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"Clasification makes organic diversity accesible to the other
biological disciplines. Without it, most of them would be unable
to give meaning to their findings."

Mayr & Aotlock

"Todas las plantas deberian de considerarse recursos
fitogenéticos...Y quienes trabajamos con plantas en peligro, es
bueno que lo hagamos con la conciencia de que nuestra actividad
no es algo romantico o quijotesco, sino que con ella esta
directamente imbricado el futuro de la Humanidad".

César Gomey Campo

"Es muy importante que hagais lo que de verdad os importe... sélo
asi podréis bendecir la vida cuando la muerte esté cerca".

Elisabett Riiber - Rose
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INTRODUCCION

Es probable que los siglos XX y XXI se registren en el futuro como una de las mayores
extinciones en masa desde finales del Cretacico, hace 65 millones de afos, en que la mayoria
de las especies que existian sobre la Tierra desaparecieron (Jablonski, 1986; Holsinger 1996).
De hecho, se ha estimado que la tasa de extincién en este Gltimo siglo se ha incrementado
hasta unas 5 veces sobre la existente en la mayoria de los 600 millones de afios anteriores
(Smith et al., 1993). La causa, directa o indirecta, de este aumento de la pérdida de
biodiversidad es la explosién en el crecimiento de la poblacién humana global de 10 millones
hace 10.000 afios a 2,5 billones en 1950 y a 5.5 billones en 1993 (Avise 1996), con la
consecuente destruccién de los espacios naturales y la fragmentacién y degradaciéon del
habitat. Asi por ejemplo, para el caso particular de las plantas vasculares se ha calculado que
casi el 25% de las 250.000 especies que existen en el mundo se extinguirdan en los préximos
50 afios (Schemske et al., 1994). Las plantas ocupan un lugar clave en los ecosistemas
terrestres, por lo que deberian también ocupar un lugar principal en las gestiones de
conservaciéon, mis aun cuando la mayoria de especies raras o amenazadas son especies de
plantas. Llegados a este punto cabria plantearse por qué es importante conservar la
biodiversidad. Existen 2 argumentos principales a favor de la preservacién de las especies
(Norton, 1987). Una visidbn no antropocéntrica seria el problema ético que supone la
desaparicién de formas de vida que han evolucionado a lo largo de millones de afos; una
opinién més pragmatica de la importancia de conservar la biodiversidad seria el valor
potencial de todas las especies para el ser humano, tanto en la medicina, como en la
agricultura, la industria... (Oldfield, 1984). Sin embargo, la sociedad occidental tiende a
restringir cada vez méas el nimero de especies que utiliza. Los paises del norte y centro de
Europa, al haber sufrido los efectos de las glaciaciaciones, han podido ofrecer al mundo muy
pocos recursos fitogenéticos, pero trasladar esta mentalidad al Mediterraneo resulta absurdo,
sobre todo si consideramos que en la Peninsula Ibérica crece la mayor biodiversidad vegetal
del continente europeo. Un ejemplo de ello lo representa el género Limonium; es cosmopolita,
pero el mayor numero de especies del mismo se concentran en el oeste de la regién
mediterranea (Erben, 1979). Este género presenta una serie de caracteristicas que le hacen
especialmente interesante para plantearse profundizar en su estudio, tanto desde el punto de
vista evolutivo como de la conservacion de sus especies. Los ultimos avances de la Biologia
Molecular en la elaboracién de herramientas conceptuales y empiricas para ahondar en la
historia evolutiva presente y pasada de los distintos niveles de la biodiversidad han
permitido resolver problemas antes inabordables tanto desde el punto de vista de la
Filogenética como de la Genética de Poblaciones, ambas disciplinas clave en la Biologia de la
Conservaciéon. Nosotros hemos aprovechado esta coyuntura para tratar de profundizar en
distintos aspectos de la biologia evolutiva del género Limonium, centrandonos
particularmente en la seccién Limonium, y para la posterior extrapolaciéon de los resultados

obtenidos a la conservacién de sus especies.



INTRODUCTION Y OBJETIVOS

LA SISTEMATICA MOLECULAR

La Sistematica Molecular estudia por medio del uso de marcadores moleculares tanto
la variabilidad genética intraespecifica, tradicionalmente adscrita a la Genética de
Poblaciones, como la diversidad interespecifica, tradicionalmente propia de la Sistematica
Filogenética (Moritz & Hillis, 1996). Esta concepcién integradora es fundamental para
entender el sinergismo entre los estudios genéticos y de evolucién molecular. La Sisteméatica
Molecular usa los marcadores moleculares para inferir patrones microevolutivos
(intraespecificos) y macroevolutivos (interespecificos). Estos patrones filogenéticos son usados
en estudios de evolucién para evaluar procesos, tasas, constricciones al cambio molecular a
través del tiempo ((Kimura M, 1983); Gillespie, 1991; Li & Graur, 1991). A su vez, los
resultados de estos estudios evolutivos proveen de mas informacién para el uso de
marcadores moleculares en los andlisis filogenéticos y genético de poblacionales.
Perspectiva historica

Esta conexién de la Sistematica y la Evolucién Molecular estd muy lejos de ser la
visién tradicional. S6lo en los ultimos afios la Sistematica Molecular per se ha comenzado a
considerarse una disciplina cientifica esencial, rica tanto empirica como conceptualmente
(Avise, 1994).

La revolucién que ha supuesto la integracion de estas disciplinas no se inicié hasta
mediados de los 80. La causa de este retraso fue el hecho de que la Evolucién Molecular,
desde sus 1nicios a mediados de siglo, se ha visto dominada por una serie de controversias
fundamentales sobre la naturaleza y significado evolutivo de la variacién genética y su
utilizacién para inferir relaciones evolutivas entre organismos. Estas controversias (ver a
continuacién), si bien han ayudado al desarrollo de conceptos y a entender mecanismos
genéticos, retrasaron y desviaron la atencién de la aplicacién de los marcadores moleculares
para elucidar la historia natural y la filogenética de los organismos.

El objetivo fundamental de la Filogenética es la identificacién, descripcion y
clasificacién de la diversidad. Las ideas de Linnaeus (1754) fueron esenciales para la
formalizacién de la clasificacién de los organismos, que hoy dia continida vigente. Cuando
Darwin (1859) propuso la teoria de la evolucién esa visién fijista del orden de las cosas
cambié por completo y el principio metodolégico de la clasificacién natural pasdé a ser
estrictamente genealdgico. Sin embargo, las clasificaciones continuaron basiandose en las
similitudes observadas a nivel morfolégico y del desarrollo, sin haber una clara orientaciéon
filoséfica en los aspectos de la evolucién que debian ser reflejados en las clasificaciones. Sélo
con el desarrollo tedrico de la inferencia filogenética (Hennig, 1966) y con la disponibilidad de
computadoras para la Taxonomia Numérica (Sokal & Sneath, 1963), la Sistematica
tradicional (Simpson, 1961; Mayr, 1969) dio paso al enfrentamiento entre cladistas y
fenetistas [revisado en Avise (1994) y Sneath (1995)]. A pesar de las criticas sufridas, la

Taxonomia Numérica fue la que abri6 el camino a la Sisteméatica Molecular. En cualquier
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caso, ambas escuelas de clasificacién han contribuido a la elaboracién de las actuales
aproximaciones para la reconstruccién filogenética (Swofford et al., 1996, y ver también mas
adelante). Solapandose en gran medida con este debate, surgié la controversia asociada con el
uso de marcadores moleculares en lugar de morfolégicos para la reconstruccion filogenética
(Patterson et al., 1993). Recientemente parece que se ha entrado en una era mas madura de
la Filogenética, al reconocer que tanto los datos moleculares como morfolégicos pueden ser
igualmente informativos (p.e., Hillis, 1987; Sytsma, 1990; Donoghue & Sanderson, 1992;
Wiens & Hillis, 1996). S6lo cuando la variacién morfolégica es limitada o la homologia de los
caracteres morfolégicos esta poco clara, pueden los caracteres moleculares ser la Unica via de
explorar la historia evolutiva de un grupo de organismos [p.e., en cetdceos marinos
(Milinkovitch, 1995)]. De todas maneras, la delimitacion de los taxones que van a ser
estudiados con métodos moleculares se basa en muchos casos en caracteres morfolégicos, por
lo que estos no pueden ser nunca infravalorados (Donoghue & Sanderson, 1992).

Hasta mediados de los sesenta, la Genética de Poblaciones, por entonces una disciplina
totalmente independiente, no entré en contacto de una manera clara con la Sistemética
Molecular, y lo hizo a través de estudios de electroforesis en proteinas (alozimas) (Harris,
1966; Johnson et al., 1966; Lewontin & Hubby, 1966). En un principio estos marcadores
genéticos sirvieron para resolver problemas en relacién con la teoria de la Genética de
Poblaciones y proveyeron de informacién valiosa sobre la variacién genética en poblaciones
naturales, pero no se centraron en el contenido filogenético de la informacién molecular, en el
estudio de los linajes génicos (Lewontin, 1985). Por el contrario, el descubrimiento de una
mayor variabilidad genético-molecular de la predicha segtun la “escuela clasica” [Lewontin
(1974) revisa la controversia entre esta escuela de pensamiento y la “escuela equilibradora”]
estimulé el debate sobre el significado adaptativo de esta variacién, que desembocd en una
explicaciéon alternativa a la misma, la teoria neoclasica o neutral de la evolucién (Kimura,
1968; King & Jukes, 1969). La controversia neutralismo-seleccionismo continda hoy dia
(Gillespie, 1991) y quizas, si hay una solucidn, ésta esté en un punto intermedio entre ambos
polos (Powell, 1994).

El descubrimiento de otros marcadores genéticos asociados al DNA, especialmente los
RFLPs (Restriction Fragment Length Polymorphisms) en sus distintas aplicaciones, y con ello
el desarrollo de la Evolucién Molecular (Nei, 1987), introdujeron una perspectiva histérica en
la genética de poblaciones, en oposicién a la perspectiva estatica o de equilibrio previa
(Felsenstein, 1982; Avise et al., 1987). Las diferencias moleculares de los haplotipos o alelos
se pueden relacionar jerarquicamente en las genealogias génicas o alélicas, como una
filogenia (Avise, 1989). En los ultimos afios, el desarrollo de la teoria de la coalescencia
[revisada por Hudson (1990) y Harvey et al. (1994)] y la filogeografia (Avise, 1989), por una
parte, y en general el desarrollo de la estructura tedrica de la genética de poblaciones
molecular (Slatkin & Hudson, 1991; Felsenstein, 1992; Excoffier et al., 1992; Templeton &
Sing, 1993; Excoffier & Smouse 1994; por citar algunos ejemplos) han permitido la conexién

definitiva entre la microevolucién y la macroevolucién, expandiendo la esfera de la
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Sistematica a las genealogias intraespecificas, la subestructura filogenética de la evolucién

(Fig. 1-1).

INDIVIDUOS

POBLACIONES

ESPECIES

Fig. 1-1 Niveles de Ia

Evolucién: desde los individuos

FILOGENIA

a los 4arboles filogenéticos (de

Maddison y Maddison 1992)

HERRAMIENTAS DE LA SISTEMATICA MOLECULAR

La Sistematica Molecular necesita de herramientas para la inferencia de patrones y
procesos micro y macroevolutivos. En todo estudio de este tipo la primera etapa consiste en la
deteccién de la variabilidad genética usando alguno de los marcadores genético moleculares
disponibles en el momento. Una vez extraida la informacién que estos marcadores pueden
proporcionarnos es necesario analizarla adecuadamente. Generalmente, a la aparicién de

nuevos métodos empiricos le suele acompafiar una evaluaciéon exhaustiva de los métodos de
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analisis de la diversidad génica que seran méas apropiados para resolver problemas concretos
de evolucién y procesos histéricos con ese nuevo marcador (Avise, 1994).
Marcadores genético moleculares

Los marcadores genéticos pueden diferir en su capacidad para integrar la genética de
poblaciones y el analisis filogenético. Asi, la secuenciacién del DNA y el analisis de RFLPs, si
permiten una buena conexién entre ambas disciplinas al poder analizarse con estos métodos
regiones del genoma con tasas de evolucion diferentes, adecuandose a cada nivel. Por el
contrario, con otros métodos, como la electroforesis isoenzimatica o la hibridacién DNA-DNA,
no es posible la reconstrucciéon de genealogias génicas, por lo que es dificil que puedan
beneficiarse de la interaccién entre las dos disciplinas (Hillis et al., 1996, cf. Sibley &
Ahlquist, 1986). Asimismo, muchos de los métodos desarrollados recientemente para el
analisis de la variacién a nivel intraespecifico, como los de DNA fingerprinting basados en la
PCR (Polymerase Chain Reaction) o los microsatélites, no permiten esta integracién, pues la
homologia de los alelos detectados a niveles superiores es cuestionable (FitzSimmons et al.,
1995; Smith et al., 1995).

La elecciéon del marcador o marcadores moleculares apropiados para el sistema objeto
de estudio dependera de las caracteristicas diferenciales de los mismos, de sus ventajas y
desventajas, pero también de un compromiso basado muchas veces en necesidades opuestas
(p.e., Karp & Edwards, 1997). Es importante destacar que la eleccién puede depender de lo
que de antemano se sepa sobre ese grupo de estudio. Ademés, la mayoria de las veces no es
posible trazar de antemano el esquema que se va a seguir, sino que a medida que se amplie
nuestro conocimiento del grupo y/o se desarrollen nuevas herramientas de la Sistematica
Molecular, se ira a su vez viendo cuales de ellas son méas adecuadas en los problemas
biolégicos que pretendamos abordar.

Mais adelante se explican con méas detalle aquellos marcadores moleculares que hemos
utilizado para el andlisis de la variabilidad genética intra e interespecifica en el género
Limonium, que es el grupo de estudio en esta tesis.

Métodos de analisis de la diversidad genética

La nueva dimensién al estudio de patrones evolutivos aportada por la Sistematica
Molecular ha supuesto no sélo su aplicacién a nivel de la filogenia y la evolucién de las
especies, sino también al entendimiento de la distribucién y la extensién de la variabilidad
genética a nivel intra e interespecifico. La interpretacién de la evolucién molecular supone la
utilizacién de aproximaciones alternativas dependiendo de la aplicaciéon concreta y de la
naturaleza de los propios datos. A continuacién se pretende introducir las técnicas de analisis
de la diversidad genética para la reconstruccién de genealogias génicas y los supuestos
basicos de este tipo de andlisis. También hemos considerado importante repasar los métodos
para determinar la distribucién de la diversidad génica a nivel intraespecifico y en especies
con subdivisién poblacional.

Métodos de reconstruccion filogenética
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Los métodos de inferencia filogenética tratan de reconstruir o estimar la historia
evolutiva de un grupo de organismos basiandose en informacién incompleta obtenida a partir
del analisis de los datos proporcionados por las moléculas contemporaneas (Swofford et al.,
1996). La hipétesis resultante de esa inferencia se plasma en un arbol filogenético.

Dos supuestos basicos subyacen al uso de los datos en la reconstrucciéon de genealogias
génicas. El primero es la independencia de los caracteres. Desde un punto de vista
simplificado los datos moleculares son ciegos a la seleccién y, bajo la teoria neutral de la
evolucion (Kimura, 1983), los caracteres se comportaran como independientes. En realidad
esta presuncién es demasiado simple. El impacto de la seleccién en estudios sistematicos
dependera de la proporcién de marcadores afectados por ella, de la correlacién entre loci, y de
la robustez del método de andlisis a desviaciones de la neutralidad. En general se supone que
cuantos mas loci examinados, menor sera el efecto de la selecciéon (Moritz y Hillis, 1996).
Asimismo, los métodos de andlisis suelen suponer no sélo esa independencia de los
caracteres, sino también tasas iguales de cambio entre los caracteres o entre el estado de los
mismos. Pero dentro de los genes existen efectos posicionales y patrones de sustitucién no
aleatorios, que violan los anteriores supuestos. Para resolver este problema se han
desarrollado distintos métodos de ponderacién de los caracteres, por ejemplo los que corrigen
para cambios superpuestos (Nei, 1987; Tamura & Nei, 1993; Wakeley, 1994), o los que lo
hacen para constricciones debidas a la formacion de estructura secundaria en las moléculas
de RNA (p.e., (Dixon & Hillis, 1993). Otros sirven para la ponderacién del estado de los
caracteres, como serian los métodos de correccién de la diferencia en la tasa de sustitucién de
transiciones y transversiones [p.e., la distancia de 2 parametros de Kimura (Kimura M, 1980)
o la parsimonia de transversién (Swofford et al., 1996)], o en la probabilidad asimétrica de
cambio en los sitios de restriccién (Albert et al., 1992). La suposicién general de la homologia
de los caracteres es también crucial en el analisis filogenético. Por ejemplo, en el caso de las
secuencias moleculares, por un lado se supone que las regiones comparadas a través de un
grupo organismos son ortdlogas (Fitch, 1970), por otro, el alineamiento de las mismas
permite establecer las posiciones presuntamente homologas entre taxones (Davidson D.,
1985). La homologia en los datos de algunos caracteres binarios, como los de las técnicas de
DNA fingerprinting, se establece por la comparacién de fragmentos, suponiéndose homoélogos
los de igual tamarfio, de ahi la limitacién en cuanto a la divergencia de las OTUs comparadas.

Otro problema de la inferencia filogenética es que el nimero de arboles filogenéticos
que pueden potencialmente reflejar la verdadera historia evolutiva de un grupo de
organismos alcanza cantidades astronémicas ain con un numero de taxones relativamente
bajo. Por el modo de seleccionar uno o mas arboles de entre todo el conjunto de filogenias
posibles, los métodos de inferencia filogenética se pueden dividir en dos grupos: a) los que lo
hacen definiendo una serie de pasos (un algoritmo) que conduce a un solo arbol como
resultado final; o b) los que definen un criterio para comparar filogenias alternativas y

decidir cudl o cudles son mejores.
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Existen muchas revisiones mas o menos recientes sobre el uso de los datos moleculares
que nos hablan de estos métodos ((Felsenstein, 1988)1982, 1988; Nei, 1987; Swofford et al.,
1996; Avise, 1994).

En el primer grupo se incluyen todas las formas de analisis de cluster, que suponen
ultrametricidad [p.e., UPGMA, Sokal & Sneath (1963)] y algunos métodos de arboles aditivos
como neighbor-joining (Saitou & Nei, 1987). Brevemente, estos métodos parten de una matriz
de distancias emparejadas, y a partir de ella construyen el arbol por adicién sucesiva de
OTUs segun las reglas especificadas en el algoritmo, para a continuacién calcular la longitud
de las ramas que las conectan.

En el segundo grupo hay dos pasos. El primero es definir el criterio de optimizacion, y
asi tenemos: los métodos de maxima parsimonia (revisados en Swofford et al., 1996) y los
métodos basados en modelos de cambio evolutivo, entre estos ultimos se incluyen el método
de maxima verosimilitud (Felsenstein, 1981) y algunos métodos de distancias de arboles
aditivos como (Fitch & Margoliash E., 1967) y otros relacionados (Felsenstein, 1982;
(Rzhetsky, 1992). El segundo paso es el uso de algoritmos para encontrar el arbol o arboles
6ptimos segun este criterio. Estos pueden ser exactos (p.e., método de branch-and-bound) o
heuristicos (p.e., método de branch swapping).

La eleccion de un método u otro para el andlisis de los datos puede depender de varios
factores, entre los que podemos destacar el tipo de marcador molecular y la naturaleza de los
datos que nos proporcione, la “limpieza” de estos datos y las limitaciones computacionales
(Swofford et al., 1996).

Por ultimo, siempre es deseable determinar los limites de confianza y la fiabilidad de
las reconstrucciones filogenéticas obtenidas. La aproximacién mas comtinmente utilizada es
el método de bootstrapping (Efron, 1982); (Felsenstein, 1985); (Hedges, 1992). Sin embargo,
existen otros muchos tests estadisticos para ello, algunos de los cuales son aplicables en casos
concretos. De ellos se tratara con mas detalle a lo largo de la tesis.

Meétodos de andlisis de la estructura genético poblacional

El objetivo general de los estudios genético-poblacionales es cuantificar y caracterizar
la variacién genética dentro de una especie. La variaciéon genética es el motor del cambio
evolutivo, por lo que distintos niveles de variacién en distintas poblaciones podrian suponer
una evidencia de acontecimientos evolutivos pasados diferentes, asi como del devenir futuro.

Los primeros analisis de los datos genético moleculares consisten en determinar el
genotipo (o fenotipo, dependiendo del marcador utilizado) de cada individuo. A partir de los
genotipos obtenidos se pueden establecer las relaciones entre ellos en forma de genealogias,
utilizando los métodos de inferencia filogenéticos apuntados anteriormente. La filogenia
resultante se puede relacionar con los patrones de distribucién geografica y elaborar
hipétesis de la biogeografia histérica de las poblaciones, lo que en conjunto se conoce como
filogeografia intraespecifica (Avise, 1987). La mayoria de métodos filogenéticos producen
arboles dicotémicos (ver arriba). La reconstruccién de una red (network), con conexiones

alternativas entre OTUs, parece ser mucho maés realista bajo ciertas circunstancias. A nivel

9



INTRODUCTION Y OBJETIVOS

intraespecifico, por ejemplo, es preferible la inferencia de las relaciones entre poblaciones en
forma de arboles sélo cuando hay evidencias de independencia entre ellas; si no, se deben
usar procedimientos alternativos, que no asuman una jerarquia (p.e., (Lessa, 1990); (Slatkin
& Maddison, 1990); (Crandall & Templeton, 1996), para establecer las relaciones
filobiogeograficas de las poblaciones (Moritz & Hillis, 1996).

En el siguiente nivel de andlisis, el contaje de los genotipos lleva a obtener medidas de
variacién simples, como las frecuencias alélicas. En este sentido, y con el ya mencionado
desarrollo de la teoria de la coalescencia, estd adquiriendo importancia una trama tedrica
para tratar las genealogias génicas y las frecuencias alélicas y su distribucién de una forma
integrada. Esta nueva aproximacién de las genealogias génicas ha probado ser muy util para
estudiar las relaciones genotipo-fenotipo ((Templeton et al, 1987), 1992), la seleccion natural
((Antonarakis S.E.C.D. et al, 1984); (Golding & Felsenstein, 1990); (Hartl & Sawyer, 1991)) v,
lo que es mas importante en nuestro caso, la estructura genético-poblacional tanto actual
como histérica ((Avise JC et al, 1988); (Slatkin, 1989a); (Slatkin & Maddison, 1989b); Slatkin
& Hudson, 1991; Excoffier et al., 1992; (Neigel & Avise, 1993); Excoffier & Smouse, 1994).

A partir de la informacién genotipica se pueden determinar medidas de variacién
genética mas complejas. Por ejemplo, la informaciéon de las distancias entre genotipos y sus
frecuencias en las distintas poblaciones nos da una medida de diversidad génica entre y
dentro de poblaciones [ver p.e., (Weir, 1990)), (Gonzalez-Candelas F. & Palacios, 1997)]. La
divergencia interpoblacional corregida se puede utilizar a su vez para, a través de los
métodos mencionados anteriormente que parten de una matriz de distancias, representar las
relaciones entre poblaciones en forma de dendrogramas. También es posible, a partir de estos
datos, describir la estructuraciéon genético-poblacional por medio de los estadisticos F de
Wright (Weir BS & Cockerham, 1984), o por derivados de estos como su extension
multialélica (Gst, Nei, 1987) o el analogo a nivel nucleotidico Nst (Lynch & Crease, 1990). El
analisis de los estadisticos F en un contexto adecuado para el contraste de hipotesis se
realiza en términos de un analisis de la varianza [ANOVA, Weir & Cockerham (1984), (Long,
1986)] que tiene en cuenta los distintos niveles de subdivision poblacional (individuos,
subpoblaciones y poblaciones). Excoffier et al. (1992) han introducido un método alternativo
para partir la varianza genética en estos niveles jerarquicos: es el andlisis molecular de la
varianza (AMOVA). Este método utiliza informacién tanto de las distancias evolutivas entre
genotipos como de las frecuencias de los mismos para obtener andlogos de los estadisticos F
(estadisticos @), cuya significacién es contrastada usando métodos no paramétricos de
permutaciones aleatorias.

