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1.1 LOS CITRICOS

Los citricos pertenecen a la familia de las Rutaceas, subfamilia
Aurantoideas. Los seis géneros de citricos verdaderos se encuentran dentro de ia
subtribu Citrinae y sélo tres de ellos tienen importancia comercial: Poncirus
(naranjo trifoliado) da frutos no comestibles y es empleado en algunos paises
como patrdn, Fortunella (Kumquat) y Citrus, estos dos ultimos con especies de
frutos comestibles. Todos ellos son arboles diploides (2n=18), excepto F£. hindsii
que es tetraploide (2n=36). Los frutos son hesperidios y las semillas, sin
endospermo, presentan dos o mas embriones nucelares. Soélo en el pummelo (C.
grandis), el cidro (C. medica) y algunos mandarinos, como los clementinos, las

semillas presentan un Unico embrién sexual llamado zigdtico.

Desde el punto de vista econdmico, los citricos poseen una gran
importancia dado que su produccién es mayor que la de cualquier otro frutal. La
produccién mundial de citricos supera los 105 millones de toneladas, siendo
superior a la del platano, uva y manzana (FAO 2001).

Espafia presenta una superficie de cultivo de unas 285.000 Ha, siendo el
cuarto pais productor de naranja para consumo en fresco del mundo, por detras
de Brasil, USA y China, con una produccion superior a los 5 millones de toneladas
en el afio 2000 (FAO, 2001). Ademas, Espafia es el primer pais exportador de
naranja para consumo directo, exportandose aproximadamente el 50% de Ia
produccion. Los grupos de citricos mas importantes desde el punto de vista
econdmico son las naranjas, las mandarinas, los limones y los pomelos. La
produccidn espafiola estimada para el afio 2001 es de 2.723.600 toneladas de
naranjas, 1.641.500 toneladas de mandarinas y 951.800 toneladas de limones
(Estadisticas del MAPA, 2001). Esta produccion supone para Espafia, ademas de
un gran beneficio social, una parte importante de su PIB. De la adecuacién al
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mercado y de la calidad de esta produccion depende, en cierta forma, este

beneficio econdmico y social.

1.2 MEJORA GENETICA

La mejora genética vegetal se puede definir como "la ciencia cuyo
objetivo es cambiar el genotipo, mejorandolo para un determinado medio y
segun el aprovechamiento para el que se vaya a destinar de acuerdo con las

necesidades del hombre" (Frankel, 1958).

Smith (1986), la define como "El arte y la ciencia de mejorar el genotipo
de las plantas en relacion con su utilizacién econdmica”.

Johnson (1981) la define de forma similar pero mas concreta como "la
utilizacién de un sistema organizado de manipulacién genética para modificar
una especie vegetal, con el fin de hacerla mas Util o aceptable para un uso

especifico”.

La mejora genética vegetal es esencialmente una eleccién hecha por el
hombre de las mejores plantas escogidas dentro de una poblacién en la cual
exista variabilidad. En otras palabras, la seleccion es posible gracias a la
existencia de variabilidad (Sanchez Monge, 1993).

A partir de todas estas definiciones, se pueden establecer las tres
premisas mas importantes para el planteamiento de cualquier programa de

mejora genética vegetal:

1. La existencia de variabilidad o bien la capacidad para crearla se
convierte de esta forma en el primer requisito de todo programa de

mejora.

2. La capacidad de detectar dicha variabilidad, o lo que es lo mismo, la

habitidad del mejorador para observar las diferencias que puedan tener
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valor econdmico entre plantas de la misma especie y/o la existencia de

técnicas capaces de medirlas.

3. La capacidad para manipular dicha variacién para producir un nuevo

cultivar estable.

Una de las dificultades para la mejora de citricos es su compleja biologia
reproductiva. Muchas especies de citricos son apomicticas y sus semillas
producen embriones nucelares que limitan el desarrollo de embriones zigoticos.
Esto dificulta la obtencién de progenies de origen hibrido donde seleccionar para
los caracteres deseados. Por otro lado, muchos genotipos de interés presentan
esterilidad total o parcial en dvulos y/o polen, lo cual impide que puedan ser
empleados como parentales en programas de mejora. Ademas, también se
presentan casos de autoincopatibilidad e incompatibilidad entre genotipos, y Ia
elevada heterozigosis (Herrero et al 1996) presente en la mayoria de las especies
cultivadas, como el limén, naranjo dulce y clementino, provoca una segregacion

muy amplia de fenotipos, en su gran mayoria indeseables.

El periodo de juvenilidad es iguaimente un factor limitante en la mejora
de citricos (Frost y Soots 1968). Muchos genotipos presentan un periodo de
juvenilidad muy largo, de forma que requieren entre 5 y 8 afios para empezar a
producir. Dado que la mayoria de los caracteres que se desean mejorar se
refieren al fruto, en la mejora de variedades, o a la propagacién por semilla, en
el caso de la mejora de patrones, la larga juvenilidad limita el namero de

generaciones y el nimero de plantas en los programas de mejora.

Como consecuencia de todas estas dificultades, el estudio genético de
citricos se ha visto muy limitado, y en la actualidad se conoce poco sobre el
modo en que se heredan los caracteres mas importantes de los citricos, lo que
dificulta la eleccién de los parentales y los métodos de mejora y seleccién més

adecuados.
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Dentro del &rea de la biotecnologia, el inmenso desarrollo de las técnicas
de marcadores moleculares ha permitido su aplicacion en fases concretas del

programa de mejora, que son limitantes para su eficacia y rentabilidad.

1.3 MARCADORES MOLECULARES

Un marcador es un caracter de determinacion sencilla empleado en los
programas de mejora cuando el carécter de interés que se desea seleccionar
posee una determinacién complicada. Los atributos ideales de un marcador son:
(a) polimorfismo; (b) herencia mendeliana y no epistasia; (c) insesibilidad a la
influencia y efectos ambientales; (d) ausencia de efectos en el desarrollo de la
planta, es decir, comportamiento como un gen neutro; (e) simplicidad en la
identificacién y anlisis; (f) codominancia; y (g) posibilidad de deteccién en las

primeras fases del desarrollo de la planta.

Los primeros marcadores que se emplearon fueron aquellos que
afectaban a la morfologia de las plantas. Estos marcadores generalmente son
debidos a la mutacién de un gen que provoca un fenotipc marcadamente
diferente al fenotipo normal. Su empleo es limitado debido a su escasez y a que
suelen presentar dominancia, pleiotropia, epistasia e incluso algunos son

deletéreos.

El desarrollo de los marcadores moleculares ha supuesto un importante
avance en la mejora de plantas. Los marcadores moleculares presentan una serie
de ventajas frente a los marcadores morfoldgicos: se encuentran en cualquier
especie; se detectan en estadios tempranos del desarrollo y en cualquier tipo de
tejido; su andlisis no depende de las condiciones experimentales; son
fenotipicamente neutros; y ademds, la interaccién entre ellos es pequefia o nula

(ausencia de epistasia).



Introduccion 17

Los primeros marcadores moleculares que se desarrollaron fueron los
isoenzimas, que son proteinas, y los RFLPs, que emplean ADN. Después, con la
aparicién de la técnica de reaccion en cadena de la polimerasa (PCR), el tipo de
marcadores aumenté considerablemente, y en la actualidad, hay un gran nimero
de tipos de marcadores basados en la PCR. Cada tipo de marcador tiene unas
caracteristicas especificas que lo hacen adecuado para unas determinadas

aplicaciones.

Isoenzimas

Los isoenzimas son enzimas que catalizan ta misma reaccién bioquimica,
sin embargo, presentan algunas diferencias en la cadena de aminoacidos, las
cuales se pueden detectar mediante electroforesis no desnaturalizante de un
extracto crudo de proteinas y posterior tincion con un sustrato especifico para
cada enzima en cuestion (Soltis y Soltis 1989). Los isoenzimas son marcadores
generalmente codominantes, fenotipicamente neutros, y la metodologia
empleada para su andlisis es rapida, sencilla y econdmica; sin embargo, el
nimero es muy limitado y se restringe a regiones codificantes del genoma. Otro
problema es que su deteccidn depende, en gran medida, del tejido que se

analice.

Los isoenzimas fueron los primeros marcadores moleculares que se
emplearon en mejora genética para multiples aplicaciones, como por ejemplo fa
diferenciacién entre individuos zigdticos y nucleares, sin embargo, en la

actualidad estan mas en desuso.

RFLPs

Los RFLPs (Restriction Fragment Length Polymorphism) han sido el primer
tipo de marcadores basados en ADN. La técnica consiste en la digestion del ADN
con enzimas de restriccién y una posterior separacion de los fragmentos
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mediante electroforesis en geles de agarosa. Tras esto, se realiza la transferencia
del ADN a una membrana de nylon y se hibrida con un fragmento de ADN
marcado o sonda, cuya deteccion da como resultado una serie de bandas que

pueden dar lugar a polimorfismos.

Los RFLPs suelen segregar como marcadores codominantes, pueden
cubrir cualquier region del genoma, son fenotipicamente neutros, no presentan
interacciones epistasicas, son altamente reproducibles y su nimero es ilimitado.
Su principal inconveniente es su elevado coste econdmico y de tiempo, ademas
de su escaso rendimiento en polimorfismos, por lo que actualmente también

estan siendo desplazados por los marcadores basados en la PCR.

RAPDs

Los RAPDs (Random Amplified Polymorphic DNA) se basan en la
amplificacién del ADN mediante PCR con un sélo cebador de 10 nucledtidos de
secuencia aleatoria. La reaccién de amplificacion da como resultado una serie de
fragmentos de ADN de diferentes tamafios que pueden dar lugar a polimorfismos
del tipo presencia/ausencia al ser separados por electroforesis. Se considera que
la presencia de bandas con igual movilidad se corresponde con la misma posicién
del genoma, aunque esto no siempre es cierto cuando trabajamos con distintas

especies.

Los RAPDs son virtualmente ilimitados en nimero y su coste es inferior al
de los RFLPs. Presentan la ventaja de que la metodologia es rapida y sencilla, lo
que permite obtener un gran numero de marcadores en poco tiempo. Otra
ventaja €s que no es necesaria ninguna informacién sobre el genoma de la
especie a estudiar, ya que se emplean cebadores con secuencia aleatoria.
Ademas de mostrar en algunos casos problemas de reproducibilidad, su gran

inconveniente es que presentan dominancia; no se pueden diferenciar los
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heterozigotos de los homozigotos para la presencia de banda, lo que les
convierte en marcadores de calidad inferior en cuanto a contenido informativo.

SCARs

Los SCARs (Sequence Characterized Amplified Regions) se desarrollaron
para solucionar algunos de los problemas que presentan los RAPDs. Consiste en
clonar y secuenciar los fragmentos polimérficos de los RAPDs y disefar
cebadores mas largos y especificos para esta zona del genoma. Con esto se
consigue, en ocasiones, transformar el polimorfismo en codominante y se

eliminan los problemas de reproducibilidad.

MICROSATELITES

Los microsatélites o SSRs (Simple Sequence Repeats) son secuencias de
repeticiones en tdmdem cuyas unidades de repeticion, constituidas entre uno y
seis pares de bases, se presentan de forma consecutiva en un nimero que varia
de dos a cientos de veces. Las repeticiones del tipo (TA/AT)n é (GA/CT)n son las
mas abundantes en las plantas, siendo inferior el nimero medio de repeticiones
que en animales. El nivel de polimorfismo de estos marcadores es el mas alto
cuando se compara con el resto de marcadores (Russell et al, 1997). Los
polimorfismos se producen por un cambio en el nimero de repeticiones. La
mayoria de fos SSRs se comportan como codominantes y estan distribuidos
aleatoriamente en el genoma de los eucariotas. Esto los hace muy dtiles en la

construccion de mapas genéticos saturados y altamente informativos.

La metodologia empleada consiste en la ampliacion de los fragmentos de
ADN utilizando cebadores disefiados a ambos lados del microsatélite. Los
fragmentos generados se separan en un gel de acrilamida donde se ponen de
manifiesto los posibles polimorfismos. El principal inconveniente de estos
marcadores es la dificultad para obtenerlos en comparacion con otros
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marcadores de ADN (Rafalski y Tingey 1993), ya que se debe poseer informacion

sobre la secuencia adyacente al microsatélite para disenar los cebadores.

ISSRs

Los ISSRs (Inter Simple Sequence Repeat) también estan basados en las
secuencias repetidas en tdmdem, pero en este caso no se amplifica el
microsatélite, sino que éste se utiliza para disefiar cebadores cuya secuencia
posee una zona homdloga a un microsatélite y ademas se le afiaden dos
nucledtidos aleatoriamente. Con esto se consigue amplificar la zona gendmica
que se encuentra entre dos microsatélites que estén lo suficientemente cerca y

que posean los dos nucledtidos a continuacidn de la repeticion.

Este tipo de marcador no es tan polimdrfico como los SSRs, ya que su
polimorfismo no se basa en el cambio de numero de repeticiones del
microsatélite, sin embargo, tiene la ventaja de que no es necesario tener

informacion previa de la secuencia.

IRAPs

Los IRAPs (Inter-Retrotransposon Amplified Polymorphism) son
marcadores moleculares que se basan en la amplificacién de la zona del genoma
que se encuentra entre dos retrotransposones. Para ello se emplean cebadores
especificos con una secuencia homdloga a la de un retrotransposén, de tal
manera que, el extremo 3’ del cebador se sitie proxime al extremo de la

secuencia del retrotransposon.

Los retrotransposones son elementos méviles que se encuentran de
forma abundante en el genoma de las plantas. Se ha demostrado que se
distribuyen de forma aleatoria por todo el genoma, aunque existen ciertas zonas
donde se producen mas inserciones, los llamados puntos calientes de insercion.
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La ventaja de este tipo de marcador es que con pocas combinaciones de
cebadores se puede conseguir una gran cantidad de bandas polimérficas, aunque

la mayoria de ellas dominantes.

