sequenced example of a MuDRIke element of Za-
palote chco (MulDRZc} 1s highly similar to MuDR and
encodes similar transcripts. Unlike standard Mutator lines,
which generate new mutants during selfing and out-
crossing, Zapalote chico exhibits hybrid dysgenesis. Seif-
pollinated lines produce few mutations, but outcrosses
to non-Mutator lines activate a high forward mutation
frequency. Inaddition, new mutants are somatically stable,
at least in seedlings. Zapalote chico is cultivated by the
Zapotecs, a Native American peaple of Oaxaca, Mexico.
This line Is their economic staple and by their oral
history has been cultivated for more than 5000 years,
tracing to their cultural origin in the highlands of Cen-
trai Oaxaca. We discuss the possibility that selection for
a highyielding stable crop has resulted in the novel
properties of the Mutator system in Zapalote chico.

MATERIALS AND METHODS

Mutator terminology: MulR is the regulatory Mutator ele-
ment, and this name replaces prior nomenclature; MuAZ (Qin
etal 1991}, MuR1 (CHOMET ef ai. 1991), Mu8 (HERSHBERGER
e al, 1991), and Cy (Hsia and ScunasLe 1996). AMuelements
share ~200-bp TIRs with Mul)R and require transcriptionally
active MulJR to be mobilized.

Plant material: Active Mutator individuals with the fz2-
mud::MuDR allele (family M87) were used as the Mutator
stock for DNA and RNA analysis; thus is a multicopy, standard
Mutator lire with a MuDR transposon inserted in the second
exon of the fzZ gene {HERsHBERGER et al, 1991). The k22
tester line 1n inbred W23 was used as the non-Mutator stock
for most molecular analyses and for the mutagenesis tests; an
aZ tester constructed in W23 by this lab, and an a2 tester
obtained from the Maize Genetics Cooperation Stock Center
{Urbana, IL.) in a mixed nuclear background, were used for
the Southern blot survey. For the original survey, all of the
exotic lines of maize and the Zea spp. (listed in 1982 inventory
as Zea mexicana luxurians, mexicana, nobogame, parvighumis,
and peruviensis, Z. perennis, and Z. diploperennis) were obtained
from the Stock Center. The Zea spp. collections now reside
at the USDA Plant Introduction Station (Ames, IA), For subse-
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quent experhmerts, oxisting Zapalote chico accossions were
obtained from Pioneer Hi-Bred (Johiston, [A) and an overlap
ping set from CIMMYT (International Maize and Wheat 1m
provement Center, Texcoco, Mexico). Both RonaLp PrnLips
and Ricuarp Kowles provided several genetations of crosses
between Zapalote chico (cytogenetically many knobs) and
Wilbur's Knobless Flint. Thirty five new accessions were col.
lected as individual ears in Juchitdn, (Qaxaca, Mexico)
{16.15N, 95.00W) directly frorm Zapotec farmers; wo Tuxpeno
X Zapalote chico F, hybrids and the F, backcross gars were
donated by M. C. ARREDONDO, a rotired Mexicar corn broeder
living near Juchitan. Tuxpeno is a widely adapted inbred line
developed in Mexico and used as the foundation for breedi ng
experiments.

Forward mutation test: Individuals were self-pollinated to
assess the phenotypes of any pre-existing mutations and
crossed as pollen to the 822 tester. The outcross seed were
planted, and the F, plants were self-pollinated, yielding F, ears.
Thirty progeny keinels of the T, and selfed parental ears
were planted side-by-side in the summer field: mutants were
counted in the F; only if they were clearly distinguishable from
any segregating phenotype inthe parent. AH novel phenotypes
recorded appeared to be recessive, present in ~one-quarter
of the progeny. In ambiguous cases, J.e., in which there was
low germination or only one or a few mutant plants were
present, a second sample of 30 kernefs was planted and evalu-
ated. Somatic mutability was scored by eye and by observation
through a stereczoom microscope (X20).

Ten kermnels of each Zapalote chico accession were grown
in summer, 1993 (M designations), at Stanford. Seed were
planted inlate fJune to promote flowering, because maturation
of neotropical maize is inhibited by long days i the temperate
zone. In most accessions, only a few indivicluals reached matu-
rity withinn 75-90 days and could be both self-pollinated and
crossed as pollen parent to bz2 tester. In the 1994 winter
nursery in Molokai, Hawaii, Zapalote chico lines matured
within 30-55 days, and additional representatives of some lines
were self-pollinated and crossed teo kzZ tester. OF all the Zapa-
lote chico samples examined, one line M59 = N234 was the
most consistent in flowering at Stanford, and additional indi-
viduals of the original accession were tested for forward muta-
tons during 1994 -1995. To assess spontaneous mutation fre-
guency in a non-Mutator line, the crossing scheme was used
with the bz tester. Four standard Mutator lines were used for
comparison; two lines were selfed and crossed to bz2in 1993
(M88, pzZmu2:Mul reporter allele; M121, hzlmul - Mul re-
porter allele), and two ines in 1994 (N190, bzl-mul - Mul early
somatic excision hne; N285, Mutator with Bzf-revertant alleles
from the early excision of the beJ-mul:Mul reporter allele).
Two al-mumZ::Mul, single MuDR lines were obtained from
D. RoserTson and evaluated in 1994 1o compare the low
MuDR copy number lines to Zapalote chico.

RNA blot analysis: Immature ears were collected from feld-
grown materfal of each line during the summmerof 1994. Tissue
was immediately frozen in liquid nitrogen and stored at —80°
until RNA isolation. RNA was isolated by grinding the samples
irz liquid nitrogen, then extracting with Tri-Reagent (Molecu-
lar Research Center, Cincinnati, OH). Poly(A}* RNA was puri-
fied from total RNA using a Mini-oligo(dT) cellulose spin
cohumn kit (5 Prime—3 Prime, Boulder, CQ).

For the RNA blots, 16-20 pg of poly(A)yr RNA was electro-
phoresed through an agarose formaldehyde gel for 6 hr and
transferred to Hybond-N (Amersham, Arlington Heighrs, IL)
using standard techniques {SamsRooK et 2/, 1989). Two probes
were generated by PCR amplification from pMulIR. This plas.
mid was constructed and sequenced by R. ]. HERSHBERGER;
it contains a fulllength MuDR element, recovered from the
brZ-mud::MulIR altele (HERSHBERGER e 21 1991), with 4 one

base framostult matatton in modrA that allows MAINICTALICe
i Lschierichia coli, Probe PA contains 927 nucieotides of mudrd]
(posiuons 183-1100), and PR contains 978 nucleotdos of
mudrfl (positions 3774-4752). A third probe, BX1.0 (Hersti-
BERGLR ¢ I, 1895), was recovered from a BamH] {nucleotide
position 2865) to Xbal (nucleotide position 3945) digest of
pMuDR; this probe recogmzes both mudrd and mudr (Figure
1). Probes were labeled by the random pruner method, usitg
the DECAprime [I Kit from Ambion, Inc. {Austin, TX) (Fein-
BERG and VocELsTENY 1983) and puiified on push columns
{Suatagene, La Jolla, CA). Prebybridizaton and hybridization
were performed accordingto the protocol published for Gene-
Screen (Du Pont, Witmington, DE) using 10% dextran sulfate.
Filterswere washed onice in 23X SSPE, 19 SIS atroom temper-
ature for 10 mun, once in 1x SSPE, 19 SDS at 65° for 15
min, and once in 0.1X SSPE, 0.19% SDS at 65° for 15 min.
Autoradiography was performed for 12-72 hr at —80° using
two intensifying screens.

DINA blot analysis: Maize geniomic DNA was prepared from
immature ears of selfed Zapalote chico accessions grown in
1994 (N designations in Tables} and purified as described by
StAPLETON and WaLeoT (1994), For Southern analysis, three
ug of DNAwere digested with restriction enzymes (BRL, Gaith-
ersburg, MD)) according to the manufacturer's instructions,
electrophoresed through agarose gels, and blotted onto Hy-
bondN (Amersham)}. Probes were prepared as described
above. The blots were prehybridized, hybridized, and washed
asrecommended by the membrane manufacturer. To quantify
MuDR copy number, a plasmid containing MulR was digested
with Ssil or Ssd/Dral, diluted to the proper coricentration
equivalentto aspecific copy number inthe maize genome, and
electrophoresed next to restriction digests of maize genonmec
DINA. Blots were probed with BX1.0. In some cases, stripped
blots were reprobed with a 380-bp fragment of Adhl as a
loading control. To check for the presence of Mul and the
related MuZ elements, probe pA/B5 was used (TavLor and
Warsor 1987).

DNA amplification by polymerase chain reactions (PCR):
DNA amplification reactions were performed 1n volumes of
25-100 ! overlaid with 50-100 pl paraffin oil. Each reaction
corttained 0.2 mm of each of the four deoxyribonucleotides,
100 ng of each oligonucleotide primer, a buffer (15 mm Tris
pH 8.3, 50 mm KCI, 1% Gelatin, 1.8 mm MgCl,), Taq DNA
polymerase (Perkin-Elmer, Norwalk, CT), and 50-100 ng of
DNA. PCR reactions were carried out for 30 cycles of 1 min
at94°, foltowed by t min at 55°, and 1 min at 72°. The following
DNA primers were used for mudrA: primer #183 5"CGCCGT
CTGCCAGGGCCTCTTGTCACCGTCTC-3 with primer #1986
SGAATGTCATAGGTTGCATAG-3 or primer #2017 5-GATA
CGTTGGATACTGTAAG-3' with primer #2282 5-TATCCAT
GTAGAGACCTTAG-3". For the mudrA/intergenic region primer
#2281 5.GATTCCAGAGATGTAGGTAT-3’ was used with primer
#813 5-CCAACCAAAGTAAGACCACA-3, For the intergemc
region to mudrB region, primer #2019 5-GCCATTAGTTCTT
ACAACCT-3 was used with primer #2109 S ACAATACGCGT
TAACCAAACA-3". To amplify mudrB primer #3773 5"CTTGT
ACAGATCTTGTGACCAGTCGCA-S was used with primer
#4752 5"GTCCACAAATCGATGTTACGGTOGTT-3. For TIRA
primer #2466 5"GCTGAGCCTCCTGCAGGGAGATAATTCCC-
3" was used with primer #2467 5-CCATGGTACCAAAATCAG
AG-3. The resulting fragment contains all of TIRA, plus the
region of the 5" untranslated region that contains a transcrip-
tional start site. To amplify TIRB, primer #2468 5-TGAACGCCT
CCTGCAGGAGAGATAATTGC-3 was used with primer #2470
5-CAATCGGTACCCACAGGAGCAAGAG-3, The resulting frag-
ment contains TIRB plus the 5 untranslated region of mudrd,

Plasmids: Seven plasmids were constructed by amplifying
genomic DNA of Zapalote chico line N215 by PCR with the
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Ficure 1.—Diagram of MuDR. DNA probes (PA, PB, BX1.0)
the transposon structure. Below the transposon, the mudrd an

used in Southern and Northern hybridizations are shown above
d mudrB convergent transcription units are lustrated; the first

intron of each transcript is spliced ~100%, the second introns are spliced ~B0%, as is the third intron of mudrd, A 120-bp in-
frame intron of mudr8 that 1s spliced in about 5% of transeripts of MuDR is not shown. (A} Regions of MuDR for which PCR
amplification was attempted in varicus accessions of Zapalote chico. (B} PCR fragments generated in the cloning of the MulR-
like element. Nucleotide sequence numbering according to HERSHBERGER o a/. (1991). B, BamHI: D, Dral: E, EcoRT: H, HindIIL;

S, Sst1; X, Xbal.

primers listed above. Amplified fragments were cloned into the
pCR2.1 vector (Invitrogen, Carlsbad, CA), The MuDR-z ele-
ment was cloned in overlapping fragments, because the full-
length MulR is toxic to £. coli, Bracketed numbers to the
right of each plasmid correspond to the base pairs of the
standard MuDR sequence (numbering according to Herser-
BERGER ¢f al. 1991). Plasmid pTIRAzc [1-455] has a 455-bp
insert; pAlech [183-1110] has a 927-bp insert; pAZzch [1091 -
2423] has a 1332 bp insert; pA3zch [2404-3705] has a 1301-
bp insert; pAdzch [3554-4580] has a 1026-bp insert; pBlzch
[3773-4752] has a 979-bp irsert; and pTIRBze [4476-4044]
has a 468-bp insert.

DNA sequencing: MuDR.Zc regions were obtained as restric-
tion fragments from the pAzch plasmid series and were sub-
clonedinto the M13mp19 vector for single stranded sequenc-
ing (NorranDER et al 1983) with the Sequenase 2.0 kit
{United States Biochemical, Cleveland, OH) or with the AR
310 fluorometric automated sequencer. Both strands of all
fraginents were fully sequenced. To eliminate compression of
bands that occurred when sequencing GC-rich regions, mixes
containing deoxyinosine provided with the kit were used.
Primers for sequencing were commercially available M13
primers; a few custom internal prnmers were used on long
fragments. The MuDR-Z: sequence is registered in GenBank
as accession munber U75360.

RESULTS

Properties of MuDR: MulR encodes two, convergently
transcribed genes (Figure 13. The major transcription initi -
ation sites are in the TIRs, and the most abundant tran-

scripts are 2.8 kb (mudrd) and 1.0 kb (mudrB. Intron
skipping, muitiple polyadenylation sites, and a second
transcription inftiation site inthe 5 UTR of mudrA result
in four distinct transcript types for each gene (HERsH-
BERGER e &/, 1895). Although the exact roles of the
proteins encoded by mudrd and mudrB are unknown,
mudrd encodes a polypeptide with homology, over an
extended motif of ~150 amine acids, to a suite of hacte-
rlal transposons (Eisen ef al, 1994). In addition, it has
recernitly been demonstrated that mudrA encodes a DNA-
binding protein which binds to specific sequences
within the highly conserved Mu TIR, leading to the
proposal that MURA is a transposase {Benito and Wat-
80T 1997). Deletions within mudiA in Hnes with a single
MuDR abolish somatic instability of the al-mum?Z re-
porter allele; this evidence demonstrates that mudrd is
essential for somatic excision (Hsia and SCHNABLE
1996; LiscH and FrEELING 1994).

Distribution of MaDR elements: Previously, we reported
that the 4.7-kb Sstl fragment characteristic of an intact,
unmethylated MulIR element (Figure 1) was multicopy
in Mutator lines and was not present in standard inbreds
of maize (HERSHBERGER ef a/. 1991} . Most non-Mutator
lines did contain various sized fragments that hybridized
to one or more internal MulIF probes, but there was
no evidence for intact MuDR elements. To expand the
analysis of distribution of MuDRJike elements, genomic
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Southern bloiting was used lo sareenadditional Inbreds,
exotic lines, and Zea spp. for intact MulIR elements,
Genomic DNA was digested with Ss¢l. which recognizes
sites Inunmethylated TTRs of MuDR, a Southern blot was
prepared, and then hybridized with the BX1.0 fragment,
which contains the 3’ portions of both Mudrd and MudrE
and the intergenic reglon (Figure 1).

Of the lines examined by this Southern blot survey,
a Co-op accesslon of Zapalote chico had a fragment
about the size expected for MuDR {(~5.1 kb). This frag-
ment was stightly larger than AfuDR and was present in
~3-5 coples per genome (data not shown}.

All of the other exotic lines examined, including Argen-
tine popcorn, Tama flint, Strawberty popcormn. Papago
flint, gourd seed, Northern flint. Z peenniss, Z. dipbper
enris, and five teosinte types (see MATERIALS AND METH-
ops), hybridized weally to the central MuDR probe. Stmi-
lar eross-hybridization has been found in some (W23, K55,
and A188) standard maize inbred lines {data not shown).

Screening for MuDR in Zapalote chico lines hy PCR
and Southern analysis: The first Zapalote chico sample
examined was collected in the 1950s from Oaxaca Mex-
ica; it has been maintained by the Maize Genetics Stock
Center, by perlodically growing and seling the line.
Using eight sets of PCR primers that spanned most of
MuDR, we determined that all regions of this putative
regulatory element in Zapalote chico could be amplified
from an immature ear DINA sample of one individual.
Furthermore, seven of the fragments were the expected
size, and each of these contained one or two restriction
sites at the same positions as in MulR. There were no
polymorphisms for the 12 enzyme sites examined (data
not shown). With the primer pair that spanned the
intergenic region, however, several size variants were
detected, ranging from 100 to 300 bp larger than the
comparable region of MulR {data not shown). As the
intergenic regionis composed of acomplex set of repetd-
tive elements (HErRSHBERGER & al. 1995), we hypothe-
sized that there had been an expansion of these motifs.
Collectively, the results suggested that Zapalote chico
contained elements that were very similar to MuDR

To assess the distribution of MuDRlike elements in
Zapalote chico populations, existing accessions were ob-
tained from three other sources: seven examples of old
accessions were obtalned from CIMMYT, and a mostly
overlapping set was obtained from Pioneer HiBred.
The CIMMYT materials were collected in the 1950s and
1860s, but then maintained under different growth con-
ditions in central Mexico and in Iowa. RonaLD PHILLIPS
and RicHarp Koweres contributed Zapaloie chico X
Wilbur's Knobless Flint hybrids, derived from a CIM-
MYT accession. Zapalote chico is classified as a land
race, but it is also an economically important line, It is
the only corn variety grown by the 300,000 Zapotecs
living in southwestern Mexico. To obtain a current rep-
resentation of Zapalote chico, 35 new accessions were
collected in 1993 from farmers and from a corn-breed-
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Fieure 2.—Screening for MuDR m Zapalote chico lines by
Southern analysis. 5-8 ug DNA samples were digested with
Sstl and probed with BX1.0.

ing program located in the main Zapotec population
center, near Juchifdn in the state of Oaxaca, Mexico.
Most of these lines wers successfully propagated at Stan-
ford University in summer 1993. We conducted a more
extensive investigation of the distribution of MuDK ele-
ments using Southern blot analysis and PCR experi-
ments of genomic DNA samples from accessions that
could be self-pollinated.

For Southern blot analysis, genomic DNA samgples
most lkely to contain full-length elements (based on
PCR screening,; see Table 1 below) were digested with
Sstl and probed with BX1.0. Figure 2 shows the ~4.7,
kb SstI fragment characteristic of an intact MulR ele-
ment was conserved in lines N215, N234, and N237,
although the Zapalote chico hybridizing bands were
always slightly larger (~50-100 bp) than MulK from a
standard Mutator line. Zapalote chico line N216 con-
tained a fragment that is ~250 bp larger than MulR,
it may be similar to the Jarger MuDRlike element origi-
nally identified in the Maize Stock Center material.
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TABLE 1

PCR survey for MuDIR sequence in dilferemnt accessions of Zapalote chico

Prumer sequence nuntbers

Accessions [13-1986+

1967-2929

2910-4333 1039-4829

LS

N200¢
Qax 50¢
N201+¢
Qax 48°
N204<
N205°
N206°
Chis 224°¢
N207 ¢
N2114
NZ213¢
N214¢
N215¢
N21G¢
N217¢
N2194
N220¢
Nz221¢
N222¢
N2267
N230¢
N234¢
N236°
N237*
N240’
N241r
NZ49s
N252%
N255¢
N257¢
N264¢
N267¢
M4-1¢

[

P4+ 4+

L+ 4+ +

[ S S B O B SR

SR SRR

P+t o+

4+t F L+

A O T B

+ +

I+ o+t

I
P+ o+ L+ 1+ +

i
[

i

P+ 4+ 0+ U+
L+ 0+

[
I+ 1

+
+.

o+

* Region amplified by PCR. Nucleotide numbering of MuDR according to HERSHBERGER ef al (1991).

* Plus symbol indicates amnplification of this region by PCR.
“ Accession obtained from CYMMIT and grown at Stanford.
¢ Accession collected from farmers in Oaxaca, Mexico.

¢ Accession was a crass of Tuxpefia with Zapalote chico.

f Accession obtained from Maize Stock Center.
¢ Accession obtaned from R. Punvies.

* Accession obtained from R. Kowwes; F, hybrid of Zapatote chico and Wilbur's kniobless flint.