Otro modo de estudiar la diferenciacién genética entre poblaciones es a través de las
medidas de similitud o distancia entre ellas, obtenidas de forma directa a través de las
frecuencias génicas. Se han descrito muchas medidas de distancia que han sido
posteriormente adaptadas para tener en cuenta los cambios evolutivos de las frecuencias
génicas entre las poblaciones [p.e. (Mahalanobis P.C., 1936)), (Bhattacharyya, 1946)), (Rogers

J.S., 1972)), o la distancia genética minima y la estandar de Nei (1987)]. Una vez se tiene la
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matriz de distancias genéticas entre poblaciones se pueden utilizar cualquiera de los métodos
de mencionados anteriormente para representar las relaciones entre ellas en forma de

dendrograma.

LA GENETICA EN LA CONSERVACION

Una vez hemos visto la informacién que es posible extraer de los estudios genéticos, y
mas concretamente de la Sistematica Molecular, es posible entender mejor la importancia de
la Genética en la Biologia de la Conservacién. Sin los ultimos avances aportados por la
incorporaciéon de las herramientas moleculares, que permiten un acceso directo a las
propiedades genéticas de los organismos naturales, y de las herramientas conceptuales para
poder tratar esa nueva informacién, muchas de las cuestiones que son actualmente resueltas
en la Biologia de la Conservacién ni siquiera seria posible plantearlas (Avise y Hamrick,
1996).

;Cudl ha sido entonces la causa de que se haya dudado de la importancia de las
consideraciones genéticas en los programas de conservacion? (Lande, 1988; Simberloff 1988;
(Caro & Laurenson, 1994)

Milligan et al. (1994) apuntan al hecho de que la variaciéon de un locus marcador podria
no proporcionar una medida real de la capacidad de una poblacién para adaptarse a
condiciones futuras o de la eficacia de los individuos con respecto a los marcadores. Mientras
hay casos en que se ha demostrado una clara asociacién entre los niveles de heterozigosidad
per se y la eficacia biolégica de una especie (Schaal & Levin, 1977); (Ledig, 1986); (Miller R.R.
et al, 1989)) o su potencial adaptativo (Huenneke, 1991), otros apuntan a una relacién
contrapuesta entre esos factores (Fowler & Morris, 1977); Mashbum S.J. et al, 1978); (Widen
B. & Andersson S., 1993); (Leberg, 1992); (Pope T.R., 1995)6). Debemos, pues, tener claro que
la falta de divergencia genética es mas probable que sea un sintoma del riesgo de extincién
que su causa (Caughley, 1994); (O'Brien, 1994)). Es decir, no hay duda de que la retencién de
variabilidad genética es esencial para asegurar el potencial evolutivo a largo plazo de
cualquier especie, en peligro de extincién o no, pero estudiar los niveles de diversidad
genética de un marcador molecular en la mayoria de las ocasiones es improbable que nos
proporcione una informacién fiable sobre la viabilidad de las poblaciones, o que estos sean
indicadores fiables de la diferenciacion adaptativa de caracteres (normalmente cuantitativos)
sujetos a distintas presiones de seleccién (Lewontin, 1984); Lynch, 1996), y ello es debido,
precisamente, a la poco clara relaciéon entre la eficacia o viabilidad ecoldgica y/o el potencial
adaptativo con la variacién genética de loci marcadores.

Por lo tanto, los objetivos de la Genética de la Conservacién deben ir mas alla de la
mera documentacién de los patrones de diversidad genética entre y dentro de poblaciones (cf.
Templeton & Georgiadis 1996), y tratar de determinar los procesos responsables de esos

patrones, las explicaciones causales subyacentes a los mismos.
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Teniendo esto en cuenta, cabe destacar aqui la visién retrospectiva que Avise (1996)
nos presenta de los papeles, tanto conceptuales como empiricos, que la Genética ha venido
desempenando en el campo de la Biologia de la Conservacién. Vamos a citar a continuacién
estos cinco papeles que se atribuyen a la Genética, y ejemplos de su utilidad real en materia
de conservacion (Avise y Hamrick, 1996 y referencias alli citadas).

Por un lado estd la investigacion de la extensién e importancia de la variabilidad
genética dentro de las poblaciones. De esta forma se ha entrado a discutir en la gestién de la
vida salvaje conceptos como el de la heterozigosidad, u otros como la depresiéon endogdmica o
el tamario efectivo poblacional (Ne) ((Templeton & Read B., 1983); (Lande & Barrowclough,
1987); (Lacy, 1992); Ellstrand & Ellam, 1993).

Asimismo, usando marcadores genéticos es posible determinar patrones y relaciones de
parentesco dentro de poblaciones y, a través de esta informacién genealdgica, estimar
procesos demograficos a corto y largo plazo como el sistema de cruzamiento, el Ne, o la
migracion (Milligan et al., 1994), demostrandose claramente la interrelacién entre la
Genética y otras disciplinas como la Demografia o el estudio del comportamiento o la
estructura social.

Dentro de esta linea, también destaca la utilidad de las aproximaciones genético-
moleculares en la identificacién de patrones de divergencia y estructuracién poblacional, y
las relaciones filogenéticas intraespecificas. Esta informacién ha sido muy util para guiar la
gestidn en programas de traslocaciéon o aumento, y en el disefio de reservas [p.e., Murphy &
Noon, 1992)), (Pavlik et al, 1993); para revisiones ver (Schonewald-Cox CM et al, 1983));
Soulé & Simberloff (1986)]. También para revelar caracteristicas, relevantes para la
conservacién, de la historia natural y demografica de los organismos, puesto que la
estructura genético poblacional es un reflejo de la historia filogeografica y la ecologia de las
biotas ((Templeton & Georgiadis, 1996); (Bowen et al, 1995)). Sin querer entrar en la
controversia sobre la importancia relativa de la Demografia y la Genética en estudios de
conservaciéon [para mas informacién ver Lande (1988), Holsinger & Gottlieb (1991),
Schemske et al. (1994)], cabe hacer mencién de los Gltimos trabajos de Milligan et al. (1994) y
Holsinger (1996), los cuales dejan ver claramente cuales son los limites de la Genética en la
Biologia de la Conservacién y, sobre todo el primero, nos hace reflexionar en como la historia
demografica se refleja en la composicidon genética de las poblaciones y nos hace ver como sélo
a través de los datos procedentes de los marcadores genéticos va a ser posible obtener esa
informacién demografica a largo plazo, tan relevante en los estudios de conservacién (p.e.,
(Thomas C.D., 1990)), aunque en muchos casos habra que esperar al desarrollo de nuevos
métodos analiticos para ello.

También ha probado ser muy eficiente, en el Ambito de la Biologia de la Conservacién,
la utilizacién de las herramientas de la Genética Molecular en la determinacién de las
relaciones filogenéticas entre especies u otros taxones, ya que ha permitido determinar
criticamente el nivel de diferenciaciéon evolutiva y filogenética de poblaciones o especies

amenazadas, por ejemplo, en complejos de especies en peligro de extincion (como los felinos,
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(O'Brien & and collaborators, 1996); o las "silverswords" hawaianas, (Rieseberg & Swensen,
1996).

Por dltimo, y en relacién con lo anterior, las técnicas genéticas han servido para
identificar los puentes entre especies y para determinar fenémenos de hibridacién e

introgresién, que son tan importantes en la conservacién de especies amenazadas, para
evitar, por ejemplo, la depresién exogamica resultante del flujo génico entre poblaciones de la
misma especie o interespecifico [ver Ellstrand & Elland (1993), (Frankham, 1995), v ejemplos
alli citados] o la puesta en marcha de programas de conservacién en poblaciones que son en
realidad producto de hibridaciones entre especies contemporaneas, como con la especie
Limonium neocastellonense (Laguna et al., 1994) o en el gorrion Ammodramus maritimus,
(Avise & Nelson, 1989), o, por el contrario la puesta en marcha de los mismos en especies de
origen hibrido pero que han evolucionado independientemente y se han diferenciado de sus
progenitores ((Ryder, 1986); (Wayne & Jenks, 1991). Dentro de esta linea, los marcadores
moleculares se han aplicado también en estudios forenses para identificar el origen de
individuos que migran o la ilegalidad de material biolégico comercializado, por proceder de
especies protegidas.

En resumen, las herramientas de la Sistematica Molecular tienen una serie de
aplicaciones en los programas de conservaciéon a menudo interrelacionadas con otras
disciplinas y otras veces claramente diferenciadas, algunas actualmente ya explotadas, y
otras que van a necesitar un impulso en su desarrollo futuro.

No queremos concluir esta seccién sin enfatizar este cardcter multidisciplinar de la
Biologia de la Conservacion. Investigadores de muy diversas ciencias como la Demografia, los
estudios de Historia Natural, la Etologia, la Ecologia, la Biologia de Poblaciones (que abarca
la Genética de Poblaciones, la Ecologia de Poblaciones y la Biologia Evolutiva), la Genética
Cuantitativa, la Filogenética..., estan contribuyendo activamente a los esfuerzos
conservacionistas. Los datos genéticos no son pues mas que una de tantas consideraciones en
las decisiones de conservacién. A su vez, no sélo son importantes las consideraciones
cientificas, sino que también entran a formar parte de esta esfera de puntos de vista
potencialmente contradictorios, principalmente por la limitacién en la disponibilidad de
tiempo y de recursos, las consideraciones politicas, sociales, y econdémicas [ver p.e., Schemske

et al. (1994)].

EL GENERO LIMONIUM

El género Limonium Miller, perteneciente a la familia Plumbaginaceae, es cosmopolita
y comprende aproximadamente 400 especies cuyos centros de diversificacién se encuentran
en las estepas asiaticas y en el oeste de la regién mediterranea (Erben, 1993).

Sus especies suelen distribuirse a lo largo de las costas, en estepas, o en desiertos.
Colonizan pues substratos salinos (marjales, malladas, lagunas interiores, litorales rocosos),

yesosos 0 suelos muy aridos, conformando generalmente areas pequefias y aisladas. Durante
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las ultimas tres décadas estos ecosistemas tan fragiles han sido sometidos a una gran presién
antrépica en el area Mediterrdnea, por el incremento de la actividad urbanistica y la
transformaciéon agraria, lo que ha llevado a una alarmante reducciéon de estos habitats, un
aislamiento aiin mayor de las poblaciones que los ocupan, y finalmente a la casi extincién de
muchos endemismos propios de estas zonas, como es el caso de especies del género Limonium
en el drea iberolevantina tales como L. dufourii y L. cavanillesii (Laguna et al., 1994).

Las especies de Limonium se conocen como lavandulas marinas o espliegos de mar.
Son plantas lignificadas, anuales o perennes, con hojas simples, formando una roseta basal.
Las inflorescencias son racemosas, pueden presentar ramas estériles que acompanan a las
ramas fértiles, cuyas flores se disponen agrupadas en espiguillas (Fig. 1-2). Las
relativamente pocas diferencias morfolégicas a menudo existentes entre estas especies son
una de las causas de la dificultad taxonémica del género. Generalmente son necesarias
plantas con estructuras reproductoras para ser determinadas con seguridad.

Muchas especies de Limonium exhiben dimorfismo en la combinacién polen-estigma
asociado con autoincompatibilidad (Fig. 1-3). Estos caracteres estan codificados por sendos
loci dialélicos y estrechamente ligados (Baker, 1966).

A partir de este sistema se han derivado, por recombinacién entre ambos genes,
especies con autocompatibilidad monomorfica; en otros casos se ha desarrollado la
agamospermia (reproducciéon asexual en la que el polen, en caso de intervenir, s6lo lo hace
para estimular la divisién del zigoto, pero no hay fecundacién) asociada al monomorfismo
autoincompatible y/o a la esterilidad del polen [Baker (1966) y ver también mas adelante].
Los procesos de apomixis por agamospermia permiten el posterior establecimiento de taxones
triploides. Esto ha llevado a pensar que la apomixis, junto con la hibridacién, ha jugado un
papel muy importante en la evolucién del género Limonium dificultando todavia mas su
clasificacién taxonémica (Baker, 1966; (Dolcher & Pignatti, 1971)). La poliploidia esta
también ampliamente extendida entre sus especies, con dotaciones cromosdémicas que varian
de 2n=12 a 2n=54. Todas las especies con numeros cromosémicos mayores de 18 (con la
posible excepcién de 2n=32, 36 y 54) parecen ser hibridos derivados de la combinacién de los
numeros cromosémicos basicos x=8 y x=9 (Erben, 1979).

En resumen, los principales mecanismos de la especiacion propios de los vegetales
((Dobzhansky et al, 1980), que son el aislamiento poblacional geografico, y el reproductivo,
por los procesos de poliploidia e hibridacién, con la posibilidad afiadida del mantenimiento de
los hibridos por apomixis, estan presentes en el género Limonium, permitiendo la aparicién y
establecimiento de nuevas especies con relativa frecuencia. Estas caracteristicas hacen de
Limonium un género apasionante, pero complican en gran medida el estudio de las relaciones
(filogenéticas) entre sus especies. La circunstancia afiadida de que el aumento de la pérdida
de biodiversidad en las costas iberolevantinas, causada por ese impacto humano sin
precedentes, esté afectando en gran medida a especies de este género (Laguna et al., 1994),

fue el impulso definitivo para ahondar en su estudio.
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Fig. 1-3 Dimorfismo en la combinacién polen-estigma del género Limonium y la heterostilia

asociada a cada combinacién cuando esta existe.

Hasta la fecha no se ha publicado ninguna clasificacién taxonémica del género
Limonium con tratamiento filogenético explicito. La primera revision general sobre el mismo
fue llevada a cabo hace un siglo y medio por Boissier (1848), el cual propuso un esquema
jerarquico que dividia al género en secciones y algunas de éstas en subsecciones (Fig. 1-4),
basandose en las caracteristicas florales, tales como la forma del céliz, la soldadura de los
pétalos o los estambres, o el tipo de fruto. Esta clasificacién, aunque ha sido reconocida como

probablemente artificial (Baker, 1966), contintia atn teniéndose en cuenta en estudios de
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diversa indole llevados a cabo en este siglo (Baker, 1966; (Erben, 1978), Ingrouille 1984).
Bien es verdad que, por un lado, se han propuesto varios cambios a esta ordenacién general
en revisiones posteriores ((Benthan G. & Hooker J.D., 1873); (Pax F., 1897); (Pignatti, 1971),
aunque éstos no han profundizado en la clasificacién por debajo del nivel de seccién, sino que
tratan la clasificacion a nivel mas general; y, por otro lado, se han creado otras secciones para

acomodar a especies descubiertas con posterioridad (p.e., Squizopetalum o Pterolimon).

FAMILIA TRIBU GENERO SECCION SUBSECCION
Aegialitis
A 8 thol Pteroclados
canttiolimon Ctenostachys Genumae

Goniolimon | piathymenium

o Limonium === | Densiflorae
Limontum = | Sphaerostachys

Plumbaginacea (Statice) | Jovibarha Disitflorae
Armeria Schizhymenium
Limoniastrum | Circinaria Seiocladae

Staticeae

Polyarthrion
Myriolepis Hyalolepidae
Siphonantha

Psylliostachys

Saroophyllae

Plumbaceae

Fig. 1-4 Clasificacion del género Limonium segun Boissier (1848).

La seccion Limonium

Una de las secciones mas interesantes, pero poco estudiadas, del género es la seccién
Limonium. Boissier (1848) la dividié en seis subsecciones (ver Fig. 1-4), sin embargo, hay
evidencias de que las especies adscritas a cada subseccién algunas veces lo han sido
innecesariamente, incluso es posible que tengan origenes polifiléticos, ya que parece probable
que en el género puedan hibridar especies poco cercanas morfolégicamente (Baker, 1953).

La seccién Limonium es la que tiene un mayor nimero de especies dentro del género
Limonium. Sus especies también presentan todos los mecanismos reproductivos del género,
incluso los mas evolucionados (Fig. 1-5). Muchas especies del género Limonium son
dimoérficas (polen tipo A/estigmas patrén de mazorca o polen tipo B/estigmas patrén papiloso,
ver Fig. 1-6), con fecundacién cruzada obligada. Dentro del género Limonium sb6lo en la
subseccién Genuinae, perteneciente a la seccién Limonium, hay especies que presentan

también heterostilia (variacién en la longitud de los estilos con respecto a los estambres)
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(Baker, 1966). Este debe de ser el estado filogenético derivado en mayor grado, dentro del
sistema de incompatibilidad heteromérfica (Fig. 1-5).

Este sistema ha sido roto en varias ocasiones a lo largo de la evolucién (ver més
adelante) y de dos formas diferentes. Algunas especies del género son monomorficas, con la
combinacion A/papilosa o B/mazorca (ésta ultima s6lo presente en L. echioides de la seccién
Schizhymenium, Fig. 1-6). Estas combinaciones son justo opuestas a las de las especies
dimoérficas, y, por lo tanto, las especies que las presentan son capaces de autofecundarse.
Esta autocompatibilidad monomoérfica est4d presente en especies de las subsecciones
Genuinae y Hialolepidae dentro de la seccién Limonium. El otro mecanismo de ruptura de la
incompatibilidad dimoérfica ocurre inicamente dentro del género en algunas especies de las
subsecciones Densiflorae, Dissitiflorae y Steirocladae, pertenecientes a la seccién Limonium.
Aqui, aunque las poblaciones sean monomérficas, la combinacién polen-estigma es la de las
especies dimorficas, o en algunos casos el polen no se produce. En todos estos casos se ha
comprobado que hay una alta proporcién de granos de polen malformados (Bokhari, 1971).
Estas especies se ha demostrado que se reproducen por apomixis (Baker, 1953, 1954, 1966).

El sistema genético subyacente al mecanismo de reproducciéon dimoérfica
autoincompatible (ver arriba) es lo suficientemente complejo como para que sea improbable
que haya aparecido repetidamente en la naturaleza, por lo que puede proporcionar de una
guia filogenética valiosa (Baker, 1966). Por otro lado, la ruptura de este mecanismo y el
retorno a la autocompatibilidad con el monomorfismo en la combinacién polen-estigma en el
género Limonium, si se corresponde con el retorno a la autocompatibilidad en otras
Plumbaginaceas, pareciendo pues haberse producido de forma secundaria y repetidamente en
géneros diferentes (p.e., Armeria). Incluso también se observa este fenémeno en otras
familias de plantas como Limaceae o Primulaceae. Este hecho sugiere que, si prevalecen
clertas circunstancias ecoldgicas particulares que favorezcan la autocompatibilidad, el
monomorfismo sera seleccionado positivamente. Sin embargo, la aparicion de la
agamospermia como forma alternativa de produccién de semillas por autofecundacién ha sido
sblo descubierta en el género Limonium, y mas concretamente en especies pertenecientes a
algunas subsecciones de la seccién Limonium. Este hecho concede una gran importancia a
esta seccién, lo cual nos incliné a elegirla como punto de partida para profundizar en el
estudio de este género, mas atn cuando, como ya se ha apuntado anteriormente, los estudios
de conservacién estan de alguna manera subordinados a las clasificaciones sistematicas y ,en
nuestro caso, las especies en que era prioritario el estudio genético por estar gravemente
amenazadas de extincidn pertenecen ambas a esta seccién. Estas especies son L. dufourii 'y L.

cavanillesii.
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sect. Limonium especies dimorficas

( Li ium) ies dimorfi
poblaciones monomorficas

LIMONIUM MONOMORFISMO secundario
(sects. Limonium, Plathymenium, Schizhymenjum. POLEN y ESTIGMA
(filiforme)

LIMONIUM DIMORFISMO
(sect. Limonium) POLEN y ESTIGMA
(filiforme)
HETEROSTILIA

ARMERIA LIMONIUM LIMONIASTRIUM DIMORFISMO
(six sections) POLEN y ESTIGMA
(filiforme)
HOMOSTILIA
GONIOLIMON LIMONIUM ACANTHOLIMON POLEN DIMC)RFICQ
(sects. Schizhymenium ESTIGMA MONOMORFICO
Schizopetalum) (capitado)
HOMOSTILIA
AEGIALITIS LIMONIUM POLEN MONOMOR’FICO
(sects Circinaria, ESTIGMA MONOMORFICO
Arthrolimon, Pterolimon) (capitado)
HOMOSTILIA
FAMNW ANCESTORS

Fig. 1-5 Diagrama que muestra la secuencia evolutiva postulada para el desarrollo del sistema de incompatibilidad heteromérfica en la tribu

Staticeae (modificado de Baker 1966).



DIMORFISMO

A/cob , B/pap Mayoria de las especies
Subseccion Genuinae

Reordenacion en el Desarrollo de la
supergen agamospermia
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Fig. 1-6 Diagrama que muestra los dos caminos para la rotura del sistema de

incompatibilidad heteromorfica en el género Limonium (tomado de Baker 1966).

Limonium dufourii (Girard) O. Kuntze

L. dufourii es el denominado comtinmente Limonio villoso o de Dufour o ensopeguera
villosa o de Cullera. Es una planta perenne, con hojas dispuestas en una roseta basal,
hemicriptéfita y recubierta de tricomas en el tallo, las hojas y las bracteas (Fig. 1-7a).
Presenta inflorescencias racemosas, las ramas superiores con flores de color violaceo (Fig. 1-
7b), mientras que las inferiores son estériles. Es una especie con reproduccién asexual por
apomixis obligada ya que presenta un sistema de autoincompatibilidad monomoérfico en la
combinacién polen/estigma (B/papiloso en todas las poblaciones) (Baker, 1966) y un nimero
cromosomico triploide (2n=27) (J.A. Rosselld, comunicacién personal).
La especie, antafio distribuida abundantemente a lo largo de las costas valenciano-
castellonenses, sobre suelos de saladares arenosos o limosos o en acantilados litorales rocosos
afectados por las salpicaduras marinas ((Crespo & Laguna, 1993)), hoy dia se encuentra en
retroceso, debido al incremento urbanistico de nuestras costas durante los tltimos 20 afios,
con la consiguiente alteracién o pérdida por completo de los habitats donde esta especie
habita (Laguna et al., 1994). L. dufourii fue declarada protegida por el gobierno autonémico
en 1985, y posteriormente catalogada como “en peligro critico” atendiendo a las nuevas

categorias de las listas rojas de la IUCN (1994).
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Fig 1-7. Detalles de las inflorescencias de Limonium dufourii.
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Fig 1-8. Mapa de la situacién geografica de las poblaciones de Limonium dufourii. En letra
bastardilla se muestran las localidades histéricas en las que la especie no es encuentra en

la actualidad.
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Muchas de las poblaciones originales de L. dufourii han desaparecido por completo (E.
Laguna, comunicacién personal). En la actualidad se conocen unicamente 6 poblaciones
naturales de la especie (Fig. 1-8) ((Laguna & Escriba M.C., 1996). Cuatro de ellas estan en
inminente peligro de extinguirse por su extremadamente pequefio tamano (concretamente las
poblaciones de El Saler, Marjal del Moro I (Sagunto) y Cullera) y/o su ubicacién en zonas con
elevada afluencia turistica y alteradas por el hombre (Cullera y Torreblanca). Las otras dos
poblaciones, situadas en la Marjal del Moro, cuentan con unos miles de individuos Sin
embargo, estas poblaciones fueron encontradas en época de sequia, durante el afio 1995, por
lo que la gran cantidad de individuos aparecidos puede considerarse un suceso puntual,
resultado de la germinacién de semillas tras la desecaciéon de la marjal (E. Laguna,
comunicacién personal). La confirmacion de este hecho estd supeditada a estudios
demograficos futuros.