AFLPs

Los AFLPs (Amplification Fragment Length Polymorphisms) detectan
fragmentos de restriccién de ADN por medio de la amplificacién por PCR. La
tecnologia de AFLPs consiste en una digestién del ADN con dos enzimas de
restriccion, uno con una diana de 6 nucledtidos y el otro con una diana de 4;
después se realiza una ligacion con unos adaptadores que se unen a los
fragmentos de restriccion; la amplificacion de estos fragmentos se realiza con
cebadores homdlogos a la secuencia del adaptador y de la diana de restriccidn,
ademds, se afiaden 2 ¢ 3 nucledtidos selectivos para que se amplifique sélo un
subconjunto de los fragmentos. Los amplificados se separan en un gel de
poliacrilamida desnaturalizante y se visualiza por medio de autorradiografia o por

fluorescencia en un secuenciador automatico.

Las ventajas de los AFLPs es que generan muchas bandas por reaccion,
entre 50 y 100 fragmentos; no se requiere informacion sobre la secuencia de la
especie; y son muy abundantes. Entre las desventajas, hay que destacar que los
marcadores son dominantes y que fragmentos con el mismo tamafio pueden no

ser homdlogos.

S-SAPs

Los S-SAPs (Sequence-Specific Amplified Polymorphisms) son una
combinacién de los dos Ultimos tipos de marcadores expuestos. Son muy
similares a los AFLPs, pero como cebadores se utiliza uno del AFLP y el otro es
un cebador con secuencia homdloga a la secuencia de un retrotransposon.
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Normalmente, se producen menos fragmentos que con los AFLPs aunque mas

polimorfismos.

1.4 UTILIDADES DE LOS MARCADORES

Los marcadores moleculares presentan multiples aplicaciones en la
mejora genética de plantas. Previamente hay que plantearse que tipo de
marcador es el mas apropiado a nuestras necesidades y para ello nos debemos
plantear una serie de cuestiones como: équé objetivos tenemos?, équé nivel de
resolucién requerimos? y también debemos preguntarnos si nuestros recursos a
nivel de personal, equipamiento y tiempo son los adecuados.

Identificacion

El hecho de que los marcadores moleculares puedan ser analizados en
estadios tempranos del desarrollo les hace especialmente indicados para
determinadas situaciones en las que se requiere la identificacién temprana del
origen y/o naturaleza de los diferentes individuos de una poblacién. Algunas de
estas situaciones son: distincion entre individuos zigéticos y nucelares en plantas
que presentan apomixis, como sucede con los citricos (Torres et al, 1982);
separacion de individuos provenientes de autofecundacién o contaminantes en
una poblacién de origen hibrido (ArGs et al, 1982); deteccidon temprana de
hibridos interespecificos (Parfitt et al, 1985); o distincién entre diploides y dobles
haploides en poblaciones de individuos obtenides mediante cultivo de anteras ¢

microsporas (Zamir et al, 1981).

También hay que mencionar el uso de marcadores en la distincion de
cultivares comerciales. Los marcadores pueden ayudar a solucionar problemas
tan importantes como la distincién de cultivares en estadios tempranos no
productivos, lo que en algunas especies resulta seriamente dificil, como en los
clementinos, y es de gran importancia para la proteccion de los derechos del
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obtentor o del viverista, de cara a posibles problemas de tipo legal que puedan

surgir.

Es necesario destacar aqui un uso rutinario, pero fundamental, de los
marcadores como es la comprobacion de los genotipos de plantas sometidas a
diversos procesos que pueden dar lugar a errores en su denominacion posterior,

tales como: importacién, exportacién, multiplicacién, conservacion, etc.

Localizacion de genes

Algunos caracteres de interés agronémico se encuentran bajo el control
de uno o pocos genes (Gottlieb, 1986). Este suele ser el caso de resistencia a
enfermedades, autoincompatibilidad, y otros caracteres relacionados con
distintos aspectos de la morfologia de los diferentes drganos de la planta. Para
obtener marcadores ligados a caracteres monogénicos se suelen realizar analisis
de cosegregacién, utilizando la estrategia de segregacién masal. Una vez que ha
sido establecida la asociacién entre el gen y los marcadores ligados, estos
pueden ser usados en mejora genética (seleccion asistida por marcadores) y en
la clonacién basada en el mapeado fino del gen.

También se pueden identificar los genes que controlan los caracteres
cuantitativos o QTLs (Quantitative Trait Locus) si previamente disponemos de un
mapa de ligamiento que cubra ampliamente el genoma de los genotipos
parentales. El estudio de la cosegregacidn entre marcaderes y caracteres
cuantitativos en poblaciones de mejora, permite la deteccién de zonas del
cromosoma en las que se encuentran uno o mas genes que afectan al caracter
de interés,asi como estimar los efectos de los alelos en dichos QTLs e incluso
estudiar el efecto de las distintas condiciones de cultivo y presencia de patégenos
sobre los efectos génicos. Dado que la mayoria de los caracteres de interés
agrondmico son cuantitativos, el andlisis de QTL tiene una gran relevancia en la

mejora de plantas.
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Seleccion asistida por marcadores

La transferencia de caracteres de interés agrondmico desde una especie
donadora (silvestre) a una receptora (cultivada) se ha venido realizando
tradicionalmente por el método del retrocruzamiento: tras la obtencién de una
generacién F1 proveniente del cruzamiento entre los dos parentales (donador y
recurrente), esta F1 y las subsiguientes generaciones se cruzan con el parental
recurrente tantas veces como sea necesario hasta conseguir un individuo con el
mismo genotipo que el parental recurrente, con la excepcién del caracter que ha
sido transferido desde el donador. Segln Allard (1960), para completar el
proceso son necesarias al menos cinco o seis generaciones de retrocruzamiento

y, seguin en que casos, el proceso puede ser muy largo y costoso.

Este método se puede simplificar considerablemente con el uso de
marcadores moleculares: por un lado, la seleccidon para un marcador asociado al
caracter, que ademas de poderse realizar en etapas tempranas del desarrollo de
la planta, suele ser un proceso menos laborioso que la evaluacion del caracter; y
por otro lado, la seleccién para marcadores moleculares no ligados al gen de
interés, puede contribuir a la reduccién de hasta la mitad del numerc de
generaciones de retrocruzamiento necesarias para la recuperacién del genotipo
parental recurrente (Tanksley et al, 1989). Ademas, los marcadores moleculares
también son de gran utilidad para la eliminacién de genes con efectos deletéreos
que puedan encontrarse ligados al caracter de interés en la especie donadora
(Young y Tanksley, 1995), eliminacidn que es muy dificil de conseguir a base de

retrocruzamientos (Michelmore, 1995).

La aplicacién de los marcadores moleculares a la mejora genética puede
resultar especialmente ventajosa en especies con largos periodos de generacion,
como es el caso de las lefiosas. En estas especies, con periodos de juvenilidad
que rondan los 5-7 afios (Torres, 1983), la reduccion del ndmero de
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generaciones, y sobre todo de gastos de mantenimiento del material vegetal que
se consigue con el uso de los marcadores, puede transformar un proceso de

duracién excesiva en otro de duracidon mas razonable.

Mapa genético

El mapeo genético tiene como objetivo localizar marcadores dentro de un
cromosoma y colocarlos en sus posiciones relativas de unos con respecto a otros.
La localizacién cromosomica de cada marcador constituye su locus. Distintos
alelos de un mismo marcador mapean en el mismo locus. El mapeo genético
utiliza la frecuencia de recombinacién entre dos loci para determinar la distancia
cromosdmica gue hay entre ellos. Al aumentar la distancia, la probabilidad de

recombinacion es mayor.

La unidad de distancia genética es el centiMorgan (cM), que corresponde
al 1 por 100 de recombinacion. La funcién mas simple para calcular la distancia
es la de Haldane (1919), que asume no interferencia, es decir, que la
recombinacién en un intervalo es independiente de la recombinacién en otro
intervalo. La funcién Kosambi (1944) permite interferencia parcial, por lo que es
mas precisa.

Dado que la construccion de un mapa genético con mas de tres loci es
computacionalmente complicado, se han desarrollado programas informaticos
para ello, tales como MAPMAKER/EXP (Lander et al. 1987), JOINMAP (Stam yvan
Ooijen 1995), etc. Estos programas permiten el analisis multipunto de los loci
ligados, con lo que se consigue una mayor exactitud en la ordenacion de los

marcadores.

Los citricos presentan algunas caracteristicas que facilitan la construccion
de los mapas genéticos. Son diploides y presentan un numero haploide de

cromosomas relativamente bajo, n=9, y un genoma pequefio, 1C=0.62 pg
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(Guerra 1984). Por otro lado, las hibridaciones intergenéticas e interespecificas
son empleadas cominmente por los mejoradores. Estos hibridos son

heterozigotos para un gran porcentaje de loci.

Como ya se ha dicho anteriormente, los mapas genéticos son esenciales
en la localizacién de genes y QTLs. Otro de sus posibles usos es la comparacion
de los genomas de distintas especies para estudiar la colinearidad de los genes y
aprovechar los conocimientos generados por proyectos “genoma” de una especie

en especies relacionadas.

En esta introduccién se ha realizado una rapida revision sobre los
principales tipos de marcadores moleculares y algunas de sus multiples
utilidades, centréndonos en la problemética de los citricos y cémo la aplicacion
de marcadores moleculares puede ayudar a superar gran parte de las
limitaciones existentes en su mejora. A continuacidn se detallan los objetivos

concretos de esta Tesis doctoral.
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Como va se ha mencionado anteriormente, la mejora genética de citricos
no se ha desarrollado mucho debido al problema que supone trabajar con
especies lefiosas, que ademas presentan una biologia reproductiva compleja. Por
ello, y para avanzar en este tema nos planteamos el desarrollo de nuevos
marcadores moleculares y su utilizacién en diversas etapas de la mejora genética

de citricos.

El punto de partida de todo programa de mejora de citricos originado por
cruzamientos controlados con algin genotipo apomictico es la diferenciacion
entre individuos zigéticos y nucelares.

Los nuevos marcadores se han empleado en la construccidn de mapas de
ligamiento en 3 especies. Estos mapas podran servir como punto de partida para
nuevos estudios genéticos sobre localizacion de genes, tanto cualitativos como
cuantitativos, para seleccion asistida por marcadores y para iniciar estudios de

genémica comparada.

Otra aplicacién de los marcadores generados fue el estudio de la
naturaleza molecular de la variacién natural dentro del grupo de los clementinos,
lo que permitira disefiar métodos de mejora que emulen su variabilidad en la

naturaleza.
Por todo ello, los objetivos de la presente tesis son los siguientes:

» Buscar un método sencillo de evaluacion genética para la seleccion

eficaz de individuos nucelares y zigdticos en familias segregantes.

= Desarrollar marcadores moleculares con alto contenido informativo y
nivel de polimorfismo, de analisis rapido, sencillo y repetible para

saturar los mapas genéticos de citricos.

= Estudiar la distribucién gendmica de retrotransposones en distintas
especies de citricos.
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» Realizar un analisis comparativo de los mapas genéticos de Citrus

aurantium, Citrus volkamerianay Poncirus trifofiata.

» Estudiar comparativamente los mecanismos genéticos implicades en la

variacién somatica de los clementinos.
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ABSTRACT:

In citrus breeding and genetics, it is very important to distinguish
between zygotic and nucellar seedlings in order to eliminate unwanted
genotypes. Usually, isozyme markers have been employed to determine the
genetic origin of young plants. In this work we propose the use of SSR markers
as an alternative methodology and compare them with isozymes in this kind of
screenings. Two different populations were analysed: one derives from an
interspecific cross and the other from selfing. We conclude that, in most cases,
microsatellites are more efficient than isozymic markers to identify the sexual
origin of citrus seedlings, given their higher level of polymorphism and the scarce
number of polymorphic isozymes in some populations. We describe a quick and
efficient methodology for SSR analysis, including a fast DNA extraction in
microcentrifuge tubes, and visualization through silver staining, which eliminates
the need for a labelling step.

KEY WORDS: Citrus, Microsatellites, Zygotic, Molecular markers, Fruit
breading, Isozymes



34 A quick methodology to identify ...

INTRODUCTION

Citrus are one of the major fruit crops in the world. Citrus species are
trees with persistent leaves, hesperidium fruits, and seeds without endosperm,
and often with two or more nucellar embryos. Many members of the genus Citrus
and some closely related genera belonging to Rutaceae reproduce apomictically
by seed, through nucellar embryony (Frost, 1943). Since nucellar embryos
develop asexually by ordinary mitotic division of cells of the nucellus and no male
gamete contribute to their formation, nucellar seedlings are identical to the seed
parent. Nucellar embryony has very important consequences for evolution,
breeding, and culture of citrus fruits. Citrus are almost universally propagated by
budding onto seedling rootstocks. Uniformity of rootstock genotypes is essential
for reliable performance following budding and orchard establishment. Therefore,
propagation of citrus rootstocks depends upon the production of clonal plants
from nucellar seedlings. Most rootstock cultivars are polyembryonic, producing
seeds that contain both nucellar and zygotic embrycs. The proportion of zygotic
embryos that develop and give rise to seedlings varies with both genotype and
environment (Cameron and Frost, 1968; Cameron, 1979) and uniformity is
seldom complete. Off-type seedlings are generally rogued in the nursery, but the
efficiency of such roguing is not known for many rootstocks. Anderson et al.
(1991) found, by isozyme analysis, that roguing based primarily on the size and
growth habit of the seedlings is effective in removing some, but not all, zygotic
seedlings. They found zygotic rootstocks escaped from the roguing in two of the
three groves studied, and in some instances an apparent incompatibility was
developing in young trees. In any case, zygotic seedlings may affect the
performance of trees budded on them (Weber, 1932; Roose and Traugh, 1988).
Therefore, one of the most important traits to be considered within the breeding
programs for citrus rootstocks is apomictic reproduction by seed, i.e. that the
new genotype vield the least number of zygotic seedlings. But apomixis is alsc an
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important problem in citrus breeding because it greatly limits the genetic
variability obtained by controlied pollination. In most crossing combinations it
would not be possible to determine the genetic origin of young seedlings from
morphology. Yet, such determination is essential in order for the breeder to avoid
the 5- to 10-year costs of growing and maintaining until fruiting unwanted
nucellar seedlings that are genetically identical to already available seed parents.
Thus, zygotic seedlings, sexually originated, have to be identified to quickly
discard the nucellar ones; otherwise costs would make citrus breeding programs
unaffordable. Molecular markers are very useful tools to help plant breeders in
facing this and other issues: they allow the study of genetic variation, the search
of new sources of agronomically important genes, the identification of cultivars
and the efficient management of segregant generations during plant breeding
programs through marker-assisted selection (Asins et al., 1998).