To extend our analysis to additional lines, PCR experi-
ments were carried out on samples from individual
selfed progeny, using four sets of primer pairs that span
MuDR {Figure 1). As shown in Table 1, eight samples
{249%) yielded PCR products of the expected size with
all four primer pairs; these samples represent seven
distinct accessions, with the Oaxaca 50 accession repre-
sented from two distinct sources (N201 and Qaxaca
50 directly from CIMMYT}. The majority (6/8) of the
accessions positive for MuDR-1ike elements represented
the most recently collected material, indicating that
MuDRlike elements exist in the current Zapotec crops.
Twenty accasstons (61%) yielded products from a subset

of the primer pairs, and five accessions (15%); did not
seem (o contain any amplifiable fragments, In this analy-
sis, the particular individual sampled from the Maize Stock
Center lineage (N240} gave a positive PCR result with
only two primer palrs, suggesting that this individual did
not contain an intact MulJR element. Also, two of the
CIMMYT lines, Oaxaca 48 and Chiapas 224, ylelded differ-
ent PCR products in the two versions sampled. We con-
clude that there is heterogeneity within some accessions,
reflecting either heterogeneity in the original material or
changes during propagation at stock centers.

For a more detailed analysis of these MuDRlike ele-
ments, the PCR fragments generated from lines N234
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and N215 were digested with enzymes for restriction sites
presed in the ranseribed roglon of authentlc Mul2K cle-
ments. All ten of these erzymes preduced fragments of
identical slze In digests from active Mutator lines and
both N234 and N215 Zapalote chico accessions {data nol
shown) , These data suggest that the differences In tength
between Zapalote chico MuDRlike elements and MuDR
will be found in the TIRs and/or in the intergenic region.

Inheritance of the MuDRlike element: To examine
the propagation of MulJRlike elements through out-
crosses with non-Mutator lines, Southern blots were per-
fomed in two lineages: (N234 = P56} and CIMMYT
accesston Oaxaca 2 (N264 and N265). The founder
individual (M59) of the N234 lineage appears to have
one copy of a MuDK like sequence per haploid genome;
it is 100 bp larger than MulR The M59 founder was
crossed to bzZ tester, a non-Mutator source, and the
progeny (individuals of family P56) contain ~1 copy of
MuDR (Figure 3A, and as discussed below a PCR sutvey
of 28 P56 individuals were all positive for MuDR). All
P56 individuals could contain a single copy of MuDR if
the founder had been homozygous for one MuldRlocus.
When individuals of P56 were outcrossed a second time
to bzZ2 tester, the copy number of ~1 is maintalned
{compare parent P56-12 and outcross progeny, lanes 1
and 3; parent P56-17 and outcross progeny, lanes 2 and
4; Figure 3A). Figure 3B provides more evidence for
transmission of the element through two outcrosses.
M3-4 (lane 1) contains the MulR-like element, and this
element is maintained when outcrossed to £2Z tester
(MH3, lane 2) and when MH3 was selfed to produce
line N265 (lane 3)}. Siblings of line N265 are shown to
contain the element (070, 070-1, and O70-4, lanes
4-6}, which is agaln maintained on selfing (OH59, P81,
lanes 7 and 9), as well as after a second outcross (O70-
4 X bzZ, lane 8).

Figure 3C shows a lineage of progeny of M31 (a
sibling of M3-4}, which was outcrossed once, repeatedly
selfed, and outcrossed once more. Selfed progeny of
M3-1 do not show the MuDR ke element {lane 1). MH2
(lane 2}, selfed F; progeny from an M3-1 outcross to
hz2 tester, do not show the element. Selfing of MH2
progeny produced line N264-1 (lane 3}, which also lacks
the MulDRtke element. Howaver, after selfing of N264-1,
bands of the correct MuDRlike element size appear in
the siblings 069-5 and 059-9 (fanes 4 and 5) and persist
in the F, of an outcross of 0699 to 522 tester (lane
8). These resuits demonstrate that cryptic, presumably
methylated copies of MulRike elements exist in Zapa-
lote chico accessions, and that these elements can ap-
pear during a crossing program.

Larger hybridizing bands are present in all of the
above Southerns, including Tuxpefio, a non-Mutator
line. Therelationship of these larger fragments to MulR
cannot be ascertained from the available data, although
it is interesting that at least some part of MuDR is widely
distributed in the genus. The fragments could represent

disrupted coples of MulE. sequence similarily to oither
miuddr or mudeB, or methylated intact MulDR element
as we suggoest for the M3 1 individual. MuA, for example,
1s alarger MulIR11ke element recovered from a Mutator
line: it is disrupted by several insertions {Qiv and EL-
LINGBOE 1990). Internal deletions within MuDR that
retain the TIRs produce SsfI fragments smaller than 4.7
kb (HERSHBERGER ef al 1995}, but deletions missing
the SsI site of one TIR could yield lragments larger
than MuDR. As epigenetic lass of Mutator activity is
correlated with DNA methylation. the larger fragments
could also represent modified MuDRlike elements. The
Sstl (=S8acl) sites (GAGCTC) in the TIRs are not fol-
lowed by elther G or NG. consequently, methylation
of the “canonical” substrates CpG and CpNpG cannot
explain the inabllity of these enzymes to digest methyl-
ated {epigenetic loss) MuDR elements {(MARTIENSSEN
and Baron 1994). Malze DNA can be methylated at
other C residues {Wang e al 1898). and it is possible
that methylation at one or both of the internal C resi-
dues prevents digestion.

Distribution of MuDR1ike elements in Zapalote chico
families: Given the diversity between and within acces-
slons of Zapalote chico, we wished to determine the
inheritance of MuDRike elements in individual Hnes
in which a founding individual was demonstrated to
contaln one or a few copies of the MulIR like element.
Our strategy was 1o PCR amplify the MuDRlike ¢lernent
in two halves (positions 113-2423, yielding a 2310-bp
fragment, and from positions 2404 -4829, ylelding a
2425-bp fragment) that cover nearly the entire element.
PCR analysis of 28 individuals of line P56 (progeny of
bz2 X MA59) indicated that all were positive for both
halves of the MuDRJike element {data notshown) ; these
data indicate either homozygosity of the M59 parent
(although it was estimated to contain only a single
MuDRIike element by Southern blotting} or copy num-
her maintenance. Line P37 are progeny of the original
Zapalote chico accession M62 (Tuxpefio X Zapalote
chico) crossed to bz2 tester. In the 28 second outcross
progeny examined, all tested positive for both halves of
MulR (data not shown). As the original individual had
only 1-Z copies of MuDK, it seems likely that copy num-
ber s maintained in the stock either by transposition
or by recruitment of formerly cryptic elements.

We conclude from the combination of PCR analysis
and Southern blot hybridization tests that the parental
Zapalote chico lnes, which had only 1-2 copies of the
MuDRlike element, transmitted the element to all prog:-
eny examined. Thisis circumsiantial evidence that reph-
cative transposition of the MulRlike element occurs in
Zapdlote chico as is proposed for all Mu elements in
standard lines (BEnNETZEN 1998). The analysls is com-
promised, however, by possible recruitment of cryptic
MuDRlike elements during the crossing scheme.

DNA sequence analysis: Because MuDRand the gene,
¢DNA, and exon3 of mudrd are unstable in £. coli, the
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Ficure 3.~Inheritance of the MullRhke element on out-
crossing of MuDRlike lines to bz2 tester. Three pg samples
were digested with Sstl and probed with BX1.0. (A) Line P56,
the ¥, cross of M59 X 522, and 1ts progeny after a second
outcross to bzZ tester. (B) CIMMYT accession Caxaca 2, line
M3-4 and its derivatives. {C) Line M3-1, a sibling of M3-4 and
its dervatives. All Southern blots contain the non-Mutator line
Tuxperio, a Mutator line, and a copy reconstruction of MullR
plasmid. See text for details of each lineage.
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clement and large subclones of it cannot be stably main
tained on bactertal plasmids. Stable derjvatives Inevi-
tably contain frameshift and deletion mutations that
destroy the large open reading frame within exond
{(HERSHBERGER el al. 1991, 1995). As we wished to oblain
the sequence of the MuDRlike element of Zapalote
chico without selecting for mutations during cloning,
segmerts of the MuDRlike element(s) of line N215
were cloned in five overlapping fragments. The cloning
strategry is shownl in Figure 1. Given that Sourhern analy-
sis indicated only that ~3 copies of a MuDRlike element
are present in N215 (Figure 2) and that the 10-enzyme-
restriction survey demonstrated that the reading frames
had the expected enzyme sites, we reascned that an
element sequence assembled from these pieces would
represent a single, fulllength element. It is possible,
however, that the Individual pleces sequenced are from
different, but very closely related, elements.

The complete sequence for the deduced element as-
sembled from the overlapping clones is shownin Figure
4, and the sequence comparisions to MullKare summa-
rized in Table 2A. The Sst1/5%1 internal fragments of
MuDR and the cloned MulRike element from line
N215 share 94.6% DNA sequence identity. In compari-
son to the known sequence of MulIR, it is possible to
identify two putative coding reglons in the MulDRlke
element which cotrespond to the Mudrd and MudrP
genes of MulDR. The greatest divergence between the
two elements is found in the intergenic reglon and in
the sequence of the first intron of the Mudrd gene. The
intergenic region of the MulRlike element contains a
number of nucleotide insertions, including an addi-
tional copy of a direct repeat sequence; these insertions
likely account for the slightly higher apparent molecular
welght of MullRlike Ssel framents on genomic Southern
blots (Figure 2). However, the putative coding regions
and Intron locations are highly conserved. As shown
in Table 2B, there are only 10 nonsynonymous codon
changes in MURB, and 20 nonsynonymous changes in
the much larger MURA. Based on the high degree of
conservation of the MURA and MURB proteins, we will
designate the AMulRlike element of N215 Zapalote
chico as MuDR-Z¢.

Comparison of the TIR sequences of MuDRand N215
showed that TIRA of MuDR-Zris 100% identical ta TIRA
of MuDR, whereas TIRB of MuDK-Zc 1s 91% identical
to the TIRB of MulDR. The two TIRs of MuDR-Zr are
only 88.1% identical to each other. Although the Jeft
and right TIRs of other Mu elements are rarely ldentical,
the extent of divergence between the TIRs of MullR-Zr
is much higher than in Mul-Mu8 (WarLsor 1991). In
MuDR, there are only two base changes in the first 180
bp of the TIRs, and overall the 215-bp TIRs are 96%
identical (HersHBERGER ¢f af 1991). These nearly iden-
tical TIRs of MuDR contain the promoter regions and
major transcription start sites for the two genes (BENITO
and WaLeot 1994; HErRSHBERGER ef al 1995).

Transcription of MuDR-Ze: The blological significance
of MuDR Zc is best addressed by determining whether
Mul)R Zris an active element. Active and Lnactive Muta-
tor lines can be distinguished by the presence or ab-
sence, respectively, of MulRhybridizing transcripts.
The expression of the MulJR.Zr was examined by Norih-
ern blot hybridization. Figure 5 shows the analysis of a
standard Mutator line and several Zapalote chico lines
that yielded PCR (N201), or both PCR and Southern
hybridization results (N215, N234, and N237), consis-
tenit with full-length MuDRlike elements. In poly(A)*
RNA samples, the active Mutator plants of standard lines
have abundant transcripts for both mudrA (Figure 5A,
lane 5) and mudr3 (Figure 5B. lane 6}. The MuDR tran-
scripts are relatively abundant as they are readily ob-
served In total RNA {data not shown; see HERSHBERGER
&t al, 1995). In the Zapalote chico samples, however, it
was technically difficult to visualize mudrA transcripts
using total RNA. With poly(A)* RNA, very low levels of
mudrA could be detected as a faint band of ~2.8 kb
{(Figure 3A, lanes 1-3)}. These transcripts are similar in
size to those produced by the standard Mutator plants.
The Zapalote chico mudrB transcripts were easily de-
tected with poly(A)* RNA (Figure 5B, lanes 1-4). Sur-
prisingly, the mudrB probe identified two different sized
transcripts, one slightly larger (1.03kb) and one slightly
smaller (0.85 kb) than the 1.0kb transcript from the
standard Mutator line.

Unexpectedly, we also observed novelsized RNAs in
the nor-Mutator bzZ tester line that hybridized with the
MuDR probe (Figure 54, lane 4, and Figure 5B, lane
5). Similar size transcripts are also present at very low,
comparable levels in the standard Mutator sample and
in some of the Zapalote chico samples. The mudrAd and
mudrB genie probes may fortuitously recognize ubiqui-
tous maize transcripts. In standard Mutator lines, tran-
scripts aslongas the entire element (4.9 kb) and truncated
transcripts from internally deleted MulR elemertts have
been reported (HERSHBERGER ef &/, 1995). However, the
cross-hybridizing material in the poly(A)+ sample from
bzZ taster is the first report of any cross-hybridization
with a non-Mutater line.

Non-autonomous Me elements in Zapalote chico ac-
cessions: One halimark of active Mutator lines shared
by both standard and low copy number lines is the
presence of unmethylaied Mu elements. For the Mul
and related MuZ elements, methylation status is conve-
niently assessed by Southern blot analysis after digestion
with Hinfl. There is a recognition site for this enzyme
near the end of each TIR of the 1.4kb Mul and 1.7-
kb MuZ elements. As shown in Figure 8, derivatives of
accessions N201, N215, N234, and N237, four accessions
with full-length AMullR:like elements, yield both the 1.3-
and 1.6-kb expected fragments that hybridize to 4 probe
that can detect both Mul and MuZ2. Considering the
Mul and Mu2 elements together, it appears that the
Zapalote chico accesstons examined contain ~3-10 cop-
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GAGATAAT T GCCATTATAGACGAAGAGUGEGAAGGEATTCGACGAAATGGAGGCCATCGECEPTCGC TTC TATCATC TGGAG 80
ACGCAGAGGACAGCCAATCGCCARAACAGAAAGGTGACAGCGCTTOGAGCTCCT TAAACAGETATTACTCTCCTGTCEEC 160
GITTACCGTTCECCCGGCACACGLCETCTGGLATACTCOTCTTGETOACOGTCTC TCCTC TAAATGCTCTOTGGTTORGC 240
CTGCTCECGRUAGCTEECGTACTC CTCTCCTCGCCGART TGEACTGCTC TCGGEAGC TGGCGTCTTCOTACTECGGRCTGE 320
TTCCEETTTCCTGTTCGTGAGTTCTCCTGCTATCCTCTGTCTCCCATCGCTATCTTATG TGAACCATGGCTATCGTGTTC 400
CCCTCACCGAACCCEGTTGTGAAC TTAGGTTTTCTCTGATT TTGGATCCATAGACTT CACSCCCAGTTGCAATTCECCAS 480
ACTCCAACCACATTCCCARCTOCCCCGATGTAGATCCGGCATTGGGCGAAACAGUTGGCAGTGAGGTGAGTTCAATTTAG 560
ATACATTGCTCTTCRATTTICTRARATAGTGTTGCGATCGTCTCETCCTGCATCSTC TICAATTTT TAAAACAGTCTCGCTTA 640
TGCTTEGAGCCTCCTACAT TGTCTETAATATAGGEACTICAGAAGATTGATGGEGAATCACAACTSGACTGEGATTCGAT 720
TATAGTTTCAGATGTATIGGATGATCARGGCAGAGTACAACTACCATCCCARARTGAGATATAT I TTAATCTTGRACTCA 800
ATAAAGAGGATGAGEC TGCCARTAATAGGTTTTCTGGCAGTGGTACAAATTGTCATGCACANGGAAGTTTGGATACGGAC 880
AACGAAGACCACCATGCTGATCAGCCTTGTCAAGACTACATTCCAGACGRARAGAGGETGECTGTATAATAGGATGAATCC 960
TTCTATGCAGCCRGETICTITGTITCCTAMCATGAANGALTTTAGGATTCCTATGCCRCAGTATGCAD Y PAAACATCAGT 1040
TCGAGCTTGGAATTGAAGTTACTTCGACAACAAGATACGTTGGATACTGTARGGGTGGTGATTGCCCTIGGAGSATATAT 1120
GUACGTGAAGABAAGARAGGATTGCCTACTATTGTGETAGC TG TACTAGATOATE T TCACACT IGCACATCTAGTGGARSG 1200
GAGGGEGACTACTAGGCCAACTTGTECCTTGGCETCOCATTCCACGC TAAACCCTTGC TCATGAAGARACCACAAATGGGTS 1280
GTAAARGAGTTACARCABACACTACAGACAACTCATAACGTCACTATTGGGTATGATACAGTITTGGARGGEGAAAGAGAAG 1360
GCTTTGAGAGAGT TGTATEGATCTTGGEAGGAAAGCTTCCAGCTC TTETACTCTIGGAAGGAGGC TG TAATTGCAGTGAT 1440
GCCCGATAGTGTGATTGAGAT TGATCT TATTPTGGAAGATGCGAAGTACTATTTTACTCGATTCTTTTGTGCCTTTGETS 1520
CATGCATATCTECGTTCCOACATGGOTCCAGACC I TATC T TACTETGGACTCOACAGCA T TCARCGCTAGATGGANCGAR 1600
CATCTTGCATCTGCTACTGELGTAGATGECCACAATTGGATETACCCAGTATGTTTTGEGCTTTTTCCAAGCTGAGACGGT 1680
TGACAATTGGAT T TGCTTCATGAAACAGUTGAARAAGGT TGTGEETCATATGACACTTCTAGC TATATGTTCAGATGCAC 1760
ARAMAGGTCTGATGCATGCTGTAARLTCAGCTATTTCCTTATGCTGAGAGAAGAGRATGC TTCAGACACTTAATCGGARAL 1840
TATGTGAAACACCATGCTCETTCAGAGCACATGTATCCAGCAGCARGGECCTATAGGAGAGATCTAT ' IGAACACCATET 1920
TACCARGGTCAGARATCTTCACARGATTECTGAGTACTTAGACCAMCACCATARATTCCT TTGETACRAGEAGTSCTTICA 2000
ACAAAGATATCAAATGTCATTACATCACARATARCATGGCTGAGETTTATAATAACTGGETTAAAGACCACARAGACCTT 2080
CCTGTETGTGATTTGECTGAGAAARTTAGSGAGATGACAATGGCACTGTTTCATCGTAGGCGARGGATTGETCATAAGCT 2160
TCATGETATTATTTTGCCATC TGCTTTAGCGATACTAAAGGCTCGCACTAGAGGETTCGGCCACTTGTCCATTCTAAALT 2240
GTEACAACTACATGGCACGACETACGAGACAGCACTAATTGTATGACTAAACATGTCCTGAATGCAGAACTGARACAGTET 2320
TCTTGTGACCAATGECAACACACTEGGAARCCGTETCAACATGETCTAGCCC TAATAATAGCCCARGATTCCAGAGATGT 2400
AGGTATGGARAATTITTETTEACEATTATTACTCTACTGARAGATTCAAGATAGCATATTC TAGAAGGGTGGARCCAATTG 2480
GTGATCETTCEI TTIGGCCATCOGTTGAT TTCGCCACTGOAGTGTTICCACCAATAGCTAGAAGAGETCTTCGARGACAL 2550
CGAARAAATAGAATTAARACCTETCTCGACGGTAGGAGTGCTAGAAAAAARAGTACCARCGAAAATGAGAAALCGAAARL 2640
GCGACTCARAAGGCARTACACTTCTCC TAATTGTCGTGAAT TGEGACACCGCCARTC TAGC TACAAGTGCCCTTTGAATS 2760
GGACAAAAAAAAGCCTAGTTCTCAACT TACTTC TATATGTTCAATTTATATTAGTAC TCGTCAACTAAATGTTTGAGTAT 2800
TTTTTTGAGTAGGAARAGGAAACCACGGATCAACACCACAAAARATTCGATCCCTAARGAGCTTCGGACTTCTTCACAGA 2880
ATCTACCAGAACRGCCACACCTRAGCACAGGRAAATCACTGAACARGAGCTAGARGATCCACAGCCAGAGACAGARCAMTTS 2960
GETCTTECACTCTTCCAGCCCCTCRETGCACARATCACTEAACAAGAGEGCCGATEAACCAGCCCAACAAGOTCCACCTGE 3040
TTCTCCACCACCGACAAGGARATCGC TAGTGAAGAARATCACCCCCAAGARAAGACTGAGGATTAGTGCTCAGAAGAAGE 3120
AGTATTAACTGCTAAGAACARCCACCCTGCTCAGAAGAAACACAGTATTTCTTCTAAGACAACCACTETATTTATTETAA 3200
GACTGTTATGTAAGACTGC TACGAACAAACACTATGTAACCTCCACCTGTAT TGGTTETARGACTGCTAAGAACAAGLCS 3280
AGTGTATITETIGTAAGAC TG TTCAGT TTTAG T TECCAGTTCGGTECTTCCCASGTTCARTPTTATTTCAGTTCCOAGTT 3260
CGETGCTTCCCAGTTTTCCCAGT TCEGTCT TGCAAT TET TEC TCC TTCCAATTGACCCCCAGTTOGGTCACTTGCAATTE 3440
GETCTTCCAATIGTTGC TG T TGCCCAGT T TCAGACGAAACAGATTGLTTECARTTETCGUCCAGTTCAGAGAAACAGATT 3520
GCTTGCCCAGTT TCAGAGAAATAGAGAGCAGARAACAGATAARATATTACACARRACAGATGACATATGACACACATGAR 3600
TAACAGTGAGCCATTAGTTCTTACAACCTCATC TUCACAACACAGAAAACAGACAACACTAATGTTCTTACAAACGCCAT 3680
TCATCAGGCCTTAACACGACAACAAACACTAGGETTCTTACATCAGATARTAGETCATACRACAAATATCAGTI'GCETCE 3760
TTCCAAARTATATCCCAGACAGACCAAAATCEACACCAGAATGAAACCAACCCACCARAGCCAACCTCAAGTCCACAACTA 3840
CATGTTACGGTCCTTTATCICTTCGARCCEGTAGT TTATGACACGATAGTGCTCTTCGAATCAGACATTAGCTTTAATCT 3920
CTTCCCACTTEGAAGTCTTCARARACCATTTCCCATAGCTCTGGATC PTG TACTGTACCCATCACCAAGTTCATCATCA 4000
TCTAGAGCATGTTCATCATCTACGEAAGEETTGTCETAAARATCCCAAGTTGRATT CTTICTTTCTAAATCTTCTTCACA 4080
GACRATTGAACTTTTGTCTAGCTCCTTECACACATGTTCCACATGCCCGAGRAACCTTACCTATC TTGCCACCTTGTACCT 4160
CTGGAATAGTCCAACACAATT TTTGAACCGRATGCAACAGTTTAGTETGCCTCCTCATTTCT TGAATAGCATATCTCARC 4240
GAATTCTTTATGTICACATCATACTIGAAGTCGACAAGATCC TG TGCAACAACCAGATGACAATCCATTTCTATCAACAR 4320
AARAAATGAGTGTATGAGTTTGATAATCCATACCACATTCGATGAGECCTTAACTGC TTCAACCTTETCCACGECAATES 4400
CEGCEAACTERACCOGARCCTTEGCCTCCTICTCAGCARCARATACCECEGCATCTCGUCTCCEAGGCCGCAATGECAGCR 4480
GCACGAGCAGCTTCCACAGCATCTECAACCACTT TG TCGETGGACART CAATCCGCACAGGAGCAGAGAMATTACGGCT 45560
ABGCTTTCTGRATTCAGCATECEEGCEECATEGAACARGEARCGACCECTAGCETTCEGCAACGCESTTAACCATACAAGEC 4640
AGAGATGEGAATCCGTGCACCAT TCT GEGAGCAGCGAGAACTCACCGCTCAGRATAGGAGACCGCAAGCAGCCGCARGAGE 4720
AAGARGAGAAGCAGGUEGLCATGTCGACCCCCAGAGGAGTCCAATTCGGCCACCEAAGATATGCGAATCETCACAACAGS 4800
AFTACRAGGEACECCSTOTEUGCAGELGAACGATAAACGEECACAGCAGASTAATACC TG TTACGCAGOTCCARGOGOT 4880
GTCACCT TTCCAATTIGGCCATTCGTTGTCCTC TECOTCTCCAGAACAGAGAAACCAACGCCATEGCCTCCATTIOCTCG ASS0
AATCCCGTOCCCTCPTOGTC TACAATGGCAATTATCTC 4988