Limonium cavanillesii Erben

L. cavanillesii es el limonio o la ensopeguera de Peniscola o de Cavanilles. Es una
especie anual-bianual, también rosulada y con inflorescencias racemosas, las inferiores
estériles y las superiores con flores de color violeta (Fig. 1-9). Se la considera como una
especie con reproduccién apomictica por presentar un numero de cromosomas triploide
(2n=27) en todos sus individuos, ademéas de presentar una proporcién elevada de granos de
polen malformados (>95%) y una combinacién polen-estigma autoincompatible (J.A. Rosselld,
resultados no publicados).

L. cavanillesii fue descrita por primera vez por M. Erben a través de material de
herbario de Sennen (1913). La especie es endémica de una parte muy restringida de nuestras
costas, concretamente se distribuia a lo largo de terrenos maritimos desde Pefiscola a
Benicarlé (Castellén). Fue declarada bajo proteccién por el gobierno autonémico en 1986
(DOGYV 336, Generalitat Valenciana). Sin embargo, después de no ser detectada durante casi
dos décadas y las antiguas poblaciones haber sido destruidas por actividades humanas y por
erosién marina (Aguilella, 1994), se pens6 que en realidad se habia extinguido. En 1994, la
especie fue redescubierta en la Serra d’Irta, cerca de Periscola, como una poblacién de 29
individuos distribuidos en un area muy pequena alrededor del Torreén de Badun. Esta
especie es una de las mas amenazadas de extincién de este género pues presenta los mismos
riesgos que el resto de sus congéneres (ver arriba) pero acrecentados debido al nimero tan

pequenio de individuos encontrados en la naturaleza.
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Fig 1-9 Limonium cavanillesii
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MARCADORES MOLECULARES EN EL GENERO LIMONIUM

Para abordar distintos aspectos que nos resultaron interesantes sobre la biologia
evolutiva del género Limonium, nos planteamos el estudio de la diversidad génica de varias
especies y a diferentes niveles evolutivos. Para ello se han utilizado distintas herramientas
de la Sistematica Molecular. A continuacién se detallan las principales caracteristicas de los
marcadores genético-moleculares finalmente utilizados, justificAndose también las razones de
su eleccidén, que como ya se ha indicado anteriormente puede depender de lo que se vaya
descubriendo a medida que se profundice en el estudio del grupo. En un principio el
marcador elegido lo fue en funcién de la variabilidad encontrada en un estudio piloto usando
como marcador el analisis de RFLPs en el DNA cloroplastico (cpDNA), v en base también a
resultados previos obtenidos con isozimas (Rosello, comunicacion personal). En este ultimo
estudio se encontrd una escasa variabilidad a nivel intraespecifico tras el andlisis de varios
sistemas isoenzimaticos; mientras que la variabilidad a nivel de cpDNA parecia la adecuada
para determinar relaciones evolutivas a nivel interespecifico.

El genoma cloroplastico

En la Fig. 1-10 se muestran la estructura y orden génico algunas grandes lineas de
evolucion del genoma cloroplastico. E1 ¢cpDNA de las plantas terrestres es un tnico
cromosoma circular con un tamano que varia entre 120 y 217 kb (Palmer, 1991). Su
caracteristica estructural mas destacable es la presencia de una duplicacién invertida (IR)
que divide al cromosoma en una regién de copia Unica pequenia (SSC) y una grande (LSC).
Las dos copias de la IR son idénticas debido a la recombinacién intramolecular que existe
entre ellas. La mayor parte de la variaciéon en tamarfio del cpDNA es debida precisamente a
variacién en tamafio de la IR, sin ir acompanada de cambios en la secuencia. De hecho,
solamente existen grandes cambios estructurales cuando la IR estd alterada (geranio) o ha
desaparecido (legumbres), mientras que hay sélo cuatro diferencias en el orden génico entre
tabaco, arroz y la hepatica Marchantia, que comprenden el rango completo de la diversidad
de las plantas terrestres, siendo el orden génico en la inmensa mayoria de plantas vasculares
aquél definido por primera vez en tabaco (Downie & Palmer, 1992). En estas tres ultimas
especies el cpDNA ha sido completamente secuenciado (Shinozaki et al., 1986; Hiratsuka et
al., 1989; Ohyama et al., 1986, respectivamente), asi como en la dicotiledénea Epifagus
virginiana (Wolfe et al., 1992) y el alga Euglena gracilis (Hallick et al., 1993). El genoma
cloroplastico tipico de las plantas terrestres estd empaquetado densamente, con una media
de 115 genes identificados en tres de los genomas secuenciados totalmente (Shimada &
Sugiura, 1991). Estos genes codifican en su mayoria para proteinas que participan en la
fotosintesis o en la expresién génica (Palmer et al., 1988). Muchos de estos genes estan
organizados en operones, y varios de estos son muy similares a los de eubacterias (Palmer,
1991), lo que demuestra, junto con otras lineas de evidencia, el origen endosimbiédtico de los

cloroplastos (revisado en Gray, 1992).
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Fig 1-10. Estructura y orden génico de cuatro de las grandes lineas de evolucién del genoma

cloroplastico.

La comparacién de las tasas de sustitucién sindénimas de genes codificantes de
proteinas de varios genomas eucaridticos ha revelado que el cpDNA de las angiospermas
evoluciona lentamente, seguramente por presentar una tasa de mutaciéon reducida (Clegg y
Zurawski, 1992). No obstante, las tasas de evolucién parecen variar no sblo entre genes
(Shimada & Sugiura, 1991), sino también en el mismo gen en diferentes linajes de plantas
(Wolfe et al., 1987; Clegg et al, 1991; Palmer et al., 1988).

Varios factores practicos, incluyendo la abundancia del cpDNA en las células de las
hojas, su facilidad de aislamiento, su tamafo relativamente pequerfio, asi como su modo de

evolucién simple y relativamente conservada, y su herencia clonal, generalmente uniparental
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y en cualquier caso sin recombinacién (Palmer, 1987), han hecho que esta molécula haya sido
ampliamente utilizada en estudios con fines filogenéticos. Desde el nivel infraespecifico al de
familia, la aproximacién metodolégica mas frecuentemente empleada ha sido la comparaciéon
de fragmentos o de sitios de restriccién (Palmer et al., 1988). La mayoria de estos estudios se
han centrado en determinar las relaciones entre especies congenéricas o de géneros cercanos,
aunque también se ha detectado variacién a nivel intraespecifico (revisado en Soltis et al.,
1992). La existencia de variacién a este nivel con mas frecuencia de lo esperado inicialmente
previene de la necesidad de un muestreo adecuado para estimar relaciones filogenéticas a
nivel especifico o mayor. Al mismo tiempo advierte de la importancia de realizar analisis
concomitantes con marcadores moleculares, sobretodo si hay sospechas de introgresion,
ordenacién filogenética (phylogenetic sorting, Avise 1986), o flujo génico entre poblaciones o
hibridacién entre especies, que son tan comunes en plantas, y que llevarian a discordancias
entre las filogenias nucleares y organulares, por la ausencia de recombinacién en estos
ualtimos. Estos factores son los responsables de la discordancia entre arboles génicos y
filogenias reales de los organismos objeto de estudio, que ha sido tratada en profundidad por
muchos autores (p.e., Doyle, 1992; Rieseberg & Brunsfeld, 1992).

La metodologia mas frecuentemente empleada para el andlisis de RFLPs consiste en la
digestion de los cpDNAs de los individuos objeto de estudio con varios enzimas de restriccién,
generalmente que reconocen 4 o 6 nucleétidos. A continuacion se separan los fragmentos en
un gel de electroforesis y se localizan por hibridacién con sondas generalmente no homodlogas
(heteroespecificas) pero procedentes de clones del cpDNA de una especie cercana
evolutivamente (Palmer, 1987). La construccién de una genoteca del cpDNA previamente al
estudio de su divergencia evolutiva en una especie o grupo de especies suele ser preferible
cuando no se dispone de informacién mas o menos detallada de la estructura del mismo en
ella/s. El empleo de sondas heteroespecificas podria ser fallido o dar resultados erréneos si
realmente la estructura del cpDNA es diferente a la del organismo del que proceden las
sondas o la divergencia de estas sondas con el genoma del grupo de estudio es alta (Palmer et
al., 1988).

El hecho de que en el género Limonium los procesos de hibridacién y poliploidia sean
mecanismos activos de especiacién (ver mAas arriba), nos incliné a la utilizacién de un
marcador nuclear alternativo al cpDNA, por las razones mencionadas anteriormente. El
marcador elegido fue la regién de los espaciadores transcritos internos (ITS) del DNA
ribosémico nuclear.

El cistron del DNA ribosomico nuclear. La region de los ITS.

En el genoma eucariético nuclear, el DNA ribosémico (rDNA) esta organizado en
unidades repetidas en tandem separadas por espaciadores intergénicos (IGS), y a menudo
distribuidas en diferentes cromosomas (Gerbi, 1985). En cada repeticién de rDNA los genes
que codifican para las subunidades grande y pequefnia de los RNAs ribosomales (rRNA) estan
flanqueados por los extremos distales de los IGS, que son denominados espaciadores

transcritos externos (ETS). Entre los tres genes del rDNA, a ambos lados del 5,8S, estan los
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espaciadores transcritos internos (ITS1 e ITS2) (Fig. 1-11). A esta zona se la conoce como la

region de los ITS (Baldwin et al., 1995).

ITS5 ITS1 ITS3

a2

8 | .
rDNA subunidad grande ITS :’DNQI ITS| rDNA subunidad pw

~ L

iTS2 ITS4

Fig 1-11 Cistrén del DNA ribosémico nuclear, en el que se muestra las zonas de unién de

los cebadores I'TS1-ITS5 (ver Capitulo 2 para una informacién més detallada).

El ntimero de repeticiones cistrénicas por genoma se ha estimado que varia de varios
cientos en mamiferos e insectos a varios miles en plantas, lo cual representa un uno por cien
o mas del genoma total (Long & Dawid, 1980). Sin embargo, la diversidad intragenémica del
rDNA es generalmente baja; ello es debido a que los procesos de conduccién molecular
(entrecruzamiento desigual y evolucién concertada) (Arnheim, 1983) actiian homogeneizando
nuevas mutaciones entre loci ribosdémicos.

Cada unidad de rDNA es transcrita a un precursor de rRNA (pre-RNA) que sera
subsecuentemente procesado por una serie de pasos ordenados, hasta convertirse en las
moléculas de rRNAs maduras. Durante este procesado post-transcripcional del pre-RNA, los
ITS son escindidos y eliminados, de ahi que se piense que estén relativamente libres de
constricciones evolutivas, lo cual viene corroborado por su alta tasa de evoluciéon en
diferentes organismos (Savard et al., 1993; Schlétterer et al, 1994). Se ha demostrado, sin
embargo, que ciertas zonas de los ITS intervienen en la maduracién de los rRNAs (Musters et
al., 1990; van der Sande et al., 1992; van Nues et al., 1994). Esta funcién atribuida a los ITS
se traduce en constricciones en la estructura y la secuencia de los mismos. Asi, existe un
elemento estructural de 20-23 bp de longitud que esta altamente conservado en la secuencia
de ITS1 de 88 especies de angiospermas (Liu & Schardl, 1994), mientras que el resto de la
secuencia de estas especies alineaba con dificultad. No obstante se han encontrado dominios
conservados de estructura secundaria propios de organismos particulares. Por ejemplo, van
Nues et al., (1994) encontraron 5 dominios conservados en levadura. También se han descrito
largas estructuras en horquilla, junto con complementariedad entre la regién 3’ del 18S
rRNA y la 5’ del ITS1 [p.e., en algas verdes (Aimi et al., 1992) o en plantas superiores (Suh et
al., 1992; Venkateswarlu & Nazar, 1991)]. El ITS2 parece estar funcionalmente maés
constrefiido que el ITS1, a juzgar por la mayor conservaciéon de su secuencia entre las
angiospermas (cf. Baldwin et al., 1995) y su mayor sensibilidad a alteraciones estructurales
(van Nues et al. (1994). Incluso Hershkovitz & Zimmer (1996) han llegado a proponer un
modelo de estructura secundaria con las relaciones de apareamiento generalizadas en las

angiospermas.
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En resumen las caracteristicas inherentes a los ITS les hace potencialmente ideales
para estudios filogenéticos a niveles taxonémicos bajos (al nivel de especie o menor). Estas
caracteristicas serian, ademds de su alta tasa de evolucidn, su elevada repeticion en el
genoma nuclear, la rapida evolucién concertada de su familia génica, su pequerio tamafio y la
presencia de secuencias altamente conservadas que flanquean ambos espaciadores, lo que
facilita su amplificacién por PCR usando cebadores universales (White et al., 1990). Su uso se
ha extendido especialmente en especies vegetales, ya que en estos organismos urgia la
necesidad de encontrar una secuencia, ademdas nuclear, de evolucién mas rapida que el
genoma cloroplastico para estimar relaciones filogenéticas a nivel especifico, puesto que, al
contrario de lo que ocurre en animales y hongos (Avise et al., 1987), el mtDNA de vegetales
no es un genoma apropiado para estos estudios por su baja tasa de evolucién por
sustituciones nucleotidicas y sus frecuentes reordenaciones (Palmer, 1992).

La Unica desventaja posible que se le puede atribuir a los I'TS para su uso en analisis
filogenéticos es la de cualquier otra familia génica: que las copias paralogas, o también
llamadas plerélogas (Patterson 1988), no evolucionan como una Unica secuencia. Si la
evolucion concertada es méas lenta que la especiacién o si hay un sesgo en la misma sobre
distintos tipos de ITS durante la deriva molecular, entonces existira variacién a nivel intra-
individual, lo cual puede resultar en una filogenia entre especies potencialmente errénea si
estos pardlogos divergentes (Baldwin et al., 1995) no son identificados (Sanderson & Doyle,
1992). Una aproximaciéon por secuenciaciéon directa de productos de PCR procedentes del
DNA mezclado de varios individuos de una especie puede en muchas ocasiones detectar la
existencia de varios tipos de ITS intragenémicos (Baldwin et al., 1995). Si se detecta esta
microheterogeneidad, serda necesaria la posterior clonacién y secuenciacién de estos tipos
individualmente, para extraer informacién util de ellos (p.e., Ritland et al., 1993, Buckler et
al., 1997).

Técnicas de DNA fingerprinting basadas en la PCR

Como ya se ha apuntado anteriormente, la secuenciacién del DNA y los RFLPs pueden
ser utilizados para estudios a distintos niveles evolutivos. Los resultados obtenidos con estos
marcadores en el género Limonium, si bien dejan ver la importancia de un adecuado
muestreo en la determinacién de las relaciones entre especies cercanas evolutivamente, no
proporcionarian variabilidad suficiente para estudios mas exhaustivos a nivel intraespecifico.
Una variedad de técnicas de reciente descubrimiento que estdn dando resultados muy
satisfactorios en este sentido son las de DNA fingerprinting basadas en la PCR ((Schierwater
et al, 1994), las cuales utilizan cebadores disefiados méas o menos aleatoriamente para
detectar productos de amplificacién polimérficos, por lo que también se les ha denominado
conjuntamente técnicas de PCR con cebadores aleatorios (Smith & Williams, 1994; Karp &
Edwards, 1997) o técnicas MAAP (multiple arbitrary amplicon profiling) ((Caetano-Anollés
G. & Gresshoff P.M., 1994).

Estas técnicas se caracterizan por requerir relativamente poca cantidad de DNA de
partida, al estar basadas en la PCR. Ademas no necesitan de informacioén previa especifica de
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secuencia, ni sondas clonadas o caracterizadas, y son relativamente simples y rapidas de
manipular experimentalmente, principalmente por no incluir pasos de transferencia o
hibridacién. Entre ellas destacan los RAPDs (Random Amplified Polimorphic DNAs)
(Williams et al., 1990), que es la mas frecuentemente utilizada; AP-PCR (Arbitrary primed
PCR) (Welsh & MacClelland, 1990); y DAF (DNA amplification fingerprinting) ((Caetano-
Anollés G. et al, 1991). Estos métodos se diferencian basicamente en la longitud de los
cebadores que utilizan y las condiciones de la PCR. Una ventaja afiadida a los mismos es que
los fragmentos que amplifican nos proveen de un gran numero de loci potencialmente
polimérficos. De hecho, especialmente los RAPDs han probado ser muy utiles para revelar
variacién en especies con a priori escasa variabilidad genética, lo que ocurre precisamente en
taxones en peligro de extincién y/o asexuales (Williams et al., 1993), y especialmente cuando
otras técnicas han fallado en revelar diferencias genéticas entre poblaciones (Dawson et al.,
1993; Karp & Edwards, 1997).

Todas estas caracteristicas nos inclinaron a la eleccién de los RAPDs como método de
analisis alternativo a los RFLPs o la secuenciacién para estudiar la variabilidad genética
intraespecifica en especies amenazadas del género Limonium.

Los RAPDs

Esta técnica consiste en la amplificaciéon de fragmentos por PCR usando cebadores de
secuencia aleatoria, entre 9 o 10 bases de longitud. Generalmente estos cebadores se
consiguen a través de comparfiias comerciales, que aseguran la aleatoriedad y el buen disefio
de los mismos, para que resulten en una amplificacion eficiente. Los productos de los RAPDs
son fragmentos de DNA de doble cadena derivados de la reacciéon de amplificacién por PCR.
Cada fragmento es una regiéon del genoma que consiste en dos segmentos, flanqueados por
zonas homélogas al Gnico primer que se usa en la reaccién, y situados en cadenas opuestas,
pero lo suficientemente cercanas como para que la amplificaciéon funcione. El siguiente paso
es la separacion de los productos de la PCR por medio de la electroforesis, normalmente
usando geles con una concentracién de agarosa media, relativamente grandes, para una
mejor resolucién de las bandas amplificadas, y tefiidos con bromuro de etidio (EtBr); aunque
también se han empleado en ocasiones geles de poliacrilamida con tincién de plata (Huff et
al., 1993).

Como ya se ha mencionado anteriormente el andlisis de RAPDs posee una serie de
ventajas sobre otras técnicas para el analisis genético de poblaciones (Hadrys et al., 1992), y
muchas de ellas lo hacen potencialmente ideal para estudios genéticos en especies raras o
amenazadas (Gibbs et al., 1994; Rosseto et al., 1995; Nusser et al., 1996). Sin embargo la
técnica también tiene limitaciones.

En primer lugar, estas metodologias que usan cebadores aleatorios han sido
cuestionadas en cuanto a su fiabilidad. La causa puede ser debida a que los fragmentos que
finalmente resultan amplificados dependen de muchas variables como la concentracién de
DNA, la longitud, secuencia y concentracién de los cebadores, los componentes quimicos
(especialmente el Mg*+), el tipo y la concentracién de polimerasa Taq, las temperaturas y el
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numero de ciclos en los distintos pasos de la PCR, las condiciones de la electroforesis y el
procedimiento de codificacién de los datos (Penner et al., 1993; (Schierwater & Ender, 1993);
Wolff & Peters-van Rijn, 1993). Parece, sin embargo, que se pueden conseguir resultados
reproducibles con una practica de laboratorio cuidadosa y prestando mucha atencién a todas
estas variables, estableciendo protocolos estandarizados que las mantengan constantes,
incluyendo muestras control, realizando estudios piloto de reproducibilidad, y empleando
técnicas de codificacion lo més objetivas posible ((Smith J.S.C. & Williams J.G.K., 1994). De
esta manera los estudios que usan estos métodos de DNA fingerprinting, y en nuestro caso
particular los RAPDs, pueden llegar a utilizarse sin mas problema en este sentido que otros
tipos de marcadores, solamente que el tiempo que se ha ahorrado en su aplicacién tan directa
a menudo se pierde en determinar su consistencia y en confirmar la reproducibilidad de los
datos obtenidos.

Una limitacién més importante de las técnicas que nos ocupan concierne a la
naturaleza de los datos generados, estos marcadores son dominantes, no codominantes como
los alozimas o los microsatélites (Williams et al., 1993). Los caracteres que rinden son del tipo
presencia (1) o ausencia (0), de forma que no es posible discernir entre el heterozigoto (10 6
01) v el homozigoto dominante (11), con lo que no se tiene informacién de las frecuencias
alélicas de forma directa, sélo se dispone de informacién fenotipica. En los ultimos afios
varios autores han propuesto diferentes métodos para abordar el problema de la dominancia
en el analisis genético poblacional de los datos de RAPDs (Clark & Lanigan, 1993; Lynch &
Milligan, 1994; Stewart & Excoffier, 1996). En general, lo que estos autores resefian es que
los marcadores dominantes pueden usarse en el andlisis de la genética de poblaciones, pero
nunca pueden ser tan exactos como los marcadores codominantes, pues estdn sujetos a una
serie de presunciones que disminuyen su precision.

El método de AFLP

Recientemente se ha desarrollado la nueva metodologia de AFLPs (Vos et al., 1995),
que est4 siendo extremadamente eficiente en revelar diversidad génica a nivel intraespecifico
ya que puede cubrir grandes areas del genoma en un tUnico ensayo (Karp & Edwards, 1997).

Esta técnica esta a caballo entre los RFLPs y los RAPDs, pudiendo anticiparse que ha
heredado de cada uno de ellos muchas de sus caracteristicas favorables para el analisis de la
diversidad génica.

En la Fig. 1-12 se esquematizan los tres pasos sucesivos del método: restriccidén-
ligacién, amplificacién preselectiva y amplificacién selectiva. La primera reaccién es una
doble digestién del DNA gendémico con enzimas de restriccién, y simultdneamente se realiza
la ligacién de unos adaptadores. Estos adaptadores tienen una secuencia central y la
especifica del enzima de restriccion. La reaccién simultdnea es posible gracias a que los
adaptadores han sido disefiados de tal modo que su ligacién al fragmento digerido no
reconstituye el sitio de restriccion ((Zabeau M. & Vos P., 1993). Las reacciones de PCR
subsiguientes se llevan a cabo con cebadores que se unen a los adaptadores, amplificAndose

asi los fragmentos de restricciéon generados en el paso anterior. El nimero de fragmentos
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amplificados finalmente se reduce por medio de la adicién de nucledtidos al extremo 3’ de los
cebadores, de forma que s6lo se amplifican el subconjunto de fragmentos que comienza por
esos nucledtidos selectivos y asi pueden ser resueltos en un gel de electroforesis. Como
sistema de electroforesis se utilizan normalmente geles de secuenciaciéon. Para visualizar los
fragmentos al menos uno de los cebadores estd marcado, bien radioactivamente o con
fluorescencia. Este dltimo sistema de marcaje ha permitido la automatizaciéon de la técnica,
de forma similar a la secuenciacién. Para visualizar los fragmentos al menos uno de los
cebadores estd marcado, bien radioactivamente o con fluorescencia. Este Ultimo sistema de
marcaje ha permitido la automatizacion de la técnica, de forma similar a la secuenciacion.

La técnica de AFLP se asemeja, por tanto, a la de RAPD en ser una forma de DNA
fingerprinting basada en la PCR que produce marcadores dominantes, presentando por los
mismos problemas en el andlisis de los datos para los parametros genético-poblacionales. Sin
embargo, el hecho de que los fragmentos sean generados por endonucleasas de restriccion, de
forma similar a los RFLPs, permite el uso de aproximaciones de tipo evolutivo (Nei & Li,
1979) al andlisis de sus datos, con las ventajas que ello conlleva. Ademads, toda la evidencia
apunta a que es una técnica mucho menos sensible a las condiciones de PCR y demés
variables destacadas con anterioridad (Vos et al., 1995; Janssen et al., 1996), por las propias
caracteristicas del método. La flexibilidad de la técnica también es destacable. La
complejidad de AFLPs puede ajustarse a los distintos tamafos de genoma y al sesgo en el
contenido en G+C, a través del uso de diferentes enzimas de restriccién y/o al cambio en las
bases selectivas. Ademas la técnica estd evolucionando hacia una completa automatizacién
por el uso conjunto de cebadores marcados por fluorimetria y secuenciadores automaéticos. La
combinacién de estas caracteristicas ha permitido que potencialmente puedan detectarse
simultaneamente gran numero de marcadores, mucho més que otras técnicas. La
caracterizacién de gran numero de loci es una caracteristica deseable no sélo en estudios
genético poblacionales, sino también para la construccién de mapas de ligamiento fisicos y
génicos, especialmente si los marcadores son reproducibles entre laboratorios.