A molecular marker is a genetic difference that may exist between two
plants, visualized by means of biochemical methods and located at a certain
chromosomal position. When the genotype for one or more marker loci is known
for two plants, inferences can be made about the genotypes that may appear in
the progeny. Isozyme analysis is the usual technique in the separation of zygotic
from nucellar plants among progenies (Iglesias et al., 1974; Spiegel-Roy et al.,
1977; Torres et al., 1978, 1982; Ashari et al., 1988; Xiang and Roose, 1988;
Anderson et al., 1991; Mestre et al, 1997), since it is a fast and cheap
methodology. Isozyme variation is limited and there are few isozymic loci
available for marker analysis. A fingerprinting probe has also been reported for
application in the separation of zygotic from nucellar progeny (Orford et al.,
1995). That methodology is expensive and time consuming, because it requires
DNA extractions, digestions, transfer and southern blot hybridization. The advent
of the polymerase chain reaction (PCR) technique (Mullis et al., 1986) has
accelerated the development of new DNA marker systems, such as
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microsatellites or SSRs (Simple Sequence Repeat Pomorphism). Whenever SSRs
have been compared to other systems they have always revealed the highest
levels of polymorphism (Russell et al., 1997). Their nature (stretches of tandemly
repeated short nucleotide motifs) produces high levels of length polymorphism,
which results from variation in the number of repeated units at the locus (Litt
and Lutty, 1989; Tautz, 1989; Weber and May 1989; Morgante and Olivieri,
1993).

This article describes a new, quick and efficient method to identify the
sexual origin of citrus seedlings based on the analysis of SSRs without
radioactive-labelling.

MATERIAL AND METHODS
Plant material

Two populations of citrus were screened in order to distinguish zygotic
from nucellar descents and to confirm the self-pollination or hybrid origin of the
plants: one was a cross between a single descent of the selfing of Poncirus
trifoliata (L.) Raf. var. “Flying Dragon” and the tangor “Crtanique” (Ciitrus
reticulata (Blanco) x C. sinensis (L.) Osb.) (PxO population), consisting of 46
seedlings. The other one was derived by selfing Fortunella crassifolia Swing. (Fc
population) and consisted of 106 seedlings. Plant material proceeds from the
citrus germplasm bank at IVIA.

Isozyme analysis

Five enzymatic systems were analysed according to Asins et al. (1995):
Phosphoglucoisomerase  (PGI), phosphoglucomutase (PGM), glutamate
oxaloacetate transaminase (GOT), 6-phosphogluconate dehydrogenase (6PG)
and peroxidase (PRX). For the Fc population we referred to a previous study
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showing that Fortunella crassifolia is heterozygous for Pgm, Pgi and Got-1, and
that it has a complex pattern with potentially polymorphic bands for PRX and 6-
PG (Herrero et al.,1996). Only PGM, PGI and 6PG were analysed in the PxO
family.

DNA minipreps in microcentrifuge tubes

The tissue for the DNA extraction is collected by using the microcentrifuge
tube cap to obtain 8 leaf punches from each sample. Tubes are placed on ice and
the tissue is homogenised with a screw-driver after adding a little liquid N, in the
tube; then, resuspended in 0.5 ml extraction buffer (100 mM Tris, 50 mM EDTA,
500 mM NaCl, 10 mM p-mercaptoethanol, pH 8.0), 33 ul 20 % SDS are added
and tubes are vigorously shaked. Then, tubes are incubated for 10 min at 65 °C,
and 166 pl 5M potassium acetate added and mixed gently. The tubes are left on
ice for 20 min, centrifuged in a microcentrifuge at top speed and the supernatant
filtered through Miracloth and transferred to a new tube. Isopropanol is added to
fill up the tube. Tubes are then mixed by inversion, left at room temperature for
10 min and centrifuged 5 min. Supernatant is discarded and the pellet is washed
with 70% ethanol and resuspended in 100 pl TE. Tubes are centrifuged 10 min
and the supernatant transferred to a clean tube. 11 pl 3M sodium acetate and 72
ul isopropanol are added, tubes mixed by inversion and centrifuged 3 min.
Supernatant is decanted and pellet washed with ethanol as before, dried in
Speed-Vac and resuspended in 30 pi of TE.

Microsatellite analysis

Nine microsatellites described in Kijas et al. (1997) were analysed in the
genitors of the families: five of them showed more than one band in F. crassifolia
(TAA41, TAA45, TAA33, CAC23 and TAA27) and were screened in the whole Fc
population. Only marker TAA41 was analysed in the whole PxO population.
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PCR amplifications were performed as described in Kijas et al. (1997) with
minor modifications, using 300 ng of genomic DNA per 25 pl reaction, in a MJ
Research thermocycler. PCR products were mixed with 6 pl of 5X loading buffer
(50% v/v Glycerol, 1x TAE, 10% v/v saturated Bromophenol Blue, 0.2% w/v
Xylene Cyanole) and analysed by electrophoresis in sequencing-type 10%
polyacrylamide gels (acrylamide: N,N-methylenebisacrylamide, 29:1) under
nondenaturing conditions, in 1X TBE buffer (90 mM Tris borate, 2 mM EDTA, pH
8.3). The gel was run at a constant 40 W, 45°C for 2-3 h in a Genomyx LR
(Genomyx Corporation) or at free temperature in a S2 Sequencing System (Gibco
BRL/Life Technologies). Gels were fixed to one of the glass plates and silver
stained according to Beidler et al. (1982), with minor modifications: 20 min 10%
Ethanol, 5 min 1% Nitric Acid, 2 water washes, 30 min 0.2% AgNQOs;, 1 water
wash, 1 and 5 min in developer solution (3% Na,CO;, 0.02% Formaldehyde}, 30
s 5% Acetic Acid and 3 water washes.

RESULTS AND DISCUSSION

The seedlings from the PxO population were screened for the SSR TAA41,
and only 6 of them were nucellar. This microsatellite was able to distinguish the
four alleles present in the population, therefore the genotype of every plant could
be unmistakably assessed (Fig. 1). The three remaining plants showed to be
zygotic when analysed with 4 more SSRs. In order to compare the efficiency of
SSRs and isozymes to discriminate between zygotic and nucellar plants, 14 of the
zygotic individuals were studied using 3 isozymic systems. All of them were able

to determine the non-nucellar origin of the plants.

The isozymic analysis of the Fc population, however, revealed only three
zygotic progeny when using PGM and PGI (Fig. 2a), and none with the other
three isozymes analysed (although 3 of these plants couid not be genotyped for
GOT because they died). The same population was analysed with microsatellites,
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and 6 zygotic plants were found, with 4 out of 5 SSRs detecting such plants
(Fig.2b). Table 1 shows how screening of Got-1 in the dead plants would have
revealed only one more zygotic individual through isozyme analysis. Zygotic
seedlings are very weak in Citrus and Citrus related species, and die very early,
specially when they originate by self pollination. On the contrary, DNA extractions
from them are stiil available, and could be analysed for additional DNA markers.
In this case, SSRs proved to be more efficient than isozymes in the identification
of zygotic individuals, since more zygotic plants were found and more
microsatellite loci were able to detect them. Only 5.6% of the plants have a
sexual origin in the FC population, a very low percentage compared to that of the
PxO family (87%). Low percentages of zygotic progeny have been found
previously in citrus populations (Ashari et al,, 1988), and they are known to
depend on the seed parent (Spiegel-Roy et al., 1977), the pollen origin (Cameron
and Soost, 1969) and also subjected to environmental influences (Khan and
Roose, 1988; Moore and Castle, 1988).

Table 1: Zygotic individuals
from the selfing of Fortunella
crassifolia. (Z) indicates a

Loci Zygotic individuals code
38 40 70 78

o]
(=)
AV
(o)

genotype different from that

TAA41 7z Z n n n n )
TAS 122 a s n s b
TAA33 n Z n z Z n genotype as the mother. (-)
CAC23 n n n n 1 n refers to lack of data.
TAA27 n Z n - 7z Z

Agm n n n n 7z Z

Pgi n n Z 4 n

PRX n n n n n n

Got-1 n n n - - .

6-PG n n n n n n
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Figure 1.- Silver stained acrylamide ge! of the SSR locus TAA 41 in the PxO
progeny. From left to right there are two lanes of each parent, O for
"Ortanique” and P for P. trifoliata, followed by individual plants of the
progeny. Lanes corresponding to nucellar plants are marked n.

a)

TAA45 TAA33. TAA27 TAA4L .

Fe Z Z:

Figure 2.- Marker analysis of Fc progeny. a) PGM and PGI zZymograms. b)
Silver stained acrylamide gel of the SSR loci TAA4S, TAA33, TAA27 and

TAA41. Lanes marked as Fc corespond to £ crassifolia and Z, to zigotic or
sexual seedlings from the Fc progeny.
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One of the main limitations of isozyme analysis in this kind of studies
when compared to other molecular markers is the small number of available loci
in the genome, and the scarce variability at them. The limitation in the number of
available loci can be overcome by using DNA markers such as RAPDs, AFLPs or
SSRs. The two first are less informative because of their dominant nature
(heterozygous and homozygous individuals for the presence of a band can not be
distinguished), which reduces in half the ability to detect zygotic plants in some
progenies, and then require to score a higher number of loci. SSRs, on the other
hand, are co-dominant markers as are isozymes, but much more variable both in
the number of polymorphic loci and in the number of alleles at each locus (Karhu
et al., 1996; White and Powell, 1997; Raybould et al., 1998). Besides, their
genetic interpretation is much simpler than that of isozymes. Fortunella
crassifolia has low heterozygosity, and the number of known isozymic loci for
marker analysis is very limiting. Mean observed heterozygosity for SSR loci has
been found to exceed levels of diversity detected using isozymes or RFLPs as
marker systems (White and Powell, 1997). Therefore, for some rootstocks, as
“Cleopatra” mandarin, where isozyme analysis has failed in detecting zygotic
seedlings because its high proportion of homozygous loci (Ashari et al., 1988),
SSRs are the markers of choice.

Another disadvantage of isozyme analysis is that, in a preliminary search
for polymorphic loci, one can find proteozymes where several bands are present
and their genetic control is unknown. If a progeny is derived by selfing, one
could expect some of these bands to be segregating, but in our Fc population,
where the genitor shows complex zymograms for 4 out of 10 enzymatic systems
(Herrero et al., 1996), PRX and 6-PG were not able to detect any zygotic
individual, which could be due to that there is no segregating locus behind the

variation for the enzymatic patterns.
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It has been proposed that a major drawback for PCR derived markers
when compared to isozymes is the need of a DNA extraction step, but the
obtained DNA can be later used for future analysis, not depending on the
phenological stage of the plant, as isozymes are. We propose a DNA miniprep
protocol in microcentrifuge tubes which simplifies and shortens the process.
Though this is a very crude DNA preparation, DNA quality has shown to be good
enough for the analysis of SSR markers. Another criticism of the use of SSRs
versus isozymes is that one can analyse 3-4 enzymatic systems in the same gel.
But the number of samples that can be analysed at a time is 30-35 in isozymes,
while we visualise 96 samples in each sequencing gel for microsatellites. Silver
staining of the gels has proven to be highly sensitive, and eliminates the need for
fluorescent or radioactive labelling, thus there is no need for the manipulation of
radioactive isotopes and residues, nor special equipment or installations. The
efficiency of the proposed technique can be further increased by running several
SSRs in the same gel, as long as they yield bands of different size. In the case of
citrus, sequences for microsatellite primers are available from Kijas et al. (1997)
and a new set of primers is being developed in our laboratory.

The screening for zygotic individuals can require a different strategy
depending on the population under study. We have seen that the efficiency of
detection varies with the population type and the percentage of zygetic plants in
the population. When a population derives from a cross, all of the zygotic
individuals show a genotype different to that of the mother at any discriminating
locus, provided that the father has alleles different from those of the mother.
Even in the event of both parents being homozygous, any co-dominant marker
would identify every zygotic plant as long as they have different alleles. Thus, in
population PxO the first scored SSR was able to detect all of the screened zygotic
plants. In this cross, the parents belong to species distantly related, which
favours the existence of a variety of alleles at each locus, so that isozymes
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showed a similar efficiency to that of SSRs in detecting zygotic plants. But if the
cross is carried out between two closely related parents, it would be more
difficult to find an allozyme distinguishing the parents; in such a case the use of
SSRs would be the strategy of choice.

On the other hand, when the population is obtained by selfing, any co-
dominant marker (Isozymes, SSRs, ...) will detect only 50% of the zygotic
individuals, since half of the offspring has the same genotype as the mother and
makes them indistinguishable from nucellar plants. That implies that several
marker loci have to be scored in order to identify every zygotic individual (5
markers would identify 97% of the zygotic plants and 7 markers would identify
over 99%). It is important to point out here that zygotic seedlings from most
citrus rootstocks in open-pollination appear to arise from self-pollination (Moore
and Castle, 1988). Therefore, the detection of zygotic seedlings derived by self-
pollination, or open-pollination of autogamous rootstocks, will always be more
efficient using SSR markers, specially when the level of heterozygosity is low.
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ABSTRACT

Five genetic linkage maps were constructed for the parents of three
progenies: Citrus aurantium (A} X Poncirus trifoliata var Flying Dragon (Pa); C.
volkameriana (V) x P. trifoliata var. Rubidoux (Pv) and a self-pollination of ~.
trifoliata var Flying Dragon (Pp). The number of polymorphic markers assayed
ranged from 48 for Pa to 120 for A, according to the heterozygosity of each
parent. Focused on genome comparison, most of the markers were newly
generated SSRs. IRAPs based on 4 retrotransposon sequences isolated from
Citrus spp were also used to saturate the maps. These polymorphisms were
much more frequent in A (53) than in Pa (15) and randomly distributed
throughout both genomes. Since comparative genomics and QTL-analysis
applicability depends on the reliability of marker ordering, causes of variation in
marker order were investigated. Three artificial causes were found: the
introduction of new markers in the map, lowering the LOD score and the
mapping software (JOINMAP and MAPMAKER). Around 25% of the markers show
gametal segregation distortions. The most important reorganisations affect
homeolcgous linkage groups 3, 7 and 11, where highly distorted markers are
found. Segregation distortions were also observed at the zygotic level in the
family obtained by self-pollination towards a reduction of the observed frequency
of homozygotes from the expected one. Genomic reorganisations were observed
when comparing the colinearity between Citrus and Poncirus, and also between
P. trifoliata varieties, underlying the importance of constructing a linkage map for
each parent separately instead of working with consensus maps. These results
put into question the robustness of linkage maps using this kind of wide crosses

and the available mapping software.