Freure 4.—Complete nucleotide sequence of the 4998-bp MuDR-zc element of accessior: N215. The TIRs are in italics. Bold
bases ave the ATG of mudiA (position 450), siop codon of mudrA (position 3128}, start codon of mudrB (posiuon 4531, in
antisense orientation), and the stop codon of mudrB (position 3838; in antisense orientation).
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TABLE 2 A g
Sumary of differences between - . _E
MuDE and MuDR Zc sequences 858 !
ZZ2Z§ =

Region % Identity
A. Comparison of DNA sequUeNCes
TIRA: MulR to MuPR-Ze 100
mudrA: MulDR o MuDR-Zc 97.6
mutrB: MulR to MuDR Z: 95.2
TIRB: MubR to MuDR-Z¢ 91.0
TIRA to TIRB of MuDR-Ze 88.1
Number Number
Type of Change in MURA in MURB
B. Comparison of MURA and MURE predicted proteins *
Synonymous codons 26 1
Conservative changes 9 7
Charged to neutral 3 1
Neutral to charged 8 0

* Based on the fully spliced MURA of 823 amino acids and
the 207 amino acd MURB with intron 3 retained,

fes of these non-autonomous elements in an unmethyl-
ated form. Although Mul elements typically predominate
in standard Mutator individuals (TayLor and WALBOT
1987), the MuZ2 elements are more abundant in the
Zapalote chico accessions examined. In addition, the
probe detects additional size classes that may represent
one of the common deleted forms of these My elements
(reviewed in WALBOT 1991), novel types of Mul-deriva-
tives or methylated copies of Mu/ or MuZ Other known
or novel Mu elements may also be present.
Non-Mutator lines contain from zero to three Mul
and MuZ elements (BENNETZEN 1984; CHANDLER ef 4l
1986; CHANDLER and WALBOT, 1986). These elements
are completely stable in position and copy number, and
they remain methylated in a non-Mutator line. On Cross-
ing with a standard, active Mutator line, the HinfT sites
in the termini of the Mu] element in inbred line B37 Jost
methylation and could be digested with tmethylation-
sensitive enzymes, such as HinfT (CHANDLER ef af, 1988).
Thus, the moderate copy number and presence of un-
methylated nonautonomous My elemerits suggest that
these accessions of Zapalote chico are active Mutator lines.
Elevated forward mutation frequency in some Zapa-
lote chico accessions: The multiple copies of unmethyl-
ated Mu regulatory and non-autonomous elements in
some accessions of Zapalote chico are similar to what
is found in standard, active Mutator lines. On the other
hand, the low abundance of MullRrelated transcripts
is more similar to the single copy MuDR al-mum?2 lines
(QuN and ELLINGBOE 1990) in which MuDR transcripts
are only rellably detected with poly{A)+ RNA. The stan-
dard and single-copy MuDR lines both program the
same pattern of high frequency somatic excision of Mu
elements from reporter alleles, but the lines differ in

201

N215

N234

N237

bz2

Mutator line

= 1.0 Kb mudrB

P23 458 6

Froure 5.—Northern hybridization analysis of Mutator lines
and Zapalote chico, Each sample contains 16-20 wg of poly
{A}+ RNA. (A) The probe is PA cofresponding to internal
mudrA sequence. (B) The probe is PB cotresponding to inter-
nal mudrB sequence.

the frequency of new mutants recovered (RoBERTSON
and STINARD 1992). Given that the Zapalote chico lines
share specific properties with each of the two character-
ized types of Mutator lines, we were Interested in defin.
Ing the forward mutation frequency.

We used the test devised by RoperTson (1978). Each
individual is self-poilinated to score pre-existing reces-
sive mutants; each individual is also crossed to a non-
Mutator line, and multiple F, plants are grown and self-
pollinated to score for new mutants generated in the
gametes of the presumptive Mutator parent. As M in-
sertions occur late in development, new mutants are
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Fieure 6.—Southern blot analysis of non-autonontous Mu
elements in four accessions with fulllength MuDR-Z& ele-
ments. DNA was digested with Hirf 1 and probed with pA/B5,
which hybndizes to both Mul and MuZ,

almost always recovered in only a single gamete {(Ros-
ERTSON 1981; reviewed in WargoT 1991). OUne ora few
individuals in most accessions of Zapalote chico were
self-pollinated and crossed as pollen to bz tester. Mu-
tants recovered in the parental selfed ear and the F,
selfed ear were scored as visible seedling traits 10 and
28 days after germination in the surmmmer field. For com-
parison, we also assessed forward mutation frequency
with several standard Mutator lines. two single-copy
MuDR lines with the al-mumZ reporter allele, and the
bzZ tester in the W23 inbred Hne.

As expected, the four standard Mutator lines gener-
ated many mutants {Table 3D}. On selfing, nearly half
(28/62) of the parental plants segregated 3:1 wild-
type:mutant for a pre-existing, visible seedling mutation.
Common recessive phenatypes included albinos, zebra-
striped leaves, pale green, pale yellow, and develop-
mental mutants with twisted, shredded or midrib-only
leaves. In the outcross to bzZ tester, followed by selfing,
240 new mutants were observed in 835 families (29%
mutation frequency) for the four standard Mutator
lines. In the control for spontaneous mutation, no seed-
ling mutarnts were observed in the selfed bz2 tester (Ta-
ble 3F). We can estimate spontaneous mutation fre-
quency in the bz2tester if we also consider defective kerrel
{dek) mutations; one new dek mutation was recovered
from the 422 tester {1/120 = 0.8%). a value similar to

the spontancous mutation frequency found in other
non-Muotator lines examined in this test {ROBERTSON
1981). The dek phenotype is among the most common
recessive class In standard Mutator lines, representing
fatlure of the embryo, endesperm or both {reviewed in
WaLnoT 1991} . There were 131 new dek mutations {131/
835 = 16%) in the standard Mutator sample, ~20-fold
mare than in g2

In contrast to standard Mutator lines, the single
MuDR al-mum? line had a low forward mutation fre-
quency (one mutant/344 families. Table 3E). Thus, the
forward mutation {requency characteristic of standard
Mutator may require multiple coples of MuDR and.
most likely, a large population of non-autonomous ele-
ments.

The forward mutation test was completed before we
classified the Zapalote chico accessions for MuDR1ike
elements and was therefore unbiased in selecting indi-
viduals for analysis. For simplicity, however, Table 3
groups lines on the basis of their MuDR phenotype. The
four Zapalote chico accessions shown by PCR to con-
tain all four segments of a MuDRlike element (Table
1) generated many new mutants after outcrossing as
pollen parent to #z2; we observed 79 new mutations in
187 families (42%). The frequency of new mutations is
equal to the most active standard Mutator line (M121),
which gave 106 new mutants in 255 families (429%). In
contrast, for the 11 Zapalote chico accessions in which
PCR falled to detect all four segments of MullRlike
elements, the forward mutation frequency was low (five
mutants/ 392 famities = 1.2%, Table 3B); this is within
the range of the spontaneous mutation frequency in
other nen-Mutator lines analyzed by tis test (RoBERT-
son 1978), and stmilar to our results with »z2 and with
the two single-copy MuDR lines, A third group of 10
Zapalote chico accessions was analyzed for mutation
frequency but not tested by PCR (Table 3C). These lines
yield an intermediate value, with 31 new mutants in 217
families {(14.296). This group is clearly heterogeneous,
with some accesslons generating multiple mutants and
0me none.

Because both plastids and mitochondra ate mater-
nally transmitted in maize, reciprocal crosses between
disparate lnes often lead to defective kernels as a result
of nuclearcytoplasmic incompatibility. We observed
many dek mutants in the selfpollinated F; ears of the
Zapalote chico outcrosses, particularly among acces-
slons that also gave rise to seedling mutants (data not
shown). This class was excluded from analysis, however,
because it is unknown whether mutations or incompati-
bility are responsible for the small or defective kernel
phenotype (ALLEN et al. 1989).

Unusual features of mmtant induction in Zapalote
chico: It seems Hkely that both Mutator activity and
MuDRlike elements are unevenly distributed in Zapa-
lote chico populations. Only a subset of the Zapalote
chico accessions qualify as Mutator lines by the forward
mutation assay. This assay does not pinpoint what types
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TABLE 3

Forward mutation frequency

Self-poliinated parent

QOutcrossed to bz

No, of No. of Ne. of No. of

Line Individuals Mutants F; Families I, Fatulies N

A. Zapalote chico accessions with MuDR-like elements
M2 2 0 33 i1 NzZ201
Mz5 ! 0 6 3 NZ215
M26 1 0 19 11 NZ216
M58 11 1 83 47 NZ234
M62 4 I 41 13 N237
Total 19 2 182 85

B. Zapalate chico accessions without uttact elements
M1 1 0 14 ) NZ200
M5 4 1 41 1 N204
M6 i 0 1 1 N205
M7 Y 1 40 0 N206
M8 i 0 75 Q NZ207
M24 2 I 44 a NZ214
Mz2d 3 2 42 0 NZ219
M30 3 1 47 2 N220
M32 2 0 25 i N222
M36 2 0 32 Q NZ226
M41 2 0 21 Q N230
MO8 i 1 16 1 N233
Total 24 7 468 6

C. Zapalote chico accessions not classified by PCR
M3 2 1 28 2 N202
M4 i 1 18 4 NZ203
M17 1 0 17 3 N208
M18 1 0 16 4 N209
M33 2 0 26 0 N223
M34 P 1 37 4] N224
M35 3 1 29 4 NZ225
M37 1 0 17 3 N227
M33 1 0 9 ¢ N228
M40 2 0 22 11 NZ229
Total 16 4 217 3

1. Standard Mutator lines
M83 2 1 32 & na.
M12] 20 11 255 106 n.a.
N285 20 9 309 57 na
N190 20 7 239 71 n.a.
Total 62 28 835 240

E. Single MuDR ai-mum?Z line
NS5 10 Q 197 ] na.
N56 10 0 147 1 n.a.
Total 20 0 344 1

F. bz? tester
M72 10 0 120 0

of elements cause mutations. It 1s possible that some
Zapalote chico lines contain several types of transpos-
able elemernts.

One curious feature of the analysis 1s that Zapalote
chico Hrnes yielded few mutants on selfing. Tn the subset

of lines with MulIR.like elements, we identified only two
visible seedling mutations among the 19 parents (Table
3A). In subsequent years, continuous selfing of these
lines, and tests with more individuals from the original
accessions, have produced few new mutants {data not
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TABLE 1

Reactivation test with eryptic breszel reponter alicles

Number of cars with spotted ketnels® alter the indicated cross

Reporter allele® No. tested ) to b2 Zapalote chico Standard Mutator
b :MuDR 25 0 0 12 8
bzZ: Mulnul 17 0 G 0 1
bzl Mul-mu2 i3 0 v 3 it

“Ears were scored as positive if at least 5% of the progeny kernels exhibited the frequent, fine spotting
phenotype.

" The 822:MuDR allele {formerly called fzZ-mud} has a full-length MulR element msected in the second
exon (HERSHBERGER et al. 1991); the other alleles have Mu! insertions in the first (-mud) and second (~mul)
exons of HzZ For the test, unspotted kernels were chosen from lines that were fully mactivated (b2 Mul-
mul), scored as no somatic mutaknlity over several generations or from lines that were just inactivating; 1n the
latter lines, selfed ears had just a few very lightly spotted kernels while progeny ears on bzZ tester had no

somatically unistable kernels.

“Results are pooled for the N237 and N264-derived 22 Zapalote chuco lines.

shown). The number of vislble mutants was similar to
what we found in the "no MuDR group” (seven visible
mutations in 24 parents) and the unclassified group
(four mutants in 16 parents). The Zapalote chico acces-
sions contaln more "mutants” than 5272, but one plausl-
ble explanation Is that temperature-sensitive alleleswere
recognized as mutant at Stanford that have no mutarnt
phenotype in the much warmer conditions of Oaxaca.

The low incidence of visible rautants in Zapalote chico
lines containing MuDR (2/19) s particularly striking
considering the incidence of such pre-existing mutants
in standard Mutator lines (28/62). In contrast, the F,
ears from the outcross part of the forward mutation test
exhibitsimilar frequencies of newly Induced mutants. In
its native habitat, only selfing or crosses within Zapalote
chico germplasm occur, because Zapotec farmers grow
only this type of corn. The activation of a high forward
mustation frequerncy on crossing with a heterclogous lne
suggests that hybrid dysgenesis occurs. We completed too
few exact reciprocal crosses between Zapalote chico and
bzZ2 1o determine whether the elevated mutation fre-
quency results when an active Zapalote chico individual
is the female parent as well as the pollen donor.

A second curlous feature of the many new seediing
mutants produced by the various Zapalote chico acces-
sions is that none displayed somatic variegation. Typi-
cally, small wild-type sectors indicative of late somatic
excision are visible in at least half of all new mutants
produced by a standard Mutator ine (RoBERTSON 1981;
reviewed in WaLBOT 1991} . In the coliection of mutants
produced for this study, we also found that about half
of the new albino, pale green and yellow mutants recov-
ered from standard Mutator lines bhad visible dots of
green on the first leaf (data not shown). The absence
of somatic reversion is a novel property of new mutants
produced in Zapalote chico.

Zapalote chico lines with MuDR-Zccan restore somatic
mutability to cryptic bzZ mutable reporter alleles: The

lack of somatic instability of newly induced mutatons
in unknown genes made it difficult to analyze whether
Mu elements were involved. To gain more direct evi-
dence that MulKR-Zc elements were genetically active,
we used a fransactivation test for Mutator activity. Lines
derived from N237 and N264 with fulllength MuDR-Ze
{based on Southern blot hybridization) were crossed
twice with 522, in effect creating 5zZ tester lines after
selection for individuals without the dominant {-lallele.
This allele prevents anthocyanin accumulation and was
present int most Zapalote chico accessions. For the acti-
vation test, inactive Mutator lines homozygous for one
of three well-characterized fronze? alleles with precisely
mapped Mu element insertions were selected from our
collection; these Yines contain multiple, methylated cop-
ies of MulJR and somatically stable M elements. As
shown in Table 4, each inactive individual was self-polli
nated and crossed to bzZ tester to score spontaneous
reactivation of somatic mutability at the cryptic reporter
allele; no instance of spontanecus reactivation was ob-
served in the 55 individuals tested. On crossing to Zapa-
lote chico or standard Mutator 222 Mnes, fine purpie
spotiing indicative of late, frequent somatic exclsion was
restored in from zero to 85% of the test crosses. Such
wide variation in reactivation is typical of Mutator reacti-
vation tests (WarLsoT 1986).

DISCUSSION

A high forward mutation frequency is a defining char-
acteristic of standard Mutator lines; mutation frequency
is elevated 20-100-fold above spontaneous or above
what is observed in active Ac or Spm Unes (reviewed in
WaLeor 1992). Mutations in Mutator lines are caused
by a diverse family of Mu elements, which share ~200-
bp TIRs. Germinal insertion and somatic excision activi-
ties are controlled by the regulatory element MulR. To
date, MuDR has been found only in standard Mutator
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Hnes, In thelr immediate derlvatives. and In the Cygerm-
plasm (Bennierzen 1996). In the standard U.S. gorm
plasm, land races, and Zea spp. we have examined, we
find evidence for unmethylated MullRlike clements
and Mutator activity in Zapalote chico. Even within this
land race, only a subset of accessions appear to contaln
full-length elements.

For a neotropical maize, Zapalote chico is relatively
tolerant of long daylength. It can be grown to maturity
in the kemperate zone and crossed with U.S. germplasm.
Because it is so adaptable and contains many fraits of
potential agronomic importance. Zapalote chico has
been used in breeding for disease. Insect, and wind-
damage resistance (MuRoz ef al 1992). Zapalote chico
contains large numbers of prominent heterochromatic
knobs, and this line has been used in maize cytogenetic
research (GoopMAaN and Brown 1988).