En resumen, el uso combinado de distintas herramientas de la Sistematica Molecular
nos ha permitido estudiar la variabilidad genética intra e interespecifica en algunas especies
del género Limonium pertenecientes principalmente a la seccién Limonium para ahondar en
los patrones y procesos subyacentes a su evolucién. A su vez, el estudio de estos aspectos en
la divergencia intraespecifcia de dos de sus especies, que se encontraban en inminente
peligro de extincién, L. dufourii y L. cavanillesii, nos ha permitido intervenir en las

decisiones de sus programas de conservacion.
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Aislamiento DNA gendmico y doble digestién EcoRT - Msel

5 AATT CAAC TCGT TAC 3’
3’ C TTAAGTTG AGCA AT|G 5’
EcoRI Msel

Ligacién de adaptadores

CTCGTAGACTGCGTACCAATTCAAC —— TCGTTACTCAGGACTCATCGTC 3’
CATCTGACGCATGGTTAAGTTG = AGCAATGAGTCCTGAGTAGCAG 5’

Amplificacién preselectiva

CTCGTAGACTGCGTACCAATTCAAC =—— TC/G TTACTCAGGACTCATCGTC
C AATGAGTCCTGAGTAG
*GACTGCGTACCAATTC|A
CATCTGACGCATGGTTAAG TITG=— AGCAATGAGTCCTGAGTAGCAG

Amplificacién selectiva

CTCGTAGACTGCGTACCAATTCAAC = TC/G/TTACTCAGGACTCATCGTC
NN|CI AATGAGTCCTGAGTAG

*GACTGCGTACCAATTCIAINN
CATCTGACGCATGGTTAAGITITG—— AGCAATGAGTCCTGAGTAGCAG

* MARCAJE: - Radioactivo: [y33-P]JATP
- Fluorescente: FAM, TAMRA, JOE (ROX = estandar interno)

Genomas grandes y pequefios I:I Genomas grandes

Fig 1-12 Esquematizacién de los distintos pasos de la técnica de AFLPs.

seaue)nuis sauoiddeay
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OBJETIVOS DE ESTA TESIS

El presente trabajo esta enmarcado en una linea de investigacién que abarca el estudio
de la Genética Molecular y Evolutiva de diversos organismos. Mds concretamente nuestro
grupo de trabajo esta centrado en el estudio de la variabilidad genética intra e interespecifica
de especies vegetales, principalmente silvestres, con el uso de distintos marcadores
moleculares, y su aplicacién a la conservacion in situ y/o ex situ de las mismas. El trabajo en
el género Limonium se inici con el comienzo de esta tesis hace aproximadamente cinco afios.
En principio se pretendian -clarificar distintos aspectos tanto microevolutivos como
marcroevolutivos del género, empezando concretamente por la seccién maéas prolifica del
mismo, la seccién Limonium. Todo ello bajo la propuesta inicial de determinar el estatus
genético de algunas especies que estaban mas amenazadas de extincién. Este objetivo basico
pasé a plasmarse posteriormente en una serie de objetivos concretos y otros derivados que

constituyen los objetivos de esta tesis y que pasamos a detallar a continuacién.

-Analisis de la variabilidad genética intra e interespecifica en algunas especies del
género Limonium, centrandonos en el estudio de la seccién Limonium. El principal objetivo
era elucidar patrones filogenéticos micro y macroevolutivos de estas especies.
Secundariamente se pretendia también comparar nuestros resultados con la clasificacion
taxonémica (no filogenética) actualmente méas aceptada de dicha seccién. La forma mas
adecuada de abordar estos objetivos era contrastando la evolucion de los genomas
citoplasmatico y nuclear. Para ello elegimos como marcadores moleculares los RFLPs en el

cpDNA y la secuencién de la regién ITS del rDNA nuclear.

-Analisis de la diversidad genética de L. cavanillesii, una especie rara y criticamente
amenazada de nuestra Comunidad. Este estudio fue propuesto para intervenir en la
elaboracion de los planes de recuperacién de la especie, de la que sdlo se conoce una Unica
poblacién natural. Se presentan los resultados obtenidos con dos técnicas de DNA

fingerprinting basadas en la PCR: RAPDs y AFLPs.

-Analisis de la variabilidad genética intraespecifica y de la estructura genético-
poblacional en la especie L. dufourii, para determinar su estatus genético. Los resultados
obtenidos han ayudado también en la elaboracién de los planes de conservacién de este
endemismo amenazado. Se usaron igualmente RAPDs y AFLPs como marcadores genéticos.
También se comparan las ventajas y desventajas de la utilizacién de estos marcadores en los
estudios de la diversidad genética intraespecifica y més concretamente en su aplicacién a

trabajos tipicos de Genética de la Conservacién en especies amenazadas.
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Study of the evolutionary relationships among
Limonium species (Plumbaginaceae) using nuclear

and cytoplasmic molecular markers
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Evolutionary relationships in genus Limonium

RESUMEN

El género Limonium se caracteriza por presentar una especiacién muy activa, debido a
la frecuencia de procesos tales como la hibridacién, la poliploidia y la apomixis. Estas
caracteristicas dificultan en gran medida su estudio taxonémico. Para intentar ahondar en la
evolucion de este género e iniciar asi el estudio de su clasificaciéon sisteméatica desde un punto
de vista filogenético, comenzamos por estudiar la variabilidad genética intra e interespecifica
en varias especies pertenecientes a la seccién Limonium, la mayoria endémicas de la
Comunidad Valenciana, con el interés afiadido de que algunas de ellas estdn amenazadas de
extincién, pues los ecosistemas que normalmente ocupan estas especies son muy susceptibles
de alteracién por parte del hombre. Como marcadores genéticos se utilizaron los RFLPs en el
cpDNA y la secuenciacién de la regién ITS del rDNA nuclear. Para el andlisis del cpDNA se
emplearon 21 enzimas de restriccion y 4 conjuntos de sondas no radioactivas, elaboradas a
partir de 10 clones, procedentes en su mayoria de una genoteca del cpDNA de la especie L.
narbonense. De los 779 fragmentos detectados, 490 eran variables y 339 informativos. Se
encontraron en total 15 haplotipos de cpDNA en las 14 especies estudiadas, ya que L.
furfuraceum resulté tener 2 haplotipos relativamente divergentes entre si. Las relaciones
filogenéticas obtenidas con las especies estudiadas resultaron basicamente coincidentes para
los distintos métodos de analisis empleados. Sin embargo, la parsimonia ponderada parece
ser el método mas apropiado para el andlisis de RFLPs, sobre todo si los pesos aplicados
pueden corregir posibles violaciones a los supuestos subyacentes al andlisis filogenético de los
datos. Debido a la evolucién reticular de las especies de este género, para poder llegar a
extraer conclusiones acerca de la clasificacién de las mismas era necesario contrastar los
resultados obtenidos con aquellos procedentes de un marcador nuclear. Para ello se secuencié
la region ITS del rDNA nuclear, que comprende las zonas ITS1, ITS2 y el 5,8 S. De los 776
caracteres resultantes del alineamiento de estas secuencias, 270 eran variables y 111
informativos. Basandonos en estudios previos en otras especies de angiospermas, se
construyeron modelos de estructura secundaria para las zonas ITS1 e ITS2, que se utilizaron
para ponderar diferencialmente las bases de los "stems" y los "loops". Se encontraron un total
de 24 tipos diferentes de ITS en las 18 especies estudiadas: 6 en L. delicatulum, 2 en L.
interjectum y uno en cada una de las restantes. En realidad dos tipos basicos de ITS,
relativamente divergentes entre si, pueden resumir la variabilidad intraespecifica observada
tanto en L. delicatulum como en L. interjectum, lo que demuestra el origen comuin de estas
especies, o incluso una relacion de parentesco mas directa. Por otro lado, los distintos
métodos de inferencia filogenética utilizados rindieron topologias muy similares entre si, con
y sin utilizar la ponderacion diferencial a que nos hemos referido anteriormente; y también
tras considerar los "gaps" como datos adicionales. Sin embargo, en general, las relaciones
entre las especies son controvertidas con respecto a las obtenidas con el genoma citoplasmico.
Se discuten las posibles causas de las concordancias y discordancias en los resultados
obtenidos con ambos marcadores, asi como la necesidad de un muestreo intraespecifico mas

exhaustivo cuando se usan este tipo de marcadores en estudios sistematicos.
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ABSTRACT

The genus Limonium presents all principal mechanisms of rapid speciation in plants,
as hybridization and polyploidy, as well as the possibility of reproduction through apomixis.
These special features difficult its taxonomic study. As an initial approximation to the
evolution in this genus and its systematic classification from a phylogenetic point of view, we
have started the analysis of intra- and interspecific variability in several species that belong
to section Limonium. Most of them are endemics to the western Mediterranean Basin, and
some are also endangered species, due to the fragility of the ecosystems were these species
are usually established. RFLP of cpDNA and ITS nuclear rDNA sequencing have been used
as molecular markers for this study. For the cpDNA analysis, 21 restriction enzymes and 4
batches of non-radioactive probes, derived from 10 clones mainly from a L. narbonense
cpDNA genomic library, were used. From the 779 resulting fragments, 490 were variable and
339 informative. A total of 15 cpDNA haplotypes resulted from the 14 species studied, as L.
furfuraceum presented 2 relatively divergent haplotypes. Relationships encountered among
the species studied were coincident among the different phylogenetic methods used.
However, weighted parsimony seems to be the most appropriate method for the analysis of
RFLP data, especially if the weights applied can correct for possible violations of the
underlying assumptions of the analysis. Due to the reticular evolution of the genus
Limonium, it seems obvious that in order to draw any conclusion on the actual classification
of these species the results obtained should be compared with other sources of evidence from
the nuclear DNA. ITS region sequence analysis was performed with this purpose. This region
includes ITS1, ITS2 and 5.8S nuclear rDNA zones. The alignment contains 776 characters, of
which 270 were variable and 111 informative. Based on previous studies on other
angiosperms, secondary structure models for the ITS1 and ITS2 sequences were constructed
and used for weighting differentially stem and loop positions. From the 18 species analysed,
24 ITS types were found: 6 from L. delicatulum, 2 from L. interjectum, and one from each of
the rest. Two basic ITS types, relatively divergent between them, can account for the
intraspecific variability detected in both L. delicatulum and L. interjectum, which
demonstrates the possible common origin of these two species, or even a possible parentage
relationship between them. The different phylogenetic inference methods used rendered very
similar topologies, with or without the differential character weighting scheme pointed
above, and also when gaps were considered as additional data. However, in general the
relationships among the species studied are discordant with respect to those obtained with
the cytoplasmic genome. Possible sources of discordances and concordances of the
phylogenies obtained with both molecular markers are discussed, as well as the importance

of intraspecific sampling when these types of markers are used on systematic studies.
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MATERIAL AND METHODS

Plant samples

Twenty three Limonium populations representing 15 species from the section
Limonium and three species classified under other sections of the genus were analyzed for
cpDNA variation and/or sequence variation of the ITS region (Table 2-1). In this table it is
also shown the number of individuals sampled per population, voucher specimen numbers,
locality of origin of the populations, and chromosome numbers and mode of reproduction of
each species. Our choice of species was mainly dictated by the availability of material. Most
of them are endemic to the East Mediterranean coasts of Spain, and some are also
endangered species, as L. dufourii, L. cavanillesii, L. rigualii, or L. furfuraceum (Goémez-
Campo et al., 1987). Nevertheless, at least one species from each of the currently recognized
subsections of the section Limonium was selected, with the only exception of subsec.
Sarcophyllae, for which no material was available. All the species chosen are polyploid,
which can be accompanied by the development of a self-compatibility system or apomixis
reproduction (Baker, 1966).

Total DNA isolation

Total cellular DNA was isolated using the CTAB method of Doyle (1991). One further
chloroform-isoamylalcohol (24:1) extraction step was done when samples were still turbid
after the first organic extraction.

Plant materials were collected as 1-3 g of fresh leaf tissue from the greenhouse or from
the field and stored at -80°C until DNA extraction. Usually leaves from two or more
individuals from each population were pooled (Table 2-1). This approach has been suggested
as a strategy to detect intraspecific or intraindividual variation both in cpDNA RFLPs and
ITS sequence analyses ((Soltis et al, 1989); Baldwin et al., 1995). To recover any useful
information when polymorphisms were detected, posterior independent analysis of these
polymorphisms is necessary, for which different approaches were followed depending on the
molecular marker (see later).

RFLP analysis of the cpDNA genome

Variation among cpDNAs of Limonium was detected by digesting DNAs previously
extracted with a total of twenty-one restriction endonuclease enzymes according to suppliers'
instructions (Table 2-2). Restriction fragments were separated by electrophoresis on 0.7-1%
agarose gels at aprox. 2.5 V/em for 12 hours with TBE 0.5X buffer. Non-radioactive
hybridization methods were used to detect cpDNA fragments. Transfer of DNA to nylon
filters (Hybond-N, Amershan) by Southern blotting, and filter prehybridization,
hybridization and detection methods followed manufacturer’s instructions (Boehringer
Mannheim, 1989) with some modifications. Probes used (see later) were labeled with

digoxigenin-11-dUTP using the random priming method. Probe unions were allowed at a
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level of 85% of homology by performing the hybridizations at 65°C overnight and later
washing the filters at 60°C twice for 15 min in a prewarmed 0.1%SDS,
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Table 2-1 Limonium species used for the study of cpDNA RFLP variation and ITS sequencing.

Species Populations Voucher number EMBLaccesion no. No.Individuals  Chromosome no. (2n)2  Reproduction mode
Sect. Limonium
Subsections
Genuinae
L. narbonense Almarda (Valencia)* JAR-96132 AJ222838 2 36 Unknown
L. vulgare Cantabria JAR-96085 AJ222839 1 36 Unknown
Densiflorae
L. dufourii Cullera (Valencia) JAR-96051 AJ222840 4 27 Apomixis
L. camposanum Cala Pi (Mallorca)* JAR-95111 AJ222841 1 27 Apomixis
L. gymnesicum Sant Pere (Mallorca)* JAR-94328 AJ222842 1 27 Apomixis
Cala Blanca (Javea, Alicante)® JAR-96127 AJ222843 1 Unknown Apomixis
L. interjectum
El Llano (Javea, Alicante)” JAR-96124 AJ222844 1
El Saler (Valencia)” JAR-96027 AJ222845 1 26 Apomixis
L. girardianum
Dissitiflorae
L. delicatulum CalaBlanca (Javea, Alicante)*  JAR-96018 AJ222846-51 8 25 Apomixis
L. cavanillesii Torre Badtn (Castellén) JAR-96217 AJ222852 6 27 Apomixis
L. angustebracteatum Pobla Farnals (Valencia)* JAR-96127 AJ222853 1 26 Apomixis
L. rigualii Cala Blanca (Javea, Alicante) JAR-96126 AJ222854 2 27 Apomixis
El Llano (Javea, Alicante) JAR-96125 5
Steirocladae
L. virgatum Cabo Salines (Mallorca)* JAR-95025 AJ222855 1 27 Apomixis
Cala Blanca (Javea, Alicante)® JAR-96141 1
El Saler (Valencia)” JAR-96028 1
L. furfuraceum Cabo Huertas (Alicante) JAR-96219 AJ222856 20 18 Sexual
Sta. Pola (Alicante) JAR-96218 10
L. tenuicaule Arta (Mallorca)* JAR-95112 AJ222857 1 18 Sexual
Hyalolepidae
L. dichotomum Aranjuez (Madrid) JAR-96501 AJ222858 1 18 Sexual

Sect. Polyarthrion
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L.caesium Villena (Valencia)* JAR-94029 AJ222859 1 18 Sexual
Sect. Pteroclados

L. sinuatum C. Gata (Almeria)” JAR-96850 AJ222860 1 16 Sexual
Sect. Schizhymenium

L. echioides Cala Blanca (Javea, Alicante)® JAR-96129 AJ222861 1 18 Sexual
* Samples from University of Valencia greenhouse facility.

A Samples used on ITS sequencing study exclusively. The rest have been used on both studies except for the Sta Pola population sample of L.

furfuraceum (see text for details).
a J: A. Rossello personal communication.
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0.5XSSC solution. Reutilization of the membranes was possible for at most twice, for optimal
rehybridization and to avoid the presence of marks from previous hybridizations. Probe
removal was performed by washing the membranes in distilled water for 1 min, followed by
its incubation twice for 15 min at 60°C in 0.4N NaOH, 0.1% SDS prewarmed solution, and
finally rinsing them thoroughly in 2X SSC. Detection of hybridized probes in first
hybridizations was performed by inmunochemioluminescence with CSPD® substrate
(Boehringer Mannheim, B.M.) followed by autoradiography. Better results were obtained by
employing colorimetric reagents (BCIP and NBT, B.M.) to detect the labels after

rehybridizations.

Table 2-2. Restriction enzymes used in the RFLP cpDNA study.

Restriction Typez  Freqb M.c
enzyme
Asp700
Aval
BamHI
Bell
Bfrl
Bglll
Cfol
Clal
Dral
EcoRI
EcoRV
Haelll
HindIII
Mspl
Ncol
Pstl
Sacl
Sall
Scal
Xbal
Xhol

aEnzyme type: 6 = six-cutter, 4 = four-cutter.

bFrequency with which the enzyme usually cut the cpDNA in

studies based on other species Palmer, 1986): H = high

frequency, L = low frequency.

cManufacturer: B = Boehringer Manheim, Ph = Pharmacia.
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A total of 10 previously cloned and mapped cpDNA restriction fragments obtained from
a genomic library constructed from the species L. narbonense (see Fig. 2-1), and a clone from
the cpDNA of Nicotiana tabacum (see later) were used as probes to detect homologous

fragments among the different species (Fragment Ocurrence Analysis, FOA, Bremer, 1991).
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Sl 2*

Sl 1*

Nicotiana tabacum

Chloroplast DNA

155,844 bp

P2 PTBa2* P2

Fig. 2-1 cpDNA clones from Limonium narbonense superimposed on the chloroplast genetic map of
tobacco. A genomic library from L. narbonense was obtained from enriched cpDNA extraction (Ko et al.,
1984) and posterior digestion and cloning of restriction fragments following standard protocols
(Maniatis T et al, 1982)). cpDNA fragments of L. narbonense were detected and mapped by using
cpDNA clones from Nicotiana tabacum, kindly provided by M. Sugiura ((Sugiura et al, 1986)), as probes.
L. narbonense cpDNA clones are denoted by the restriction enzyme with which were obtained (Sl=Sall;
Sc=Sacl; E=EcoRV; P=Pstl), followed by an arbitrary number. Clones showed in italics are in EMBL20
phage vector (B.M.), the rest are clones or subclones in PUCBM20 plasmid vector (B.M.). An asterisk
indicates clones finally used in the study of the Limonium section. pTBa2 is a clone that covers the

entire SSC region of the cpDNA from N. tabacum and was also used in this study (see text for details).
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Clones were labeled separately but fragments, usually contiguous, were combined in
four batches for filter hybridizations, comprising 127 kb in total, which represents a 84.6% of
a presumable 150 kb cpDNA. Briefly, combinations of probes employed were as follows (see
Fig. 2-1): group 1 consisted of fragments S11, P3, P1, and SIP2, while group 2 comprised
contiguous fragments ScSl1 and S12 (these two batches cover approximately 62 kb of the
large single copy region (LSC) of the cpDNA of L. narbonense); group 3 covers the IR region
and consisted of the contiguous clones S13, Scl, Sc2, and Sl15; finally, clone pTBA2 from N.
tabacum, which covers the entire SSC region of its cpDNA (Sugiura et al., 1986), was used as
an additional heterologous probe in posterior hybridizations.

Fragment observation and reconstruction of the presence-absence character state data
matrix was made directly on the autoradiograms from the different hybridizations. Care was
taken not to score a mutation more than once by overlapping autoradiograms probed with
adjacent probe/enzyme combinations. Any bands shared in both autoradiograms were scored
only once.

In the FOA approach, homology of equal size fragments is assumed, which may be
expected given the similarity of Limonium cpDNAs (d<0.05; Nei 1987, and see later). On the
other hand, the difference between restriction site mutation analysis [called site occurrence
analysis (SOA)] and FOA 1is that, for each restriction site gain or loss, there will be three
characters in the FOA method for each one in the SOA method (3:1 ratio). This implies that,
in the former approach, characters will be correlated. Consequently, some authors have
rejected the use of this method in phylogenetic analysis (e.g. Swofford et al., 1996) as the
assumption of character independence underlies in all phylogenetic reconstruction methods
(see Introduction). However, some further considerations are necessary. Bremer (1991)
pointed out that if there are enough characters, the resulting phylogeny will not differ
between the two methods, since the possible deviations from the 3:1 ratio in the character
distribution are probably randomly distributed on the resulting tree. However, we believe
that the difference in the probability of restriction site gains and losses would invalidate this
argument, unless an appropriate phylogenetic treatment is applied. Different strategies have
been followed when using both parsimony and distance methods to analyze the FOA data.
These strategies take into account the asymmetric probability of gaining and losing a site,
apart from correcting for the 3:1 ratio difference between FOA and SOA methods.

Parsimony analysis uses the presence-absence character state data matrix in a
straightforward manner. Three different approaches to parsimony analysis have been
followed in this study using PAUP 3.1 software package (Swofford, 1993). Wagner parsimony
(Farris J.S., 1970)), in which all changes are equally weighted; Dollo parsimony ((LeQuesne
W.J., 1974)), in which parallel restriction site gains are prohibited (one initial gain is allowed
to occur, but a second gain is then weighted to infinity); and the weighted parsimony
approach ((Sankoff K., 1975)), or “generalized parsimony” ((Swofford & Olsen, 1990)), in
which different weights can be applied to gains and losses to reflect the different

probabilities of these two evolutionary events.
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The branch and bound search strategy was used for Wagner and Dollo parsimony
analyses, ignoring invariant characters, and with ACCTRAN optimization. When more than
one equally parsimonious tree was found, a 50% majority rule consensus tree was generated
to summarize them. Successive approximations character weighting ((Farris J.S., 1969)), an
a posteriori method that preferentially weights characters with low homoplasy, was
performed when more than one MPT was obtained. It was implemented using the reweight
option in PAUP, weighting each character proportional to the maximum (best fit) rescaled
consistency index (RC) over the trees kept in memory each time, and using branch and bound
searching with simple sequence addition. The process was repeated until identical tree
topologies and branch lengths were found in two consecutive searches.

Character-state weighting uses the step-matrix option from PAUP. Implementation
followed recommendations in Albert et al. (Albert et al, 1992) but with further considerations.
These authors proposed a character-state weighting of gains over losses by a factor of 1.3, for
low level analyses as species within a genus, which implies a probability of losing a site of
0.565 over 0.435 for gaining it. But we screened fragments instead of restriction sites, with
the resulting 3:1 ratio character difference among these two types of markers. This means
that a fragment gain can be derived from a gaining site with a probability of 2/3, but also
from a losing site with a probability of 1/3, being these probabilities just the opposite for
losing a fragment. Combining these two considerations, the final cost of fragment gains over
fragment losses would be 21:19 (i.e. 1/[(0.565+2%0.435)/3]:1/[(0.435+2%0.565)/3]. Moreover,
Albert et al. (1992) suggest trying other character weight factors in the range 1.0 and 2.5 for
a comparative check. Consequently, we also tried the corresponding weights of these extreme
values obtained by applying the previous argument, as alternative step-matrices for the FOA
approach. These matrices weighted gains over losses equally for the first extreme value,
which is equivalent to Wagner parsimony analysis, and 23:17 for the 2.5 factor. A heuristic
search ignoring invariant characters and using ACCTRAN optimization was employed for
the two step-matrix analyses. To avoid problems associated with tree islands ((Maddison,
1991)), a strategy suggested by Doyle & Doyle, (1993) was followed. It consisted of conducting
searches using 100 random addition sequence option, followed by TBR branch swapping,
retaining only a single tree from each run, and only the most parsimonious trees from all
runs. Asymmetric weighting requires the definition of ancestral character states, and we
chose the option all missing-data for it, and forced ingroup to monophyly (“enhanced
Wagner” approach of Albert et al., 1992).