Key Words: SSR, IRAF, Genomics, Segregation distortion, Fruit breeding
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INTRODUCTION

Citrus are economically the most important fruit trees on an international
scale because their production exceeds 95 million tones (FAQ 1999). Citrus
cultivars belong to several species, in fact, the fruit originates from a scion which
is grafted onto an apomictic rootstock propagated by seed to ensure uniform
production and freedom from diseases. The scion belongs mainly to the following
species (or crosses between them): C. sinensis (L.) Osb. (sweet orange), C
clementina Hort. ex Tan. (clementine mandarin), C. wnshiv {Mak.) Marc.
(satsuma mandarin), C. paradisi Macf. (grapefruit) and C. /imon L. Burm. f.
(lemon). Amongst the most important species used as rootstock, or in rootstock
improvement programs, P. trifoliata (L.) Raf. (trifoliate orange), C. aurantium L.
(sour orange), C. volkameriana Ten. (Volkamer lemon) and C. reshni Hort. ex
Tan. (Cleopatra mandarin) are all notable. However, the number of available
rootstock cultivars is very limited in several countries. Thus, in the East of Spain
more than 85 % of new sweet orange and mandarin varieties are grafted onto
just one rootstock genotype, the citrange Carrizo (C. sinensis x P. trifoliata) (Pina
et al 2000). This is the reason for its vulnerability to attack from new pathogenic
agents, or the evolution of existing ones into more virulent forms, or the

progressive salinisation of arable lands.

The genetic improvement of citrus focuses on the obtaining of new
rootstock resistant to disease and adverse growing conditions, it aims also to
diversify the limited choice of currently available rootstocks. Such improvement
must be based on knowledge about the genetic control of the potential traits and
the use of plant genetic resources. Citrus represents a very wide set of species,
but with long juvenile periods, a high level of apomixis (nucelar embriony) and,
generally high heterozygosity. This means that genetic studies on citrus are very

costly, leng and, therefore, scarce.
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Nowadays, plant genomic research focuses mainly on enhancing the
productivity, quality, and sustainability of our food production systems. However,
the plant genome of any crop species is an ideal concept. In practice, we know it
is variable, but to what extent does this variation affect loci controlling agronomic
traits? In the case of citrus, this question is very difficult to answer as there are
various species. Are there differences in the colinearity of genes, among different
citrus species? could the results of a QTL analysis carried out on one species, be
extrapolated to another?. Constructing genetic linkage maps would permit to
compare the organization of different genomes and an efficient and continuous
use of plant genetic resources to enrich the gene diversity of breeding programs,
supported by markers at the selection stages.

Mapping in outbreeding heterozygous perennial crops is not as advanced
as in annual crops. They require more time and more space, given the long
growing cycle and large crop size. Only progeny issued from the cross between
two, more or less, heterozygous parents are usually available. In this case, up to
four alleles per locus may segregate and the marker phase (coupling or
repulsion) can not always be deduced from parent and grandparent banding

patterns.

So far 14 genetic maps have been published (Table 1) but it is difficult to
compare these maps because there are few common markers. In four cases just
one consensus map has been obtained for the two parents without taking into
account the possible chromosomal reorganisations which have come about in the
evolution of the family Aurantioidae (Naithani and Raghuvanshi 1958, 1963;
Raghuvanshi 1962; Garcia et al. 1999). In other cases, the genetic map has been
obtained mainly with dominant markers (RAPD, ISSR,...), and therefore, although
we are dealing with the same primer, we cannot be certain that a similar-sized
band correspond to the same marker locus in different populations.
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Reference Family N cM M LG Software
Ja?félg‘;t) al Sacaton x Troyer 60 351 38 10 MAPMAKER
Durham et al. C. grandis x P.trifoliata 65 553 52 1 MAPMAKER
(1992) C. reticulata x C. paradisi 65 314 32 8  MAPMAKER
C(ali;gt 4*;1' C. grandis x P. trifoliata 60 1192 189 9 MAPMAKER
Luro et al. C. grandis 52 600 34 7 MAPMAKER
(1996) C. reshnix P. rifoliata 52 1503 95 12 MAPMAKER
Kig;‘; 9";;"' Sacaton x Troyer 57 410 48 12 JOINMAP
Simone et al. C. aurantium 50 1000 247 20 MAPMAKER
(1997) C. latipes 50 600 92 12 MAPMAKER
Garcia et al. C. volkameriana 80 137 45 9 JOINMAP
(1999) P. trifoliata 80 126 38 5 JOINMAP
Cristofani et al. C. sunki 80 867 63 10 MAPMAKER
(1999) P. trifoliata 8 TR 62 8  MAPMAKER
Ro (ozs(;eoc(e)t)al. Sacaton x Troyer 57 701 153 16 JOINMAP

Table 1: Linkage maps for citrus published up to the present. N: Number of individuals
that form the analyzed family; cM: Total size of the linkage map. M: Number of
markers. LG: Number of linkage groups forming the map.

For this reason, the first objective of the present work has been to
develop new markers that are codominant and with high ievels of reproducibility
and polymorphism in citrus. The microsatellites are simple sequence repeats
(SSR),
polymorphism (Tautz and Renz, 1984; Wang et al., 1994; Russell et al., 1997).
They are randomly distributed in the genome, both inside and between genes

which are very abundant in Eucariots and which display high

(Weber 1990). The microsatellites have a mutation rate per generation that
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varies between 2.5 x 10” and 107 and are therefore the most quickly evolving
DNA sequences (Kashi et al., 1990;; Weber and Wong, 1993).

retrotransposon amplified polymorphisms), given that the abundance of
retrotransposon sequences in the genome in many plant species they have been
used in studies of phylogeny, biodiversity and linkage (Brandes et al. 1997, Ellis
et al. 1998). In the case of citrus the retrotransposon sequences corresponding
to the family Tyl-copia are very abundant (Asins et al, 1999) and present a
greater level of polymorphism than any other type of sequence (even
microsatellites) in the vegetatively propagated crop C. clementina (Breté et al,
2001). Therefore we propose using these sequences in our search for
polymorphism in the citrus genome, given this would supply a large number of
highly reproducible markers, both simply and quickly.

Here, we report the construction of five genetic maps using three
segregating populations derived from three species commonly involved in
breeding programs of citrus rootstocks. Using new generated codominant
markers, SSRs, has allowed a study of colinearity among genomes and the
presence of lethal recessive factors. The results constitute a first contribution to

comparative genomics in citrus.

MATERIALS AND METHODS
Plant material

Three segregating populations were used: family PpxPp derived by self-
pollination from Poncirus trifoliata var. Flying Dragon (57 trees); family AxPa,
derived from the cross between Citrus aurantium var Afin Verna and Poncirus
trifoliata var Flying Dragon (66 hybrids); and family VxPv, derived from the cross
between Citrus volkameriana and Poncirus trifoliata var. Rubidoux (80 hybrids).
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The families PpxPp and VxPv were studied previously by Mestre et al. (1997) and
Garcia et al. (1999), respectively. In the present study we have increased the
number of markers typed in these progenies by adding SSRs and IRAPs and we
have made new linkage maps.

Molecular markers

SS5Rs: Two strategies were followed to obtain these markers.
Microsatellite screening was carried out using the FINDPATTERNS program, GCG
package (Wisconsin Package, version 8.1-OpenVMS) in all citrus sequences,
included at the GenBank up to October 1999, which was searched for all possible
repetitions of di-, tri-, tetra- and pentanucleotides. The sequences with
microsatellites were used to design specific primers, using the PRIME program,
GCG package.

The other strategy was to obtain a library of P. frifoliata genomic DNA
with small size fragments. P, trifoliata DNA extracted using CsCl gradient, was
digested with the 7sp 5091 restriction enzyme, of which the 4 pb target, is
compatible with the EcoRI target. Digestion was analysed on agarose gel, DNA
fragments of between 300 and 650 pb were cut and DNA extracted using the kit
“Agrose gel DNA extraction” {Boerhinger). This DNA was cloned in the vector
Lambda Zap® II (Stratagene) using its EcoRI recognition sequence and the
construction was packaged using the kit “Gigapack® Gold” (Stratagene).

In total, approximately 90.000 pfu were screened (80.000 with 6 probes
and 10.000 with 10 probes). The probes used were: (ATA)s, (AAAT)e, (CTTT)s,
(TTC)s, (ACT)s, (ATC)s, {AAC)s, (CT)1o, (CTC)s and (GCT)g, which were labeled
with digoxigenin using the end labeling kit “Dig oligonucleotide 3’-End labeling”
(Boerhinger). For screening, phage plaques were transferred to a nylon
membrane (Hybond-N, Amersham), then they were denaturalized with 0.5 M
NaCH, 1.5 M NaCl and fixed for 2 hours at 80 °C. The filters were hybridized
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using mixtures of different probes in SSPE 5x, SDS 1% at 55°C and rinsed twice
with SSPE 2x, SDS 0.1% at 50°C and rinsed twice again with SSPE 0.5x, SDS
0.1% also at 50°C. Hybridization signal was detected using CSPD. All positives
were screened twice to reduce the false positives and then, the positive clones
were converted in pBluescript® plasmids by excision in vivo (following the
Stratagene protocol). These clones were sequenced and PRIME program was

used to design specific primers.

The SSRs obtained from the Net (with the prefix CR), those obtained from
the DNA library (with the prefix CL) and those described by Kijas et al. (1997)
were amplified and analyzed as in Ruiz et al (2000). Primer sequences were

reported elsewhere (Ruiz et al. 1999).

IRAPs. 8 primers were designed from 4 citrus sequences having homology
with the retrotranscriptase domain of the Copya family: the sequences were CL3,
CL5 and CL6 from C. clementina, and SI4 from Citrus sinensis (EMBL database
accession numbers: CCL131363, CCL131362, CCL131364 and CSI131367). The
primers were denoted R or F (reverse or forward) for each sequence. The
primers were used, alone or in pairs, to amplify intertransposonic sequences.
IRAPs were amplified and analyzed as in Breto et al. (2001)

Within the AxP family, as well as SSRs and IRAPs, we also analyzed some
RAPDs and SCARs, as in Garcfa et al. (1999) and resistance analogues (AR),
which are sequences amplified with primers designed using consensus sequences
of resistance genes (Mago et al. 1999).

Linkage analysis

JOINMAP 2.0 (Stam 1993, Stam and Van Ooijen 1995) with a linkage
criteria of LOD 6, in general, recombination fraction of 0.5 and Kosambi mapping
function was used for linkage analysis. The population was analyzed as the
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“Cross pollinator” population type with no previous knowledge of the linkage
phase of the markers. A study was also made of linkage groups obtained
according to a lowering in the criterion LOD = 6.0, at intervals of 0.5 units, while

maintaining marker order within each group.

Nomenclature of the linkage groups has been carried out along the
following lines: the first letter indicates which parent it belongs to, V (C
volkameriana), A (C. aurantium) and P (P. trifofiata). In the P. trifoliata maps
each linkage group has two letters, the second indicates the other (female)
parent of family, v (family VxPv), a (family AxPa) and p (family PpxPp). All the
groups also have a number; if this is a Roman number (I, II, II1,...), it indicates
that no homology has been found with respect to linkage groups of other maps.
If, by contrast, the linkage group is humbered with Arabic numbers, this indicates
that this group presents two or more markers that are common to another
linkage group of another map. A continuation of number indicates, in brackets,
the map in which there exists a homologous or homeologous group.

The MAPMAKER program (Lander et al. 1987) was also used with a LOD
= 3.0, to compare the results obtained with this program with the maps created
with JOINMAP. The MapChart program (Voorrips 2001) was used to draw the

linkage maps.

RESULTS
Molecular markers

In the database a total of 1477 citrus sequences were located, of which
61 contained microsatellites, but specific primers could only be designed to
amplify these microsatellites in 27 sequences. The majority of the sequences
found in the GenBank were cDNAs sequenced by Hisada et al. (1997) from C.
unshiu ESTs, These sequences were short, approximately 300 pb, thus, in some
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of the microsatellites found in them, specific primers could not be designed
because there was not enough space between the microsatellite and the end of

the sequence.

On the other hand, after the first DNA library screening, 81 positive
clones, of which in a second check screening, carried out to eliminate false
positives, 9 were confirmed as carrying one microsatellite. These 9 clones were

sequenced, and primers could be designed for 6 of them.

As an initial test we analyzed the microsatellites using some individuals
belonging to the AxPa family and observed that for some microsatellites other
products of amplification appeared in addition to the product of the expected
size, so corresponding to other loci. We decided not to modify the conditions, nor
eliminate these microsatellites, given that, the extra-products did not interfere
with the main one in the genetic interpretation and contribute more polymorphic

markers to be included in the genetic maps.