Several lines of evidence indicate that some accessions
of Zapalote chico qualify as Mutator lines. First, they
exhibit a high forward mutatlon frequency, similar to
standard Mutator lines. Second, they contain multiple.
unmethylated copies of non-autonomous My elements.
Mu elements are methylated in inactive or non-Mutator
lines (CHANDLER et al. 1988} . Third, they contain multi-
copy unmethylated and transcriptionally active MuDR
like elements, which to date have been found oniy in
standard Mutator lines (BeMneTzeN 1996}, Fourth, MudIR-
like element copy number {s maintained throughseveral
outcrosses to non-Mutator lines. Approximately one-
fourth of the Zapalote chico accessions examined ap-
pear to have Mutator activity by one or more of these
criteria.

Molecular anaiysis of Mir elements in Zapalote chico
accessions: The three sequenced examples of MuDRare
nearly identical, and it was expected that a search for
additional Mutator sources would identify only this ele-
ment. We have cloned the MuDR-Zr element in several
fragments from one accession of Zapalote chico (N213)
that contains several coples of the putative regulatory
transposon. The MuDR-Zc sequence assembled from the
fragments is highly similar, but clearly diverged, from
the MuDR present in standard and the derived low-copy
MuDR Mutator lines. MulDR-Ze is 4998 bp, 58 bp larger
than the 4942 hp MuDK. Qverall, MuDDR and MulDR-Zc
exhibit 94.6% DNA sequence identity. Identityis highest
in TIRA and in the coding regions, with the intergenic
reglon being the most divergent part of the element.
At the amino acid level, the mudrd-like gene (mudrAz)
is more similar to that of MuDR, 87%, than the mudrB
like gene (mudrBz), 95.2%. A portion of MulR-Zewas
also cloned and sequenced from N234; in the region
4398-4524, this sequence s identical to MullR-Zcof line
N215.

Southern blot analysis clearly demonstrates the pres-
ence of intact ~5.0-kb MuDR 7 elements in N215. Be-
cause MuDR-Zr was cloned In fragments by PCR ampli-
fication, however, we do not have proof that ail of the

polymorphlsims exist in the same element. Tt s also
possible that a few of the nucleotide polymorpitlsms are
from PCR mutation. Because MuDR i toxic w E. coll,
pelnt mutations are conunon during attempts to clone
the infact element; for this reason we cloned MulK-Z:
in pleces that appear to be tolerated in E. w0l However,
we were also able to amplify the fragment in two, large
overlapping PCR fragments (position 113-2423 vielded
a 2310bp fagment; positlons 2404-4829 vielded a
2425bp fragment}. Future recovery of overlapping geno-
mic clones of MuDR-Ze and cONA clones will confirm
the distribution of sequence differences within individ-
ual MulR.Z¢ elements in line N215. To gain a better
understanding of the diversity of MuDRlike elements,
full sequencing of elements from additionial Zapalote
chico accessions could be informative as well.

Evidence for Mutator activity in some Zapalote chico
accessions: Several approaches were taken to demon-
strate that some Zapalote chico lnes not only carry
intact MuDR ke elements but may also have an actively
transposing population of Mu elements. The first mea-
sure of Mutator activity was by Northern analysis, be-
cause it has been shown that only active Mutator lines
express MulR transeripts (HERSHBERGER ef a/ 1995).
Second, we examined the methylation status and copy
number of Mu elements and the transmission of MuDR-
like elements 1o progeny. The ihird measure was a for-
ward mutation test to determine if any Zapalote chico
accessions had an elevated mutation frequency, and
whether mutation frequency correlated with AduDRlike
elements. Fourth, we examined the ability of Zapalote
chico to activate somatic instability in inactive Mutator
lines.

Northern analysis demonstrated that MuDR-Zc is ac-
tively transcribed: however, the levels and patierns of
expression are different from standard Mutator lines
(HersHBERGER ef al. 1995). mudrd and mudrB tran-
scriptsare easily detected in total RNA of standard Muta-
tor lines and are approximately equally abundant, al-
though in immature (prefertilization) ears there is an
~1:4 ratio of mudrd:mudrB transcripts (HERSHBERGER
et al. 1995). Low transcript abundance s characteristic
of the single-copy MuDR lines, but these lines have ap-
proximately equal amounts of transcript from genes A
and B (Qm er al 1991; James ef a/ 1993). In Zapalote
chico, however, mudrAze transcript levels are extremely
low, while those of mudrBzc are relatively more abun-
dant. Both transcripts are only readily detected from
poly(A)" RNA. As the mudrAze and srudrBze transcripts
are approximately the size of standard Mutator tran-
scripts, we infer that the TIRs also act as the promoter
elements in Zapalote chico, as well as constituting part
of the 5 UTR of each transcript type, In the sequenced
example of MuDR-Zr, TIRA is identical to TIRA of MuDR
but TIRB is only 91% identical. The differences in TIRB
may allow a higher level of mudrBze transcription or
Increased transcript stability, It is possible that mudrA
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and mrude differ Intranseript abundance because there
is Zapalote chicospecific host regulation or new lorms
of autoregulation by the MullR ke elements.

It 1s not clear why there are two mudrBze transeripts
inthe Zapalote chico accesslons examined. L is possible
that these transcripts are produced by two different, but
related, MuDKR.Z¢ elements. It Is also possible that they
are produced by alternative transcription start sites, dif-
ferential splicing or different polyadenylation events
from a single transcription unit. As mentioned earller,
both alternative splicing and multiple polyadenylation
sites exist In mude® transcripts in standard Mutator lines
(HERSHBERGER ¢ al 1995), and such posttranscrip-
tional events may explain the two transcripts found in
Zapalote chico. We also observed novelsized RNAs in
the bz2tester line that hybridized with the MuDR probe.
These cross-hybridizing RNAs may result from foriu-
itous simtlarity or regions of similarity to MulR in this
non-Mutator line.

Methylation has previously been shown to be corre-
lated with the loss of activity of MuDR (MARTIENSSEN
and Baron 1994). In inactive Mutator lines with methyt-
ated Mu elements, Mu copy number decreases by ap-
proximately half with each successive outcross to a non-
Mutator line {(WaLsoT and Warren 1988}, Neither
MuDR-Zr elemenis nor Mul and MuZ are methylated at
the enzyme sites examined. Furthermore, the MulR.Z¢
copy number Is maintained on outcrossing: parents with
Jjust 1-3 elements transmit them to all progeny and
through at least two outcrosses. Maintenance of M
element copy number is a key property of active Mutator
lines (ALLEMAN and FREELING 1986; WaLBOT and WAR-
REN 1988), although we are uncertain whether transpo-
sition or demethylation of cryptic elements 1s responsi-
ble for copy number maintenance in Zapalote chico.

In the test for forward mutation frequency, we estab-
lished that standard Mutator lines have a high forward
mutation frequency (29% of families contain a new visi-
ble seedling mutation) compared to the low frequency
of a standard inbred line of malze (b22 tester in W23
background) ora single MuDRline (al-mum2) . In Zapa-
lote chico, an elevated mutation frequency correlates
with the presence of MullRlke elements, but transpos-
able elements of additional familles and Afu elements
of several types may contribute to the observed mutation
frequency. The accessions for which there is molecular
evidence of regulatory elements had a 42% forward
mutation frequency. matching the level of the most
active standard Mutator line, All of the new mutations
recovered appear to be recessive, based on segregation
data (data not shown),

Several properties of Mutator activity in Zapalote
chico are distinct from both standard and single-copy
MuDR Mutator lines. In contrast to standard Mutator
lines, we found few mutations segregating in the original
Zapalote chico parents. New mutants occur after out-
crossing Zapalote chico as pollen donor onto a non-

Mutator line. Consequently, new mutations occur as a
result of hybrid dysgenesis and must be induced during
or after fertilization. In standard Mutater lines, many
new mutatons are recovered as single-kornel events,
Indicative of Mur insertions that alfect single gameto-
phytes {reviewed in WaLsoT 1991; CHaNDLER and HAR-
PEMAN 1992). When an active Mutator plant is used as
a pollen donor, nonconcordant embryo and endosperm
mutations occur in ~Z0% of the new mulants selected
at Y71 (RosertsoN and StinarD 1993). The lack of
correspondence between the embryo and endosperm
genotypes indicates that My insertions can ccour after
the mitosls that separates the two sperm in each pollen
grain (Rorertson and STinarp 1993). QOur data pro-
vide evidence that mutations in Zapalote chico sperm
can be induced even later, after fertilization, provided
the sperm interact with a non-Mutator egg.

A second unusual feature of new mutations induced
in Zapalote chico is that they are not somatically muta-
ble. Frequent late somatic excision is characteristic of
both standard and low-copy Mutator lines {(reviewed in
WarLroT 1991; LiscH et al. 1995). If the Zapalote chico
mutations are caused by Mu insertions, then the lack
ofsomaticinstability suggests that there js novel develop-
mental regulation of element excision behavior. In Mu-
tator lines losing activity, often assessed by a loss of
somatic excision at a reporter allele, the levels of MuDR
transcripts decline precipiiously {JoANIN ef 2/, 1988).
The low abundance of MuDR-Zr transcripts may simi-
larly be below the threshold required to program so-
matic excision.

A mutation screen Is currently in progress to isolate
mutations in anthocyanin reporter genes, using Zapa-
lote chico accessions with MulDR-Zc elements. The isola-
tion of a Mu element inserted into a known gene will
provide the opportunity to analyze the type of Insert
and its excision behavior more precisely. It is possible
that mutations in Zapalote chico lineages result from
more than ane type of transpaosorn.

Implications of hybrid dysgenesis: The seed acces-
sions used in this study were gathered from different
sources, and at different times. Only a subset of the
Zapalote chico lines contalns MulJR Zc and exhibits an
elevated mutation frequency. In the past, Zapalote chico
has been included in a variety of cornbreeding pro-
grams. In crosses with other lines, however, hiybrids are
often abandoned because of high steriity (MuRNoz et al.
1892} or poor vigor (W. Tracy, personal communica-
tlor). Yet this Jand race is a commercial crop when
grown and maintatned by inbreeding by the Zapotec
farmers in Oaxaca, México. Zapalote chico is the staple
of the human and animal diet of the Zapotec people.
Zapotecs prize this variety of corn for preparation of to-
topos, a baked corn cracker that is the main starchy food
in their diet. We hypothesize that the Zapotec farmers
teve selected for the alterations in Mutator activity that



Mutior 1'nansprosons in Bxotne Mize 30

we observe as a low abundance of transeripts and unre-
markable mutation frequenicy In Inbred Zapalote chico.

The apparent restriction of a high forward mutation
frequency o oulcrosses involving Zapalote chice may
be the explanation for the stabiiity of this line in crop
fietds. Our molecular and genetic observations confirm
a Zapotec myth that their corn will kill other lines of
maize if interbred. This myth is one reason Zapotecs
grow only Zapalote chico to ensure a reasonable yield.
The basis of this myth may be hybrid dysgenesis. This
phenomenon was first described by analysis of the re-
pression and activation of Pelements in Drusaphila mela-
nogaster in crosses that involved wild-caught and labora-
tory flies (reviewed by ENcLEs 1989}, With the appropriate
combination of breeding scheme and Pelement types.
this transposable element family is quisscent, effectively
tamed.

Similarly. we found a Jow-mutation frequency after
selfing Zapalote chico lines with transcriptionally active
MuDRike elements. This contrasted with the high-
mutation frequency observed in the progeny of these
same plants crossed as pollen donor to inbred W23 and
in the derivatives of the Tuxpefio X Zapalote chico lines
crossed to W23, The difference In mutation frequencies
suggests that Zapalote chico germplasm could contain
a novel factor that suppresses Mutator activities or has
lost a host factor required for activation. When Zapalote
chico Is crossed as pollen donor to other lines, the “repres-
sor” of Mutator activity is missing or ineffective. The so-
matic stability of new mutants in the dysgenic crosses &s
also striking, and again suggests that the MullR-Z or the
Zapalote chico background confers novel and stabilizing
properiies on the Mutator transposons. Further genetic
and molecular analysis will be required to identify the
proposed repressor, if it exists, and to probe the interac-
tions of standard MulR and MuDR-Zr.
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Discusion

Con el propésito de peder utilizar la familia de transposones MuDR/Mu en Zapalote
chico como una herramienta para ia generacion de mutantes y la clonacién de genes, llevamos
a cabo la caracterizacion de estos transposones en Zapalote chico por medio de diferentes

estrategias experimentales. Los resultados obtenidos se discuten en seguida.

Evidencia de actividad Mutator en algunas lineas_de Zapalote chico.

En este trabajo mostramos que la secuencia completa de MuDR-Zc es 94.6% similar a
MuDR. Por experimentos de hibridizacién RNA-DNA tipoNorthern blot, encontramos que los
elementos MuDR-Zc son transcripcionalmente activos, sin embargo los patrones de expresion
de mudrA-zc y mudrB-zc son diferentes de las lineas Mutator estandar. En Zapalote chico los
niveles de mudrA-zc y mudrB-zc son extremadamente bajos y aunque mudrB es un poco mas
abundante ambos transcritos fueron posibles de detectar sélo cuando se utilizé RNA poli {A)".
Por otro lado observamos que en Zapalote chico existen dos transcritos de mudrB-zc, uno de
aproximadamente [.05 kb y otro un poco mas pequefio (0.95 kb) que el observado en lineas
Mutator estandar. Es posible que estos transcritos sean el producto de diferentes sitios de
iniciacion de la transcripcion, procesamiento diferencial del mensajero o que existan sitios de
poliadenifacion miiltiples de una misma unidad transcripcional. Otra posibilidad es que estos
transcritos se originen de dos distintos MuDR-Zc. Un dato interesante de estos experimentos es
que en lineas bz tester (lineas no Mutator) se observaron varios transcritos de diferentes
tamafios que hibridan con las sondas de MuDR |, en lineas Mutator estandar también se

observaron transcritos de similar tamafio pero los niveles de expresion fueron mas bajos. En
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lineas Mutator estandar se han reportado transcrilos tan grandes como el elemento entero o
transcritos inas pequerios que provienen de elementos MuDR truncados (Hershberger R. J. et al
1995). Sin embargo es la primera vez que se reporta hibridacion de los transcritos de MuDR
en lineas no Mutator come bz2. Estos resultados representan una parte importante de este
irabajo pues ellos constituyerdn el primer precedente de futuras investigaciones de MuDR y sus
derivados, actualmente se investiga si estos elementos contribuyen a la regulacién de la

actividad de Mutator durante el desarrollo de la planta (Rudenko G. N. v V. Walbot 2001).

En algunas lineas de Zapalote chico existe una alta frecuencia de mutacion.

Probablemente una de las caracteristicas mas sobresalientes de lineas Mutator es su
alta frecuencia de transposicion. En este trabajo encontramos que en Zapalote chico una
frecuencia alta de transposicion se correlaciona con la presencia del elemento MuDR-Zc v en
algunas de las lineas la frecuencia de transposicion fue tan aita como en lineas Mutator
estandar. Sin embargo, una caracteristica distinta en Zapalote chico es que las mutaciones
nuevas ocurren sélo después de que el polen de Zapalote chico es usado en cruzas con lineas
no Mutator, las nuevas mutaciones deben de ser inducidas durante o después de la fertilizacién
causando una especie de disgénesis hibrida. Esto sugiere que en Zapalote chico podria existir
un factor que suprime la actividad Mutator o que ha perdido un factor necesario para su

activacion.

Caracteristicas Unicas de las mutaciones inducidas en Zapalote chico.

Como ya se menciono, una de las caracteristicas mas importantes de seleccionar
mutantes inducidas por transposones es que estas mutaciones son somaticamente inestables y

los sectores de reversion son una prueba de que la mutacion es causada por la insercian de un
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transposen Un rasgo distintive de Zapalote chico v determinante para los objetivos de este
trabajo es que las mutaciones generadas por MuDR-Zc no son somaticamente mutables. Esta es
una propiedad nueva de Zapalote chico, lo que indica que en esta raza de maiz existe una
regulacion de fa excision del transposon diferente a la presente en lineas Mutator estandar. Ha
side demostrado que el producto de mudrA es suficiente para programar la excision somaética,
quizas la baja expresion de este gen en Zapalote chico no sea suficiente para permitir la
excision de este transposon. Actualmente se estan realizando experimentos para aislar
mutaciones en un gen reportero de {a ruta de las antocianinas usando lineas de Zapalote chico
con elementos MuDR-Zc para poder analizar el tipo de insercion v tratar de averiguar el por
qué no existen excisiones de estos transposones en esta raza de maiz. Después de analizar estos
resultados, concluimos que para los propdsitos de este trabaje no era posible usar Zapalote
chico para generar mutantes y la posterior clonacién de los genes, pues el hecho de que no
existan excisiones somaticas de este transposon deja Ya duda de si ta mutacion de interés esta
siendo causada por un transposén Mu, por otro transposon o la causa de la mutacion es otra.
Sin embargo, Zapalote chico sigue siendo interesante para estudiar la bioldgia de Mutator vy
seria bastante interesante analizar si en Zapalote chico existen factores enddgenos de su
genoma que llevan a una regulacion distinta de estos transposones que en lineas Mutator
estandar. Por otro lado uno de los problemas con la que algunos grupos de trabajo se han
enfrentado, es que después de ciertas generaciones la mutacién de interés en lineas estandar
Mutator se puede perder debido a la excision del transposdn; asi, en Zapalote chico existe la
posibilidad de estudiar mutaciones de genes ya conocidos sin el riesgo de que se pierda la

mutacién pues las mutaciones producidas por elementos Mu-zc son estables. Sin embargo, para
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pader establecer un sistema de abanderamiento de genes en Zapalote chico es necesario

futuros estudios del comportamiento de estos transposones.

Conclusiones

Caracterizacion MuDR/Mu en Zapalote chico.

Después del analisis de varias lineas de Zapalote chico encontramos que en algunas de
estas lineas existe este elemento activo que conserva varias caracteristicas de lineas Mutator
estandar, como son: una frecuencia de mutacion alta, contienen copias multiples de elementos
Mu no-autonomos y el elemenio MuDR es activo transcripcionalmente. Estos elementos se
conservan después de varias cruzas con lineas no mutator, lo que sugiere que hay
amplificacion del elemento por transposicion replicativa. A este elemento lo hemos Hamado
MuDR-Zc.

El sistema MuDR-Zc/Mu-zc tiene caracteristicas distintivas del de lineas estandar; en
Zapalote chico se observan mutaciones nuevas solo después de que polen de Zapalote chico es
usado en cruzas con lineas no Mutator. Otra caracteristica inusual en Zapaiote chico es que las
mutaciones no son somaticamente inestables, esto Gltimo fue determinante para los objetivos
de este trabajo y concluimos que no es posible utilizar esta raza de maiz para la seleccion de
mutantes y la posterior caracterizacion de sus genes. Sin embargo puede ser Gtil para entender

mas de los mecanismos de {a nueva actividad de elementos Mu en Zapalote chico.

Perspectivas
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Fl hecho de que en Zapalote chico se encuentren los elementos MuDR/ Mu activos y ademas se
conserven varias de las caracteristicas de lineas Mutator estandar pero con algunos rasgos
distintivos, ofrece la ventaja de poder conocer mas del comportamiento de estos elementos vy
los posibles factores que regulan su actividad en Zapalote chico. Analisis genéticos y
moleculares podrian identificar dichos factores y estudiar si estos interacttian también con
MuDR de lineas estandar. Por otro lado, una vez mejor caracterizado este sistema, podria ser
til para identificar mutaciones en genes ya conocidos sin el temor de perder 1a mutacion en

cruzas futuras ya que fas mutaciones en Zapalote chico son estables,
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Capitulo Il

Analisis genético de la biogénesis del cloroplasto en A rabidopsis
thaliana.

En el embrion de una planta existen diferentes identidades celulares formando organos
y cada célula contiene proplastidios. Estos proplastidios se diferencian durante el desarrollo de
la planta de acuerdo al programa de la célula en la cual ellos se encuentran, lo que refleja su
plasticidad estructural y metabglica.