Bootstrap analysis (Felsenstein, 1985) was used to assess the reliability of the
phylogenetic hypothesis as implemented in PAUP. A minimum of 100 bootstrap replicates
were performed for the three parsimony approaches with heuristic search options as above,
except for weighted parsimony in which the stepwise addition was closest instead of random.
In this last case, near-MPTs up to 10 steps longer were also examined as alternative

phylogenetic hypotheses.
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Phylogenetic information content of the entire data set was also estimated by the
skewness coefficient (g1, (Hillis, 1991)) using the random trees option of PAUP.

Pairwise distances among populations can be calculated from the character state data
matrix using the nucleotide divergence estimate corrected for restriction fragment data
according to the iteration method of Nei (1987, equations 5.53-5.55), for which we used the
program described in Gonzalez-Candelas et al. (1995). Divergence estimates from the three 4-
cutters and the eighteen 6-cutters were averaged according to (Nei & Miller, 1990). An
unrooted neighbor-joining (NJ) dendrogram (Saitou & Nei, 1987) was produced from this
matrix using the NEIGHBOR program from the PHYLIP package (Felsenstein, 1993), that
allows randomization of the input order of the species.

All trees were unrooted and rooted later for representation purposes using L. caesium
as outgroup, except for Dollo parsimony, that requires an a priori specification of polarity
although executed unrooted (Swofford & Olsen, 1990).

Sequence analysis of the ITS region
Amplification and sequencing strategies

The ITS region, that comprises the ITS1, ITS 2, and the 5.8S subunit of the rDNA
cistron (Baldwin et al., 1995), was amplified by PCR using universal eukaryote primers
designed by White et al. (1990) (Table 2-3). General locations of all PCR and sequencing
primers are given in Fig. 1-11. To avoid PCR artifacts, recommendations given by Wagner et
al. (1994) and Baldwin et al. (1995) were followed. These include reducing the amount of
DNA and the number of PCR cycles per reaction, pooling products from multiple PCRs, and
sequencing both strands of the ITS region. PCR reactions were performed in 25 pL total
volume containing 1.5 mM MgCl:, 0.2 mM of each dNTP, 0.2uM of each primer,
approximately 3 ng of template DNA, 2.5 pL of 10X Taq buffer and 1 unit of Tag DNA
polymerase. The profile for amplification reactions consisted of a start at 94°C for 2 min,
followed by 30 cycles at 94°C for 1 min, 55°C for 30 sec, and 72°C for 45 sec; last cycle was
followed by 9 min extension phase at 72°C, then samples were hold at 6-4°C. For this PCR
reaction primers its5 and its4 were used, producing an amplification product of
approximately 700 Kb, covering the entire I'TS region.

Manual sequencing was performed for all species at least once. Previous PCR products
were purified from primers and dNTPs using Ultrafree (Millipore) filters. Cycle-sequencing
reactions of these purified products (200 ng, aprox.) were conducted using the AmpliCycle
Sequencing kit (Perkin Elmer), following manufacturer instructions for the [y33P]-ATP end-
labeling reaction procedure. This method essentially follows the chain-termination
sequencing method of (Sanger F et al, 1977), but amplification reactions were performed in a
thermal cycler (24 cycles of 1 min at 95°C, 1 min at 52°C and 30 sec at 72°C). 33P labeled
primers itsl or its2, and its3 or its4 were used for the ITS1 and ITS2 regions, respectively.
Fragments generated were separated in 6% polyacrylamide gels with 1X TBE buffer at 50W,
followed by autoradiography at —70°C for several days.
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Table 2-3. Primer sequences used for PCR amplification and sequencing of

ITS region, designed by White et al., 1990.

Code Seq.2 Sequence

Ttsl F 5-TCCGTAGGTGAACCTGCGG-3'
Tts2 R 5-GCTGCGTTCTTCATCGATGC-3'
Tts3 F 5'-GCATCGATGAAGAACGCAGC-3'
Tts4 R 5-TCCTCCGCTTATTGATATGC-3'
Its5 F 5-GGAAGTAAAAGTCGTAACAAGG-3'

aSequencing direction: F = forward, R = reverse.

Automated sequencing was performed at least twice for each population using the ABI
PRISM Dye Terminator Cycle Sequencing Ready Reaction kit (Applied Biosystems Inc.)
following manufacturer instructions with some modifications. Purification of PCR products
(100ng, aprox.) from dNTPs and primers was performed by incubation at 37°C for 15 min
with exonuclease and shrimp alkaline phosphatase, followed by 15 min at 80°C to inactivate
the enzymes. Primers used were the same as in manual sequencing, without labeling. Centri-
Sep (Princeton Separations, Inc) spin columns were used to purify extension products from
dye terminators excess after cycle sequencing reactions. Electrophoresis was performed on
4% polyacrylamide at constant voltage (2500V) on ABI 377 or 373 automated DNA
sequencers.

Some species show sequence uncertainties in certain nucleotide positions, which could
be due to bad sequence resolution in those positions or to real polymorphisms. They were
scored as ambiguities following the IUB code. Only DNA from the Cala Blanca population of
L. delicatulum gave more general polymorphisms in both the ITS1 and ITS2 sequences,
which were diagnosed, in the autoradiograms from manual sequences, by the presence of two
or more nucleotide states at numerous sites of both complementary DNA strands (Ritland et
al., 1993; Baldwin et al., 1995). To distinguish the different repeat-types, after isolation of
DNA from four individuals separately, ITS PCR products were cloned using the pGEM-T
Easy vector system (Promega Corp.) and at least two clones from each individual were
sequenced (Bloch W., 1991). Cloning protocol is based on a modified typical blunt-end cloning
procedure that modifies ITS fragments obtained via PCR by adding dATP to its ends,
previously to be cloned in the vector (with 3’ terminal thymidine on both ends) following
standard procedures (Maniatis et al., 1982). Recombinant plasmid DNAs were isolated
following the modified mini alkaline-lysis/PEG precipitation procedure recommended by ABI
(User bulletin Number 18). Cloned fragments were sequenced automatically using T7 and

SP6 universal primers.
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Sequence alignment

Manual or automatic sequences belonging to the same population or clone were
assembled using Sequencher program (Gene Codes Corp., v. 3.0), and a consensus sequence
was obtained for each of them, maintaining the ITS1 and ITS2 sequence data separate. The
resulting consensus sequences were aligned using the PILEUP program from the UWGCG
software package (Edelman I. et al, 1995). Further adjustments of the alignment were done
manually to increase similarity, using sequence editors: LINEUP (UWGCG) and GENEDOC
(Nicholas & Nicholas, 1997). From the separate alignments of ITS1 and ITS2 regions,
sequences were assembled into the complete ITS region, although most of them were not
completely sequenced (Fig. 2-2). A consensus sequence of the ITS region of species from
section Limonium was extracted from this alignment using LINEUP program. This
Limonium consensus ITS sequence was tested against the Ribosomal DataBase Project, and
showed the best alignment with Arabidopsis thaliana species.

Comparison of these two aligned sequences was useful to determine the boundaries of
the coding and spacer regions from all Limonium aligned sequences.
Determination of secondary structure

Secondary structures were explored using the minimum free-energy [MFE algorithm,
Zuker (1989)] program MFOLD in GCG. The ITS1 Limonium consensus sequence, excluding
flanking coding regions 18S and 5.8S or including up to 20 bases of each of these coding
regions, was folded at 37°C. Structures within 2.9 kcal/mol of the optimal structures derived
from both searches were recovered using the Squiggles option in PLOTFOLD (UWGCG). The
general model of angiosperm I'TS2 secondary structure proposed by Hershkovitz & Zimmer
(1996) was employed to infer a consensus secondary structure model for the ITS2 region of
Limonium. Based on the above alignment of the ITS2 Limonium consensus sequence with A.
thaliana, general substructural features (c1 to ¢5) proposed by these authors were delimited.
Then, the sequence was analyzed with MFOLD, forcing it to include these features by
pairing 3’cl with 5’c2, 3'c2 with 5'¢c3, and 3’c4 with 5'c5 (5, 13, and 4 bases at each end
respectively); apart from forcing to pair the 3’-end of the 5.8S with the 5’-end of the 26S (19
bases each), an additional feature that seems to be common to eukaryotes (Hershkovitz &

Lewis, 1996). Only simple, canonical base pairings, including G-U, were considered.
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Compensatory mutations may be necessary to maintain the seemingly functional ITS
secondary structures (see Introduction). Potential non-independence of characters due to
these compensatory mutations should be considered on phylogenetic analysis. Positional
downweighting of the non-independent positions provides a method to correct for this, but
the extent of such correlation should be determined empirically (Baldwin et al., 1995). Dixon
and Hillis (1993) proposed a scheme of phylogenetic character-state weighting in which a
relative weight for nucleotide substitutions occurring in double-stranded regions (stem
characters) is calculated, after testing for deviations in the number of compensatory
mutations that would be expected at random (i.e. no secondary structural constrains). This
method was applied to our data set and the relative weighting scheme derived from it was
used as alternative to equal character weights in all phylogenetic reconstruction methods
employed in data analysis.

Data analysis

Different methods have been followed to analyze ITS sequence data. First, to evaluate
the non-random structure of the combined data set the skewness coefficient of Hillis (1991)
was used as above.

The Jukes and Cantor (JC) one parameter method (Jukes & Cantor C.R., 1969)) was
chosen to calculate pairwise nucleotide divergence values for all sequences both, on the
complete ITS region as well as on separate ITS1 and ITS2 data sets. DNADIST from the
PHYLIP package was used for this purpose, as it is possible to take into account ambiguities
in the nucleotide positions. To minimize information losses, gaps and missing data were
deleted only on a pairwise basis.

Justification for combining ITS1 and ITS2 sets of characters in phylogenetic analyses
is provided by several recent studies (e.g. Baldwin et al., 1995). To test for the homogeneity of
these sets we compared the correlation indices derived from the pairwise distance matrices
by means of a t-test using program DIPLOMO (Weiller & Gibbs, 1993). Simultaneously we
performed a Welch’s approximate t-test of equality of distance means (Sokal & Rohlf, 1995).
Significant correlation among ITS1 and ITS2 distance matrices was obtained (t=0.456,
df=275, P>0.5; for the null hypothesis r=1), as well as, no significant differences among its
distance means (t's=0.338, df=275, P>0.5; for the null hypothesis of equal means). Based on
these results, the combined data matrix from the whole ITS alignment was used to perform
the following phylogenetic data analyses, as the variation in the sequenced coding regions
was minimal (eleven phylogenetically informative sites in total, Fig. 2-2). Based on selection
guidelines set forth by (Kumar et al, 1994)(1993), we chose the JC method for phylogenetic
inference, as divergence values were in general <0.05 for all ingroup species (Table 2-4). A
NdJ dendrogram was constructed, using the JC distance matrix obtained with and without
considering relative character weights (categories). Bootstrap values for the different groups

were calculated for 1000 replicates following PHYLIP manual recommendations.
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Table 2-4. Average number of substitutions per 100 sites using Jukes & Cantor distance for the I'TS region sequences of Limonium species in pairwise comparison,

and when using the relative weighting scheme of Dixon & Hillis (1995) (see text for details).

Ldel3 Ldel7 Ldel24 Ldel23 Lcavan Lsinua Lecampo Lvirga Ltenui Ldell6 Ldell7 Lnarbo Lvulga Langus Lcaesi Lrigua Ldicho Ldufou Lechio Lfurfu Lgirar Lgymne Lintel Linte2
Ldel3 0.000
Ldel7  10.043 0.000
Ldel24 10.044 0.007 0.000
Ldel23 10.009 0.043 0.052 0.000
Leavan 10,004 0.024 0.021 0.006 0.000
Lsinua [0.287 0.273 0.347 0.278 0.326 0.000
Leampo 10.044 0.017 0.014 0.047 0.021 0.303 0.000
Lvirga 10.015 0.027 0.020 0.020 0.002 0.323 0.023 0.000
Ltenui 10,038 0.011 0.007 0.041 0.015 0.300 0.007 0.017 0.000
Ldel16 10.005 0.046 0.046 0.006 0.005 0.305 0.049 0.014 0.042 0.000
Ldel17 10.044 0.012 0.011 0.045 0.027 0.267 0.012 0.025 0.014 0.046 0.000
Lnarbo (0,105 0.111 0.132 0.101 0.098 0.292 0.105 0.106 0.101 0.108 0.108 0.000
Lvulga [0.112 0.119 0.142 0.110 0.110 0.297 0.115 0.115 0.111 0.116 0.117 0.011 0.000
Langus 10,027 0.011 0.005 0.032 0.011 0.344 0.006 0.010 0.004 0.032 0.006 0.098 0.107 0.000
Leaesi  10.057 0.071 0.079 0.058 0.053 0.331 0.064 0.051 0.063 0.061 0.064 0.115 0.121 0.049 0.000
Lrigua 10.045 0.013 0.009 0.048 0.015 0.309 0.004 0.018 0.004 0.050 0.013 0.112 0.121 0.002 0.066 0.000
Ldicho 10,041 0.014 0.010 0.042 0.015 0.318 0.011 0.019 0.006 0.043 0.016 0.118 0.126 0.006 0.067 0.007 0.000
Ldufou 10,035 0.014 0.010 0.041 0.015 0.316 0.013 0.016 0.007 0.042 0.016 0.114 0.123 0.008 0.065 0.007 0.007 0.000
Lechio 10,087 0.100 0.118 0.089 0.086 0.315 0.088 0.094 0.091 0.093 0.097 0.110 0.118 0.089 0.100 0.094 0.093 0.095 0.000
Lfurfa 10,043 0.012 0.009 0.048 0.021 0.289 0.015 0.024 0.010 0.050 0.015 0.109 0.119 0.010 0.071 0.008 0.012 0.012 0.095 0.000
Lgirar 10,005 0.015 0.011 0.010 0.000 0.280 0.016 0.007 0.010 0.007 0.015 0.087 0.096 0.002 0.040 0.011 0.014 0.012 0.074 0.015 0.000
Lgymne (0,008 0.022 0.021 0.013 0.004 0.310 0.020 0.006 0.014 0.008 0.025 0.099 0.109 0.012 0.056 0.015 0.015 0.011 0.087 0.020 0.007 0.000
Lintel 10,039 0.009 0.004 0.043 0.015 0.301 0.007 0.013 0.005 0.044 0.007 0.111 0.121 0.000 0.064 0.003 0.007 0.007 0.096 0.008 0.009 0.015 0.000
Linte2 10,005 0.051 0.053 0.006 0.004 0.302 0.047 0.009 0.041 0.000 0.049 0.101 0.111 0.028 0.056 0.045 0.042 0.041 0.088 0.048 0.007 0.009 0.041 0.000
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Felsenstein's (1981) maximum likelihood model was employed as an alternative
phylogenetic reconstruction method, using FASTDNAML program ((Olsen et al, 1994)). Unlike
DNAML from PHYLIP, FASTDNAML allows assigning categories as weights to particular
nucleotide positions. Empirical transition/transversion (ts/tv) ratio calculated as an average
over all sequences gave a value of 1.5. However, the best tree was searched for by using a
range of ts/tv ratios from 0.5 to 4.0 as input for the program, and by using global branch
swapping (N1=21) and random addition of taxa. To test whether alternatives to the ML
topology were acceptable, the program evaluates the confidence limits of each branch length,
and also gives its probability (Felsenstein, 1981).

Finally, PAUP 3.1 package was employed to conduct parsimony analyses with and
without considering categories. Ambiguities were considered as polymorphisms or partial
uncertainties character states, but the topologies obtained were exactly the same when using
both possibilities, except for the length of the trees, as expected (Swofford, 1993). We will
only comment the results obtained when they were considered as partial uncertainties.
Heuristic search option was employed following the same strategy as in the previous section.
50% majority rule consensus trees were constructed from all most-parsimonious trees.

Phylogenetic reconstruction methods used until now did not considere insertion-
deletion (indel) mutations. Because some length variation is present in the ITS alignment
(Fig. 2-2), the effects of indels on evolutionary change of DNA sequences needed to be
investigated. Gaps, which result from indels when sequences are aligned, were scored as
additional presence/absence characters ((Brunsfeld et al, 1992); Swofford, 1993).
Subsequently, by adding this additional set of characters from indel data to the sequence
data matrix, parsimony analysis was performed as above.

Bootstrap analysis to assess statistical support for individual clades was not possible
as the computer memory limits were reached before completion. An alternative method that
compares the MPTs with near-MPTs, and constructs a consensus tree from these longer
trees, was used instead ((Doyle & Doyle, 1993)).

All trees were unrooted and rooted later using L. sinuatum as outgroup based on the

results from ITS pairwise divergence values.
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Table 2-5 Number of shared bands between each pair of Limonium species. Bands generated with 4-cutters are shown in the upper hemimatrix, and those

generated by 6-cutters in the lower hemimatrix. The main diagonal shows the number of bands (4-cutters/6-cutters) for each species.

Lnarbo Lvulga Ldufou Lcampo Lgymne Ldelic Langus Lrigua Lvirga LfurfuB LfurfuA Ltenui Ldicho Lcaesi Lcavan
Lnarbo | 115/368 114 78 79 79 78 83 81 77 78 80 78 80 88 83
Lvulga 358 118/367 79 80 80 79 84 82 78 79 81 79 81 90 84
Ldufou 256 258 119/365 116 116 116 107 109 113 117 105 118 115 91 106
Lcampo 258 260 358 120/366 119 117 107 108 113 116 105 117 114 90 105
Lgymne 259 261 358 365 120/366 117 107 108 112 116 105 117 114 90 105
L.delic 257 259 353 359 360 120/365 108 109 112 117 105 118 115 89 106
Langus 259 261 328 330 331 332 118/357 109 103 107 105 108 106 86 107
Lrigua 258 260 340 344 345 343 337 121/365 105 108 117 109 107 88 118
Lvirga 258 260 345 352 353 350 328 338 116/362 113 103 114 111 90 102
LfurfuB| 260 262 352 359 360 356 330 341 350 120/372 104 119 116 90 105
LfurfuA 257 259 332 336 337 335 331 354 332 349 118/365 105 103 87 114
Ltenui 257 259 354 360 361 358 333 344 354 358 338 120/366 117 91 106
Ldicho 256 258 345 351 352 350 330 340 347 351 335 355 120/365 94 108
Lcaesi 264 266 271 271 272 273 272 270 267 271 267 271 267 124/365 91
Lcavan 261 263 327 331 332 331 336 350 328 331 347 334 330 274 121/361
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RESULTS

Chloroplast DNA variation

CpDNA polymorphism was observed only on pooled DNA from the Cabo de las Huertas
population of L. furfuraceum, which was diagnosed by two distinct RFLP patterns, of
different intensity, with various probe-enzyme combinations. Independent analysis of these
polymorphisms was performed. DNAs from 11 individuals of this population, and a pooled
DNA sample of approximately 10 individuals from the Santa Pola population, were isolated
separately and characterized for those probe-enzyme combinations that showed
polymorphism. Six individuals presented cpDNA haplotype A of L. furfuraceum, while the
rest have haplotype B, except from the Santa Pola population, which usually show pattern A
for all probe-enzyme combinations, but one probe-enzyme combination rendered a different
pattern, thus this population was excluded from analysis. As pointed in the introduction,
independent analysis of these polymorphisms is necessary. Consequently, a total of 15
different cpDNA haplotypes, characteristic of the 14 Limonium species investigated, were
subjected to further analysis.

A total of 779 different restriction fragments were scored using 21 restriction enzymes,
of which 490 fragments were variable and 339 were phylogenetically informative (Appendix
I). The number of bands shared by each pair of haplotypes is summarized in Table 2-5.

The cpDNA data were strongly left-skewed, with g1 of approximately —2.0 (P<<0.001),
indicating a high phylogenetic information content of the entire data set ((Hillis &
Huelsenbeck, 1992)).

Wagner parsimony analysis identified 3 equally most parsimonious trees (MPTs) with
lengths of 654, consistency indices (ci) of 0.765 (with autapomorphies), and retention indices
(r1) of 0.796. Fig. 2-3 shows the 50% majority rule consensus tree that summarizes these
MPTs; bootstrap values obtained for individual clades are also shown. The basal nodes of the
trees are highly resolved. L. caesium, chosen as outgroup species as it is classified under
another section of the genus, is in fact situated basal to the rest of the species. It shares on
average 269.64 bands with them (Table 2-5). However, L. narbonense and L. vulgare, from
subsection Genuinae, also form a basal monophyletic group, sister to the rest of the species of
the section. Besides, the mean number of bands that these two species share with the rest is
259.08, around 100 fewer bands than those shared between each pair of the other ingroup
species. L. angustebracteatum is the most external taxon to the clade formed by these
remaining ingroup species, which form two well-resolved monophyletic groups. The first one
is formed by (L. rigualii, (L. furfuraceum A, and L. cavanillesii)), and the second comprises
the rest of the species. Variation among the three topologies, and therefore lower bootstrap
values, 1s located at these more internal nodes of the trees, involving L. furfuraceum B, L.
dufourii and L. delicatulum species, which differ in their position with respect to L.

camposanum and L. gymnesicum. However, all these later species form a monophyletic
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group, always situated internal to L. tenuicaule, L. virgatum and L. dichotomum. Successive
approximation character weighting stabilized after three cycles, and identified one shortest
tree with ¢1=0.932 and ri=0.940. This tree has the same topology as one of the shortest
Wagner trees, which situates L. delicatulum as a sister taxon to L. camposanum and L.
gymnesicum, followed by L. dufourii, and then L. furfuraceum B. Contrarily, Dollo parsimony
analysis gave a unique tree, with length 740, ¢i=0.676 and ri=0.905 (Fig. 2-4), that differed
from all the above trees. It places L. furfuraceum B external to the monophyletic group
formed by two clades that include (1) L. dichotomum, L. virgatum and L. tenuicaule, and (2)
L. delicatulum, L. dufourii, L. camposanum and L. gymnesicum, respectively. On the other
side, L. furfuraceum A form a monophyletic group with L. rigualii instead of L. cavanillesii,
which is basal to them. In general, bootstrap values were also low for these groups. The two
other different character-state transformational weights render identical MPT topologies,
which were also coincident with one of the three Wagner MPTs. Fig. 2-5 illustrates the tree
obtained with the weighting scheme 21:19 and its bootstrap values, which are also low for
the most internal clades. Besides, the topologies of near-MPTs, include the three different
topologies resulting as MPTs in Wagner parsimony analysis.

The NJ tree derived from the pairwise genetic distance matrix of restriction fragment
data (Table 2-6) renders a tree that identified the same groups as in the weighted parsimony
analyses (Fig. 2-5). Divergence values ranged from 0.0003-0.0229. The extreme values of this
range are due, on the lower side, to L. camposanum and L. gymnesicum, two highly related
species from Mallorca island included in subsection Denssiflorae, which always form a
monophyletic group in all phylogenetic approximations tried. The upper value corresponds to
the typical level of divergence of the species from subsection Genuinae, L. narbonense and L.
vulgare, with respect to the other species (mean 0.0219), including L. caesium. However, this
outgroup species has levels of pairwise divergence with all the other ingroup species ranging
from 0.0176-0.0196. Levels of divergence among these other ingroup species ranged from
0.0010 to 0.0066. Note that intraspecific pairwise divergence between L. furfuraceum A and
B haplotypes are in the middle of this range.