Markers | uinked l;r':.l:f;)g: M SSRs  IRAP; RAPDg RFLPs Isoenz. Others
g Pa 48 40 6 2752 | 23 (73.3%) 15 5 5
E A 120 104 18 441.5 | 54 (84.4%) 53 8 5
§ Pv 73 43 10 3419 | 30 (sos%y 11 21 6 3 2
Elv 97 79 11 460.1 | 51 (54.3%) 8 22 11 4 1
g Pp 66 43 11 2697 | 29 (193%) 26 2 5 4
S

Table 2; Number and type of marker in each map. Pa (map of P. frifoliata belonging to the
family AxPa), A (map of C. aurantium belonging to the family AxPa), Pv (map of P. trifoliata
belonging to the family VxPv), V (map of C. volkameriana belonging to the family VxPv)
and Pp (map of P. trifoliata belonging to the family PpxPp). Together with the number of
microsatellites (SSR) it indicates the heterozygosity calculated for each of the maps using
this kind of marker.
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Table 2 shows the number and type of polymorphic marker used to
construct the map of each parent. Heterozygosity for microsatellites (Table 2)
varies between 73.3 % in P. frifoliata, in the AxPa family, and 94.3 % in C
volkameriana, in the VxPv family. To obtain these values, only the main
microsatellite bands have been used, the polymorphism of which was produced
mainly by a change in the number of repetition units (Litt and Lutty 1989; Tautz
1989, Weber and May 1989, Morgante and Olivieri 1993).

Heterozygosity for IRAPs in the AxPa family is presented in Table 3. It
has been calculated using only the combination of primers based on only one
retrotransposon, CL3, CL5, CL6 or SI4 (i.e. primer combinations 3F3R, 5F5R,
6F6R and 4F4R, respectively). Similarly, the minimum number of copies of each
retotransposeon in the genome of each parental species has been estimated by
the number of bands (Table 3). This varies between 4, for the retrotransposon
SI4 in P. trifoliata and 26 for CL6, also in P. trifoliata.

RT

. . e 10

sequence Parental Bands Polymorphisms Heterozigosity (%)
C. aurantium 25 12 48,0

CL3 33,3
P. trifoliata 20 3 15,0
C. aurantium 16 10 62,5

CL5 429
P. trifoliata 19 5 26,3
C. aurantium 22 8 36,4

CLé 20,8
P. trifoliata 26 2 7.7
C. aurantium 11 3 27,3

Si4 26,7
P. trifoliata 4 1 25,0
C. aurantium 74 33 44.6

Total 30,8
P. trifoliata 69 11 15,9

Table 3: Number of bands, number of polimorphic bands and heterozygosity values in
the family AxPa for each of the parents and retrotransposon (RT) sequences used in
the primer design, Heterozygosity has been estimated as: number of polymorfic bands
divided by the total number of bands.
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Linkage maps

In each of the families used in the study various types of molecular

been analyzed in all 3 populations in order to compare the different maps.

Both in the C. volkameriana x P. trifoliata family and the C. aurantiumx P.
trifoliata family, the parental Gitrus species are heterozygous in more loci than A.
trifoliata for the analyzed markers, therefore marker density in the Citrus spp.
maps is greater than those obtained in the Poncirus trifoliata maps.

Distortion has been observed in the segregation of the markers in all the
parents. In the AxPa family, C. aurantium has 23.3% and P. trifoliata 22.9%. In
the PpxPp family, P. trifoliata displays distortion on segregation in 39.4% of the
markers. In the VxPv family, C. volkameriana presents a distortion of 28.9%,
while P. trifoliata var Rubidoux presents distortion in 39.7% of the markers.

Gametic Segregation Zygotic Segregation

2 2

LG Marker Expectied  Observed 1 Expected Observed y
a:b a:h 1df. aa:ab:bb aa:ab:bb 1d.f.

P.3 ap47 51:51 33:69 12,71 % 53:22,3.23,3  3:27:21 2,24

P TAA 27 57:57 78:36 15,47 ** 26,7:24,6:57 26265 0,17

Pp 4  1.40_19 40:40 53:27 8,45 * 17,6:17,9:46 18175 0,10
p.5 M 41 56:56 65:47 2,89 18,9.27,3:9,9  15:35:6 4,49*
P CR 25 56:55 60:50 0,91 16,4:27,3:111,4  12:36:7 563"

pg 52 54:54 68:40 7,26 21,4:252:7,4  19:30:5 1,97
p7 CR7 56:56 41:71 8,04 7,5:26,0:22,5  4:33:19 4,07*
P CR 17 55:55 69:41 7,13 * 21,6:257:7,6  18:33:4 441"
CR 18 55:55 69:41 7,13 21,6:25,7:7,6  18:33:4 441"

Unlinked  cG18 49:49 35:63 8,00 ** 6,3:22,5:20,3  6:23:20 0,02

Table 5: Type of segregation displayed by the different codominant markers in the
family PpxPp. The expected zygotic frequencies have been calculated using the
observed gametal frequencies, for this reason only 1 degree of freedom is used.
Significance level: *: 0.05 and **: 0.005
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Group | Marker Pp Pa Pv A v
| 1 6F-GR 900 J
1.20 *
[ [cr 19 bt
L% Imaax -

EEE EL L

SF-5R 3000
52-A82 550

1.40 190

5F-6R 260

CR 25-400

TAA 15 |
CR 14

CR 20

CR5-190
CR 23-520
CR2]

1.40 250

¢ {5F-5R 420
SR-4R 1600 NA
CR 12-1000

TAA 52
cG13

8 Got 1

1.40 270
5F-5R 420

3F-3R 1000
9 3F-3R 9000
6F-6R 1300

10 CR 16-780
CR 5-500
CR 15-1200

11 CR 28-270
CR 23-700

Table 4: The black cells show the markers that are common to different maps
and that maintain the same order. The grey cells indicate a change in the order
of the markers. If a marker has change from linkage group, it is indicated by
putting the group in which it is found. The asterisks show a distortion in the
segregation of the loci. Significance level: *: 0.05, **: 0.005 and ***; <0.0005



Comparison between genetic linkage maps ... 59

Table 4 indicates the distortion on segregation found in some markers
that integrate the maps. This distortion is that obtained directly for the outcome
of the JMSLA program, in JOINMAP. In the PpxPp family, the origins of distortion
could be studied, seeing that on having codominant markers and just one parent
it is possible to determine if the distortion is gametal or zygotic, The zygotic
frequencies have been calculated using the gametal frequencies observed. As
shown in Table 5, the linkage groups Pr 3, Pr 4 and the unlinked marker cG18,
present a distortion of the gametal segregation. Markers at group P, 5 has
zygotic distortion and those at Py 7 displays significant differences with respect to
both gametal and zygotic segregations. Both in P 7 and Pr 5b the zygotic
distortion comes from the low number of homozygous individuals observed
contrary to expected. This would indicate the presence of recessive lethal factors
in the genomic regions where a decrease in the frequency of the homozygous
progeny has been detected.

A genetic map has been established for each of the parents of each family
from the linkage analysis of the markers obtained (Figure 1 a-e).

Table 4 shows a summary of the comparative analysis between the
genomes of the different parental genotypes, in which one can see the markers
that are common to the different linkage groups and whether the order of the
groups is maintained (black boxes) or there are reorganizations.

Figure 1: Linkage maps obtained for each of the parents, a) A. trifoliata var Flying Dragon
from the family PpxPp. b) P. frifoliata var Flying Dragon from the family AxPa. c) A.
trifoliata var Rubidoux from the family VxPv. d) C. aurantium from the family AxPa. e) C.
volkameriana from the family VxPv.
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DISCUSSION
Molecular markers

Comparing the two methods used to develop microsatellites, screening on
the Net was less time-consuming and less demanding on resources. By using
this method 27 new SSRs have been developed. The same method has been
used in other plant species such as Arabidopsis thaliana (Bell and Ecker, 1994),
maize (Senior and Heun, 1993) and sorghum (Brown et al. 1996). The efficacy of
this methed greatly depends on the number of sequences present in the data
base of the species under analysis. For instance, only 2 microsatellites were
obtained for sorghum because there were only 45 sequences in the data base.
The cDNA sequencing project by Hisada et al. (1997) has increased considerably
the number of citrus sequences in the data base in recent years. Doubtless
genome projects will greatly speed up obtaining SRR markers using
bioinformatics.

Library screening is much more costly and requires its construction,
screening and sequencing of positive clones, which is the starting point for the
method based on bioinformatic. However, if one wishes to obtain SSRs in lesser
studied species, for which no sequence is available in the data bases, this is the
method one must follow although it is also possible to try microsatellites
designed for closely related species (Brown et al. 1996).

Microsatellite alleles may present the same size but different nucleotide
sequences; this is called homoplasy (Estoup et al. 1995; Anger and Benatchez
1997). To get around this lack of information one can use the heteroduplex
fragments (Perez et al. 1999), which are two double-chain DNA molecules, each
formed by a combination of the two DNA chains corresponding to the two
different alleles of the heterozygous individual. On forming a heteroduplex, like
this, regions improperly paired are produced which makes the molecule migrate
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more slowly in an electrophoresis (White et al. 1992). The presence of
heteroduplex allows to differentiate two or more alleles that have the same
electrophoretirc mobility (Figure 2) given that, for each combination of alleles a
different pair of heteroduplex are produced and therefore the genotype of the

individual can be safely assigned.

Figure 2: Silver stained gel electrophoresis of the marker CR 25 from hybrids
belonging to the family AxPa. a, and a, corresponding to the alleles of C. aurantium
(A) and p; and p, are the alleles of A. trifoliata (P). The 4 possible genotypes are
indicated by the different combinations of heteroduplex bands (upper bands).

The heterozygosity calculated with the microsatellites is specific to this
type of sequence, seeing that they evolve much more quickly than the rest of the
genome (Russell et al. 1997) in the presence of sexual reproduction (Breté et al,
2001). P. trifoliata has lower heterozygosity, between 73.3% and 80.6 %, than
Citrus species, which have values of between 84.4% and 94.3%.
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As well as the microsateliites, some SCARs, RFLPs, and isoenzymes have
been used to compare linkage maps. They have also been used to compare
IRAPs, given that in some cases, observing band size and relative intensity, one
can determine whether two bands of different families correspond to the same
locus. The IRAPs are good markers to saturate linkage maps because with a few
primer combinations one can obtain many markers with high repeatability and

more or less random distribution.

The most IRAPs have been analysed in the AxPa family, and the C
aurantium map is the most saturated by this type of marker. In this map one can
observe, as in other plant species, that the retrotransposons are distributed
throughout the genome (Brandes et al. 1997; Waught et al. 1997). However,
some zones seem to be enriched. These regions might be hot insertion points
(Ananiev et al. 1998). In the remaining maps, although marker density is lower,

this distribution pattern can also be cbserved.

To estimate the minimum number of existing copies of each of the
retrotransposons, in the AxPa family we counted the number of bands that are
amplified when direct and reverse primers of the same RT sequence are
combined in a PCR reaction. This number could be underestimated because
various amplifications might have the same size or because retrotransposon
copies exist that are isolated in the genome and are not far enough from each
other to permit adequate amplification. On the other hand, one could also think it
is overestimated, seeing that there are various copies in tandem, the number of
amplifications is greater than the number of retrotransposon copies, however, if
we focus on where the polymorphic bands map (IRAPS) we can observe that,
although tandem copies must exist, this is not the most frequent case.

With the estimated number of copies and the number of polymorphic
bands of each primer combination, we calcuiate the heterozygosity for IRAPs.
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This heterozygosity should not be taken as the general heterozygosity of the
genome given it is specific for each of the different retrotransposons and each
species. The average heterozygosity for the IRAPs is between 44.6 % for C
aurantium and 16 % for P. trifoliata (table 3). That is to say, quite a lot lower
than the heterozygosity found for SSRs, even though it follows the same trend,

i.e., greater in C. aurantium than in P. trifoliata.

For the two primers used corresponding to the CL5 sequence, both C
aurantium and P. trifoliata give a maximum % of heterozygosity, 62.5 and 26.3,
respectively. Specifically, a large part of the polymorphisms observed within the
species C. clementina, closely related with C. aurantium (Herrero et al 1996),
corresponds to IRAPs based on this CL5 sequence (Bretd et al, 2001).

Construction and comparison of linkage maps

The genome size of citrus was estimated, using the MAPMAKER program
(Lander et al. 1987), at between 1500 and 1700 cM (Jarrelt et al. 1992). If this
were true, our maps, made using JOINMAP would cover between 30.6-27%, of
the C. volkameriana map, and 18-16% of the P. trifoliata map in the PpxPp

family.

MAPMAKER does not accept the data with mixed segregation phases, thus
it is not suitable to analyze our families. Despite this, an analysis was made with
the AxPa family in which one could cbserve closely linked markers, but in
different phases, they appear in two different groups although they follow the
same order as that found using JOINMAP. We also observed that those groups
containing the same markers and following the same order were 25% longer, as
average, when using MAPMAKER. This coincides with what Mestre et al. (1997)
observed for the linkage group Pr 4 belonging to the PpxPp family. According to
Cai et al. (1994) the total size of a linkage group can reduce by at least 50%
using JOINMAP instead of MAPMAKER, thus the genome coverage we have
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achieved must be underestimated since linkage maps have been obtained using
the JOINMAP program.

A factor that may contribute to differences in colinearity between maps is
differences in the LOD criteria. Changes in the order of the markers on a
lowering of LOD score have been observed (Figure 3). Seeing that for future
genetic analyses, correct ordering is of great importance, we preferred to
construct maps at high LOD scores, even though this means that fewer markers
fall within the linkage groups and therefore the total length of the genome

covered in cM is apparently lower.

LOD 6.0 LOD 5.5 Figure 3: Linkage groups A4
and Alll of C. aurantium,
Ad obtained at LOD=6.0, which
link togeter on lowering LOD
—ereRTo Ad+Adl to 5.5. Arrows are used to
17.06M 55 o [OFORT00 show the site at which the
=7 |- s6-6m_sa0 changes in marker ordering
| s2. 8.2cM took place.
soom 52-A52_1750 s - 3730, 050 p
|— 3F-3R_2100 g e CR3
2‘; °: — 5F-5R_3000 CR3
.0 ¢ 10.3 cM
52-AS2_520
st R caow AT
3F-4R_1150
e o R D
j—GF-6R_480 127 cM -
b GF-6R_480
A ATeM L 6r 6r_800

27 M | 16,1150
b— 57.6R_540
7.6 cM

—CR 3
2.3¢M 3¢9 g50

Differences in the distances between two markers in different maps are
sometimes remarkable. Differences in the distance could be due to the sample of
individuals or to the variation between genotypes in their recombination
frequency. Concerning the applicability of genetic maps on QTL analysis and
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MAS, differences in the order of markers have worse consequences than

difference in their distances.