El metabolismo de los diferentes tipos de plastidios esta en estrecha relacion con la
funcién del tejido en el cual se encuentran, por ejemplo, su funcién principal en hojas
iluminadas es la asimilacién de CO, y captacion de luz por el cloroplasto. Mientras que los
plastidios en la raiz estan principalmente involucrados en la asimilacion de nitrégeno
inorganico. Los amiloplastos que acumulan grandes cantidades de almiddn, se comportan
como reservorios en raiz y tubérculos. Los cromoplastos presentes en pétalos, frutas y raices
sintetizan grandes cantidades de carotencides. La interconversion entre los diferentes tipos de
plastidios estd acompafiada por cambios dramaticos en la estructura del plastidio, incluyendo
el desarrollo o el desensamble del sistema de membrana interna y la adquisicidén de enzimas
especificas de la via biosintetica en la cual participan { Kirk J. T. O. y R. A E. Tilney-Bassett,
1978 ).

La biogénesis del plastidio es genéticamente compleja e involucra la participacion de

cientos de genes distribuidos en el nacleo y en el mismo organelo. Se sabe poco de como la
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celula coordina la expresion de genes en ambos compartimentos en respuesta a diferentes
estimulos.

El plastidio mejor estudiado es el cloroplaste. por un lado debido al importante papel
que juega en la fijacion del CO, atmosférico en compuestos organicos y por ofro lade, a que
son relativamente faciles de aislar de células del meséfilo en comparacion con otro tipo de
plastidios. El control nuciear de la diferenciacion del cloroplasto ha sido documentado por
numerosos estudios biequimicos de la sintesis del aparato fotosintético, asi como por una
buena cantidad de mutantes nucleares que bloquean la funcion de este organelo (para revision
ver Somerville C., 1986 ). Sin embargo, pocas mutaciones de genes nucleares que regulan el
desarrollo del cloroplasto han sido sujetos a andlisis molecular (Ledn P. 1998). En la tabla | se
incluyen gran parte de ellas. La mayoria de estas mutantes fueron aisladas por su fenotipo
verde palido o amarillo, algunas han sido clasificadas como albinas, como es el caso de alb3,
adn cuando presenta un fenotipo amarillo. Como se observa en la tablal, estas mutantes
tienen defectos en una gran variedad de las funciones del cloroplasto que incluyen, el importe
de proteinas a través de [a maquinaria general de importacidn, como es el caso de ppif (larvis
P. et al 1998) y ppi2 (Bauer J. et al 2000). Estos genes codifican las proteinas Toc33 y
Toc!59 respectivamente, fas cuales forman parte del aparato de translocacion de proteinas de
l[a membrana externa e interna del cloroplasto, afb3 (Long D. et al 1993;

Sundberg E. et al 1997), hefl 06 {Voelker R. y A. Barkan. et al 1995; Settles A. M. et al
(997) thal (Voelker R.y A. Barkan et al 1995; Voelker R. et al [997)y thad (Walker M. B.
et al 1999.) son ejemplos de mutaciones que afectan la maquinaria de insercion de proteinas a

{a membrana tilacoidea.
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Durante mucho tiempo se ha propuesto que el estado de desarrollo del cloroplaste
reguta 1a expresion de genes nucleares cuyas proteinas son destinadas a este organelo {Taylor
W.C. 1989). Por ejemplo, en plantas en donde el desarrollo del cloroplaste ha sido detenido
por un inhibidor come norflurazena, el cual interrumpe [a sintesis de carotenoides, no se lleva
a cabo la expresion de genes nucleares como CAB y RBCS que codifican proteinas del
cloroplasto con funcion fotosintética. Asi se ha hipotetizado que una sefial cloropiastica
(famada factor plastidico) provee al miicleo con la infomacion acerca del estado de desarrollo
del organelo y esta sefial regula la expresion de genes nucleares. Se ha especulado que la sefial
plastidica puede ser un metabolito, un segundo mensajero o una macromolécula { Somanchi A.
y 5. P. Mayfield, 1999). Susek y colaboradores disefiaron diferentes estrategias experimentales
para identificar sefiales plastidicas, tanto positivas como negativas, que regularan la expresion
de genes nucleares (Susek R. E. et al 1993; Li H.-m. et al 1995). Como resultado de este
trabajo aislaron una serie de mutantes entre ellas cue/ y gun5; recientemente fueron clonados
los genes de ambas mutantes (Mochizuki N. et al 2000; Streatfield S. J. et al 1999); cue
codifica para el translocador de fosfoenolpiruvato/fosfato y gun5 fa subunidad ChiH de la Mg-
quelatasa, la que participa en la biosintesis de Ia clorofila (tabla 1). En el caso de gun5 se ha
propuesto que la acumulacién de precursores de clorofila puede interactuar con diche factor
plastidico y modular negativamente la expresion de un juego de genes nucleares.

Por otro lado, el grupo de Mache R.. ha demostrado que genes nucleares que codifican
componentes del aparato de traduccién def plastidio se expresan muy temprano durante la
biogénesis del cloroplasto y anteceden la expresion de cualquier otro gen plastidico (Mache R.
et al 1997) y que los genes plastidicos que se expresan en las primeras horas después de la

imbibicion de la semilia, son transcritos exclusivamente por NEP, lo que sugiere que la
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biogenesis temprana del piastidio esta bajo el estricte control del nicteo { Harrak H 1995,
Mache R. et al 1997).

Como se observa en los datos de la tabla | [a mayoria de las mutantes reportadas
hasta ahora inhiben el desarrollo del cloroplasto atectando estadios especificos del ensamble de
fa membrana del tilacoide y fa produccion def aparato fotosintético. Los cloroplastos en estas
mutantes son generalmente pequefios y contienen titacoides semidesarrollados. Las mutantes
que bloquean completamente el desarrollo del cloroplasto dan lugar a plastidios que e~
asemejan proplastidios, este tipo de mutantes son relativamente raras, quizas det

letales. Sin embargo, cuando este tipo de mutaciones son somaticamente i

&
sucede en aquellas causadas por f{ransposones, la inestabilidad puede Kby Joojdoa L o
. . e Stayge PuBy, Paioy
sectores revertantes silvestres que permiten la viabilidad de la planta ¥ Mgy, IEQ%‘UQ‘Z;Oy v
L . y Prong,, o
mutante dag de Antirrhinum {Chatterjee M. et al 1996) de dc/ del JitcSye, d

[996), de vdl (Wang Y. et al 2000) del tabaco v iojap del maiz. '
pocas reportadas que afectan el desarrollo temprano del clorople '
clonados; hasta la fecha se conoce solo la funcion de Vdfya que eleff.’g%}g 04 ay
115

Dag vy lojap no tienen similitud con ninglin otro gen reportado en las bases de da‘?i,fj Sty
Arabidopsis es otra mutante de la biogénesis del cloroplasto y la funcion del gen fue conocida
hasta hace poco (Mandel A. A. et al 1996; Estévez J. et al 2000) (tabla ! y articulo) En
conclusion hasta el momento se conoce poco a nivel molecular de las fases tempranas del
desarrolio del cloroplasto.

El objetivo de esta parte del trabajo, es realizar un analisis sistematico de los pasos

tempranos de la biogénesis del cloroplasto a través de la seleccion de mutantes albinas. Para

ello se seleccioné como modelo a la planta de Arabidopsis thaliana por todas las ventajas que
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clla ofrece y que ya han side mencionadas. A continuacin se presenta ef articulo que contiene
la primera parte de los resultados de este trabajo. En una segunda parte se presentan los
resultados de la clonacion de la secuencia gendmica adyacentes al T-DNA de dos de las

mutantes aisladas durante este trabajo
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ABSTRACT

In a screen of 99 pigment afected lines of Arabidopsis we have identified 9 mutations
that affect early stages of chloroplast biogenesis. These mutations fall into 7 complementation
groups and include a novel allele of ¢fal. albino mutants all have less than 2% of Wt levels of
chlorophyll, little or no expression of nuclear genes required for chloroplast maintenance, and
some of the mutants even do not have expression of genes required for maintenance of the
proplastid. In all mutants but a/b8, proplastids do not differentiate enough to form even early
thylakoid membranes. These a/b mutations also have moderate to severe effects on leaf
development, and the strongest af/b mutations lack most internal layers of the leaf. In addition,
analysis of afb mutants during embryogenesis allows us to differentiate between the loss of non-
cell autonomous factors, where partial complementation of chloroplast development is
observed during embryogenesis, and cell autonomous factors, which are not complemented by
maternal factors during embryogenesis. The low percentage of pigment lines we recovered that
result in true albino phenotypes suggests that a relatively small number of genes are required

to complete early steps of chloroplast biogenesis.



INTRODUCTION

Chloroplasts are the biosynthetic and assimilatory powerhouses of plant cells,
responsible for the fixation of CQO,. manufacture of starch, fatty acids and pigments and the
synthesis of amino acids from inorganic nitrogen. The capacity of a plastid to house several
biosynthetic pathways or perform photosynthesis is strictly linked to its state of differentation.
In higher plants, chloroplast develop from proplastids which are present primarily in
meristematic cells and in young postmitotic cells. As meristematic cells begin to differentiate
into the mesophyll and palisade cells proplastids begin to differentiate into chloroplasts.
Proplastids are small organelles {(0.2-0.5 pm in diameter), that lack thylakoid membranes but
do contain low amounts of DNA, RNA, ribosomes and soluble proteins. During development,
plastid volume increases dramatically: the increase in plastid volume can be greater than 100
fold. When the proplastid reaches an average size of 1.0 um the inner layer of the membrane
begins to invaginate into the stroma {Miihlethaler and Frey-Wyssling, 1959). This process
continues until there are many flat sacs or thylakoids laying in the stroma, and as
differentiation proceeds, the number of thylakoids increases. Also these thylakoids are now
seen to occur almost invariably in stacks of two, three or more. Further, the number of
thylakoids in each stack increases until eventually the typical grana of the mature chloroplast
are produced (Kirk and Tilney-Bassett, [978).

It has been suggested that progressive extension of the thylakoid system results from
fusion of vesicles to its edges that in turn are derived from small invaginations of the inner
plastid envolope (Whatley et al., [982). The thylakoid membranes have a lipid composition
similar to that of the chloroplast inner membranes (Carde et al., 1982; Douce et al., 1984;

Morré et al., 1991}. However no connection between these membranes can be found in later



states ot maturation. and thylakoids seem to be maintained by a tlux of inner membrane
vesicles (Carde et al., 1982; Douce et ai., 1984). Recently, several proteins have been
reported that seem to be involved in formation ol vesicles. Pitf, which shares a high degree of
amino acid sequence similarity with NSF of yeast and animals and FisH of bacteria, has been
isolated from hot pepper and implicated in the vesicle fusion (Hugueney et al., 1995). DLI, a
dynamin-like protein, is also thought to be involved in the formation of vesicles (Park et al.,
1998). VIPP | is a protein that is involved in the budding of vesicles from the inner envelope,
and which in turn is required for the maintenance of a structurally and functionally intact
thylakoid membrane. Deletion of the VIPPI gene is deleterious to thylakoid membrane
formation {Kroll et al., 2001).

The conversion of proplastids into chioroplasts is accompanied by high transcription
levels of plastid genes encoding the transcription/translation apparatus during early
chloroplast biogenesis followed by a decrease once mature chloroplasts are established.
Chloroplast photosynthetic genes are highly expressed only later in development (Bisanz-Seyer
et al., [989). This suggests that one centrat regulatory point of chloroplast differentiation is
the activation of chloroplast transcription. It has been shown that differential transcription of
genes encoding the transcription/translation apparatus occurs early in chloroplast
development of barley (Baumgartner et al., 1993). In spinach, nuclear genes encoding plastid
ribosomal proteins are expressed very early during the first hours following seed imbibition and
in advance of the expression of the plastid encoded genes, the expression of these genes is
dependent on activation of specific promoter elements and precedes the expression by two days
of the two ribosomal RNA operons and other photosynthetic genes encoded in the chloroplast

or photosynthetic genes encoded in the nucleus. These results suggest that the carly signals for



chioroplast development originate from the nucleus {Mullet et al., 1993: Harrak et al 995,
Mache et al., 1997).

Despite the importance of plastids little is understood about the regulation of their
differentiation, their role in plant development and the molecular basis of plastid nuclear
communication. Recently, genetic approaches have begun to yield insights into the mechanisms
of chloroplast biogenesis. Mutants in several different species have been identified in which
plastid development is severely compromised leading to a pale or albino phenotype that is
often seedling lethal {Somerville C. R. 1986). From such mutants a variety of genes have been
cloned and characterized that appear to have a role in controlling plastid differentiation and
development.

Mutants that completely block chloroplast development should give rise to plastids that
are very small, lack internal membranes and resemble proplastids. Few true albino mutants of
this type have been characterized. To date the earliest-acting mutants reported are pac, dcl,
dag, iojap, clal, and vdl (Reiter et al., 1994; Keddie et al., |996; Chatterjee et al., 1996;
Shumway and Weier, 1967; Mandel et al., 1996; Wang et al., 2000). All these mutants have
chloroplast structures characteristic of proplastids, while plastids from pac, dc/
and cf/al display some single thylakoid membranes and accumulate chlorophyll and
carotenoids at low levels. In dag. iofap and vdl no thylakoid differentiation occurs and they
show typical small vesicles and invaginations of the inner membrane seen in proplastids. In
addition, cells lacking DAG function do not express RBCS or CAB, whose expression is thought
to be required for transcriptional and/or transiational activity of the chloroplast and for
nuclear gene expression (Susek and Chory, 1992). This suggests that DAG acts very early in

chioroplast biogenesis. DAG has no similarity to proteins of known function. iojap plastids



Iave a programmed loss of the ribosomes (Walbet and Coe. 1979). The nucleotide sequence of
iofap shows no significant sequence similarity with proteins listed in the database (Han et al,
1992) however it is associated with the 508 plastid ribosomal subunit, suggesting a role for |j
in protein translation (Han and Martienssen, 1994). In pac mutant plants distinct chloroplast
encoded transcripts are affected, as the mutation mainly changes the maturation pattern of
chloroplast mRNAs. [t has been suggested that PAC has a specific role in chloroplast mRNA
maturation (Meurer et al ., 1998). CLA/ encodes |-deoxy-D-xylulose-5-phosphate synthase,
which is involved in biosynthesis of isoprenoids. Inactiviation of this gene affects normal
development of the chloropiast and etioplast, but does not affect amyloplast structure (Estévez
et al, 2000). The predicted DCL sequence shows no significant homology to any protein. dcf-
m plants appear affected only in the development of the chloroplast and no other plastid type
(Keddie et al 1996). The vdl mutant of tobacco contains undifferentiated plastids and shows
variegated leaves and abnormal roots and flowers. VDI encodes a plastid DEAD box RNA
helicase which suggests that plastid RNA helicases are involved in early plastid differentiation
and plant morphogenesis (Wang et al., 2000).

In addition to affecting chloroplast development, the mutants pac and cfal in
Arabidopsis, dag in Antirrhinum, dcl in tomato, and vdl in tobacco show ltoss of palisade
mesophyll cell differentiation within the leaf. In these mutants the palisade layer is missing and
is replaced with smaller spherical-shaped celis similar to those observed in spongy meshophyll.
in addition, air spaces are present more often in mutant leaves that in wt leaves. Analysis of
these mutants has led to the hypothesis that a signal derived from the normal functional
chloroplast interacts with a dorsoventralizing signal to cause periclinai elongation of palisade

and mesophyli cells.



To gain a better understanding of the genes which are necessary for early steps of
chloroplast biogenesis, we conducted a genetic screen for pigmentation fines in Arabidopsis. Of
the 99 lines we obtained from our screen, 9 lines showed an extreme albino phenotype and
contain less than 2% of Wt levels of chlorophyll. These 9 afbine (afb) lines define 7 ioci, and
include a novel allele of the previously described cfaf. In this work we examine the affect of
these afbino mutations on chloroplast and nuclear photosynthetic gene expression, chloroplast
development, and leaf development. In addition, we differentiate between celf autonomous and
non-cell autonomous factors which are required for early chloroplast development. The low
number of true afbino mutations recovered in our screen suggests that relatively few genes are

required for the earliest steps of chloroplast biogenesis.



MATERIALS AND METHODS

Plant material and growth conditions: Arabidopsis thaliana (L} Hevhn. ecotypes
Landsberg erecta (Ler), Columbia {Col), Wassilewskija (WS), C24, Ler/Lim/Dij, and Dijon
were used in this study as is indicated. For experiments involving plants grown under sterile
conditions, seeds were surface-sterilized and plated on germination medium (GM) containing
I X Murashige and Skoog basal salts {Gibco BRL, Grand Island, NY), 2% {w/v) sucrose, 1X B5
vitamin solution (Gamborg's, Sigma, Inc., St Louis, MO ), 0.05 % (w/v) MES [2-(N-
morpholino) ethanesulfonic acid], solidified with 0.8% (w/v) phytoagar. Adult plants were
grown in Metro-Mix 200 (Grace Sierra, Milpitas, CA) soil under 6 hrs light 8 hrs dark at 24
°C . Seeds were incubated at 4 °C to break dormancy prior to germination.

All of the mutants isclated as part of this study were recovered from different sources:
T-DNA insertion and Fast neutron mutagenesis were provided by Nottingham Arabidopsis
Stock Centre (NASC, Nottingham, UK). Ethyl mathanesulfonate mutants (EMS) and some T-
DNA lines from Chris Somervilie (Carnegie Institute of Whasington Stanford, CA), some all the
albinos lines from the Arabidopsis Biological Resource Center { ABRC ).

Complementation analysis were done by crossing heterozygous mutants plant to one
another in all combination possible and the resulting F1 embryos scored for the presence or
absence of the mutant phenotype.

Determination of genetic map positions Genetic mapping was done according to
Lukowitz et al., 2000. Mapping populations were generated by manually crossing
heterozygous mutants plants to Ler or Col ecotypes background . FI plants were allowed to

self pollinate and set seed. F2 plants tissue homozygous or heterozygous were collected and



bulked, DNA pools were used to assign a rough position on the genetic map by identifying
linked genetic markers. To find flanking markers DNA was prepared from individual F2 plant
samples and examined with markers from the region. About 140 chromosomes were analysed.

Northern blot analysis Seedlings were grown on GM medio +2 % sucrose plates for
[6 days 16 hrs light 8 dark 24 “C. Total RNA was was prepared by extration with Triazol
Reagent {Sigma, Inc., St Louis, MO ). 15 g of total RNA per lane from seedlings was
fractionated by electrophoresis in 1.2% (w/v) agarose gel and transferred onto Gene Screen
nylon membrane (New Life Science Products., Boston, MA} and fixed in a drier at 80°C for 2
hrs. Hybridization was done with PSE buffer. Hybridization and washes were done a high
stringency conditions according to standard procedures.

Chlorophyll determination Determination of total carotenoids and chlorophylls was
conducted following the protocol reported by Lichtenthaler and Wellburn (1983).
Confocal microscopy Late stage embryos were dissected from heterozygous plants and
mounted in a solution of 300mM Mannitol on large coverslips, and were imaged on a Nikon
inverted fluorescence microscope equipped with a 20x Nikon objective and a Bio-Rad MRC
Q24 confocal head. Confocal reconstructions were made from ~ lum optical sections using

NIH Image and Adobe Photoshop.
Light and electron microscopy For transmission electron microscopy, tissues were fixed

with 6% (w/v) glutaraldehyde in phosphate-buffered saline { pH 7.2 ) for 10 h and post fixed
in 1% (w/v) osmium tetroxide in the same buffer for several hours. After dehydration in a
graded series of ethanoi and propylene oxide, samples were embedded in Epoxy resin. For
electron microscopy, 60 nm thin sections were obtained and mounted on formvar-coated

copper grids (Electron Microscopy Sciences, Fort Washington, PA ). For contrast, 3% (w/v)



uranyl acetate and .3% (w/v) lead citrate were used. Grids were observed with transmission
electron microscope (EM-10, Carl Zeiss. Jena, Germany} operating at 80 KV. For light
microscopy, samples were treated as described above and 0.5 ~ pm semi-thin sections were
obtained. The section were stained with [% (w/v) toluidine blue and abserved in brightfield

with a light microscope ( Standard, Carl Leiss).