Based on these cpDNA RFLP results, the current classification of L. narbonense and L.
vulgare within section Limonium may be questioned, as divergence levels with other species
of the same section were similar to those obtained with the outgroup species. Consequently,
we decided to include as possible outgroups for the analysis of the nuclear ITS region two
species that are classified under other sections of the genus, L. sinuatum and L. echioides
(Table 2-1). Other species included in the ITS study, from which cpDNA was not studied,
correspond to a parallel survey on the presumed hybrid species L. interjectum, whose
hypothetical ancestors could be L. virgatum and L. girardianum based on morphological

characters ((Pau C., 1898); (Soler & Rosselld, 1997)).

56



Evolutionary relationships in genus Limonium

il T

— L onarhonenss

100
100

L S wwipae

£ anguaiatrsoiastiT

Pl e T

100 100

100 an [ firmosmd
100

59

I e =

100
64

Filr s ey

100
100

Lovargaiti

100
49

£ isminesine

100
52

L Aracawns

100
62

Pl r =" i 2 Syl

44 —————
67

h3 ——— £ ARG S ST

100
86

L L QRRESIINT

Fig. 2-3 50% majority rule consensus tree from Limonium cpDNA analysis using

Wagner parsimony method. Bootstrap values are those below the branches of the tree.



Evolutionary relationships in genus Limonium

109

il =
1 L onarbanaiss
147
100 10 Loeipsrs
44
Pl R o e ]
& £ Ealamiia sy
107 37
94 12 £ s
100
11
75 15 T A
27 0
83 — L Aatia s
23 £ R
36
100 f £\
8 44 5 i e
43
Pl = e Y
9
58 Pl Rt
b

B8 3 ; TR AT

96

1 VIS ST

Fig. 2-4. Maximum parsimony tree derived from Dollo parsimony analysis of cpDNA

restriction fragment data from Limonium species. Numbers along the branches represent

mutational steps and those below are bootstrap values for each clade.

58



Evolutionary relationships in genus Limonium

299 L asrbonanss
1121

100 181 , (e

2308

il
442
1558 ——— L AR S IS
86
1m . .
£ i
22h¢ 484
100 a5 379 viveceumAa
5
58 478 .
448 e I et K b
B3
ﬂ eyl
K45 | 413 )
£ vrgpattar:
99
!]!]_ 80 e

45

61
45

343

£ Harirscamis

63| 215 )
Fle ot e R
56

b1
38 L aicizy
76
65 - Bl R

83 13 ey e R

Fig. 2-5 Maximum parsimony tree derived from 'enhanced Wagner' parsimony analysis
using the stepmatrix 21:19. Numbers along the branches represent mutational steps and
those below are bootstrap values for each clade. This topology is identical to that of the NJ

tree.

59



Table 2-6 Distance matrix relating cpDNAs from the different OTUs obtained using Nei & Miller (1990) procedure to 4- and 6-cutter restriction enzyme fragments

in Limonium species.

Lnarb
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ne

Ldelic
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Lvirg L.furfu
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L.furf Lten Ldich Lcae Lcava

uA
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o si n

Lnarb
Lvulg
Ldufo
Lcamp
Lgym
Ldelic
Langu
Lrigua
Lvirga
Lfurfu
Lfurfu
Ltenui
Ldich
Lcaesi
Lcava

0.0000
0.0015
0.0229
0.0225
0.0223
0.0228
0.0209
0.0222
0.0223
0.0227
0.0223
0.0229
0.0227
0.0201
0.0210

0.0000
0.0225
0.0221
0.0219
0.0224
0.0205
0.0217
0.0219
0.0222
0.0219
0.0224
0.0222
0.0195
0.0206

0.0000
0.0014
0.0014
0.0020
0.0059
0.0047
0.0030
0.0024
0.0062
0.0016
0.0032
0.0183
0.0067

0.0000
0.0002
0.0012
0.0058
0.0044
0.0022
0.0018
0.0057
0.0011
0.0026
0.0186
0.0064

0.0000
0.0011
0.0056
0.0043
0.0022
0.0016
0.0056
0.0010
0.0025
0.0185
0.0062

0.0000
0.0053
0.0043
0.0025
0.0020
0.0058
0.0012
0.0026
0.0184
0.0062

0.0000
0.0045
0.0061
0.0062
0.0057
0.0052
0.0059
0.0184
0.0047

0.000
0.005
0.005
0.001
0.004
0.005
0.019
0.002

0.000
0.002
0.006
0.001
0.003
0.018
0.006

0.0000
0.0044
0.0015
0.0027
0.0190
0.0067

0.0000
0.0054
0.0061
0.0197
0.0028

0.000
0.001
0.018
0.005

0.0000
0.0186 0.000
0.0060 0.017 0.0000
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ITS region variation

Aligned sequences of ITS1 and ITS2, including part of the 5.8rRNA gene and flanking
coding regions were obtained for all species classified under section Limonium and the three
outgroup species with 776 characters in total (Fig. 2-2). All sequences have been submitted to
EMBL and the corresponding accession numbers are shown in Table 2-1. The length of the
ITS1 and ITS2 regions varied from 200 to 221 bp and from 232 to 249 bp, respectively. Most
of the length variation encountered is due to small insertion/deletion (indel) events of only
one or two base pairs. Only outgroup species have larger indels, especially L. sinuatum. This
species also presents a zone at the end of the I'TS2 region that was not possible to align
unambiguously.

Among the 22 populations from the 18 Limonium species studied, 24 different ITS
sequence types were identified. Six derived from 8 clones of L. delicatulum Cala Blanca
population, which gave six different ITS types, two per individual studied, except one
individual that has the same sequence as individual O (see later). A unique ITS type was
extracted from the other 21 populations surveyed. A consensus sequence was then
constructed from those sequences that belong to more than one population of the same
species, each representative of that species respectively, as no differences were observed
among their populations. The only exception was the species L. interjectum that presented
two ITS types, one from each population studied. Note, therefore, that ambiguities scored
were present in all sequences gathered as a consensus for that particular species or
population finally analyzed.

ITS secondary structure and character weighting

The consensus secondary-structural model for the ITS1 and ITS2 regions from the
corresponding Limonium consensus sequences is shown in Fig. 2-6a and 2-6b respectively.

The optimal minimum free-energy (MFE) secondary-structure of the ITS1 region from
Limonium derived from the search that includes the flanking coding regions (see Material
and Methods) was finally chosen as the most plausible. The graphic output from p-numplot
option in PLOTFOLD was useful to take this decision (Fig. 2-6a). The secondary-structure
ITS1 model contains a series of hairpin structures present in at least one of the structures
derived from our folding analysis. The p-num graphic shows that the majority of nucleotides
involved in these hairpin structures complement with at most 3 different nucleotides, which
gives further support to this MFE structure. For instance, the hairpin found among the 3’-
end of the ITS1 and the 5-end of the 5.8S was present in all MFE structures. This feature is
common to other organisms (Yeh L.C.C. & Lee J.C., 1991); (Bakker et al, 1995). Besides, the
second MFE structure derived from the search when coding regions were excluded was
identical to our selection. Liu and Schardl (1994) described a highly conserved sequence
among flowering plant species that could have a key function in rRNA transcripts. This
sequence is present in all Limonium species (bases 187 to 207, Fig 2-2), except for one base in
L. sinuatum (position 188) and one in L. narbonense and L. vulgare (position 207). The
nucleotides involved in this
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P-Hum

Ease

Fig. 2-6a (a) Hypothetical (MFE) secondary structure of ITS1 obtained when flanking coding regions were
included. The conserved sequence of Liu and Schardl (1994) is highlighted. (b) The graphic shows the P-

Num Plot derived from this search.
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Fig. 2-6b Hypothetical (MFE) secondary structure of ITS2 obtained when flanking coding regions were included. Conserved features identified by

Hershkovitz & Zimmer (1996) for other angiosperms are shown for the Limonium ITS2 consensus sequence as cl to c5.
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region form a hairpin that is present in all ITS1 MFE structures obtained (e.g. Fig 2-6a).
This result could reinforce the idea of a specific functional role for this sequence.

Fig. 2-6b also shows the c1 to ¢5 ITS2 conserved regions identified by Hershkovitz &
Zimmer (1996) for other angiosperms. The MFE ITS2 secondary-structure recovered from
our search is very similar to that proposed by these authors as common for angiosperms, but
¢6 substructural feature was not encountered. Instead, a 5’-end hairpin structure was
present in all ITS2 MFE structures recovered with and without constraining options.

To address the question of independence of stem characters (those at base-pairing
regions) we performed the x2-test proposed by Dixon & Hillis (1993). First from final ITS1
and ITS2 secondary-structure models, the observed number of single and double
compensatory and non-compensatory mutations were calculated, excluding outgroup species,
and considering ambiguities both as uncertainties and polymorphisms separately. Expected
values were generated from the probabilities of random substitutions as proposed by these
authors. It was not possible to apply the test for double changes, as the minimum expected
value was less than 5 (Table 2-7). Results are only shown when ambiguities were considered
as uncertainties, but there were significantly more compensatory mutations than expected by
chance among single changes for both cases (X2 values ranged from 14.9-54.0, df=1, P<0.001).
Therefore, as stem bases are not evolving independently, we proceeded to calculate the
appropriate relative weight for these characters assuming linear scaling as suggested by the
authors. The values obtained in each case ranged from 0.79 to 0.83. Consequently, a relative
weighting scheme of 0.8:1.0, for stem vs. loop characters, was chosen for further analysis, as
alternative to equal character state weights.

ITS sequence divergence

Table 2-4 shows the average number of substitutions per 100 sites using JC distance
for the ITS region sequences in pairwise comparisons, and when using the relative weighting
scheme described above. ITS sequence divergence values range from 0 to 0.35. The highest
value corresponds to the typical divergence between L. sinuatum and all the other species
(mean = 0.30). Levels of divergence between L. narbonense and L. vulgare sequences with
respect to the remaining species are around 0.11. Pairwise comparison of L. echioides with all
the other ingroup species was slightly lower (=0.09). Besides, when comparing L. caesium
with these other ingroup species, divergence values were still lower, ranging from 0.08 to
0.04. Excluding L. narbonense and L. vulgare, ITS divergence values for ingroup species
range from 0.00 to 0.05. Note that null divergences are found among L. interjectum?2 and L.
delicatulum16, L. interjectum1 and L. angustebracteatum, and L. girardianum and L.
cavanillesii. However, percentages of identity between these species are 99.8, 94.2, and 92.2,
respectively. Except for the former pair, which only differs in two gaps in the ITS2 sequence,
the other species differ in positions that are ambiguous. This accounts for the difference
among divergence values of the species of each pair with respect to other species, which will
logically influence their final location in the trees. It is also remarkable that intraspecific ITS
pairwise divergence values have identical range limits (0.00 to 0.05), both for L. delicatulum
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clones (Ldel) and L. interjectum populations. Two major types of sequences are observed in
these species: type A involving Ldel7, Ldel24, Ldel17 and Lintel, with pairwise sequence
variation ranging from 0.004-0.008; and type B involving L. del3, Ldel23, Ldel16 and Linte2.
Their range of pairwise variation is 0.00 to 0.008. Note that clones Ldel7-Ldel3, Ldel17-
Ldell16 and Ldel23-Ldel24 belong to the same sampled individual (0, 1, and 2), respectively.

Table 2-7 Substitutions observed in Limonium (a) ITS1, and (b) ITS2, sequence data on the basis of
their models of secondary structure proposed in Figs. 2-6a and 2-6b, respectively. Ambiguities are

considered as uncertainties.

()ITS1
Type of substitution (no. of ways?) No. Expected® No. Observed
Sigle:
Base pairing to base pairing (4) 2.88 9
Base paring to non-base pairing (28) 20.15 14
Double
Base pairing to base pairing (11) 0.51 2
Base paring to non-base pairing (32) 1.49 0
(b)ITS2
Type of substitution (no. of ways?) No. Expected? No. Observed
Sigle:
Base pairing to base pairing (4) 5.25 21
Base paring to non-base pairing (28) 36.8 21
Double
Base pairing to base pairing (11) 0.26 0
Base paring to non-base pairing (32) 0.74 1

a Number of ways (of 120 possible) in which one can choose two pairs of nucleotides that have
this character.

b Based on the frequency of complementary pairs expected at random (Fig. 3 from Dixon and
Hillis).

Phylogenetic analyses

Out of the 776 aligned positions from the whole ITS region, 270 sites were variable, of
which 111 were phylogenetically informative. The skewness tests suggested non-random
structure in this data set, g1=-1.15, which is well beyond the P<<0.01 level of significance
(Hillis & Huelsenbeck, 1992).

Fig. 2-7 shows the NJ dendrogram derived from the JC distance matrix of Table 2-4.
The NdJ tree obtained when equal weights for stem and loop positions were considered has
the same topology. Bootstrap values are high at the basal nodes of the tree, involving
outgroup species, and the monophyletic group of (L. narbonense and L. vulgare). The other
ingroup species form a monophyletic group supported by a 90% bootstrap value. Within this
group there are two well-supported groups. One is formed by ITS type B sequences described

above, with 99% bootstrap value. The other, supported by a 98% bootstrap value, places L.
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angustebracteatum as basal to two other groups, one including those individuals with ITS
type A and L. furfuraceum, the other formed by (L. rigualii, L. camposanum), (L. dufourii,
L. dichotomum), L. tenuicaule)). However, bootstrap values for these later groups are in
general lower than 50%, as those for the rest of these ingroup species.

Maximum-likelihood analysis of Limonium ITS sequences rendered exactly the same
topologies for the different ts/tv ratios tested (from 0.5 to 4.0) and with and without
considering categories. However, the tree with the highest ML value (-2675.7) was that
obtained for a ts/tv ratio = 1.0, and without using categories, which is shown in Fig. 2-8.
Basal branches are all significantly positive and do not differ from that described in the NJ
tree. A group formed by all the other ingroup species is also well-supported. L. girardianum
is located basal to all these ingroup sequences, as it was in the NdJ tree. Although a large
number of other inner branches have confidence limits that include the zero value, there are
also some groups with significantly positive branches. One group is formed by ITS type B
sequences. The other group includes those species that form a monophyletic group with a
98% bootstrap value in the NdJ tree. Within this last group there are three well-supported
clusters: (L. del7, L.del24); (L. dichotomum, L. dufourii), Ltenuicaule), L. rigualii); and (((L.
dell7, L. angustebracteatum), L. camposanum), L. interjectum1).

Wagner parsimony analysis from the ITS data matrix identified large numbers of
equally most parsimonious trees (>11,000 before memory limits were reached), with lengths
of 330, and ci and ri values of 0.833 and 0.971, respectively. Identical strict consensus
topologies were obtained with and without considering categories. Fig. 2-9 represents the
50% majority rule consensus tree when equal character weights were used. Despite the large
number of MPTs, the consensus tree retained considerable resolution, especially at basal
nodes, being the relationships coincident with those obtained with previous phylogenetic
analyses. Polytomies at inner branches are responsible for the large number of equally
parsimonious trees encountered. However, the relationships among these ingroup species
have features in common with those commented above using other phylogenetic inference
methods, especially with the ML tree.

Although ITS sequences have provided enough phylogenetic information to resolve
some stable relationships among these ingroup, very closely related species, in order to check
whether additional information could be gleaned by considering indel mutations, parsimony
analysis was performed with the additional data matrix of 38 presence/absence of gap
characters. The skewness index from the whole data set was -1.12 (P<<0.01). A total of 177
MPT topologies were obtained when using equal character weights, with 384 steps, c1=0.812,
and ri=0.771. When relative character weighting was implemented as above, but giving gap
characters a relative weight of 1.0, as loop bases, the number of trees was reduced to 21. The
consensus topologies derived from these MPTs were very similar in both analyses. The only
difference was a higher resolution in the clade that includes L. dufourii and L. dichotomum,

by placing these two species basal to this clade when categories were considered. However,
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Fig. 2-7 Neighbor-joining dendrogram obtained from ITS sequences using JC distance matrix.

Bootstrap values for each group are shown along the branches
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Fig. 2-8 Maximum likelihood tree derived from ITS sequence analysis with a ts/tv range from 0.5 to

4.0. The maximum likelihood value was obtained for the tree with ts/tv ratio = 1.0 and applying equal

character weights to stem and loop positions.
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Fig. 2-10 50% majority rule consensus tree from parsimony analysis of ITS sequences when
gaps were considered as additional data. Consensus values under the branches are those

obtained from the 50% majority rule consensus tree derived from near-MPT topologies when

gaps were taken into account.
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when near-MPTs (13 steps longer, 9302 trees in total) were studied, the consensus tree
derived from them has the same topology as the analysis without using categories. Fig. 2-10
represents the majority-rule consensus tree obtained in this later case, as well as the
consensus values derived from the study of near-MPTs when categories were used. The tree
is highly resolved not only at basal nodes, but also at more internal branches. L. echioides
and L. sinuatum are located as outgroups to the rest of the species. L. narbonense and L.
vulgare are basal, and still external to L. caesium, which continues as a sister taxon to the
monophyletic group constituted by the rest of the ingroup species. When gaps were
considered as additional data, the monophyletic ingroup subdivided into two major clades
which were present in all MPTs (100% consensus value). One includes ITS type B sequences,
and basal to them are situated L. cavanillesii, L. gymnesicum, L. virgatum and L.
girardianum, in this order, very similar to that encountered in the NdJ tree. The rest of the
species, which show basically the same relationships as in previous parsimony and ML
phylogenetic analyses, form the other clade. Most polytomies from these previous analyses
are now well resolved. In fact, consensus values are also 100% for nearly all the monophyletic

groups formed; likewise, near-MPTs give high support to them.

DISCUSSION

Intraspecific variation

Our results illustrate the importance of analyzing intraspecific variability on both
cpDNA RFLP and ITS sequence studies. In some cases, conspecific samples rendered
identical genotypes. In others, intraspecific variability has been detected through pooled
DNA samples from different individuals of the same population. It was necessary to perform
a posterior independence analysis of these different genotypes in order to extract information
from them.

L. furfuraceum, a sexual species with a very conspicuous morphology and endemic to
the Alicante province (Spain), presents two different cpDNA haplotypes, but no variability
was found in its rDNA. This pattern of variation can be explained in several ways ((Rieseberg
& Brunsfeld, 1992)). The most plausible explanation is that those individuals with cpDNA
haplotype B obtained their cytoplasm by introgression from an unidentified Limonium
species (as haplotype A was also present in the other population of the species analyzed), but
introgression would have not been suspected based only on nuclear rDNA. Another possible
explanation would be that the species was formed by crosses between two species with
different cpDNAS, being it possible that both ancestors are the maternal parents; but the
offspring would have the same rDNA (perhaps the sum of both parents, but see later). It is
also possible that this pattern of variation could actually result from phylogenetic sorting
from a polymorphic ancestor (in terms of cpDNA), although this is a less likely hypothesis
(see later too). Likewise, L. delicatulum represents another case in which intraspecific

variability has been detected, but with an opposite rDNA-cpDNA pattern of variability. This
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is an asexual species, with apomictic reproduction mode, endemic to the Southeast of the
Iberian Peninsula. (Mertens L., 1993) summarizes the possible explanations for this pattern
of association in asexual polyploids formed through hybridization. Several rDNA genotypes
associated with a single cpDNA haplotype could be explained if a single species with a
distinct cpDNA haplotype was the maternal parent in all cases of hybridization, being the
different I'TS types those from both hybridizing species, which remain as different rDNA
intraindividual arrays in the genome (Bobola M.S. et al, 1992)). On the other side, the
polymorphisms within each of these ITS types can be explained as a remnant of the
polymorphisms in the ancestral species, but they could also be due to the accumulation of
mutations. In other Limonium species some ambiguities in rDNA sequences have been
detected, that could actually represent intraspecific polymorphisms, or uncertainties, or both.
It could be worth to investigate the levels of intraspecific variability in these species,
especially in those whose sequences have more ambiguities, such as L. angustebracteatum, L.
cavanillesii, L. girardianum, or L. gymnesicum (with 20-30 ambiguities, Fig. 2-2). It should
be done through cloning of individual sequences from several individuals, as in L.
delicatulum.

The hybrid species L. interjectum represents a special case of variation. Its rDNA
sequencing demonstrated the presence of two different ITS types in each of the two
populations of the species, which are very closely related to types A and B found in each
individual of L. delicatulum. Therefore, L. delicatulum and L. interjectum could have a
common origin, or even a more direct parentage relationship. A more exhaustive study of the
intraspecific variation would reveal whether the two ITS types are present on both
populations. Moreover, based on these results it does not seem plausible that L. virgatum
and L. girardianum could have been the parental species of L. interjectum as previously
hypothesized. This observation is confirmed by an additional analysis of cpDNA RFLPs with
some probe-enzymes combinations in pooled DNA samples from two populations of each of
these species (data not shown). L. interjectum did not present any of the cpDNA haplotypes of
its potential ancestors; however, the cpDNA patterns observed were not discernable from
those of the group L. delicatulum, L. dufourii, L. camposanum and L. gymnesicum (see for
instance Fig. 2-5). Further studies are necessary to draw any conclusion about the origin of
this species.

Summarizing, intraspecific rDNA or cpDNA types of L. delicatulum, L. interjectum and
L. furfuraceum, were paraphyletic (Figs. 2-5 and 2-10). They show levels of divergence
similar to those detected between other Limonium species, which reinforce the introgression
or hybridization hypothesis to explain the origins of these DNAs. Besides, when multigene
families are studied, the special mechanisms involved in their evolution (unequal crossing
over, gene conversion, etc.) may override the classical factors (selection, mutation and genetic
drift) as agents regulating genetic variation, resulting in unexpected variation patterns
based on the biology of the species (Ritland et al., 1993). These factors tend to homogenize

the genome, and can hide the source of one parental rDNA, which could be the case of L.
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furfuraceum and L. interjectum. Although it has been demonstrated that these mechanisms
are active in asexual species (Hillis et al, 1991); (Crease T.J. & Lynch M., 1991), they can fail
to act across repeat units contributed by the different parental species of a hybrid if the
hybridization event was recent or rDNA types are at different loci in the parental taxa and
interlocus gene conversion is inoperative in the hybrid (Baldwin et al., 1995). This could be
the case of L. delicatulum.

Data presented here indicate the need for adequate sampling strategies in molecular
phylogenetic studies, especially when there is evidence from hybridization or introgression
and when repetitive gene families are studied. Intraspecific variability is ubiquitous, but
systematists seldom deal with polymorphism explicitly; for instance, by excluding
morphological characters that show polymorphism, or, in molecular studies, by sampling a
single individual per species. Unfortunately, analysis of many population samples in
phylogenetic studies is often deterred because it is expensive and time consuming. Pooled
DNA samples from different individuals of the same population has been the method used to
detect intraspecific variability in this study of the genus Limonium. This method might be
advantageous in preliminary studies to determine the levels of variability in a group of
species and/or with a new molecular marker; and also when levels of intraspecific variability
have been shown not be very high. Contrarily, in phylogenetic studies in which the levels of
intraspecific variability have been reported to be high, this method is not recommended as it
implies additional isolation of the DNA types encountered, and posterior full independent
analysis of them. Perhaps a way to circumvent this problem and to deal with intraspecific
variability in phylogenetic studies would be the analysis of additional population samples
from the species studied, but only with diagnostic mutations (Rieseberg & Brunsfeld, 1992).
Another possibility would be the use of rapid assays of DNA sequence variation through non-
sequencing methods such as denaturing gel electrophoresis ((Lessa, 1992)).