On comparing the maps for A trifoljata var, “Flying Dragon”, Pp and Pa
(Table 4), differences mostly arise from the fact that a few markers have not
been analyzed in the three families studied. Also, the absence of one marker in a
linkage group may prevent the next marker from joining this group, given that
the distance can be too large for the next marker to join the group at LOD 6,
leaving it, therefore, unlinked.

On comparing the maps of the two varieties of Poncirus trifoliata, “Flying
Dragon” and “Rubidoux”, we observe a possible reorganization in the map of
“Flying Dragon” (Pa) in the linkage group 7, compared to the other maps (Pv, A
and V). This reorganization, consists in the inversion of a zone of the genome
which comprises the markers CR 20 and CR 26. This cannot be observed in the
Pp map, seeing that the marker CR 26 displays great distortion in its segregation
(presence versus absence) in this family, which is due to a selection against
homozygous for absence of band. On the other hand, CR 20 remains unlinked.
This locus on the Pa map is to be found at a distance of 14.8 cM from the next
one CL 1.35-250, therefore, as it is quite a large distance, it is normal that it does
not retain linkage between the marker CR 20 and the group Pp 7. Another
possible reorganization affect group 2, “Flying Dragon” presents markers CR 19
and TAA 1 linked with a distance of between 7.1 (Pa 2) and 8.7 (Pp 2) cM, while

in “*Rubidoux” these two markers do not join, remaining unlinked.

“Flying Dragon” is a dwarfing rootstock for citrus and according to Cheng
and Roose (1995) this characteristic is controlled by just one deminant gene.
These same authors suggest that “Flying Dragon” must have originated as a
mutation from a smali-flowered, non-dwarfing genotype, like "Rubidoux”, given
that in the 40 marker loci (isoenzymes and RFLPs) they analyzed, no difference
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was found. Surprisingly, despite this similarity in marker genoctype their genetic
maps display differences in the lineal ordering of markers in groups 7 and 2. It is
possible that some of these reorganizations could be responsible for its being a

dwarfing rootstock.

When we compare the maps of Gitrus with those of Poncirus we observe
that both Citrus maps have zones that are common but at the same time
differentiate them from the maps of the genus Poncirus, as for instance the
complete groups 11 and 6, and parts of group 7 (from CR 23-520 to CL 1.40-
290). This is not due, in principle to deletions, but to the fact that Poncirus
trifofiata is homozygous for the majority of the markers of these groups.

A reorganization between the maps of P. trifoliata and those of Citrus
involves marker CR 12-1000 in group 7¢ which is in group 3 in both the Citrus

maps.

In groups 3 Pp and 3 Pv of Flying Dragon and Rubidoux, respectively,
markers TAA 27 and gp47 are linked in the same group, by contrast, in the map
of C. volkameriana the marker TAA 27 is situated in group IL. Surprisingly, TAA
27 locates at group A 3 in the C aurantium map where it does not present
segregation distortion. In fact, this is the only species where TAA 27 does not
present segregation distortion.

In C. volkameriana another reorganization has occurred between the
markers CR 17 and CR 5-190 in group V 7, these two markers are inverted and
CR 18, which is between them in other maps, is to be found in group V 11 here.

Other factor contributing differences in the order of markers is the
addition of new markers to a previous map, i.e. when a previously constructed
map is enriched with new markers. This would be the situation on comparing the
maps obtained in the family VxPv with those previously published by this group
(Garcia et al 1999). Some of the markers have changed their position within the
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same linkage group V 3, the RFLP pRLc53 was previously located between the
markers Idh and RAPD OPG09075 and, in the group V I, the RAPD CPE04180,
which is at one of the ends, was found between CAC 23 and OPD07090. In the
Pv map there are also two changes when compared to the map of P. trifoliata
drawn up by Garcia et al. (1999); in Pv I the marker OPD07060 was at the end
of the group, leaving pRLc3 in the center and, in group Pv 3, the markers TAA 27
and Egp47/gp47 have changed position with respect to the markers OPEQ4075
and OPG19050. In other words, adding new markers to the maps, which is
habitual practice in research teams, can bring about the change in order of some
of the previously mapped markers. If the order of the markers in some regions of
the maps is so fragile, one must be cautious interpreting QTLs detected at those
regions because subsequent MAS schemes may fail.

We can also compare our maps with some of those published previously
by other teams (Table 1). One is a research team at the University of California,
which has some common microsatellites, isoenzymes and RFLPs. Three versions
of this map have been published due to successive updates: Jarrell et al. (1992),
Kijas et al. (1997) and Roose et al. (2000). The one by Kijas et al. (1997) is the
same as that by Jarrell et al. (1992) but with some extra markers (SSRs), and a
marker (gp47) disappears only in group H. Some changes in marker order can
also be observed. Three of our linkage groups have at least two markers in
common with the map by Kijas et al. (1997). Groups V 8 and Pv 8 having
markers TAA 52 and Got I must be the same as group A. These markers are also
maintained in the map by Roose et al. (2000). The third linkage group
corresponds to group D by Kijas et al. (1997) which has the markers Idh,
pRLc53, TAA 27 and pRLc11® In our maps, the first two markers are in group V
3, but TAA 27 and pRLc11 are found in different groups in the C. volkameriana
map, while in C aurantium, TAA 27 locates at group A 3. Markers at
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homeologous group 3 present frequently segregation distortions (Tables 4 and
5). This may affect their location making it less precise, more variable.

We have identified here some factors that affect the ordering of makers
and make comparative genomic difficult. These are: the addition of new markers,
the chosen LOD criterion, the linkage phases, segregation distorsions, and the
work with consensus maps when the parents have undergone chromosomal
reorganizations. Genetic linkage maps play a prominent role in many areas of
genetics: QTL analysis, map-based cloning of genes, marker-assisted breeding
and, recently, comparative genomics. Therefore, tools are urgently required for
establishing the quality of the data and the maps produced. Although a novel
combination of techniques that establishes posterior intervals to the location of
markers has recently been reported by Jansen et al (2001) no software that

provides such tools is available yet.
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ABSTRACT

Clementines, due to their high quality, are one of the most important
cultivated citrus mandarins. As in the case of sweet ¢range and satsuma
mandarins, genetic variability within this species is minimal when analysed by
molecular markers, since the existing varieties have not been obtained through
hybridisation, but through the selection of spontaneous mutations affecting traits
of agronomic interest. This would explain, at least in part, the greater diversity
for agronomic traits when compared to the variability for molecular markers.
Ancther possible (non-exclusive) reason is that the types of molecular marker
used are not focused on the kind of molecular change mainly involved in the
origination of new clementine cultivars; i.e. are all sources of variation equally
involved in the diversification of these plants? To answer this question different
kinds of markers based on primers of random sequence, simple sequence
repeats and retrotransposon sequences that may reveal point mutations, somatic
recombination and transposon activity, respectively, were used to compare the
level of variability among 24 clementine varieties. Their ISSR, RAPD and AFLP
analysis provided only two polymorphic bands, distinguishing just two varieties.
No variability was found by SSRs; i.e. no new allele arising through somatic
recombination was detected. Instead, the amplification of sequences adjacent to
retrotransposons yielded a higher number of polymorphisms (14.6 % versus 2.4
% for the previous mentioned marker types). Two geographical distant groups,
one from North Africa and the other from Spain, have evolved in agreement with
polymorphisms based on IRAP markers anchored to, at least, two different
Copia-like retrotransposon sequences. Therefore, this study suggests that the
DNA of this type of mobile elements is evolving faster than the DNA of other

markers in this clonal lineage.

Key Words: Retrotransposons, DNA fingerprinting, IRAPs, DNA
methylation, fruit breeding
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INTRODUCTION

Citrus is one of the most important fruit crops in the world; however, the
genetic variability within each cultivated species is very narrow (Herrero et al.
1996). All cultivars of clementine mandarins (Cifrus clementina Hort. ex Tan.)
derive from a single plant, likely the product of an uncontrolled cross, identified
in an orphanage of Oran (Algeria) by the Father Clement Rodier in 1890 (Trabut,
1902), which was propagated and called “Crdinary Clementine”. It is known in
Spain as cultivar “Fina” since its introduction in the early 1900s, becoming a very
important crop in the second half of the century because its excellent
organoleptic and easy-peeling qualities. Similar to sweet oranges (C. sinensis (L.)
Osb.) and satsuma mandarins (C. wnshiv (Mak.) Marc.), clementines are
vegetatively propagated and the new cultivars are obtained after careful selection
of spontaneous somatic mutations. Bud mutations arise often in citrus
(Raghuvanshi 1962; Cameron and Frost 1968) and are generally detected by the
growers themselves in branches of trees showing altered horticultural traits, such
as maturity and flowering time, or fruit characteristics. Contrasting with this
diversity for agronomic traits, very low genetic variability has been found in
cultivated citrus by use of isozymes, RFLPs, RAPDs and ISSRs (Herrero et al.
1996; Fang and Roose 1997; Kijas et al. 1997; Federici et al. 1998; Coletta-Filho
et al. 1998; Iannelli et al. 1998, Protopapadakis and Papanikolaou 1999). RAPDs
and ISSRs are efficient marker systems in cultivar identification, therefore the
scarce variability found can not be attributed to the type of marker. Another
possibility is that those types of marker focus mainly on the detection of point
mutations, insertions and deletions in the targeted loci, and these loci are not

necessarily involved in the agronomic traits that differentiate the cultivars.

There are other mechanisms that might be a source of somatic genetic
variation such as somatic recombination, DNA methylation and transposon
activity. The most suitable type of marker to check somatic recombination as a
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source of somatic variation would be one based on satellite DNA, such as
microsatellites, since processes of unequal exchange control the variation in
number of repeats (Harding et al. 1992). Additionally, microsatellites are
hypervariable DNA sequences. Variation in DNA methylation has been proposed
as a mechanism that may explain the wide range of changes that can occur after
tissue-culture. DNA methylation provides one mechanism for altering the
expression pattern of the gene by affecting the local structure of the chromatin
(Lewis and Bird 1991). Whereas hypermethylation in general is correlated with
gene inactivity (Matzke and Matzke 1991), hypomethylation at specific sites has
been correlated with active transcription (Jones and Buckley 1990). Changes in
DNA methylation have been found in callus and regenerated plants of maize
(Brown et al. 1991) and tomato (Smulders et al. 1995). DNA methylation has
dual roles in defense against invading DNA and transposable elements and in
gene regulation (Finnegan et al. 1998). Transposon sequences have been found
methylated in citrus species, including C. clementina (Asins et al. 1999),
however, no differences at the methylation pattern of these sequences were
found among its cultivars.

Retrotransposable elements, particularly the Tyl-copia class, are
abundant in all the studied plant genomes, and generally dispersed along all the
chromosomes (Voytas et al. 1992; Flavell et al. 1992; Brandes et al. 1997). Since
retrotransposons do not excise from their insertion sites, they are stable in the
genome and behave like mendelian loci. And so, sequences belonging to the
copia family of retrotransposons have been used in several species for
phylogenetic, biodiversity and mapping applications {Heslop-Harrison et al. 1997;
Brandes et al. 1997; Ellis et al. 1998; Wang et al. 1999). Asins et al. (1999)
identified several sequences in Citrus showing homology to elements of the Tyl-
copia class. Therefore, it is possible to amplify sequences contiguous to genomic

regions where an insertion event has taken place by using specific primers
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derived from the citrus elements. Two techniques have been reported recently,
the IRAP technique (Inter-Retrotransposon Amplified Polymorphisms, Kalendar et
al. 1999) and a modification of the AFLP protocols that involves transposon
sequences, named S-SAP or Transposon Display (Waugh et al. 1997; Van der
Broek et al. 1998). They are based on the use of primers facing outward from
the transposon sequences and the amplification of part of the flanking sequence

up to another retrotransposon or to a restriction site.

Investigations on the sources of variation that are operating in the origin
of bud mutations are also useful because they could allow the development of
new methods in citrus breeding and would make cultivar identification easier by
focusing on a type DNA. Identification of scion cultivars in nursery situations is
particularly difficult because some cultivars are distinguishable only by fruit traits,
and citrus trees usually do not bear fruit until 3-4 years after planting. The ability
to identify citrus cultivars using a small amount of leaf or other vegetative tissue
would be helpful in protecting the rights of citrus breeders, growers and

nurseries.

The main objective of the present study is to compare the level of
polymorphism within a specifically selected collection of clementine cultivars by
using a wide array of DNA marker types (RAPD, ISSR, AFLP, microsatellites,
IRAP) corresponding to different sources of variation: point mutations, DNA
methylation, somatic recombination and transposon activity.

MATERIAL AND METHODS
Plant material

Twenty four accessions of C. clementina were analyzed by DNA markers
(Table 1). The trees belong to the Citrus Germplasm Bank at I.V.LA. These

entries were chosen because they represent both the most distinctively different
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cultivars among the important ones grown in Spain, and entries whose field
characterisation is not clear. For example, “Orogrande” is agronomically very
similar to “Clemenules” and “Caffin” to “Oronules”. Some varieties originated in

Morocco were also included.

RAPDs Retrotransposons
IRAPs S-SAPs

Accessions 16-600 E15-1600 | SF5R-700 5R4R-810 S5R4R-800 3F3R-360 3F4R-900 | 1EASR-
200

Oroval
Hernandina (R}
Totmatera
Reina
Clemenules
Fina

Esbal (R)
Bruno
Arrufatina (R}
Orogrande
Clementard
Clemencira
Marisol
Fina-Bechi
Oronules (R)
Sra-91

Bekria

Nour

Ma-3

Caffin
Carte-Noir
Loretina (R, E)
Clemenpons (R, E)
Mioro (R, E)

OO OO0 O0ODOoODOODODOOoOODOOoOCO
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e D e e e e e e (D) e e e e e e e = = (O
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RN OO RRRDN = RN NN —
COoO0OO~NONOODOOOODOSOoOOOoO0O0
S T o S e
o O b b pe b e e e et b e b b et s b bt e mm e

Table 1: Accessions and their phenotypes for consistent polymorphic markers: 0
stands for absence of a band, and 1 and 2 for presence (indicating two clearly
different intensities). R: registered variety, E: only a grower is allowed to multiply the
variety. Moroccan accessions in italics.