RESULTS

ldentification of albino mutants: Historically, much effort in plant biology has been
concentrated in the biochemistry and structure of different plastid types. In recent year a clear
molecular picture of chloroplast development s emerging, the core components of the
chloroplast protein import are probably been identified and much of the biogenesis and
assambly of photosynthetic proteins in thylakoid membranes is know (for review Bauer et al.,
2001!; Wollman et al., 1999). By contrast, little is known about genes required for early steps
of chloroplast differentiation. Mutants that are disrupted in early stages of chloroplast
biogenesis might be expected to resemble proplastids. Chloropiasts arrested at this stage would
be expected to have little or no photosynthetic activity and also lack photosynthetic pigments.
Thus, seedling mutants with chloroplasts arrested at very early stages of differentiation should
display a white, true albino phenotype. Of the mutants previously described in Arabidopsis,
only cla/ (Mandel et al., [996) and pac (Reiter et al., [994) fit this criteria.

To identify mutants which most likely affect early stages of chloroplast differentiation,
lines available from the Arabidopsis Biological Resource Center (ABRC) classified as “albino’
were examined. 33 lines were obtained from the ABRC, all of which were homozygous lethal
and were be propagated as heterozygotes. Lines were grown in tissue culture media
supplemented with sucrose, and examined visually. Mutant lines representative of the observed
phenotypic spectrum are shown in Figure 1. The majority of mutants lines were not true
albinos, but in fact had considerabie amount of green (Figure |B) or yellow (Figure 1C)
pigments, and which are referred to here as pale green or yellow phenotypes. However, two

lines, a/b2 and CS213 (Figure 1D), did fit our phenotypic criteria for albino mutants, as they




were completely lacking in photosynthetic prigments when viewed with a dissecting microscope.
The fact that only two out of 33 ABRC lines classified as albinos fit our strict phenotypic
criteria for a true albino phenotype suggested that the number of albino loci might be small
enough to be tractable for analysis. In view of this, a genetic screen to isolate more albino
mutants was performed,

A genetic screen to isolate lethal mutations must be done by examining families so that
heterozygous siblings can be used to propagate the mutation of interest. Since Wt embryos
develop chloroplasts during embryogenesis (Mansfield and Briarty, 1991), late stage embryos
which lack chlorophyli can be easily scored, and piants which are heterozygous for a pigment
Mutation segregate approximately /4 white embryos, as shown in Figure 2A. Thus, M3
families can be effectively screened before seed dessication while the seed are siil developing in
siliques of the M2 mother plant, saving the step of harvesting individual families for screening
by germinating seedlings on plates. In this manner, 1000 EMS M2 and 5,000 T-DNA
mutagenized lines were examined for siliques containing approximately |/4 pale or white
embryos. 69 lines segregating morphotogically normal pale or white embryos were recovered
and used for further analysis.

In total, 99 pigment lines were obtained from the survey of ABRC ‘albino’ lines and our genetic
screen. Based on seedling pigmentation, these 99 lines were classified into three categories:
albino, pale green, and yellow. Lines in which no green or yellow pigment could be observed
under a dissecting scope were classified as albino. Pale green lines contained less chlorophyll
than Wt seedlings, while yellow lines primarily lacked chlorophyll, but retained yeliow
(carotenoid) pigments. Of the 99 mutant fines, 6 1 were scored as pale green, 29 as yellow and

only 9 as aibino (Figure | and Table 1),



Complementation crosses using all pairwise combinations of the nine albine mutants
identifed demonstrated that these 9 lines comprise 7 complementation groups (see Table 2).
ABRC stock center line CS213 was found to be allelic to the previously described clal-1
mutation, and was thus designated cfal-2. alb2-1, which was also obtained from the ABRC,
was not found to be allelic to any of the other afbino mutants. Of the remaining 7 mutants,
three were found to be allelic and were designated alb7-{, afb7-2, and afb7-3. The remaining
four mutant lines were non-allelic and were designated alb4-1, alb5-1, afh6-1 and afb8-1. All
mutants segregate as monogenic, nuclear recessive mutations with normal transmission (data
not shownj.

To support the visual observation that our albino mutants were indeed serverely
lacking in chlorophyll and carotenoid pigments, pigment levels in all 6 albino mutants were
quantified (Table 3). Pigments from |8 day old seedlings were extracted in acetone and
quantified by their absorption spectra by the method of Linchtenhaler and Wellburn (1983).
All albino mutants contained 2% or less of Wt chlorophyll per weight compared with Wt
seedlings. alb2, alb4, alb5 and alb7 had approximately 3% of Wt level of carotenoid, while
aib6 and aib8 had 12.9 and 9.6 % of Wt carotenoids, respectively. This data support the
visual classification of these mutants as true al/bino mutants that are severely lacking
chlorophyll and carotenoid pigments.

Map positions of albing mutants:

We crossed our alb mutants to the Columbia ecorype and selfed the F1 heterozygous
plants to generate F2 mapping populations. Rough map positions for each alb locus were
generated by pooling 50 mutant seedlings and using pcr-based SSLP markers fo check for

linkage to a set of SSLP markers spaced at regular intervals throughout the genome (Lukowitz



et al.. 2000). For more tine scale mapping, we obtained recombination frequencies with
flanking SSLP markers for all afb mutations, using populations of approximately 70 F2 plants.
alb mutations map to chromosomes 1ll. 1V and V and map positions, along with recombination

frequencies with closely linked markers, are shown in Figure 3.

albino seedling morphology: Although all afbino mutants are morphologicaily normal
during embryo development (see Figure 2 and Figure 8 below), dramatic differences are
observed during seedling growth. alb mutants grow much more slowly than Wt seedlings, have
serious defects in leaf morphogenesis, and are seedling lethal. afb seedling phenotypes after 2 |
days of growth on MS sucrose plates are shown in Figure 4.

The mutant with the most severe seedling morphology is alb7 {Figure 4F). This mutant
develops smail, bumpy cotyledons which curve over so that the adaxial surface touches the
hypocotyl. alb7 cotyledons lack petioles, and cells of cotyledons are very swolten, especially on
the adaxial side of the cotyledon, which presumably causes the cotyledons to curf downward.
The first leaves of a/b7 are round, finger-like projections, and lack any differentiation between
petiole and blade. The other five a/b mutants have somewhat more normal leaf morphology,
with a clear differentiation between petiole and blade, though the leaves have a gnarled,
bumpy appearance. This is presumeably due to lack of internal tissue layers of the leaf and
abnormal development of epidermal cells (see Figure 7 below). The leaf blades are small and
distorted, and leaves of alb2 (Figure 4A), alb4 (Figure 4B) and alb5 (Figure 4C) also curl under
at the ends, presumably due to increased cell expansion on the adaxial side. a/b6 (Figure 4D)
and afb8 (Figure 4F) have the most normal morphology: cotyledons and leaves have a more

normal shape, and do not fold over. All mutants except alb7-1 produce trichomes.



Leaves of a/b2-1 mutanis are opaque. in contrast to the other 5 aib mutants, which
have a crystalline appearance such that they are almost transparent. alb4, alb5, alb7, and
alb8 accumulate significant amounts of anthocyanin during seedling development, presumably
due to physiological stress. By contrast, a/b2 and a/b6 do not accumulate anthocyanins, and
alb6 leaves have a subtle yellow color, most likely due to the increased amount of carotenoids
in this mutant relative to the other alb mutants {see Table 3). When grown in tissue culture on
MS sucrose medium, afb2 can bolt but will not produce any seeds. All of the other mutants will
not bolt, even after 5 weeks in tissue culture, and after 4-5 weeks the mutant seedlings have
the appearance of callus {data not shown).

When mutants were grown in absence of light, seedlings displayed the characteristic
wild type skotomorphogenic pattern: long hypocotyls and unexpanded cotyledons {data not
shown). Also, all mutants respond normally to blue and red light (data not shown). This
suggests that signal transduction in response to light is functional in the afbino mutants.

When the mutants are grow in hormone Indole acetic acid, Benzylaminopurine,
Naphthalene acetic acid and Isopentil adenine the phenotype of them do not change wich
seems to indicate that this mutants do not have a deffect in the production of any of this
hormone.

Plastid structure in afbino mutants: To assess the effect of afb mutations on chloroplast
development at the ultrastructural level, plastids of the first leaf of 3-week old seedlings were
examined by electron microscopy. Representative chloroplasts and plastids from Wt and albino
mutants are shown in Figure 5. Compared with the Wt chloroplast shown in Figure 5A, the
plastids of albino mutants are all arrested at an early stage of differentiation, and generally

resembile proplastids. Plastids of alb4(Figure 5C), alb5 (Figure 5D}, and alb7 {Figure 5F) lack



appressed internal membranes, although all three have large vesicle-hke structures with
unknown contents. By contrast, a/b2 (Figure 5B) and a/b$ (Figure 5G) contain short, linear
appressed membranes, while a/b6 contains long appressed membranes. Based on plastid
morphelogy, chloroplast development is arrested earliest in afb4, 5 and 7, at a slightly later

stage in afb 2 and 8, and yet later in afb6.

Analysis of nuclear and chloroplast gene expression in afbino mutants: EM analysis of plastids
in afbino mutants suggested that chloroplast differentiation is arrested at a very early stage in
these mutants. To further characterize the difterentiation state of plastids in the albino mutants,
the expression of nuclear and chloroplast-encoded genes which are known to be expressed at
different stages of chloroplast development was determined.

It have been show that the nucler gene rpf2 | encoding plastid ribosomal proteins are
expressed very early after seed imbibition, preceding the expression of the chloroplast-encoded
genes photosynthetic and nonphotosynthetic, rpf21 mRNA is present in root and seeds in
much lower amount that in leaves. {Lagrange et al., 1993; Harrak et al., 1995). Thus,rp21
consitutes a very early marker of plastid differentiation. As shown in Figure 6, rpR21 is
expressed at a level similar to Wt in afb2, alb4, alb5, and alb6, but is not expressed in alb4d
and alb7. This suggests that plastids of alb4 and afb7 are not translationaily competent. To
check expression of the earliest transcribed chloroplast genes, we used rrn /65 and accD genes.
The 165 rRNA gene is the most highly expressed plastid gene in proplastids {krupinska and
Falk, 1994) therefore, it represents a good tool to measure plastid transcriptional activities
during the early phases of chloropiast development. accD is the chloroplast-encoded subunit of

acetyl-CoA carboxylase, which is involved in lipid biosynthesis in the plastid. accD is



transcribed exclusively by a nuclear RNA polymerase. it have been proposed that this
polymerase plays an important role in non-green plastids and it is required for maintaining the
proplastid (Hajdukiewicz et al., 1997). Similar to the expression pattern of rpf2 1, accD is not
expressed in alb4 and alb7, but is expressed at levels similar to Wt in the other 4 afbino
mutants. The rrif 65 gene is expressed very low in alb4 but is not expressed in alb7 suggesting
that this mutant is the most early affected during chloroplast biogenesis.

Nuclear and a chloroplast-encoded genes which are required for photosynthesis are late
molecular markers for chloroplast biosynthesis and function. The expression of nuclear-encoded
RBCS, the essential enzyme of the calvin cycle and chloroplast encoded psbA, which encodes
the D | protein, a protein of the reaction center of photosystem Il (Bruick and Mayfield, 1999)
were determined in albino mutants. afb4 and alb7 show no expression of either gene, alb2 and
alb> show intermediate (but low compared to W) expression, and alb6 and afb§ show
refatively high levels of expression, but still less than Wt. Thus, northern analysis of nuclear
and chloroplast gene expression suggests that a/b4 and alb7 are arrested most early in
chloroplast development, alb2 and alb5 can progress farther, since they express RBCS and
psbA at low levels, and alb6 and alb8 are the least severe, perhaps even having some
photosynthetic capacity. The developmental state of the plastids in albino mutants based
analysis of gene expression is consistent with our analysis of plastid structure by electron
microscopy. Plastids of alb4 and alb7 are arrested at the earliest stages, while a/b2 and alb5
develop enough to express photosynthetic genes at low levels, and al/b6 and alb8 express

significant amounts of photosynthetic genes.



Leaf structure of albino mutants To determine the tissue structure of the leaf of albino
mutants. Wt and albino mutant leaves were embedded and sectioned at the midpoint of the
leaf blade, as best as could be determined due to the severely altered structure of the atbino
leaves. As shown below, the failure of the palisade and mesophyll cells to divide and expand
normally, or the total absence cf these tissues, explains the altered morphology of albino
leaves.

alb7 has the most severe effect on leaf development. As previously shown in Figure 4,
alb] produces round finger like leaves that lack apparent dorso-ventrality. Figure 7F shows a
cross-section through the first leaf of a/b7. The leaf consists of an inner cylinder of vascular
tissue, surrounded in most places by a single layer of epidermal cells which are drastically
expanded compared to the Wt epidermal cells shown in Fig. 7A. a/b7 totally lacks mesophyll
tissue and instead has a large empty space between the epidermis and the vascular tissue.
Similar to alb7, but less severe, a/b5 (Fig. 7D) and afb8 (Fig. 7G) lack mesophyll cells in many
parts of the leaf and consist mostly of vascular cylinders surrounded by epidermal cells. The
shape of the cells of the epidermis is variable and a/b8 has many round cells. a/b2 (Fig. 7B) and
alb4 (Fig. 7C)have internal cell layers in addition to the epidermis and vacular tissue, but the
shapes and sizes of these cells are variable. In addition, no differentiation between palisade
parenchyma and spongy mesophyll tissue is visible. In fact, inner cells of the leaves of alb2 and
alb4 elongate parallel to the surface of the leaf, unlike Wt palisade cells which elongate
perpendicular to the surface of the leaf. Leaves of alb6 show the most normal morphology. The
thickness of the leaf is even, and cell morphology is relatively normal, as elongated palisade

and spongy mesophyll cells are distinguishable.



These severe feat detects suggest that cither eariy steps in plastid devetopment are
necessary for proper leaf structure (such as in the def mutant of tomato (Keddie et al., 1996}
or the dag mutant of Antirrhinum (Chatterjee et al., 1996), or that the severe chloroplast
phenotypes we have selected are the result of loss of a factor important in muhiiple aspects of
plant development.

ALBINQO genes encode cell autonomous and non-cell autonomous factors required for
chioroplast biogenesis: Arabidopsis embryos form morphologically normal chloroplasts during
embryogenesis that are evident to the eye in late stage embryos, which become very green
(Mansfield and Briarty, 1991). Since the embryo develops within several cell layers which
comprise the embryo sac, which are in turn inside the silique, it is unlikely that the levels of
light and carbon dioxide normally required for sufficient fixation of carbon into sugars can
penetrate the siligue. Thus, the embryo must derive its carbon, water and mineral needs from
the mother plant. This flow of nutrients from the mother plant to the embryo could also
conceiveably carry other small molecules and metabolites from the mother piant to the
embryo.

Figure 8A-D show confocal reconstructions of Wt, clal-!, alb6 and alb8 embryos at
the early bent cotyledon stage of development. Embryo morphology is visualized using a GFP
fusion protein which is targeted to the plasma membrane, and chlorophyll autofluorescence is
shown in red. The Wt embryo in Figure 8A shows high red fluorescence indicative of the
chlorophyll in chloroplasts present throughout the embryo. Although ali of the albine mutants
presented in this work have been shown to have practically no chlorophyll during seedling
development (see Table 3), during embryogenesis cfal-1, alb6 and a/b8 mutant embryos

accumulate significant amounts of chlorophyll (Figure 88-D). cfai-1 has recently been shown



to be a non-cell autonomeus mutation, as clal-{ seedlings can be complementated by growth
on medium containing 1-Deoxyxylulose 5-Phosphate (DX), the product of the CLA1 enzyme
(Estévez et al., 2000). Externally supplied DX is thus able to dittuse from the growth medium
into the plant and substitute for the lack of DX$ activity in the clal-i mutant. Diffusion of DX
from the mother plant to clal embryos is also almost certainly responsible for the partial
complementation of cfal embryos. It is interesting to note that, unlike in Wt embryos which
have greater amounts of chlorophyil in the cotyledons (Figure 8A), the non-cell autonomous
alb mutants have relatively more chlorophyll autofluorescence in the hypocotyl than in the
cotyledons. This may refiect the proximity of the hypocotyl to the micropylar end of the ovule,
the presumed entry site of water and metabolites from the mother plant to the embryo. Since
atb6 and afb8 also accumulate chlorophvyil during embryogenesis, it is likely that this is also
due fo diffusion of the factor that is normally produced by the ALB6 and ALB8 gene products
from the mother plant to the albino embryo, and which allows partial complementation of the
mutant phenotype during embryogenesis.

As shown in Figure 8E-H, alb2, alb4, alb5 and afb7 do not produce any chlorophyll
during embryogenesis, as no chlorephylt autofluorescence was detected in mutant embryos. It
is likely that these genes code for the production of cell autonomous factors which must be
synthesized within each cell for their normal function, or which cannot travel from the mother

plant to the embryo.



DISCUSSION

Qur analysis of the six albino mutants presented in this paper shows that these six
ALBINQ genes are required for very early steps of proplastid differentiation into chloroplasts.
albino mutants have plastids which resemble proplastids, and have low or no expression of
genes required for early chloroplast function and photosynthesis. ALBINO gene products are
also directly or indirectly required for correct development of the mesophyll layers of the leaf,
and for leaf morphogenesis. As demonstrated by observation during embryogenesis, the
ALBINO genes can be classified as affecting either cell autonomous or non-celi autonomous
processes. This work is the first systematic genetic study of genes required for early chloroplast
differentiation.

ALBINO genes are required for early steps of proplastid differentiation Differentiation
of the proplastid to a mature chloroplast occurs in several steps. As represented in simplified
from in Figure 9, proplastids first increase in size, form single thylakoid membranes, and then
eventually develop the combination of single and stacked membranes characteristic of stroma
and grana thylakoids. This process is accompanied by the expression of certain nuclear and
chloroplast encoded genes. Early expressed genes include those required for transcription and
translation of genes required for chloroplast function, such as rp21 and rrn 168, At later steps
in differentiation, psbA and RBCS genes which encode proteins involved in the light capture
and carbon fixation steps of photosynthesis are expressed.

By considering both plastid morphology and the pattern of gene expression in each
individual albino mutant, an ordered pathway for ALBINO gene expression required for plastid

differentiation can be proposed (see Figure 9). Two lines of evidence support ALB7 as the



carliest required gene. afb7 plastids lack any kind thylakoeid-like internal membranes, and
display only large vesiculated structures. Second. afb7 mutants do not express any of the
probes characterized in this study, even the early probes rrnlGS, rpl2 1 and accD which are
normally expressed during the early growth phase of the proplastid. The plastid and gene
expression phenotype of alb4 is very similar to alb7, except thar alb4 mutants express the
rrn i BS gene at low levels, suggesting that ALB4 is required slightly after ALB7. Our data
suggests that ALB2 and ALB5 function after ALE7 and ALB4. Like afb7 and alb4, alb2 and
alh5 plastids lack thylakoid membranes, but both mutants express the earty markers rrm /65,
rpl2 1 and accD at levels comparable to Wt, and express the late markers RBCS and psbA at
low levels. ALB8 appears to be the next gene required. Plastids of a/b8 mutants have small
thylakoid membranes, express all three early markers at levels similar to Wt and the late
markers RBCS and psbA at relatively high levels. afbé mutants have the least severe
phenotype, and thus ALBE is the last acting ALBINO gene. alb6 plastids have significant, single
thylakoid membranes, and express all three early markers at high levels, and RBCS and psbA at
a similar level to afb8. Thus, our collection of atbino mutants represents a series of genes which

are required at discrete stages during a narrow window of early chloroplast differentiation.