Interspecific variability using cpDNA RFLP data

The present variability analysis in cpDNA has revealed a relatively stable phylogenetic
structure, coincident when using different parsimony methods (Figs. 2-3 to 2-5). At low
taxonomic levels, the asymmetry in the way restriction sites evolve is almost nonexistent
(Holsinger & Jansen, 1993), and the choice of parsimony method is only expected to affect the
results if there is homoplasy ((Olmstead et al, 1990)). Differences are found only in parts of
the trees where none of the alternatives are strongly supported, as shown by bootstrap
analysis. When there is disagreement in the support given to some taxa by a parsimony
method and its bootstrap values (e.g. Lfurfuraceum B in Dollo’s MPT, or L. dichotomum, L.
virgatum and L. tenuicaule in Wagner consensus tree), it is suggestive of large homoplasy in
the corresponding tree ((Olmstead & Palmer, 1994)). However, ci and ri values for these trees
are relatively high (see Results).

Although Wagner and Dollo parsimony analyses have been considered biologically
unrealistic (Albert et al., 1992; Felsenstein, 1992), they were conducted to compare their

results with those obtained with a more realistic range of weights. Our results agree with
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Albert et al. (1992) predictions about how the different parsimony methods should behave.
For instance, a Dollo parsimony topology (Fig. 2-4) will never be obtained with the ‘enhanced
Wagner’ approach, but only with weighted parsimony implemented with outgroup = ancestor
and an unreasonable high weight (which implies evolutionary assumptions at which data
should be rejected). Contrarily, ‘enhanced Wagner’ parsimony can help to discriminate
among equally parsimonious Wagner topologies, as it is the case here (Figs. 2-3 and 2-5).
Besides, the relationships obtained are coincident with those from the NdJ tree, which is
based on a distance that also corrects for the use of fragments instead of sites as characters.
In conclusion, weighted parsimony is currently considered the best choice, among all
parsimony methods, for RFLP analysis (Albert et al., 1992; Felsenstein, 1992; (Holsinger &
Jansen, 1993); Huelsenbeck & Hillis, 1993). Although which weights to apply remains a
controversial issue (Swofford et al., 1996), those that correct for possible violations of the
assumptions of the phylogenetic inference methods should be considered. However, the use of
other methods for inferring phylogenetic relationships is advisable, because they can help to
interpret the results obtained.

Presumable uniparental (maternal) inheritance of cpDNA in Limonium (Clegg, 1987);
(Harris & Ingram, 1991)) and absence of intermolecular recombination, disallow reticulation
in cpDNA phylogenies, as opposed to morphological, plant-mtDNA or nuclear DNA
phylogenies. However, caution is needed in the interpretation of results where lineage
sorting, hybrid origin or introgression may have resulted in the transfer of cpDNA from one
lineage to another (Palmer et al., 1983; Soltis et al., 1992; Doyle, 1992). In the section
Limonium polyploidy and apomixis are common and diploid species scarce, numerous
hybrids occur naturally, and as a consequence, reticulate evolution seems to be the rule
rather than the exception. Therefore, before drawing any conclusion on the classification of
these species, an a posteriori search of inconsistencies with other types of data, preferentially
from nuclear DNA, as hybridization is less permeable to this biparentally inherited DNA
((McDade, 1992)), was necessary.

Interspecific variability with ITS sequence data

ITS1 and ITS2 sizes in members of the genus Limonium studied here, are similar to
those reported for other flowering plants, as with the entire ITS region length ((0700bp). ITS1
is longer than ITS2, which seems to be common in angiosperms (Baldwin et al., 1995). ITS2
pairwise divergence values are, in general, lower than those of ITS1. For instance, among
ingroup species (excluding L. narbonense and L. vulgare), ITS2 divergence values range from
0-0.09, while ITS1 range from 0-0.44. However, their average pairwise distance values were
not significantly different (see materials and methods). Some authors have already pointed
out that this may not be an adequate measure of relative evolutionary rate (Muse & Weir,
1992)). In any case, combining data from ITS1 and ITS2 seems to be justified, as the possible
sources of the small number of discrepancies from its separate analyses (data not shown)
could be due, mainly, to sampling error, for the low number of informative characters (49 in
ITS1, 53 in ITS2).
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Within section Limonium, the ITS region has evolved primarily by point mutations,
which agrees with other studies on closely related plants ((Soltis & Kuzoff, 1995)). The
conservation of ITS sequences is presumably due to their role in the production of mature
DNA. As pointed before, it has been demonstrated that the functionality of ITS regions
depends on evolutionarily conserved secondary structural motifs. Inference of non-
independence at directly opposing sites in these secondary structures can be determined
empirically (Dixon & Hillis, 1993). However, in our case the use of differential character
weights for stem vs. loop positions has not lead to differences in the analysis of ITS
sequences from Limonium. It has been demonstrated that rDNA processing mechanisms
could be labile enough to allow readjustments of intrastrand RNA pairing, which could imply
mutations at non-paired positions (cryptic non-independence) ((Olsthoorn R.C.L. et al, 1994);
(Baldwin et al, 1996). These would have important implications in phylogenetic analysis. But
this could also mean that selection for compensatory mutations may be weaker for these
spacers than for nrtDNA coding regions, alleviating the concern about non-independence of
characters.

None of the methods currently available for phylogenetic analysis is ideal, and it is
always recommended the use of different approaches for data analysis (e.g. (Holsinger &
Jansen, 1993)). The performance of methods for phylogenetic inference can be viewed as a
problem of how well the model of evolution assumed by the estimation method fits the actual
processes of evolution ((Huelsenbeck & Hillis, 1993). It is reasonable to expect that well-
supported groups identified by the different techniques are likely to reflect the evolutionary
history of the taxa involved (Holsinger & Jansen, 1993). In our case, the relationships
obtained among ITS Limonium sequences when using NJ, ML and parsimony approaches
are, in general, coincident for those monophyletic groups that are highly supported in all
these trees (Figs. 2-7 to 2-9). Besides, (Kishino & Hasegawa, 1989) likelihood test between
the trees obtained showed no significant differences among them, meaning that none of the
trees was worse or better than the others. The same result was obtained when one of the 21
MPTs derived from the parsimony analysis using gaps (Fig. 2-10) was included in this
analysis. However, the use of character states within indel regions has shown that they may
be phylogenetically informative, as they have given support to otherwise weakly supported
lineages, especially for more closely related species. Similarly, these characters have shown
to be less homoplastic than other types of substitutions in other ITS studies in angiosperms

((Baum et al, 1994); (Baldwin & Robichaux, 1995); (Buckler IV & Holtsford, 1996)).

Comparison of ITS and cpDNA phylogenetic analysis

In the absence of a comprehensive phylogenetic analysis of the section Limonium
based on other independent characters, our results can only be discussed in relation to the
current classification of the group, which is clearly not based on phylogenetic principles. This

is an important limitation (e.g. (Donoghue & Cantino C.R., 1988); (Doyle et al, 1990)), but
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Evolutionary relationships in genus Limonium

more so in case of striking disagreements ((Doyle & Doyle, 1993)), which is generally the case
here.

For comparative purposes, we will take into account the topologies from Fig. 2-5 and
Fig. 2-10, which seem to be the most plausible hypothesis for the phylogenetic relationships
among the Limonium species studied, based on cpDNA and rDNA molecules, respectively.
Although these trees show obvious discordances, there are, however, areas of coincidence. L.
narbonense and L. vulgare, from subsection Genuinae, form a clade basal to the rest of the
ingroup species in all trees obtained. These species present also levels of divergence with the
rest of the ingroup species similar to those of species that belong to other sections of the
genus for both molecular markers. These results cast doubts on the actual placement of these
two species within section Limonium. The analysis of other species from section Genuinae
will allow us to determine whether this subsection belongs to section Limonium or whether
only the classification of L. narbonense and L. vulgare in that subsection has to be
questioned. Another area of concordance was that the remaining ingroup species, which
belong to other subsections, always form a monophyletic group, denoted section Limonium
for further discussion. Even so there was in general a lack of resolution within this clade
with both types of data, which could mainly be due to the reticular evolution among these
closely related species. This is confirmed by the significant discordance between ITS and
cpDNA phylogenies at this level. cpDNA RFLP data reveal two major monophyletic groups
within section Limonium. Only L. angustebracteatum is excluded as a sister group to these
two clades formed by: (1) L. rigualii, L. cavanillesii, and L. furfuraceum cpDNA type A; and
(2) the rest of the species and L. furfuraceum haplotype B. However, these two groups are not
present in the ITS trees, where two different major lineages are observed. One includes L.
girardianum, L. virgatum, L. gymnesicum, and L. cavanillesii, as sister species to ITS type B
of L. delicatulum and L. interjectum; and the other is formed by L. tenuicaule, L.
furfuraceum, L. rigualii, L. dichotomum, L. dufourii, L. camposanum, L. angustebracteatum,
and ITS type A of L. delicatulum and L. interjectum.

As pointed above, the use of multiple data sets in Systematics is advisable, but it has
raised to the controversy regarding how to integrate this information in our search to find
the true organismal phylogeny ((Bull et al, 1993); (de Queiroz et al, 1995); (Huelsenbeck et al,
1996). Topological differences among data sets can be artifactual due to sampling error or the
use of an inappropriate evolutionary model. In such case, data can be combined with
appropriate treatment ((Lutzoni F.M., 1997)). When topological differences among data sets
reflect different phylogenetic histories due to reticulation, lineage sorting, recombination,...,
these data cannot be combined. In our case, sampling error can be discarded, as the
phylogenetic signal from both, cpDNA and ITS data sets, is quite high. Different models
agree in the phylogenies inferred, so the use of an inappropriate model of evolution can not
be the cause of disagreement. Although other factors may contribute to the phylogenetic
discordance in section Limonium (e.g. long branch attraction, convergence, unequal rates of

evolution, etc.), different evolutionary histories of organellar and nuclear DNAs due to
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reticulate evolution of these closely related species is the most likely explanation for the
discrepancies between these phylogenies. Hence, our results confirm previous concerns in the
use of organellar variation for retrieving a phylogeny, particularly at lower taxonomic levels
in groups noted for introgressive hybridization (Harris & Ingram, 1991; (Doyle, 1992);
(Rieseberg & Soltis, 1991); Rieseberg & Brunsfeld, 1992; (Soltis & Kuzoff, 1995); Baldwin et
al., 1995). Consequently, it is likely that the cpDNA tree is not reflecting the species tree but
we can neither be certain that the ITS tree does reflect it. Other phylogenetic sources of
evidence obtained by using other types of data, from both nuclear and chloroplast genomes,
and by increasing the number of species to study (see later), should help to understand the
discrepancies in the relationships among the species from section Limonium, which have

emerged from our study of this genus.
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RESUMEN

Limonium cavanillesii es una especie en extremo peligro de extinciéon, endémica de la
provincia de Castellén, en la costa este del Mediterraneo espaifiol. Se pensdé que estaba
extinguida, pero recientemente se descubrié una nueva poblacién natural de pequeno
tamaifio, lo que aceler6 la adopciéon de medidas para su conservacién por parte de las agencias
oficiales. Como parte del esfuerzo comin para su conservacién, hemos analizado la
variabilidad genética en esta poblacién por medio del uso de RAPDs y AFLPs como
marcadores moleculares. El andlisis de 29 individuos con 11 cebadores tipo RAPD produjo
131 bandas monomorficas. A nuestro juicio este es el nivel mas bajo de variabilidad detectada
con el uso de marcadores tipo RAPD. Como consecuencia de este resultado decidimos llevar a
cabo un nuevo analisis de diversidad en la especie usando la recientemente descubierta
técnica de AFLP. El uso de 3 tipos diferentes de cebadores de AFLP proporcioné 231 bandas
marcadoras, 13 de las cuales eran polimérficas entre los 29 individuos analizados,
permitiendo su clasificacion en 11 fenotipos diferentes, pero altamente relacionados. El
analisis de estos datos sugiere que la poblacién estuvo probablemente en equilibrio en el
pasado. Sin embargo, la baja variabilidad genética encontrada en L. cavanillesii podria
explicarse por su sistema de reproduccién apomictico y por haber sufrido un cuello de botella
reciente, después del cual no ha habido oportunidad para que la mutacién reestablezca los
niveles de variabilidad esperables. Los AFLPs parecen representar una clase de marcadores
maés variables que los RAPDs, al menos en este caso. Se discuten también las ventajas de los
AFLPs como marcadores moleculares para el analisis de la variabilidad intraespecifica con

respecto a otras técnicas de DNA fingerprinting basadas en la PCR.
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ABSTRACT

Limonium cavanillesii is an extremely endangered plant species endemic to the East
Mediterranean region of Spain. Taken as extinct for several years , the recent discovery of a
small population has prompted the adoption of measures for its conservation by official
agencies. As part of this effort, we have analyzed genetic variation in this population by
means of random amplified polymorphic DNA (RAPDs) and AFLP markers. The analysis of
29 individuals with 11 different RAPD primers produced 131 monomorphic bands. To our
knowledge, this is the lowest level of genetic variation detected in plants using RAPD
markers. As a consequence of this result we decided to perform an additional analysis of
diversity in the species using the recently developed AFLP technique, to see whether some
variation could be found. The use of three different AFLP primers provided 231 marker
bands, 13 of which were polymorphic among the 29 individuals assayed, thus allowing their
classification into 11 distinct, but very closely related phenotypes. The analysis of these data
suggests that the population was probably in equilibrium. The low genetic variability
encountered in L. cavanillesii could be explained both by the apomictic reproductive system
of this species and by the passage through a severe bottleneck in recent times, after which
there has been no chance for mutation to restore detectable genetic variation. AFLPs seem to
represent a significantly more variable class of markers than RAPDs, at least in this case.
The advantages of AFLPs as molecular markers for analysis of intraspecific variability over

other PCR-based DNA fingerprinting methods is discussed.
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MATERIALS

Plant samples

A total of 29 wild plants were used in this study. These comprise all the known
individuals of L. cavanillesii and thus represent the species as a whole.

Plant materials were collected from the field and kept on ice until storage at -80°C.
Two to three small leaves, ranging from 26 to 594 mg depending on the availability of
material, were sufficient to perform both RAPD and AFLP analyses.
Template DNA isolation and quantification

Frozen tissue was homogenized using liquid nitrogen. DNA was extracted using a
CTAB protocol developed by Doyle (1991), with the only modification that one more
chloroform-isoamylalcohol (24:1) extraction step was done when samples were still turbid
after the first extraction step.

DNA contents were estimated by direct comparison with standard DNA concentrations
in 0.8% agarose gels stained with ethidium bromide (0.5 pg/ mL). These DNAs were directly
used for AFLP assays. For the RAPD method, after quantification samples were diluted to a

final approximate DNA concentration of 1 ng/uL.

METHODS

RAPD method
DNA amplification and fragment visualization

To generate RAPD profiles we used 20 ten base pair primers (OPA-1-OPA-20) from the
Operon Technologies Primer Kit A in PCR amplifications. Amplification reactions were
carried out in 20 pL total volume containing 1X Taq buffer (Pharmacia), 2 mM MgClz, 0.2
mM of each dANTP, 15 ng of primer (Operon), 1.0 unit of Tag DNA polymerase (Pharmacia), 5
ML of DNA previously diluted, and deionized and distilled water. Each reaction mix was
overlaid with mineral oil (Sigma) when using Robocycler (Stratagene) (see below). Negative
controls in which water was added instead of DNA were included in each run in order to
verify the absence of contamination.

DNA amplification was initially performed for each primer in a Stratagene Robocycler
Gradient 96. When the pattern obtained with this thermal cycler was not reproducible, a PE-
2400 thermal cycler was used instead, and only if the results were reproducible in this
machine the RAPD markers obtained with this particular primer were considered. The
program used was the same for both thermal cyclers; an initial melting step at 94°C (5 min),
followed by 45 cycles each at 94°C (1 min), 39°C (2 min) and 72°C (2 min). A final extension
step at 72°C (7 min) was performed after the 45 cycles.

Amplification products were separated on 1.4% agarose gels stained with ethidium
bromide to a final concentration of 0.5 pg/mL. Gels were run in 0.5X TBE buffer during
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approximately four hours at 7.5 V/em and then visualized under ultraviolet light.
Monochrome photographic negatives (Agfapan, APX100) were taken of the gels using a

Polaroid camera.

Table 3-1 Summary of data obtained in RAPD analysis with eleven primers for Limonium
cavanillesii. The number of fragments for each primer represents the number of
reproducible, scored bands in at least two independent assays. All analyses were made using
Robocyler as the thermal cycler, except for primers OPA-08 and OPA-11 for which PE-2400

was used (see text for more details).

Nucleotide Thermal No. of Band size
Primer sequence cycler used fragments range (bp)
OPA-04 AAT CGG GCT G Robocycler 21 550-1800
OPA-07 GAAACG GGTG  Robocycler 18 300-2500
OPA-09 GGG TAA CGC C  Robocycler 15 700-3500
OPA-10 GTG ATC GCAG  Robocycler 13 550-2400
OPA-15 TTC CGAACCC Robocycler 14 600 - 2400
OPA-16 AGC CAG CGA A Robocycler 7 900-2900
OPA-18 AGG TGA CCGT  Robocycler 13 300-2500
OPA-19 CAAACGTCGG  Robocycler 10 700-2700
OPA-20 GTT GCT ATC C Robocycler 5 1700-1300
OPA-08 GTG ACG TAG G  PE 2400 9 600-1700
OPA-11 CAATCG CCGT  PE 2400 6 800-1300
Total 131 300-3500

Initially we surveyed all primers for a sample of three randomly chosen individuals, in
order to evaluate their suitability with the Stratagene Robocycler. Thirteen primers gave a
clear profile in this pilot study, nine of which gave reproducible marker patterns (Table 3-1).
The other four were tested for reproducibility in the PE 2400 and only two of them gave
reproducible banding patterns (Table 3-1). Hence, a total of eleven primers were used in the
final study.

Fragments included in the final analysis were tested for reproducibility. Whenever a

new RAPD band appeared in the final study and it was not present in the pilot study, two
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replicate PCR reactions, one with the same DNA dilution and one with a new DNA dilution,

were performed.

AFLP method
AFLP reactions, data collection and scoring procedure

AFLP assays were performed with the Perkin-Elmer/Applied Biosystems (PE/ABI)
AFLP™ plant mapping kit for small genomes according to the manufacturer instructions. It
is based on the method of Vos et al. (1995) but it uses non-radioactive, fluorescent dyes to
label the primers, thus enabling the multiplexing of up to three different reactions from one
individual in a single gel lane. The kit uses Msel-C in the pre-selective amplification (PSA)
and Dye-EcoRI-AN/TN and Msel-CNN primers in the selective amplification (SA), where N
represents any of the four nucleotides. Following Janssen et al. (1996), a preliminary study
was done to determine which primer combination would be more appropriate. Primer
selection (Table 3-2) was based only on the number of fragments amplified, and there was no
bias in favor of those primers that gave more polymorphism, which is important in order to
make comparisons among different techniques or with other species (Clark & Lanigan, 1993).

Modifications to the original protocol were minimal. The number of cycles in the final
step of the SA was increased for the green and yellow fluorescent dyes (Table 3-2). The SA
reactions were multiplexed in order to load the 3 primer combinations from one individual in
a single lane in the gel. Multiplexing was carried out by adding an uneven quantity of each
SA, depending on the dye. Electrophoresis was performed on 4% polyacrylamide gels at
constant voltage (3000 V) for 3 hours at 51°C on an automated DNA sequencer (Model 377,
PE/ABI) equipped with GeneScan Analysis software (version 2.1, PE/ABI).

Table 3-2. AFLP primers used, color dye, number of cycles on the selective amplification
reaction (SA), number of pl used on the multiplexing reaction (MR), and number of

monomorphic and polymorphic bands respectively.

AFLP Color Dye Cycles ML MR Total Bands Polymorphic
Primers SA Bands
Msel-CTG FAM (blue) 23 5 75 6
EcoRI-AC
Msel-CAA JOE (green) 25 10 84 3
EcoRI-AG
Msel-CTG TAMRA (yellow) 27 20 72 4
EcoRI-AT

Reproducibility studies

A multifactorial experiment was carried out to detie the influence of DNA concentration and
possible random differences in the three stepsaoh @&FLP reaction on the final AFLP profiles. DNA
quantities of 50, 100, and 350 ng were tested, randifferences were observed in the profiles oletin
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among the 14 reactions performed for each DNA catnagon. Consequently, the amount of DNA used
per AFLP reaction was 5§ of the original extraction, which implies variatis in DNA concentrations in

the range mentioned above.

Further reproducibility tests were performed by repeating the complete AFLP
procedure, including running the samples in different gels, with 5 individuals. Besides,

samples from other 12 individuals were run twice in different gels.

Data Analysis

A matrix with all the different AFLP phenotypes (patterns) was assembled with
programs GeneScan and Genotyper (version 1.1, PE/ABI), with further visual inspection of
the electrophoretograms to correct for any misinterpretations from both programs. The
resulting presence/absence data matrix was analyzed using the package RAPDistance
(Armstrong et al., 1996). Estimates of pairwise distances were made using the Euclidean
distance proposed by Excoffier et al. (1992), and Dice similarity coefficient (S, equivalent to

that of Nei & Li, 1979) proposed by Lynch (1990) for DNA fingerprinting data. The similarity

coefficient was transformed to a distance (D) according to D :\/E (Armstrong et al.,
1996). The resulting distance matrices were compared using DIPLOMO (Weiller & Gibbs,
1993) to test the significance of their correlation by means of a t-test (Sokal & Rohlf, 1995 pp.
575-583). These two distances were chosen as representatives of several other possible
distance measures for binary data that either take into account the sharing of the absence of
a character (Excoffier) or do not (Dice) (Armstrong et al., 1996, see also Chapter 4).

We have employed several approaches to ascertain the relationships among the
different AFLP patterns using both distance measures. First, the neighbor-joining procedure
(Saitou & Nei, 1987) was used to construct an unrooted dendrogram. In order to make a
statistical assessment of the resulting trees two methods were used: the Permutation Test
Probability (PTP) analysis (Faith & Cranston, 1991), and a correlation test to compare the
original distance matrices with the patristic distance matrices of the trees (Armstrong et al.,
1996), because conventional approaches for estimating the reliability of inferred trees, such
as bootstrapping or jackknifing, are better suited for interspecific studies and may lack
statistical power at the intraspecific level (Templeton et al., 1992; Templeton & Georgiadis,
1996). Second, principal coordinates analysis (PCO) was performed using NTSYS (Rohlf,
1993) to provide a visual representation of the connections between phenotypes. The
multidimensional scaling was completed with the superposition of a minimum spanning tree
(MST, Dunn & Everitt, 1982), obtained with NTSYS, on the corresponding plot. Finally,
program MINSPNET was used to obtain a minimum spanning network (Excoffier & Smouse,
1994). The network represents all possible connections among patterns with the minimum
number of mutational steps (presence/absence of bands) that separate them. This kind of

representation is very useful for intraspecific studies because it allows to visualize the
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connections among the patterns integrating the information from gene genealogies
simultaneously with the frequencies of those patterns (Excoffier & Smouse, 1994; Templeton
et al., 1995)

The analysis of nucleon diversity within populations by means of the distribution of
pairwise differences among molecular variants (Tajima, 1983) has been used to infer
historical demographic patterns (Slatkin & Hudson, 1991; Rogers & Harpending, 1992;
Marjoram & Donnelly, 1994). Although the most frequent application has been to nucleotide
sequences, it can also be applied to other molecular markers (Lavery et al., 1996; Nybom,
1993). Given the lack of recombination in the nuclear genome of apomictic species, which is
the case for L. cavanillesii, and the large number of potential markers that can be studied
with DNA fingerprinting techniques, it is possible to consider the whole genome of that
species as a single, non-recombining gene with infinite alleles. We have used this approach
for the present study as it may shed some light on the historical processes that have occurred

in L. cavanillesii population.