Marker analysis

At least two different DNA extractions from 1 g of leaf tissue per cuitivar
were obtained following the methods of Dellaporta et al. (1983) with minor
modifications. All PCR reactions were performed in duplicate and from different

DNA extractions.
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RAPDs: 26 primers (10mers from Operon Technologies Inc.) were used
by themselves or in pairs for PCR reactions. The 25 pl amplification reactions
consisted of 150 ng of template DNA, 1x supplied reaction buffer, 1.5 mM MgCl;,
100 uM each dNTP, 0.2 uM primer and 1 u Taq (EcoTaq, Ecogen). Each reaction
was overlaid with 25 ul of mineral oil, and amplified in a MJ Research thermal
cycler. The cycling profile was: 95°C, 5 min; 45 cycles of 95°C (1 min), 44°C (1
min), a slope of +0.3°C per sec, and 72°C (2 min), and a final extension at 72°C
(8 min); except for primers OPNO7 and OPN14, where thermocycling was
according to Coletta-Fitho et al. (1998). PCR products were mixed with 5X
loading buffer (50% v/v Glycerol, 1x TAE, 10% v/v saturated Bromophenol Blue,
0.2% w/v Xylene Cyanole), and visualised by agarose-ethydium bromide (1.2 %
agarose-TAE gels) or by polyacrylamide-silver staining: sequencing-type 10%
polyacrylamide gels, with a 5% stacking phase in 1x TBE and fixed to the glass.
Electrophoresis conditions were 20W, 30 min, and 40 W until the bromophenol-
blue dye reached the bottom of the gel, in an S2 Sequencing System (Gibco
BRL/Life Technologies). Silver staining was performed according to Ruiz et al.
(2000).

ISSRs: 16 of the primers for inter-simple sequence repeat analysis used
by Fang and Roose (1997) to differentiate citrus varieties were screened. Only 12
yielded good fingerprinting patterns in clementines. All of them were primers
anchored at the 3’ end, and part of UBC primer Kit #9 from the Biotechnology
Laboratory, University of British Columbia, Canada. The amplification mix was
similar to the one described for RAPDs, but 25 ng of DNA were used as template,
and it contained 2% Formamide and 1uM primer. Two different PCR programs
were used: for (AG) and (GA) repeats it consisted of 94°C, 7 min; 2 cycles of
940C (1 min), 35°C (1 min), a slope of +0.3°C per sec, and 72°C (2 min); 35
cycles of 94°C (1 min), 45°C (1 min), a slope of +0.3°C per sec, and 72°C (2
min), and a final extension at 72°C (7 min). For (CA), (AC) and (GT) repeats the
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cycling profile was 94°C, 7 min; 40 cycles of 94°C (1 min), 52°C (1 min), a slope
of +0.3°C per sec, and 72°C (1 min), and a final extension at 72°C (7 min). PCR
products were electrophoresed and revealed as described for RAPDs
(polyacrylamide gels).

SSRs: Nine primer pairs for citrus microsatellites described by Kijas et al.
(1997) and 13 additiona!l primer pairs developed by the group (to be published
elsewhere) were analysed according to Ruiz et al. (2000). Some of the PCR
reactions were also performed on DpnlIl- or Sau3Al-digested DNA: 300 ng of
genomic DNA were incubated overnight with 0.6 u of the corresponding

restriction enzyme in a 5 pl reaction, at 37 °C,

AFLPs: DNA was digested with EcoRI and Msel, and 8 primer
combinations {with 3 selective nucleotides) were analysed following the standard
procedures described by Vos et al. (1995). Bands were visualised by **P-labeling
the EcoRI-directed primer, and exposing the dried gel to Phosphor Imager
screens (Molecular Dynamics) for 24 h, or to Biomax MR films (Kodak) for 2
days.

IRAPs: 8 primers were designed from 4 citrus sequences having
homology with the RT domain of the copya family: the sequences were CL3, CLS
and CL6 from clementines, and SI4 from Citrus sinensis (EMBL database
accession numbers: CCL131363, CCL131362, CCL131364 and CSI131367). The
primers were denoted R or F (reverse or forward) for each sequence. The
primers were used, alone or in pairs, to amplify intertransposonic sequences. In
some cases, DNA was digested with the restriction enzymes BamHI, NlaIll and
Sau3Al, as described for SSRs. PCR conditions, electrophoresis and visualisation
were similar to those described for RAPDs, but 300 ng of DNA and 0.12 uM of

each primer were used instead for amplification reactions.
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S-SAPs: 9 amplifications were carried out using one AFLP primer and one
of the following retrotransposon primers, labelled with *P: the above-mentioned
clementine specific primer CL5R, and two degenerated primers for the copia-RT
domain, RetroQ and RetroY (Asins et al. 1999). Template DNA was digested with
EcoRI and Msel, and AFLPs protocols were followed.

Specific information on sequences of the primers used is available upon

request.

Cluster analysis

A dendrogram based on hypothesized genotypes (homozygous for
presence of band, 2; heterozygous,1; and homozygous for absence of band, 0)
was obtained using the chord distance (Cavalli-Sforza and Edwards 1967) and
the UPGMA (unweighted pair-group method with arithmetic average; Sneath and
Sokal 1973) method of aggregation.

RESULTS

Table 2 shows which of the analysed marker types resulted in consistent
polymorphisms. Ten polymorphic bands were detected in the initial screening
that were not so when DNA from two different extractions per accession were
used in the reactions. This lack of repeatability happened for some AFLP bands
(2) and mostly when digested DNA was used in SSRs (3), IRAPs (3) and
Transposon Display analyses (2) (Figure 1). None of these pseudo-
polymorphisms were used to study the genetic relationships among cultivars.
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In general, every RAPD, ISSR and AFLP reaction, resolved in
polyacrylamide gels, allowed the visualisation of 15 to 45 bands. Only two of all
those bands, the RAPDs 16-600 and E15-1600, were consistently polymorphic
when scored in all 24 varieties (Figure 1), and they distinguished the varieties
“Loretina” and “Arrufatina”, respectively (Table 1).

Marker Primers Consistent
Types -+ Polymorphisms
RAPDs 26 2
ISSRs 12 0

SSRs 22 15*%* 0
AFLPs g * 0
IRAPs 28 4 * 5
S-SAPs g * 1

Table 2: Type and number of markers, and consistent polymorphims. Number of
primers or primer combinations with (+) or without (-) a previous DNA digestion by an
endonuclease restriction enzyme. * refers to the presence of markers where the
polymorphisms were not consistent through repetitions.

When using the specific copia-derived primers, 5 intertransposonic bands
and 1 transposon-AFLP band were consistently polymorphic (Figure 1). The
polymorphisms were obtained using the primers CL5F, CL5R, SI4R, CL3F and
CL3R; i.e. primers anchored to 3 out of the 4 RT sequences. As shown in Table
2, the three first primers (RT sequences CL5 and SI4) were involved in
polymorphisms that distinguished the related cultivars “Oroval”, “Marisol” and
“Loretina”, and the primers CL3F and CL3R (RT sequence CL3) in the
differentiation of North African cultivars “Bekria”, *MA-3" and “Caffin”.
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Figure 1.- Electrophoretic profiles of polymorphic markers. Two adjacent lanes per
accession; (a) and (b) RAPDs with primers E15 and I6, respectively; From {c) to (f)
IRAPs with primers 3F3R, 5F5R, 3F4R and 5R4R, respectively. Arrows on (a) to (f) point
at polymorphic bands. Arrows on (g) point at a non-repeatable AFLP polymorphism.

A possible genetic interpretation of differences concerning band
intensities (2, 1 and 0 in Table 1) is to consider them as the number of alleles for
the presence of band per locus, allowing to calculate a genetic distance to
quantify relatedness. The genetic relationships among the studied accessions,
assuming this genetic interpretation, are shown in Figure 2. Since most of the
varieties were not discriminated by any marker, they clustered in a main group
(the “Fina” group); but “Arrufatina” was separated from it by the RAPD marker
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E15-1600, and there were two more groupings, one formed by “Oroval”,
“Marisol” and “Loretina” (characterised by several polymorphic markers), and the
other by “Bekria”, "MA-3" and “Caffin” (characterised by the marker 3F3R-360).

] Oroval
R, h
SFoR, SRR | 5R4R, 3FeR,1EA5R, 15 ! Marisol
Loretina
Hernandina
Tomatera
Reina

Clemenules
Fina

Esbal
Bruno
Orogrande
Clementard
Clemencira
Fina Bechi
Oronules
SRA-91
Nour

Carte Noir
Clemenpons
E15 Mioro
Arrufatina

Bekria
Caffin

Figure 2: Dendrogram displaying the genetic distances among varieties. The codes on
the arms refer to the marker loci involved in the differentiation.

Other genetic interpretation of band intensities is in terms of number of
fragments of a certain size. Then 0 would mean no fragment; 1, a fragment and
2, two fragments of the same size but differing in sequence (and locus).
Therefore considering this afternative genetic interpretation two loci have to be
considered for bands 5R4R-810 (5R4Rc and 5SR4Rd); 5R4R-800 (5R4Ra and
5R4Rb) and 3F3R-360 (3F3Ra and 3F3Rb). This genetic interpretation is assumed
in Table 3 to construct the ordered allelic profiles of cultivars. It should be noted
that the groupings are the same than those shown in figure 2 and they agree
with the decreasing tendency of the number of IRAP bands from a group of
North African cultivars (putative origin of Spanish clementines) to the most
recent one, “Loretina”. This genetic interpretation also allows us to draw the
phylogenetic diagram shown in figure 3 where discriminative mutations, most of
them towards the absence (or decreasing intensity) of IRAP bands, are indicated.
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Accessions | /6 El5 5F5R V| 5F4Rc | 5F4Rd J 5F4Ra | 5F4Rb | 3F3Ra | 3F3Rb | 3F4R_|IEA5SR |IRAPs
Bekria 0 0 * * 0 * * * * * * 5

MA-3

Caffin 0
Fina Group | 0
Arrufatina |0
Oroval 0
Marisol
Loretina *
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Table 3.- Ordered allelic profiles of cultivars after interpretation of differences in
intensity in terms of number of fragments of a certain size. Then, two loci are
considered for bands 5R4R-810 (5R4Rc and 5R4Rd); SR4R-800 (5R4Ra and 5R4Rb) and
3F3R-360 (3F3Ra and 3F3Rb).* stands for presence of allele leading to band and 0 for
an alternative allele, or mutation, leading to absence of band. Changing alleles from a
group to the next (below) are indicated in bold characters. The total number of IRAP
bands present in the cultivar (or group of cultivars) is indicated in the last column. Note
the decreasing tendency of this number from the North African cultivars down to the
most recent one, “Loretina”.

Bekria
MAH3 m

3F3Rb 4\ 15

S m Yl ———3 | Loretina
3F3R 5F5R 3F4R
5R4Rb 5R4Ra
5R4Rd 1EA5R
16

Figure 3.- Phylogenetic diagram based on the allelic profiles of Table 3. It shows the
accumulation of mutations from the putative origin of Spanish clementine cultivars down to
the most recent one, “Loretina”. The black intesity of boxes correspond to the number of
IRAP bands. Solid arrows mean known origin; discontinuos arrows mean hypothetized
origin, Underlined alleles correspond to the presence of a new fragment, the rest
correspond to mutations leading to absence of band.
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DISCUSSION

Reliability, reproducibility and repeatability are essential for a technique to
be used in fingerprinting, and especially for varietal certification. We have
observed several polymorphisms that are not detected when a second DNA
extraction from the same clone is analysed. Somatic instability in DNA
fingerprints has been reported between branches of a tree for a dispersed middle
repetitive sequence in citrus (Orford et al. 1995), for organ-specific AFLPs in
wheat (Donini et al. 1997), and for RAPDs of leaves subjected to different
physiolcgical stages (Bitonti et al. 1996). The inconsistent polymorphisms in our
SSR, AFLP, IRAP and S-SAP analyses appeared when the template DNA was
digested. There are two possible explanations for this lack of repeatability among
DNA extractions for makers that involve a step of DNA restricton: inhibitors of
the restriction enzyme co-extracted with the DNA or differences in the
methylation state of the DNA among branches in a given plant, since restriction
enzymes such as Eco RI, BamHI and Sau3AI are sensitive to methylation. DNA
methylation occurs at a varying degree in plant DNA. Methylation patterns are
dynamic and change during cell differentiation, both temporaily and spatially,
presumably as a mechanism for the regulation of gene expression (Brown 1989;
Finnegan et al. 1998). Usually, phylogenetic and variability studies do not include
replicates of the DNA extractions; we recommend verification of the repeatability
of the polymorphisms by analyzing several DNA extractions of each individual
instead of the same DNA extraction several times, specially when DNA

restrictions are involved in the type of marker.

We have observed a higher yield of polymorphisms when using markers
derived from 4 retrotransposon sequences than when using markers derived
from “random” and microsatellite primers: only two primers in the second group,
out of the 70 primers or primer-combinations studied (2.4 %), differentiated
consistently 2 varieties. On the contrary, 6 polymorphisms were detected out of
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the 41 reactions performed with the copia-related primers (14.6%). Similar
results have been obtained in barley and pea with other members of the Copia
class of retrotransposons: Waugh et al. (1997) and Ellis et al. (1998) found that
S-SAPs reveal a higher level of polymorphism than AFLPs, and Kalendar et al.
(1999) detected more intraespecific variability with IRAPs than with ISSRs.

No variability was found in clementines with ISSRs, SSRs or AFLPs. It is
particularly striking that AFLPs, believed to cover a high proportion of the
genome because of the high number of bands scored in each analysis, failed to
detect any variability in this study. On the other hand, although it has been
concluded that ISSR markers represent a high potential for the characterisation
of citrus cultivars and they have been successfully used to differentiate sweet
orange varieties (Fang and Roose 1996; 1997), they did not reveal any variability
among the clementine varieties, in spite of somatic mutations being the origin of
the new cultivars in both species. The genetic variability among sweet orange
cultivars must be much larger than among clementines because the culture of
sweet orange is more widely extended (Brasil, USA, China and Spain, mainly)
and older than the culture of cIeinentines, mostly restricted to Spain and some

other Mediterranean countries.