ALBINO genes are required for formation and differentiation of mesophyll cells, and
leaf morphogenesis The albino mutants described here all display abnormal leaf development,
including absent or undifferentiated mesophyll tissue, irregularly shaped and enlarged cells,
and altered overall morphology. A similar link between chloroplast biogenesis and leaf
development has previously been observed in the dag mutant of Antirrhinum, the dc/ mutant of

tomato, the pac and cla/ mutants of Arabidopsis. and jojap in corn. dag and vdf are both



aibino mutants with chloroplasts arrested at an carly stage ot development, as plastids of both
the mutants lack thylakoid membranes, and mutant sectors are lacking or severly reduced in
development of mesophyll tissue. DAG, VDL and IOJAP appear to be required for chloroplast
differentiation at an earlier stage than PAC, DCL and CLAI since these latter mutants have
some thylakoid membranes and also express RBCS genes, indicative of some chloroplast
function. These mutants suggest that a signal derived from a normal functional chioroplast
causes periclinal elongation of palisade cells to form the normal layer of palisade cell. It has also
been shown that palisade cell periclinal expansion is affected by light quantity levels and
hormone metabolism, as mutants which affect these processes show differences in leaf
development (Pike K. and Lopez-Juez R. 1999}

It is interesting to observe that there is a good correlation between the severity of
plastid differentiation and leaf development phenotypes in the albino mutants presented here.
alb7 is the most exireme with the earliest plastid arrest and the most deformed leaves, while the
least severe mutant albb has plastids which contain some thylakoid membranes, and leaves
with semi-normal morphology and tissue differentiation. The other four albino mutants have
plastid and leaf morphology intermediate between those of afb7 and alb6. This correlation of
plastid and leaf phenotypes suggests either that a functioning chloroplast is essential for leaf
development, as has previousty been proposed by (Reiter et al., 1994; Chatterjee et al., 1996;
Keddie et al., 1996 and Wang et al., 2001) or that the ALBINO genes are independantly
required for plastid differentiation and leaf development. The lower density of mesophyll cells
in albino mutants reflects a premature cessation of cell division. [t has been well documented
that partitioning of organelies in eucaryotes is tightly coupled with the cell cycle { for review

Warren and Wickner 1996). In yeast, several mutants in mitochondrial and vacuolar



inheritance have delayed cytokmesis and accumulate multiply budded cells {McConnell and
Yafte 1990; Xu and Wickner 1996). It have been show that mutations aftecting chloroplast
function can have strong effects on cell number and size within the leaf. The Inhibitor of striate
gene in maize, encodes aprotein that is similar to the bacterial phosphatases that regulate
carbon metabolism, and is thought to encode a chloroplast protein selectively supress cell
proliferation within chlorotic stripes, indicating that this protein may play an important rofe in
modulating cell proliferation within the leaf (Park et al., 2000).The lack of normal elongation
in mesophyll cells of albino mutants could also be a direct effect of the physical lack of
chioroplasts in developing mesophyll cells which then perturbs cell shape control during
mesophyll cell expansion. A compensatory mechanism appears to function between the number
of the chloroplast within a cell and their size, since a very tight correlation exists between the
total amount of chloroplast area within the cell, measured as the product of chloroplast
number and chloroplast size and cell size. In mature cells the chloroplast population can
occupy up to 70% of the surface area of the cell and ~20% of total cell volume (Pyke, 1997).

ALBINO genes encode cell autonomous and non-cell autonomous factors During
embryogenesis developing embryos rely on delivery of water, minerals and fixed carbon from
the mother plant to the ovule. It is also conceivable that small metabolites, which are not
normally required for development of Wt embryos, might also be delivered to the embryo. The
clal mutant has already been demonstrated to be a non-cell autonomous mutation {Estévez et
al., 2000), as cfal seedlings can be rescued by supplementation of the missing factor in the
growth medium. We demonstrate here that /3] embryos are partially complemented during
embryogenesis, as shown by the formation of chloroplasts during development of cfal

embryos. This complementation occurs with greater intensity in the hypocoty! of the embryo,




which is situated at the micropylar end of the ovule, at the entry point of maternal transport
from the micropyle. Using this embryo compiementation as a criteria, we demonstrate that
albG and alb8 are also non-cell autonomous mutations, as they exhibit partial
complementation during embryogenesis, while alb2, alb4, alb5 and alb7 are cell autonomous
mutations which are not complemented during embryogenesis. It is interesting to note that
albb and alb8 (as well as clal), which exhibit complementation during embryogenesis, and also
have the least severe seedling phenotypes in terms of chloroplast differentiation and leaf
development. The weaker seedling phenotypes (compared to cell autonomous mutants) might
be due to the partial rescue during embryogenesis. Seedling phenotypes might then be less
severe either because having a number of functional chloroplasts during embryogenesis aliows
the production of all kinds of important compounds which are normally produced by the
chloroplast or simply because a small amount of the missing factor supplied to the embryo
remains during seedling growth and aliows partial complementation during this stage also.

To our knowledge, this is the first time that complementation of a mutant by diffusion
of maternal factors has been observed during embryogenesis. Conceivably, this could occur
with any mutant which is lacking a molecule with properties which allow it to diffuse through
the plant, including most plant hormones. If this is a general phenomenon, it could have
important implications for the interpretation of mutants which appear not to express a mutant
phenotype during embryogenesis.

albino mutants are a small class of pigment mutations

In our collection of pigment mutants, we found that only 9 mutant fines, or 9% of the
total, have an albino phenotype where seedlings are almost totally lacking in green and yellow

pigments. The percentage of albino mutants out of total pigment mutations has previously



been estimated Lo be much higher (Jurgens personal communication}, but ditterences between
arowth conditions may explain the discrepancy in numbers, lirgens et al grew seedlings on
water-agar plates, without sucrose, vitamins or MS salts, which may exasperate the phenotype
of mutants which we would classity as pale green or pale yellow. Also, these mutant lines were
classified after only 5 days of growth. If anything, our estimation of the number of seedling
pigment mutants which are albinos may be low, due to the fact that our mutant screen was
conducted during embryogenesis, and thus more subtle pigment mutants, such as virescent
mutants, would not be recovered by our screening technique.

Although the size of our mutant screen was relatively small, it is possible to make an
estimate of the number of loci in Arabidopsis which mutate to an albino seedfing phenotype.
Previous screens with the M2 pools used for our albino embryo screen have shown that 2,000
M2 piants is approximately equivalent to a one-genome mutagenesis (W. Lukowitz, S. Gillmor,
A. Roeder and C. Somerville, unpublished). This means that on average, each gene which
mutates with average frequency will be represented by one mutant allele for every 2,000 M2
plants examined. Qur screen comprised 1,000 EMS M2, 5,000 T-DNA lines and 30 pigment
lines from the ABRC, and thus a one-half genome sampling is a reasonable estimate for the size
of our screen. Since we found albino mutant alleles at 7 loci {including the cfal-2 allele we
recovered), a conservative upper limit for the number of albino loct which would be recovered
in a saturating screen might be 30, while our data suggests that the actual number might be
closer to 20. Since all of our albino mutants have plastids which are arrested at very early steps
of chloroplast differentiation, we propose that the number of genes required for early

chloroplast differentiation is between 20 and 30.



This work demonstrates that genes required tor proplastid growth and carly
differentiation, including the formation of the first thylakoid membranes of the chloroplast, can
be recovered by screening for seedling mutants with an afbino phenotype. Our characterization
of albino mutants provides a conceptual framework for a more large scale genetic analysis of
chloroplast biogenesis in Arabidopsis. The cloning of the ALBINO genes presented here will
undoubtedly provide some of the first insights into the molecular basis of early plastid

differentiation.
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Figure . Phenotypic spectrum of pigment mutants. Representative lines tor each phenotype
are shown. Plants were grown on MS + 2% sucrose (or 2 days. A wild type (Wt). B. Pale
areen {Pg), C yellow (Yel) and D albino (Alb).

Figure 2. Ausilique from heterozygous plant for a pigment mutation. Aproximately 1/4 white
embryos segregate. B Wild type embryon. C. alb embryon.

Figure 3. Map positions of albino mutants.
Figure 4. albino seedling morphology. Plants were grown on MS + 2% sucrose for 2 { days.

Figure 5. Transmission electron microscopic (TEM) examination of plastids of wild-type and
homozygous athino mutants. Plants were grown on MS + 2% sucrose for 2| days and the
second leaf of a representative plant for each phenotype was fix for TEM analysis.

Figure 6.Northern analysis of plastid- and nuclear-encoded genes. Total RNA from albino and
wild-type plants grown under standard conditions was fractionated on agarose gels, transferred
to nylon membrane and hybridised with labelied probes for rrn {6, rpi2 [, accD, RBCS, pshbA
and 28S.

Figure 7. Light micrographs of cross sections of seedling leaves of afbino mutants and wild-type
plants. Plants were grown on MS + 2% sucrose for 21 days and the second leaf of a

representative plant for each phenotype was fix for light microscopic analysis.

Figure 8. Confocal reconstruction of wild-type and albino embryos at the early bent
cotyledon stage of development.



TABLE 1

Classification of pigment lines used in

this stady
Phenotype Number
Albino 9
Pale green 61
Yellow 29

Total 99




TABLE 2

albino mutants described in this study

13

allele  mutagen ecotype  source
clal-2 E Dijon ABRC
alb2-1 NMS Ler/L/D  ABRC
albd-1 EMS Ler T.S.
alb5-1 EMS Ler T.5.
alb6-1 EMS Ler T.S.
alb7-1 EMS Ler T.S.
alb7-2 FN Ler T.5.
alb7-3 T-DNA C24 T.S.
alb8-1 EMS Ler T.S.

Abbreviations used: E, Ethylenimine; NMS,

Nitrosomethyl urea; EMS, Ethyl

Methanesulfonate; FN, Fast neutron; Ler,

Landsberg erecta; D, Dijon; L, Limoges;

ABRC, Arabidopsis Biological Resource

Center; T.S., This study



TABLE 3

Relative amounts of chlorophyll A, chlorophyll B and caroteneids in albino

mutants compared to Wt

Chlorophyll A Chlorophyll B Carotenoids

. Ta T 053002%  11:000%  355006%
alb4-1 04 +0.01 % 0.6 +0.04 % 3.6+0.13%
albb-1 1.0 + 0.18% 1.3 +0.10 % 39+0.35%
alb6-1 1.5 +0.06 % 1.2 £ 0.003 % 129 + 0.50 %
alb7-1  0.15+0.02 % 0.3 +0.06 % 351012 %
alb8-1 1.5+0.15% 22 +0.50% 96+1.35%




Resultados: segunda parte

Identificacién de la insercion del T-DNA por TAIL-PCR en un gen predicho de una lipasa

De las mutantes albinas que se aislaron en este trabajo. el alele a/b7-3 fué generado
por la insercion de T-DNA. El analisis de segregacion de la resistencia al antibidtico y los
experimentos de hibridacion DNA:DNA tipo Southern blot {figura 8) indicardn que existe una
sola insercion del T-DNA la cual podria estar generando el fenotipo albino, por lo que se
decidid clonar la secuencia genomica adyacente al T-DNA.

La secuencia gendémica que flanqueaba el T-DNA fue aislada por el método Thermal
Asymmetric Interlaced-PCR (TAIL-PCR) descrito por Liu Y.-G. et al [995. En la figura 7 se
muestra un mapa del T-DNA (Goddijn O. J. et al 1993) con que fué generada la mutante afb7-
3 asf como la posicién de los oligos utilizados para ubicar la zona de insercién. Los oligos
degenerados que se utilizaron en este trabajo fueron AD2 y AD3 asi mismo las condiciones de

PCR fueron idénticas a las que se mencionan en Liu Y.-G. et al 1995.
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3R o _iF

EcoR 1
AR o 2B = 3E
< 3F < 2F L 1R 38 o
B 1 HPT [ GUS | 8D |
Sonda HPT Senda GUS

Bl- Borde 1zquierdo

HPT-Gen de higromicina fosfotransferasa
GUS-Gen de beta~glucuronidasa
BD-Borde derecho

Oligos

1F 5-GCTTGGTTGACGGCAATTTCG-3'
2F 3-TTTCGATGATGCAGCTTGGGE-3!
3F 5-CTGTCGGGCGTACACAAATCG-3"
3R 5-CGATTTGTGTACGCCCGACAG-3'
4F 5-AGAATCTCGTGCTTTCAGCTTC-3
1R 5-ACACTTTGCCGTAATGAGTGAC-3
2R 5-CCCGCATAATTACGAATATCTG-5'
3R 5-GCTGATCAATTCCACAGTTTTC-3'
3F 5-CGAAAACTGTCGAATTGATCAG-3'
4R 5'-ACCATCAGCACGTTATCGAATC-3'

Figura 7. Mapa del T-DNA (pMOG55).

A
B
SO n d aG Us i

«<—— ~ 4500 pb

<«— ~ 6000 pb

Figura 8. Andlisis porSouthern de la insercion del T-DNA.
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Southern blot de 4 g de DNA gendémico de 1o mutante heterociga alb7-1 digerido con la
enzima EcoR1. En cl panel A se muestra la hibridacion con la sonda HTP y en el panel B con la

sonda GUIS.

Cuando se compararon los resultados de la secuencia gendmica aislada con la base de
datos nos dimos cuanta que esta se encuentra en el cromosoma 5, mientras que la mutante
alb7-1 se habia ubicado en el cromosoma lll durante el mapeo de las mutantes con SSLPs {ver
articulo}, port to que concluimos que la insercion del T-DNA no es la causa del fenotipo albino.
Sin embargo, los resultados obtenidos son bastante interesantes. La insercion del T-DNA
interrumpe la funcidon de un gen que tiene similitud con el gen de una lipasa y se han reportado
cuando menos |2 ESTs para este gen, lo que indica que éste se expresa abundantemente. En la
figura 9 se muestra la secuencia del gene ( no procesada y procesada ) el cual hemos llamado
7815 asi también se sefiala el sitio de la insercion del T-DNA. El analisis de la proteina
predicha a partir de la secuencia nucleotidica, sugiere que esta se localiza en el cloroplasto y en
ella se identifico la secuencia consenso conservada para la familia de las lipasas: [LIV]-X-
[LIVAFY]-[LIAMVST]-G-[HYWV]-S-X-G-[GSTAC] se piensa que la serina es el residuo activo
{(Hong, Y. W. et al 2000). kn la figura 10 se muestra la secuencia de la proteina predicha y ¢
motivo se sefiala con un rectangulo.

En las plantas los lipidos tienen una gran diversidad de funciones, son componentes
estructurales de membranas {galactolipidos y fosfolipidos) asi mismo protegen las membranas
contra dafios de radicales libres{tocoferoles), son compuestos activos en las reacciones de
transferencia de electrones durante [a fotosintesis (clorofila y otros pigementos), participan en

la sefializacion celular (acido abscisico, giberelinas y brasinosteroides y oxilipinas) entre otras
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funciones. Constderando la impertancia de los lipidos en plantas seria interesante caracterizar

la mutante 7815 y tratar de establecer el papel de este gen en la via metabdlica de los fipidos.

45



SN AL v O S
COCAAAL LG TORALT 0 Ve T Tl TS ARAA T e f
VCCAAATCCOTOARGT TCTTATTO T WS ARSI AAATOTAGALT G

1ol TTOTTOE LRI A PRLY
Ta® TGTTET GAGART VA UAACGTCRAAGT T T rd o n
AL CA - T AGTUGRAGTUTAR T TACAATACATTATERA 7615
2471 GATGAAUCARATGGTCAANTIOCTOCT A ATC AGTOATTCTCACT S HAC TGEANGTOCAAGC TIAGAGTACATTATCA 7815
121 CAAACCCGO PTSTCACANTCTCOATGL TOCT L COUTGTTOTTTCTTC T TTCATT ICACTATGAGR 7815
A0 GARRGU UG TR R ATCTUGRLGE DU ST TG T T T T CRUTATOMSA 181 b
A0, AGCACCTTACCTATTTCCANACCIAT TATUC AL TATGCRCTATISAT T " CTTRGACAGGS TTTATC O OIC"ACTGAN 1815
403 ACCACOTTACCIATTTCHCAAGEIAT TA MO A TATOOCCTATTORT T T TCTTCEACAS GG TTTATCTC "CCOTACTOAR 78
481 CATCCTAUTACCATGACTGAACARACLACTIUCTCOGANCATARGUAAC CATTTTOCOOAT ITCOTUACARAACTOARCE 7828
Adt GATCCTACT ACCATGACT GAAGRAACTAGT TOUT COCAAGATAALGAN AT TTTUGGUAT ITSTTOACAARRS TEAACE 1215
55! CTGOGCTOATCAACT IO ATTCT CTCTOGATCTOTGORGCCAT CRAGT POAG TATTTTO TAGARGAGUTTAGCARTATCT 7815
561  GTGECCTGATCAACTIGTATICTOICTGOATC T CEAGEEATCALG ) TCAGTAT TTTE TACARGAGE D0A- « — == = - =~ 7815
641 GAGTTCAGT IGITUTAT TACTCT TTARG U DT TEATTT TG T ICT T T A DCSTAR T TICANAAGUAGTE TG TTAGCTITT 7815
0w - - ceen - - - - - - R
JETSPTITUAG LG TACK I TG TGO TAL GL T T AL AL CERTC G T TCAA PAGTITTTAGE ICAGAACT IGAMGIGTANG 781,
ik R R E TR T R P 481
801 TATEGAGTCTTCTGETGTTEUTTTEGHAAT. CIARRGT T TAGERTGUAL "AGATAT TAGAATTCATCTC TG TTCTTTOAT 7816
F32 - .- S - - - - - - - - 7818
881  TCCCTTUOTOTTCTAGT T TGAGATCACG AT PTTTTCATC TG AAA TR AGC TGO TGAGTCOOTAAGATTA TG TCCTATTYC 7815
T LR TR PR LR P 7818
951 TETTETACAGETTATCGETEAGCCTETGTHCATTECAGGEAALTCAL T THSAGGETATGTAGCTCTCTACTTTGORGENA T8LS
632 - - TOGOTGAGCCTGTGTACITIGOACGE RACT LD T 00 AGGCTIICTACCTSTCTACTT TGCAEDAR. 7315
194, COCATCCTCACCTGOTT ARG TCTTAL CUTCNT TARTG CARCACTTY IO TGECOT TTO T TAOCTARATCCAGTARGATOC 7RIS
698 COCATCOTCACCTRET TAAGEGTGTTAC GO I TAATGCAACACTT T CTGESGTT T CTTCCOTANTCCAGTAAGATCT 7815
1123 CORRRGCTAGUACETCTCTTTCCATGECCUSSAGCATTCCCTU TG CGEARRGAGTGRARARAAT CACAGAATTGETETA 7825
778  CCRARGUTAGCACOTC I CTTTCrATGCOCICC AGCATTCCCTCTCOC SOARACGAGTGARAARARTCACAGRATTOOTCT: 7815
120: ASGCAGACTTTATTARCACATCICC T ACCTCAAAACTATCATTY TCTATTICTATCTC TATCACTC TAATATCTTTACT 7815
e - - 7815
1281 FCCCAATGARRCTECAGTTIGCARAAGATALS IGATCCTEAARGCN TAGCTGAGATACT TARACAGGTCTACACAGACCA 7815
857 GEUARRRGRTARCTGATCOTGRARG CRTAGCIGAGRTADTTRARCAGE TCTARATAGRCCA 7815
1361 TTOTATCAAIGTGEATAAAGTAITCTCACETATTGTOGAGS TCACRCAGCATCCOGCTECTRCAGCATCETTTACTIT AR 74818
918 CTOTATCRATOTSGATAAAGTATTCTCACGTATT GTGGAGE T CACACAGCATCCRRCTROTGCAGUATCHTITGUTTCAA 7815
1441 TCATECIGOICTTERT GEAGAGCTATT T C ITCEARGCT I TATCTAGG TATARGACAG TG IGE T CETEITIT TALA 7815
338 TORTCCTTCCTCCTGUTGRAGARC TAT T T TETOCOAAGCTITATS TAGGT « — = =~ === —m=— = o mo oo 7818
15231 TSTTTTCTACTCTECGTGR T TGETOTTAT TEC T TATGASGART G TGO TATT TGATGRT TTATGUTAGGTETAAGGARAA 7815
1048 wmnos e e QTARGEADAR TH1S
1601 CRATGTUCAGATATET CTCATGIATCUANGREAAGATCCATEEETGACALCETTATCEECARRGANGATAANCANGEAN 7815
1059 CARTGTTCAGATATGTCTCATGTATOCAAGATAAGATCCATECO TOATACCSTTATGOCGARRGARCATAAACARGCAAR 7415
1687 TOOCCARCACUTCTATACTACERGATCAG CCAECERETCAD TELOCAUACEATGRMITCOUTGREETATARTERACTAST 7815
1139 TOCCCARCGCTCOATACTACEAGATCAGT CCRGCEGETCACTECCCATNUGATBARG T CUCTEAGGET - ~ v n v m v mnmn 7815
1761 CARTAARTTCTTCARACTUTECAATTAGGTA TAN] GARCCOACCAT TTIGRATATE AR CGAGUACEIGRTICAALIATC 761k
1286 ~-=-mmmoomee S “mserridn del TNy - GGTGAACTAIC 7815
TEATECECHEUTAESATCAAGCACC TEGAGTC THATGGT TT TEAAGUGL TCCCHCTT T TEOAGGACACTOAAGAASATTSE 7815
TEATGCGCGOGTOGATCRAGCACCTOGAG TCTGETCTITYGARGOCCTCOCGOTTTIGOAGCACRCTORAGRAGATTOS 7815
1921 GAGCAGTCCAGGATTIGOTAGAGARAT TCAGT T COCGAGAGA TEGT TEAANAAAAGCAGTGAD TCTGTAGTTATATGEETC 7815
1257 GACGAGTCCRGEATTOGTAGAGARAT IGAGTTCCCCAGAGATSSTTGEASARRRGCAGTEAATCTETESTTATATGGATE 7515
2001 RARCTATRCETACTEGAGMICAGT TAGAGARTCTT TUAGR I CURG T T TATARG GO TOT T TECAGERARGTCTSURTAGA THLS
1377 AMACTATACGTACTOGRAGAGEACT TAGAGAL IO TTCAGATCCATT TIOATAAGOOTG T TGEANGGRABTOTGCATAG 78135
2081 AGAAGCRUGGAACAGTCETCTAGIETAAA T AATIGTANT 7835
1455 THLE

Figura 9. Secuencia no procesada y procesada del gen 7815
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MEISENVY PQUSVVITWSSKEATKRLVPNRSSLLFSGVKKSRIVIRSGNSDGY VVGENDDLG
RIARRGESTSKVLIPGLPDESNGEIAARISHSTHTUEWKPKLRVIY EKAGCDNLDAPAVILFLPGE

GVGSFHYEKQLTDLGRDYRVWAIDFLGQGLSLPTEDPTTMTEETSSSEDKEPFWGHGDKTEP

WADQLVESLDLWRDQVQYFVEEVIGEPV YIAGNSLGGY VALYFAATHPHLVKGVTLLNAT

PEFWGEFFPNPVRSPRKLARLFPWPGAFPLPERVKKITELVWQKISDPESIAEILKQVYTDHSINVD
KVFSRIVEVTQHPAAAASFASIMLAPGGELSFSEALSRCKENNVQICLMYGREDPWVRPLWG
KKIKKEIPNAPYYEISPAGHCPHDEVPEVYVNYLMRGWIKHLESGGFEALPLLEDTEEDWEES

RIGREIEFPRDGWKKAVNLWLYGSNYTYWRGVRESFRSSFIRVFGGKSA

Figura 1Q. Secuencia de la proteina predicha para el gen 7815.
En el rectangulo se seffala la secuencia consenso de fos 10 aminoacidos caracteristicos

de lipasas de animales, bacterias y hongos.
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ldentificacion de la insercién del T-DNA de la mutante 19,20 en un gen PPR

Al inicio de este proyecto en la elapa de la seleccion de fas mutantes abservamos que una de
ellas, la cual Hamamos 19,20 presentaba un fenotipo bastante interesante. Cuando esta
mutante es crecida en medio GM suplementada con 2% de sacarosa, la plantula tiene un
fenotipo amarillo que se torna verde palido después de aproximadamente [Q dias. Esto sugiere
que el gen mutado puede estar regulado durante el desarrolfo. Esta mutante fue generada por
la insercion de T-DNA vy el analisis de la segregacion del fenotipo con la resistencia al
antibidtico higromicina indica que existe una sola insercion del T-DNA. Sin embargo en el
Southern blot con las sondas del borde derecho ¢ izquierdo se observan varias bandas, esto se
puede deber o bien a que ocurrid un rearreglo del T-DNA durante la transformacion, como a
que existe mas de una insercion del T-DNA. Para descartar esta tltima posibilidad actualmente
se esta realizando el anlisis de cosegregacion del T-DNA con el fenotipo en la progenie de
100 plantas proveniente de un solo individuo inicial.

Para clonar [a secuencia gendmica adyacente al T-DNA se construyd un sub-banco
genomico de la mutante. Se digirieron 4 11g de DNA con la enzima Hind lll, se corrid en un gel
por electroforésis y se cortd el fragmento de agarosa del tamafio en donde hibrida el borde
izquierdo, previamente visto en los analisis por Southern blot. El DNA se eluyo por
electroforesis v se clond en el vector Lambda ZAP Express® (Stratagene). Una de las clonas
que se aisld contiene un fragmento gendmico de 140 pb adyacente al borde izquierdo. Esta
secuencia fue comparada con el banco de datos. En la figura | | se muestra la secuencia del
gen con el cual se encontrd 100 % de similitud en el genoma de Arabidopsis, asi mismo se

sefiala el sitio de insercion del T-DNA (este gen no contiene intrones). En la figura 12 se
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muestra ta protema predicha para dicho gen. la cual contiene tres motivos PPR
(pentatricopeptide repeat)

PPR es una secuencia degenerada de 34 aminodcidos identilicada en una amplia
variedad de proteinas presente en tandem de 3-16 motivos los cuales estan involucrados en
interaciones proteina-proteina. En Arabidopsis existe una familia de aproximadamente 200
genes que contienen tandems de este mismo motivo. Dos tercios de estas proteinas estan
destinadas al cloroplasto o mitocondria, pero hasta la fecha la funcién de ninguna de ellas ha
sido caracterizada. En otros organismos solo se han caracterizado tres genes que contienen
este motivo, en maiz el gene crpl ( Barkan, A. et al 1994) que es un miembro de esta misma
familia. UIna secuencia similar es encontrada en PET309 de Saccharomyces cerevisiae {
Manthey, G.M. et al 1995 )y cya-5 de Neurospora crassa (Coffin, JW. et al 1997).
Interesantemente estos 3 genes codifican para proteinas involucradas en el procesamiento o
traduccion de RNAs mensajeros de cloroplasto o mitocondria. El hecho que crpl tiene un
fenotipo verde palido, sugiere que los miembros de la familia PPR no son redundantes y que
estas proteinas se unen especificamente a ciertas secuencias. ( Small. I. D. y Peeters, N. 2000).

Seria interesante analizar si el gen 19,20 tiene una funcidn parecida al de los genes ya
descritos; mas experimentos son necesarios para especificar el papel fisiologico de este gen y

corroborar finalmente que el fenotipo es debido a la mutacion de dicho gen.
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ATGGGTCTCCTTCCCG ICOTCGGAN L TACTTCGCCGOGOGC TUATCACCCACAAAANTCACGCCAA TCCAAAGATAC
AGAGACATAATCAATCTACCTCCGAGACCACTGTTTICATGGACTTCTCGCATCAANTCTCCTCACGCGC AATGGTCG
ATTAGCGGAGOGCAGCGAAGGAATTCTCCGATATCACACTCOGUCGGCOTAGAGCCTAACCATATCACT ITCATAGCT
CTACTCTCCGGGTGTCOTOGATTTTACCTCCGGAAGTGAAGUCTTGGGOGAT TTGCTTCATGGOTATGCTTGTAAACT
TGGTCTTCATACAAACCATGTCATOGGTTGGCACCGCAA TTATCGGCATGTACTCCAAACGCGGCCGTTTTAAGAAG
GCTAGATTGGTTTTTGATTACATGGAAGATAAAAATTCGOTTACTTGOAATACAATCATCOATCGOTACATGAGAA
GUGGTCAAGTCGATAACGCTGCTAAGA TG TTCGACAAAATGCCTCAACGAGACTTGATTTCTTGOACGGUTATGAT

=7
AAATGGCTTTGTTAAGAAAGGTTATCAAGAGG ¥ AAGCTTTGTTATGOTTCCOTGAAATGCAGATTTCTGGAGTAA

AACCAGATTACGTTGCTATTAGCTGCTCTTAACGCTTGCACAAACCTTGGTGCTCTC TCATTTGGATTATGGGTACA
TCGTTATGTTTTGAGTCAGGATTTCAAGAACAATGTCAGGOCTGAGTAATTCACTCGATCGATTTGTATTGTCGATGCG
GGTGTGTGGAGTTTGCTCGACAAGTTTTTTACAACATGGAGAAACGAACCGTAGTTTCGTGGAATTCAGTCATTGTT
GGTTTTGCTGCTAATGGAAATGCACATGAATCATTAGTCTACTTCAGGAAAATGCAAGAGAAAGGCTTTAAACCTG
ACCGCAGTCACTTTCACTGGGGCGCTTACCGCGTATAGCCATGTAGGTCTAGTTGAAGAAGCTCTTCGATATTITTCA
AATTATGAAATGTGATTACAGAATCTCGCCTCGAATTGAGCATTATGGATGCTTAGTGGATTTGTATAGTCGGGCT
GGGAGATTGGAAGACGCTTTGAAGTTGGTGCAGAGCATGCCAATCAAGCCAAATGAAGTTGTGATTGGATCGTTG
CTTGCAGCTTGCAGCAATCATGGGAACAATATCGTCTTAGCAGAGAGGCTGATGAAGCATCTTACCGACCTGAATG
TGAAAAGCCATTCAAATTATGTCATTCTCTCGAATATGTATGCTGCTGATCCGAAAATGGGAAGGAGCAAGTAAGAT
GAGAAGGAAGATGAAGGGTCTCGGTCTAAAAAAGCAGCCTGGGTTTAGTTCGATAGAGATTGATGATTGCATGCA
TGTGTTCATGGCCGGTGACAATGCCCATGTTGAGACCACTTATATCCGCGAGGTCCTGGAGCTTATTTCTTCTGATT

TGCGATTACAGGGCTGTGTAGTTCAAACCCTTGCTGGTGATCTCCTCAATGCTT

Figura | [ Secuencia del gen 19,20, V' sefiala el sitio de la insercion del T-DNA
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/\KEFSDM"I’LAGVEPN[lI'l‘[*‘I;’\I,LSGCGDFTSGSE/—\l‘,GDLLI—lGYACKLGLDRNHV
MVGTAINGMYSKRGRFKKARLVFDYMEDKNS

VST ARING KRGO SWEREMGISGVRPIYVAIIAALNA
CTNLGALSFGLWVHRYVLSQDFKNNVRVSNSLIDLYCRCGCVEFARQVFYNME
KRTVVSWNSVIVOEAANGN S IESLY YR K v QEKGEFKPIAVTFTGALTACSHY
GLVEEGLRYFQIMKCDYR!SPRIEHYGCLVDLYSRAGRLEDALKLVQSMPMKPN
EVVIGSLLAACSNHGNN!VLAERLMKHL'I“DLNVKSHSNYVILSNMYAADGKWE
GASKMRRKMKGLGLKKQPGFSSIEIDDCMHVFMAGDNAHVETTY]REVLELIS
SDLRLQGCVVETLAGDLLNA

Consenso PPR . TYNALINAY CCOLEEAL LY k.. GUPN

Figura |2 Proteina predicha para el gen 19,20,
Los motivos PPR estan sefialados con diferentes colores, al final se muestra la secuencia

consenso para el motivo PPR.
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Discusion.

El desarrollo del cloroplasto se ha estudiado desde diferentes puntos de vista. El trabajo
clasico sobre la biogénesis del cloroplasto durante los aitos 1960 a 1970 fue en su mayoria
descriptivo, principalmente basado en los cambios que ocurren en la ultraestructura del
plastidio durante las diferentes fases del desarrollo del organelo (Robertson D y McMillan
Laetsch 1974). Fue en estos aflos que se establecié que en las hojas de plantas
monocotiledoneas habia un gradiente de diferenciacion del plastidio a lo large de la hoja. Entre
los afios de 1960 a 1980 por estudios bioquimicos se obtuvo un avanze substancial en el
conocimiento a cerca del proceso de la fotosintesis y de las proteinas componentes de la
membrana fotosintética. También en este periodo algunos de los genes que codifican para
proteinas involucradas en la fotosintesis fueron identificados por la secuenciacion parcial de
aminoacidos (Haley, J. y L. Bogorad, 1989).

Uno de los trabajos pioneros en estudiar genes nucleares involucrados en el desarrollo
det cloroplasto en plantas superiores fue iniciado por William Taylor, Alice Barkan v Donald
Miles. El grupo de A. Barkan es uno de los finicos grupos gue ha hecho un estudio sistematico
del desarrollo del cloroplasto. Este grupo ha utilizado mutantes de maiz generadas por la
insercion de transposones Mu para identificar mutantes afectadas en ¢l transporte de electrones
fotosintéticos. Estas mutantes presentan una fluorescencia alta de la clorofila por lo que se les
ha ilamado hcf (high chlorophyll Auorescence) (Barkan, A. et al., |986; Barkan, A. et al.,

[995).
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En los altimos arfios se ha reportado un nimero pequene de mutantes que afectan
estadios tempranos de la biogénesis del plastidio. La clonacion de atgunos de cstos genes ha
iniciado a dar luz de los diferentes factores requeridos para la biogénesis de este organelo. Por
ejemplo, el aislamiento de CLAT (Estévez, J. M. et al., 2000) ha mostrado que la via de los
isoprencides es importante para el desarrollo del cloroptasto. Sin embargo, no ha habido un
estudio sistematico de mutantes que estén afectadas en la biogénesis temprana del cloroplasto.

Los genes ALBINO son requeridos para la diferenciacion temprana del proplastidio v el
desarrollo de diferentes tejidos de la hoja

Este trabajo representa un avance significativo en el conocimiento de la biogénesis del
plastidio por diferentes razones. Utilizando como criterio la ausencia de pigmentos en las
mutantes (observadas en el microscopio de disecciéon) hemos seleccionado un grupo de
aproximadamente [00 mutantes. Los fenotipos de estas mutantes se han clasificado de
acuerdo a la presencia de pigmentos en verde palido, amarillas y albinas. Interesantemente de
estas mutantes sélo un pequefio grupo son albinas (aproximadamente el [10%). Dade que
estamos interesados en estudiar biogénesis temprana del clorolasto nos hemos enfocado a
estudiar el grupo de las 6 mutantes albinas (las cuates hemos llamado alb). Para estas mutantes
llevamos a cabo una cuidadosa caracterizacion fenotipica, los datos de este analisis
(principalmente la expresion de genes y las imdgenes de microscopia electrénica de los
plastidios) mostraron que existe un gradiente de severidad entre ellas. Las mutantes afb tienen
un fenotipo mas severo que cualquiera de las mutantes albinas publicadas anteriormente sin
que sean embriones letales y representan el grupo de albinas mas grandes hasta la fecha

reportado
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Un aspecto importante de este trabajo es que provee evidencia de que existe un vinculo
entre la diferenciacion del cloroplasto y el desarrollo de la hoja ya que en todas las mutantes

albinas que se analizardn, se observa la ausencia de celulas del mésofilo.

Los genes ALBINO codifican factores auténomos v no auténomos de la célula.

Este estudio muestra elegantemente que las mutantes albinas analizadas estan
afectadas en factores que pueden ser autéonomos o no auténomos de la célula: lo que permite
diferenciar (especular o conocer} que clase de genes estan afectados en las diferentes mutantes.
Por ejemplo si uno esta interesade en la biosintesis de hormonas o en metabolitos hechos en el
cloroplasto uno puede enfocarse en las mutantes no autonomas de la célula. Por el contrario, si
se tiene interés en estudiar regulacion de la transcripcion del plastidio uno puede enfocarse a
estudiar las mutantes autdénomas de la célula. Por otro lado, nadie ha mostrado gue una
mutacion que cause defectos en el embridn pueda ser parcialmente complementada por
productos maternales durante fa embriogénesis. £l hecho de que el embrion en Arabidopsis
desarroile cloroplastos durante la embriogénesis es una caracteristica dnica que permite
visualizar esto faciimente. Pero tal vez esto pueda ser un principio general para mutaciones que
afectan embriogénesis si ellas estan afectadas en factores capaces de difundirse; en este tipo de
mutantes podria haber un rescate parcial de la mutacién durante la embriogénesis que hace
que el fenotipo sea menos severo de lo que realmente es. Asi muchas mutantes que presentan
un fenotipo anormal durante las etapas tempranas de Ia plantuia, pero no durante

embriogénesis, podria deberse a que existio una rescate maternal de la mutacion

Las mutantes afpinas son un pequefio grupo.
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Aln cuande el tamizado que se realizé en este trabajo es relativamente peguefio, éste
se hizo con un banco equilibrado de semillas mutagenizadas. £n un tamizado previo de 12000
plantas M2 (provenientes del mismo grupo de semillas usadas para nuestro estudio), Lukowitz
W.y Gillmor 5. aislaren un promedio de 6 alelos para 5 genes diferentes, esto muestra que
2000 plantas M2 equivalen aproximadamente a un genoma mutagenizado; por lo que
podemos predecir que hemos tamizado la mitad de un genoma. Dado que encontramos solo 7
mutantes albinas (incluyendo cla/) esto sugiere que el nimero de genes que mutan y dan un
fenotipo albino es alrededor de 20. Este es un numero de genes razonables con el que se puede
empezar a entender las bases moleculares de la biogénesis del cloroplasto.

Con respecto a la clonacion del gen de la mutante 19,20 todavia se requiere una
corroboracidn estricita de que el fonotipo de la mutante es causado por el que se aislg. Sin
embargo la naturaleza del gen aislado nos permite hacer ciertas especulaciones ya que este gen
contiene secuencias con homologia del gen crpl de maiz. En maiz CRPI participan en la
traduccion y procesamiento de ciertos RNA cloroplasticos. El hecho de que la mutante crp { de
maiz tenga un fenotipo similar al de la mutante 19,20 y la proteina predicha para tal gen
tenga motivos PPR conservados, como es el caso del gen de la mutante 19,20, apunta que el

gen afectado podria estar involucrado en funciones similares que crp /.
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Conclusiones

En este trabajo se reportan seis mutantes albinas, cuyos genes son requeridos para la
diferenciacion temprana del proplastido en cloroplasto. Estas mutantes tienen plastidios que
semejan proplastidios, la expresion de genes requeridos para la funcion temprana del
cloroplasto 0 genes folosintéticos es muy baja o en algunos casos nula. Los productos de los
genes ALBINO son directa o indirectamente requeridos para el desarrollo normal de las células
del mesofilo y la morfogénesis de |a hoja. Los genes ALBINQ afectan diferentes procesos de una
manera auténoma y no-auténoma de la célula. Esta es la primera vez que ha sido observado
durante embriogénesis la complementacion de una mutante por difusion de un factor maternal.
Probablemente esto puede pasar con cualquier mutante que carezca de una molécula capaz de
difundir de Ia planta madre hacia el embrién, esto incluye a la mayoria de las hormonas. Si
esto es un fendmeno general, podria tener implicaciones importantes para la interpretacion de
agquellas mutantes que parecen no expresar un fenotipo mutante durante la embriogénesis.

Este trabajo muestra que los genes requeridos para la diferenciacion del proplastidio
incluyendo la formacién de ta membrana tilacoidea del cloroplasto, pueden aisiarse por
tamizados de plantulas con fenotipo albino.

La caracterizacion de mutantes albinos que aqui se presenta provee un marco
conceptual para un analisis genetico a mayor escala de la biogenésis del cloroplasto en
Arabidopsis. Este trabajo es el primer estudio genético sistematico de los genes requeridos para

la diferenciacion temprana del cloroplasto. La clonacion de los genes ALBINO cuyos resultados
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se presentan aqui contribuyen con fos primeros conacimientos de las bases moleculares de fa

diferenciacion temprana del cloroplasto.
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