The case for SSRs is different: microsatellite sequences evolve very fast
and they have the highest frequency of polymorphism when compared to other
marker types, given the high number of alleles that can be found at a single
locus (i.e., up to 37 in barley and 36 in kiwi (Saghai-Maroof et al. 1994; Weising
et al. 1996). But the lack of variability detected in clementines by SSRs can be
explained by the origin of the accessions used in this study, the selection of
fortuitous somatic mutations. Therefore, the cause of so many alleles per
microsatellite locus in some cultivated species must be the unequal, or

asymmetric, meiotic recombination within sexual reproduction, and not somatic
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recombination. Under such conditions, SSRs are not superior to RAPDs or other
marker systems for genotype identification but, instead, highly inefficient.

The use of specific primers to amplify intertransposonic sequences has
been very productive; in addition, IRAP reactions with 2 such primers yielded a
high number of bands (several of them being polymorphic). When comparing
polymorphisms detected by RAPD versus IRAP analysis, it is noticeable that
IRAPs usually affect several closely related cultivars simultaneously while RAPDs
affect one cultivar at a time. The analysis of genetic relationships among
clementine accessions (Figures 2 and 3), mostly based in the polymorphisms
associated with copia-like retrotransposons, generates groupings that agree with
what is known about their origin. The cultivar “Fina” seems to be the original one
from which the rest of Spanish accessions have derived by spontaneous
mutations (Bono, 1996). A sequence of mutation events produced the lineage:
“Fina” to “Qroval” to “Marisol” to “Loretina”. The 3 last cultivars share some
features that differentiate them from “Fina”: earlyness in harvest time, up-right
growing habit and presence of thorns; “Loretina”, in its turn, differs from
“Oroval” and “Marisol” in being less prone to yielding puffy mandarines and in
the proliferation of latent buds at the grafting point. The known origin of these
clementine cultivars agrees with the phylogenetic diagram depicted in Figure 3,
which is based on the accumulation of mutations. This accumulation would
explain the reduction or loss of IRAP bands from the oldest Spanish cultivar
“Fina” (or even from a group of cultivars from North Africa, where “Fina”
originated) to the most recent one, Loretina. Except for change at 5R4Rd, only
mutations involving RAPD loci correspond to a new band.

The greatest amount of discriminative changes among the clementine
cultivars studied correspond to mutations at retrotransposon (RT) sequences
(Figure 3). Retrotransposons are a class of dispersed middle repetitive sequences
and have contributed to the genetic diversity of their host species. Three
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mechanisms are involved: transposition, homologous recombination between
retrotransposons or LTRs, and frequent mutation of methylated cytosine to
thymine in retrotransposon sequences. DNA methylation is a frequently reported
mechanism controlling transposable elements (Finnegan et al. 1998). A higher
mutation rate at RT sequences (probably because they become methylated) and
their abundace in the citrus genome (Asins et al. 1999), would explain why IRAP
markers generate more polymorphisms than the other types of markers in C
clementina. Therefore, IRAP markers must be considered to be a fast and
efficient way of obtaining polymorphisms for identification and linkage studies in
this species. The citrus genome contains many retrotransposons of the copia and
other families that we have not used in this study but that might explain, at the
molecular level, the variation not accounted for yet among the clementine

accessions.

The process of differentiation in clementines is faitly recent (i.e.,
“Arrufatina” appeared in 1968, “Oronules” in 1970; “Esbal” in 1966), and some
genotypes are highly unstable, such as “Clemenules”, which appeared in 1953
and produced the new varieties “Arrufatina”, “Clemenpons” and “Mioro” since.
Our results suggest that changes at copia-fike retrotranposons (three out of 4
sequences checked) have facilitated the diversification of clementines. Most plant
retrotransposons do not transpose under normal circumstances, but their
proliferation can be set off by stress conditions, such as pathogen infection,
wounding and cell culture (Moreau-Mihri et al. 1996; Hirochika. 1997; Takeda et
al. 1998; Mihri et al. 1999). It is remarkable that a stress factor, which is by
definition a selective force reducing variability, allows, at the same time, the
increase of genetic variability by activating the mechanism of transposition.
Nevertheless, this is not the end of retrotransposons as source of genetic
variability because a higher mutation rate, likely due to their methylation, would
explain both the high intraespecific heterogeneity of these sequences in Citrus
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and other genera (Flavell et al. 1992; Brandes et al. 1997; Asins et al. 1999) and
the higher polymorphism of IRAPs versus other markers found in C. clementina,
a vegetatively propagated crop species. If these phenomena and their agronomic
implications were understood, a new and useful source of variation would be

available for citrus breeding.
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Los citricos son las especies frutales mas importantes a escala mundial,
siendo actualmente Espafa el cuarto pais productor. Esto contrasta con la
escasez de estudios genéticos para su mejora, lo cual es debido a que presentan
varios problemas, entre ellos su compleja biologia reproductiva. Muchas especies
de citricos son apomicticas y sus semillas producen embriones nucelares que
limitan el desarrollo de embriones zigéticos y por tanto, la construccidn de
familias segregantes. En los programas de mejora de citricos y en los viveros es
muy importante distinguir entre individuos zigéticos y nucelares para poder
eliminar los genotipos no deseados. Normalmente, los isoenzimas se han
empleado para determinar el origen genético de las plantas jévenes. En el primer
trabajo se propone el uso de marcadores microsatélites como una metodologia
alternativa y los comparamos con los isoenzimaticos para la distincion de
plantulas zigéticas. Con objeto de facilitar el andlisis de microsatélites se
desarrollé también un protocolo rapido de extraccion de ADN y un método de
alta resolucién vy facil revelado sin utilizar fluorocromos ni radioisétopos.

Se emplearon dos familias segregantes: una derivada de un cruce
interespecifico entre Poncirus trifoliata (L.) Raf. Var. “Flying Dragon” y el tangor
“Ortanique” {Citrus reticulata (Blance) x Citrus sinensis (L.) Osb.), familia PxO, la
otra familia analizada fue obtenida por autofecundacién de Fortunella crasifolia

Swing., famitia Fc.

En el cribado de las plantulas PxO (nicamente fue necesaria la utilizacién
de un marcador microsatélite, ya que con éste se pueden distinguir los 4 alelos
presentes en la poblacion. En esta misma familia se analizaron otros
microsatélites al igual que varios isoenzimas, y con todos se obtuvieron los
mismos resultados, el 87% de los individuos de la familia son zigéticos. En
familias obtenidas por cruzamiento entre especies muy distantes
filogenéticamente, cualquier marcador codominante suele ser Util, sin embargo,
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cuando los parentales estan genéticamente mas relacionados, es mas dificil
encontrar variabilidad en cada locus. Por esto, la eficiencia de los microsatélites
aumenta respecto a la de isoenzimas, debido a que presentan mayor grado de
polimorfismos. Un caso extremo es la familia Fc, que esta formada por 106
individuos y fue generada por autofecundacidn. Se analizaron 5 microsatélites y 5
isoenzimas, y se encontraron 6 individuos zigdticos empleando los microsatélites,
mientras que con los isoenzimas s6lo se pudieron detectar 3 de los 6 observados
con los microsatélites. Por tanto, la conclusion de este trabajo es que el empleo
de microsatélites presenta mayor eficiencia que el de marcadores isoenzimaticos
para identificar plantulas de origen sexual en los citricos o, en general, plantas de

origen desconocido.

Una vez comprobada la gran utilidad que tienen los microsatélites en la
mejora genética por su nivel de polimorfismo, rapidez, sencillez y gran
repetibilidad que poseen, nos planteamos la obtencién de nuevos microsatélites
de citricos. Con este objetivo se emplearon dos estrategias: la construccién de
una genoteca de ADN gendmico de A. trifoliata con fragmentos de pequefio
tamafio, y la estrategia bioinformatica consistente en cribar microsatélites
empleando el programa FINDPATTERNS en todas las secuencias de citricos
incluidas en GenBank, en las cuales se buscaron todas las posibles repeticiones

de di-, tri-, tetra- y pentanucleétidos.

En total se obtuvieron 33 nuevos microsatélites, 6 en el cribado de la
genoteca v el resto a partir de las secuencias de la base de datos. Estos nuevos
marcadores se emplearon para la realizacién de mapas genéticos en tres familias

segregantes:
- Autofecundacion de Poncirus trifoliata (var. Flying Dragon), Familia PpxPp
- Citrus aurantium x Poncirus trifoliata (var. Flying Dragon), Familia AxPa

- Citrus volkameriana x Poncirus trifoliata (var. Rubidoux), Familia VXPv
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Se construyd un mapa para cada uno de los parentales de cada familia,
que poseen entre 48 y 120 marcadores, dependiendo de la heterozigosis de cada
parental. El andlisis comparativo entre genomas fue posible gracias al uso de los
marcadores SSR principalmente, observindose varias reorganizaciones entre las
distintas especies, asi como entre las dos variedades de Poncirus trifoliata. Se
observé que el orden de los marcadores en el mapa puede variar al bajar el LOD.
Puesto que para futuros analisis genéticos lo mas importante es que la
ordenacion sea la correcta, se prefirid construir los mapas a LOD alto a costa de

dejar marcadores fuera de los grupos de ligamiento.

Para la realizacién de los mapas de ligamiento también se usaron otros
tipos de marcadores como los IRAPs, que aungue son menos informativos
porgue no son codominates, producen gran nimero de polimorfismos muy
repetitivos con pocas combinaciones de cebadores y su distribucion en el

genoma es, en general, aleatoria.

El andlisis de segregacion a nivel gendmico puso de manifiesto la
distorsidn en la segregacidén en ciertas zonas concretas, que corresponderian a
problemas gaméticos y/o zigoticos, es decir, presencia de factores letales.

Una vez obtenidos los nuevos marcadores SSRs e IRAPs en citricos, y
sabiendo su localizacion genomica, nos propusimos utilizarlos para investigar
sobre el origen de la variacion molecular en el grupo de los mandarinos
clementinos, debido a su importancia econémica y por tratarse de un reto, ya
que es una especie que se propaga vegetativamente, por lo que la variabilidad
genética es muy limitada. En general, las nuevas variedades son detectadas por
los propios citricultores mediante la identificacion de mutaciones somaticas que

afectan caracteres agrondmicos, tales como la época de recoleccion.

Se emplearon distintos tipos de marcadores con objeto de comparar su

nivel de polimorfismo en una coleccidn de 24 variedades. No se observé ningun
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polimorfismo al emplear SSR, por lo que la recombinacidn somatica no debe ser
una fuente importante de variabilidad en esta especie. Cuando se emplearon
ISSRs, RAPDs y AFLPs, sblo un 2.4% de las combinaciones de cebadores
produjeron polimorfismos, en comparacion con los generados al emplear IRAPs
(14.6%). Ademas, el diagrama evolutivo basado en estos ultimos polimorfismos

se ajusta bastante bien al origen conocido de algunas variedades.

Por tanto, se concluye que los cambios en el ADN de los
retrotransposones y las zonas adyacentes son més frecuentes que en el resto del
ADN estudiado. Esto sugiere que los factores que provoquen la actividad de
retrotransposcnes, como condiciones bidticas o abiéticas de estrés, pueden ser
una fuente importante de variabilidad genética a utilizar en programas de mejora
de especies de propagacion vegetativa, donde abunden los elementos de este
tipo, como es el caso de los naranjos navel o los mandarinos clementinos.
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La seleccion de individuos zigéticos mediante marcadores es mas eficiente
cuando se emplean microsatélites que al emplear isoenzimas, especialmente
cuando se trata de una poblacién derivada de autofecundacién y el nivel de

heterozigosis es bajo.

La obtencién de microsatélites por el método de cribado en las bases de
datos de secuencias es mas rentable. En total se han desarrollado y
mapeado 33 nuevos microsatélites. Estos marcadores codominantes han

permitido realizar un analisis genémico comparado.

El porcentaje de marcadores en heterozigosis en P. frifoliata es mucho menor
que el observado en especies de Citrus. Asi mismo, la heterczigosis para
marcadores SSR es mucho mayor que para IRAP, lo que apoyaria la
hipétesis de una mayor tasa de cambio en SSR frente a IRAP.

Las secuencias de retrotransposones se distribuyen aleatoriamente en el
genoma, aunque existen regiones cromosémicas donde son especialmente
abundantes, El nimero de copias depende de la secuencia de

retrotransposon y de la especie estudiada.

Se produce una distorsion en la segregacion de los marcadores entre un
22.9% y un 39.7%, segin la especie que se esté analizando. En la familia
obtenida por autofecundacién de P. frifoliata se ha estudiado el origen de la
distorsion y se han observado grupos de ligamiento con distorsion gamética,
con distorsion zigdtica y con ambas. La existencia de distorsion zigética

sugiere la presencia de factores letales recesivos en el genoma.

Se han observado diferentes reorganizaciones al comparar los mapas
genéticos de las tres especies, asi como al comparar la dos variedades de ~.
trifoliata. Estas reorganizaciones deben ser tenidas en cuenta en la
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aplicabilidad, a través de especies, de los analisis genéticos basados en

mapas de ligamiento.

» Existen factores que afectan a la robustez de los mapas de ligamiento, tales
como el criterio LOD elegido, la presencia de factores letales, el tipo de

marcador empleado y la fase de ligamiento de los marcadores.

» {a amplificacion de secuencias adyacentes a retrotransposones del grupo
copia en clementinos produce una proporcion mucho mayor de
polimorfismos que el uso de marcadores basados en microsatélites o

cebadores de secuencia aleatoria.

= El analisis filogenético basado principalmente en los polimorfismos asociados
a retrotransposones da lugar a agrupamientos que coinciden con la historia
conocida sobre cdmo se originaron algunas de las variedades de

clementinos.

» Los factores que provoquen la actividad de retrotransposones tales como
condiciones bidticas y abidticas de estrés, pueden utilizarse como una fuente
importante de variabilidad genética en programas de mejora de especies de
propagacion vegetativa cuyo genoma contenga numerosas copias de estos

elementos, como son los principales grupos de variedades de citricos.
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