RESULTS

RAPD results

Figure 3-1 shows examples of RAPD profiles obtainéti some primers. The negative controls, in
which DNA was omitted, were always free of DNA fragnts. Table 3-1 summarizes the data on the
number of fragments detected per primer. The tatahber of fragments scored was 131, ranging in size

from 300 bp (OPA-07 and OPA-18) to 3500 bp (OPA;-08)h an average of 11.9 fragments per primer.

Primers OPA-04, OPA-08, OPA-09, OPA-10, OPA-15, and OPA-19 showed the same
banding pattern for all the individuals of L. cavanillesii. On the contrary, primers OPA-07,
OPA-11, OPA-16, OPA-18, and OPA-20 gave some bands that were different between
individuals but that were not reproducible in a second test. Problems with band
reproducibility, even using standardized conditions and reagents, seem to be the norm rather
than the exception in RAPD studies. They may be due merely to a random difference among
PCR reactions or to the sensitivity of the technique to small differences in template DNA
concentration between samples, which is a quite common drawback in DNA fingerprinting
methods (Vos et al., 1995). Once all the possible differences were tested and non-reproducible
bands were discarded from the results, we concluded that no RAPD variation was found in L.
cavanillesii. To our knowledge, this is the most extreme case of low genetic variability
detected in a natural plant population by means of the RAPD technique. The ability of the
RAPD technique to identify variation within populations when it exists has been well
demonstrated (Huff et al., 1993; Rossetto et al., 1995; Gibbs et al., 1994; M’'Ribu & Hilu,
1994). We also have evidence for the ability of RAPD analysis to detect within species
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variability in the genus Limonium, as a concomitant RAPD survey has been performed on six
populations of the apomictic species L. dufourii (see Chapter 4).

Therefore, the absence of RAPD variation in L. cavanillesii is a reflection of its isogenic
state and it is in agreement with the reproductive mechanism of this species, apomictic and
without possibility of sexual reproduction due to its uneven number of chromosomes. In this
situation, mutation is the only force that can cause genetic differentiation between parents
and offspring. This indicates that the recently rediscovered, unique population of the species
must have gone through a recent bottleneck, and there has been no time for mutation to
restore detectable genetic variation. As a consequence of this lack of variability we decided to
perform an additional analysis of diversity in the species using the recently developed AFLP

technique, to see whether some variation could be found.

Fig. 3-1 Representative RAPD results with primers OPA-04 (a) and OPA-07 (b) showing lack
of genetic variation in L. cavanillesii individuals. Lanes labeled M represent molecular

weight markers.

AFLP results

A clear difference between AFLP and RAPD methods was already detected in the pilot
study. No variation among the AFLP profiles was found when significantly different amounts
of DNA were used, as opposed to the different profiles obtained with RAPDs with smaller
differences in the amount of DNA. Furthermore, the remaining reproducibility tests carried
out in the pilot study also gave identical results for each individual tested. Hence, the
reliability of the AFLP technique at its different steps was confirmed in this study.

Fig. 3-2 shows an example of an AFLP polyacrilamide gel using fluorescent-dye

primers. These AFLP primers finally used for analysis are shown in Table 3-2. A total of 231

fragments were generated, ranging from 75 to 500 bp, with an average of 222.6 fragments
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per individual and 77 bands per primer combination. These 231 markers were able to
distinguish 11 different AFLP phenotypes in L. cavanillesii (Table 3-3), but the variability
observed was relatively low, which is in agreement with the previous RAPD study where no
polymorphic markers were obtained. Only 13 (5.6%) AFLP markers were polymorphic. Using
this proportion of polymorphic fragments, the number of variable bands expected in the
RAPD study (with 131 markers screened) would have been 7.34. This implies that both
techniques differ significantly (P<0.001) in their levels of polymorphic loci. Therefore, it is

not simply the larger number of markers detected with the AFLP technique what marks the
difference with the result obtained with RAPDs.

Fig. 3-2 AFLP gel from
multiplexing reactions of the
three fluorescent-dye primers
used for analyses (BLUE,
GREEN  AND YELLOW
bands). RED bands are those
from the standard molecular

weight marker.
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Table 3-3. Presence and absence data matrix for the 13 polymorphic AFLP markers of the 11
phenotypes, and absolute frequency of each phenotype in the only remaining L. cavanillesii

population.

Phenotype Polymorphic bands Individu
als

1 0O 0000 1 01 0 0 1 1 0 3
2 0O 0001 1 11 0 0 1 000 1
3 0O 0000 1 01 O0 01T 11 1
4 0O 0000 1 01 1 01 10 3
5 0 001 1.001 1 0 0 0 0O 11
6 0 001 1.001 1 0 0 1 00 5
7 0 0111111 0 0 0 0 O 1
8 0 011101 0 0 0 0 0 0 1
9 1 0 0 061 1.1.1.0 01 0 O 1
10 0O 00001 01 0 0 1 00 1
11 01000 1010 1 1 11 1

All the analyses performed using Excoffier and Dice distance matrices (Table 3-4) gave
very similar results, as expected from the highly significant correlation found between them
(r=0.988; t,=0.087, P>0.90, for the null hypothesis r=1). The relationships among AFLP

patterns obtained with the neighbor-joining procedure are represented in Fig. 3-3.

Table 3-4. Distance matrices using Excoffier (upper hemimatrix) and Dice (lower

hemimatrix) coefficients among L. cavanillesii phenotypes obtained with AFLP markers.

Phenotype

- 3 1 1 6
0.082 - 4 4 3
0.047 0.095 - 2 7
0.047 0.095 0.067 - 7
0.116 0.082 0.125 0.125 -
0.106 0.067 0.116 0.116 0.047 -
0.116 0.082 0.125 0.125 0.067 0.082 -
0.134 0.106 0.142 0.142 0.067 0.082 0.067 -
0.095 0.047 0.106 0.106 0.095 0.082 0.094 0.116 -
0.048 0.067 0.067 0.067 0.106 0.095 0.106 0.126 0.082 - 4
0.082 0.116 0.067 0.094 0.142 0.134 0.142 0.157 0.125 0.095 -

5 6 8
2 3 5
6 7 9
6 7 9
1 2 2
3 3
2
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There is no difference between the topologies obtained with both distance measures
and only the one obtained from Excoffier distances is shown. Hence, it can be concluded that,
at least in this case, considering the sharing of the absence of matches only influences the
branch-lengths but not the topology of the tree.

Principal coordinates analyses based on Excoffier and Dice distance matrices have a
low resolution power, as only the first dimension is significant for both distances (Table 3-5).
Excoffier distance explains about 20% more of the total variation with the first dimension in
the PCO analysis than Dice distance, despite the high correlation between them. The
topologies obtained are very similar, and basically there is a spreading of the different

patterns along the axis, showing no particular structure.

Table 3-5. Result of the percentage of variation explained by the 2 first dimensions
in the principal coordinates analysis of AFLP phenotypes in L. cavanillesii when

using Excoffier and Dice distance matrices.

Excoffier Dice Expected
Dimension | Eigenvalue Percent | Eigenvalue Percen
t
1st 12.94 52.72 0.16 32.41 217.45
2nd 4.02 16.37 0.08 15.28 18.36

The superposition of the MST obtained with NTSYS on the PCO analysis (Fig. 3-4)
shows that the previous relationships are preserved in the multidimensional mapping.
Whereas in the plot derived from Excoffier distance pattern 8 is connected to pattern 5, in
that derived from Dice distance it is connected to pattern 7. This difference arises because
Excoffier distance takes into account an absent band shared by patterns 5 and 8 (Table 3-3),
which is not considered in Dice distance. In the neighbor-joining tree, these patterns are
included in the same cluster with pattern 7. The minimum spanning network (Fig. 3-5)
shows that alternative connections among OTUs 5, 7, and 8 are equally likely, thus
explaining the previous results. Consequently, it seems that alternative ways of representing
the relationships among the variants, not by strictly bifurcating trees, may be more adequate
at the within species level. These results are especially relevant when dealing with larger
sample sizes and/or intraspecific studies of population structure (see Chapter 4).

The absolute frequency of each pattern is shown in Table 3-3. The most abundant
patterns are 5 and 6, separated by only one mutational step (Fig. 3-5). The remaining
patterns appear with a lower frequency, and only one or two mutational steps separate them

from each other or from the most common patterns. Hence, all individuals are very closely
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related, which confirms the results of the cluster analysis, as branch-lengths in the NJ trees
are very small, and it is also reflected in the absence of any particular structure in the PCO
analysis.

The pairwise difference distribution (Fig. 3-6) does not match with the population
expansion model of Rogers & Harpending (1992), and Harpending (1994) raggedness index (r
= 0.0238) is not significantly different from the values for an equilibrium population
(Prob(r<0.0238) = 0.0487 for 10000 random simulations of equilibrium populations with
parameters as in the observed distribution). Also, because of its bimodality, the distribution

resembles that found in simulated stable populations (Rogers & Harpending, 1992).
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Fig. 3-3. Unrooted neighbor-joining dendrograms based on pairwise differences
among the AFLP patterns from L. cavanillesii obtained using (a) Excoffier distance, and (b)

Dice distance.
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(a)

(b)

Fig. 3-4. Principal coordinates analysis with superimposed minimum spanning
network for AFLP phenotypes from L. cavanillesii (a) Excoffier distance, and (b) Dice

distance.
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Fig. 3-5. Minimum spanning network showing the relationships among AFLP
phenotypes from L. cavanillesii. Numbers on branches indicate mutational steps between

patterns when larger than one. Bars over branches represent singleton mutations.
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Fig. 3-6. Pairwise difference distribution for comparisons among individuals from
Limonium cavanillesii population. Lines represent the expected distributions of pairwise
differences under constant population size (triangles) and under the population expansion

model (squares).
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DISCUSSION

The low levels of genetic variability found in L. cavanillesii could be explained by the
joint effects of the apomictic reproductive system of this species and the passage through a
severe bottleneck in recent times, after which there has been no chance for mutation to
restore genetic variation. However, the mismatch distribution shows a genetic equilibrium of
the population. This apparent discrepancy could be explained if the genetic signal is
reflecting the demographic pattern of a population in equilibrium in the past, that masks the
effects of later events (Lavery et al., 1996).

The need of polymorphic markers for planning recovery strategies in L. cavanillesii is
important for its ex situ conservation in germplasm collections and the adequate
establishment of new natural populations (see later). In both cases, samples taken from
nature should represent the variability found in the species. The ability to recognize
individual plants is also desirable to monitor the success of each phenotype on the new
populations. AFLPs provide a suitable class of markers for this goal. Contrarily, RAPDs do
not seem to present enough variability for this particular species. Comparative analysis of
variability levels detected with AFLPs and RAPDs from the same L. cavanillesii individuals
indicates that these techniques show significant differences, which cannot be explained
simply by the larger number of markers derived from the AFLP procedure. Our lack of
knowledge of the genome organization and mapping location of these markers in this species
prevents us from drawing further conclusions with regard to the explanation for this
observation. However, as more studies employing both techniques appear, it will be possible
to determine whether this is a particular or general phenomenon.

In any case, the advantages attributed to AFLP over other PCR-based DNA
fingerprinting methods have been confirmed in the present study. Its handling could seem to
be cumbersome by the use of automated sequencers and additional software, but, under our
experience, this initial appreciation is far from reality. Automation is a desirable feature in
every molecular technique, to avoid the subjectivity of manual data collection (e.g. Rossetto et
al., 1995; Janssen et al., 1996). Although, admittedly, AFLP data collection is still
semiautomatic, the technique is evolving towards full automation, which is always an
advantage over other, less objective, ways of collecting data. Besides, our pilot study has
demonstrated the reproducibility of these markers, which makes of AFLP a very time-
efficient method, as it is not necessary to establish the reproducibility of every fragment
considered. Reproducibility and reliability are at the very heart the most common critics to
RAPDs and other DNA fingerprinting techniques, especially for the impossibility to
interchange results among laboratories.

Summarizing, when PCR-based DNA fingerprinting methods are chosen as the most
appropriate technique to face a particular problem, as for instance in the analysis of diversity

in endangered species or species for which there are indications of very low genetic
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variability, AFLP fingerprinting has remarkable characteristics that made it advantageous
over other methods.
Prospects for the future

Now that the biology of Limonium cavanillesii, and the causes leading to its decline

are better understood, and the genetic variability of the only wild population of the species
has been studied, decisions for future in situ and ex situ conservation of the species can be
made.
The adoption of conservation measures for apomictic species can be controversial. Questions
about their status as proper species arise very often, especially when they have a hybrid
origin as it is the case for this species. Besides, the taxonomy of endemic apomictics can be
quite confounded, as clearly distinct ecotypes may have been classified as different species on
the basis of morphological characters, but the use of molecular markers can lead to very
different conclusions (van Heusden et al., 1991; Kraft & Nybom, 1995; Kraft et al., 1996).
This situation is frequent in the genus Limonium, in which reticulate evolution has lead to a
quite confounded and complicated taxonomy as has been pointed out in Chapter 2. In fact,
the presumptive monophyly of the duriusculum complex, in which L. cavanillesii is included,
is currently being studied (J.A. Rosselld, personal communication). Until this revision is
completed, a conservative policy should preserve as much of the current diversity as possible,
because this policy can always be revised, whereas the opposite one cannot, and especially
when dealing with species in so meager conditions as L. cavanillesii. In the meantime, the
study of AFLP makers on L. cavanillesii opens the possibility of performing population
genetic studies on closely related species, which may help to resolve the taxonomic
complexity of the duriusculum complex.

A separate issue for obligate apomictic species is how to decide what to preserve:
populations, clones, or individuals. Given the nearly genetic homogeneity of the only extant
population of L. cavanillesii, it seems obvious that the whole population should be preserved.
Due to its low genetic variability, L. cavanillesii is likely to be very sensitive to
environmental changes. Conservation of the unique wild population of the species must be an
urgent measure, via preservation and protection of the area where it is currently established.
Some authors have stressed the potential value of small reserves to provide a wider choice of
sites for protection and emphasize that they can play an important role in plant conservation
(Lesica & Allendorf, 1991; Reznicek, 1987). Besides, re-establishment of the species in
suitable and ecologically secure areas, creating new self-sustaining populations, would also
be desirable.

Ex-situ conservation is another measure for the preservation of the species in the
future that should be considered. Conservation of seeds in germplasm banks has not been
possible in some species of the genus (M.D. Lledd, personal communication), but good seed
germination results have been obtained with material from L. dufourii, after one year of
dormancy (J.A. Rossells, personal communication). Although costly and time consuming,
conservation b y micropropagation of some individuals might be desirable. At the same time,
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a study of the germination capacity of the seeds, after being maintained in germplasm banks
during one or more years, may be important for the possibility of replacing micropropagation
by this cheaper technique in the future.

We believe that the critical situation of L. cavanillesii deserves attention and that it

should be catalogued as critically endangered according to the IUCN categories of threat.

96



Intraespecific variability and population structure in L. dufourii

Analysis of genetic variation in the endangered sjpees

Limonium dufourii




Intraespecific variability and population structure in L. dufourii

RESUMEN

Limonium dufourii es una especie triploide, con reproduccion aparaictndémica de las costas del
este mediterraneo espafiol, donde esta presentél@® poblaciones con unos pocos individuos en la
mayoria de ellas. Inicialmente se estudi6 la vdiika genética y la estructura poblacional usacoimo
marcadores los RAPDs. Los doce primers utilizados fos 165 individuos analizados rindieron unltota
de 124 bandas reproducibles, de las cuales 33amsulpolimorficas. Las bandas polimorficas pemnitn
definir 44 fenotipos diferentes. Se han utilizadoies métodos de evaluacion estadistica para ésiarde
la variabilidad genética a nivel intra- e intergtibnal. Las relaciones entre los patrones llevaon
identificar 4 clusters principales. Dos de ellos @&responden con las poblaciones de Cullera y
Torreblanca, mientras que los otros dos (gruposBd,yincluyen patrones de individuos que coexigan
las poblaciones de la Marjal del Moro y El Salea.rhayor parte de la variabilidad es debida a difges
entre las poblaciones segun el analisis molec@da darianza. Por Ultimo, el analisis de homogagtde
varianzas mostrd que existian diferencias susti@scta la cantidad de variacién genética presentase6
poblaciones.

Debido a las serias dudas que se han planteade kobeproducibilidad de los marcadores tipo
RAPD, decidimos comparar los resultados obtenidosatro método desarrollado recientemente, que ha
resultado ser mucho mas reproducible: la técnicdodeAFLPs. Los 3 primers de AFLPs utilizados
produjeron un total de 51 marcadores polimérficp® permitieron distinguir 65 fenotipos de  AFLPs.

La diversidad genética media encontrada con estacté fue algo menor que con RAPDs. Ademas, el
indice de clasificacién indicé una cierta falta a@respondencia entre las clasificaciones obteridas
ambos marcadores. Sin embargo, a pesar de estttades, el analisis de los datos de AFLPs proparti

la misma subdivisién en 4 grupos que con RAPDgjgnas, los individuos concretos que intervenian en
esos clusters también eran coincidentes. Asimismsa@nalisis AMOVA y HOMOVA rindieron resultados
muy similares a los RAPDs respecto a la estruditmgmoblacional y niveles comparativos de varialaitl
intrapoblacional. Se muestran también los resudtadel analisis de los datos de AFLPs y RAPDs
considerados en conjunto. Por dltimo, la similitde los AFLPs con los marcadores tipo RFLP ha
permitido aplicar con un alto grado de fiabilidadauaproximacion evolutiva al calculo de diversidad
genética. Esta es una de las principales ventajdssdAFLPs sobre otras técnicas de Dffgerprinting
basadas en la PCR.

Los resultados obtenidos han servido para comprdadeistoria evolutiva y demografica de
dufourii, consideradas como requisitos indispensablesgsdadlecer medidas de conservacion eficaces en

cualquier especie.
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ABSTRACT

Limonium dufourii (Plumbaginaceae) is a triploid species, with apomictic reproduction,
endemic to the East Mediterranean coast of Spain, where it is present in only 6 populations
with a few individuals in most of them. Initially, genetic variation and population structure
was studied using RAPDs as markers. Twelve different RAPD primers provided 124 reliable
bands, of which 33 were polymorphic among the 165 individuals analyzed. The polymorphic
bands were able to define 44 different patterns. Several methods for statistical evaluation
have been used for intra- and interpopulation analysis of genetic variability. Relationships
among patterns have led to the identification of 4 main clusters. Two corresponded to Cullera
and Torreblanca populations, respectively; while the other two (groups A and B) include
patterns from individuals coexisting in Marjal del Moro and El Saler populations. Most of the
variation found in this species is due to differences among populations as shown by the
analysis of molecular variance. The analysis of homogeneity of variance shows that
substantial differences in the amount of genetic variability present in the 6 populations exist.

Due to the general concern about the lack of reproducibility ofRAPD markers, we
decided to compare the results obtained with a newly developed method, which has been
reported as highly reproducible: the AFLP technique. The use of three different AFLP
primers rendered 51 polymorphic markers that distinguished 65 AFLP phenotypes. The
average diversity found with this technique was slightly lower than with RAPDs. Besides,
the index of classification indicates a certain lack of correspondence between the
classifications obtained with both markers. However, in spite of these results, the analyses
performed with AFLP data revealed the same principal groups obtained with RAPDs and the
particular individuals involved in those clusters are also coincident. Besides, AMOVA and
HOMOVA analysis rendered similar results to RAPDs respect to population structure and
comparative levels of variation. A combined analysis of AFLP and RAPD data was also
performed.

The similarity of AFLP to RFLP markers makes it possible to apply an evolutionary
approach to calculate genetic divergence with good confidence. This is one of the main
advantages of the AFLP technique over other DNA fingerprinting methods.

The results obtained have been used to understand the evolutionary and demographic
history of L. dufourii, which is a requisite in order to establish efficient conservation

measures for any species.
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MATERIALS

Plant sampling.

The number of individuals sampled from each of $sheremaining populations df. dufourii is
shown in Table 4-1. For the three populations iriciwtthe census was lower than 100 individuals, all
individuals were sampled for analysis. From theeptpopulations, a representative sample size was
collected. Two or three small leaves ranging fraddnt@ 800 mg of tissue, depending on the availgbdft

material, were taken from each individual and kefrigerated until storage at -80°C.

Table 4-1. Location, number of individuals analyzed, and pafion sizes (approximate for populations

larger than 100 individuals) of the dikmonium dufourii populations used in this study.

Individuals Population

Population analyzed size
Cullera 34 34
Torreblanca 40 200

El Saler 7 7

Marjal del Moro-1 25 25

Marjal del Moro-2 29 3000
Marjal del Moro-3 30 2000

DNA isolation and quantification
DNA was extracted using the CTAB protocol developed by Doyle (1991), as for L. cavanillesii. Then, DNA

contents were estimated following also the same procedure as in the previous chapter.

METHODS

RAPD method

DNA amplification and fragment visualization

Initial RAPD profiles were generated using the 2BA3 and amplification reactions were carried
out as forL. cavanillesii, including always negative controls. All DNA anffations were done in a
Perkin Elmer 2400 thermal cycler.

Fragment visualization followed the same procedsrén the previous chapter. To help scoring the
bands, each 30-well gel consisted of alternatidg/iduals from each of the six populationsLofdufourii.
Pilot study: Primers used and reproducibility of banding patterns

Usually some primers give more reliable resultsitbthers depending on the species. Therefore, a
pilot study was carried out to evaluate the sulitglnf the available primers with. dufourii.

Initially, each primer was used on a subset of framdomly chosen individuals from different

populations. Based on the clarity of the patterbtaioed (i.e. bright staining, sharp, and not toanyn
100



Intraespecific variability and population structure in L. dufourii

amplification products per lane), 14 primers weztested to test the reproducibility of their pre§l Each
reaction was repeated three times using the samplasaubset. Only those primers that gave reprotkici
banding patterns between reactions were chosethéoanalysis of the whole sample set of the species
(Table 4-2).

Table 4-2 Primers used, their sequences, base pair rangedscand number of polymorphic and

monomorphic markers observed for each primer

Bands
Primer Sequence bp range monomorphic polymorphic
OPA-01 CAGGCCCTTC 600-2500 7 1
OPA-07 GAAACGGGTG 200-1500 10 5
OPA-08 GTGACGTAGG 250-2500 8 7
OPA-09 GGGTAACGCC 1000-2000 8 0
OPA-10 GTGATCGCAG 300-1250 6 5
OPA-12 TCGGCGATAG 500-2500 5 5
OPA-14 TCTGTGCTGG 600-1250 4 0
OPA-15 TTCCGAACCC 350-1250 12 0
OPA-16 AGCCAGCGAA 300-1300 4 0
OPA-18 AGGTGACCGT 350-1250 10 3
OPA-19 CAAACGTCGG 800-2500 6 4
OPA-20 GTTGCGATCC 800-2500 10 3

Furthermore, all the fragments included in the Ifiamalysis were tested for reproducibility.
Whenever a new RAPD band that was not presenteirpiflot study appeared, two to four replicate PCR
reactions were performed with that sample. The bewd was included in the analyses only if it was
present in all the reactions.

It is important to emphasize that primer selectiaas not biased in favor of those that revealed the
most polymorphism. There is also ropriori reason to assume that there was a bias in scoring
polymorphic versus monomorphic bands [Clark andigam (1993) discuss how these biases can influence

measures of genotypic diversity].
By heeding all the precautions mentioned above, most of the assumptions usually made in the analysis of
dominant markers (Lynch & Milligan, 1994; Stewart & Excoffier, 1996) could be validated, allowing us the use of

RAPDs, but at the cost of a decreased precision compared to codominant markers.

Data Analysis

The presence or absence of homologous bands intindbe final analysis was determined for all
individuals and a matrix of the different RAPD pb&mpes was assembled. Fifteen different metric
distances for all pairwise combinations of RAPDtgats were computed using RAPDistance (Armstrong
et al.,, 1996). These distance matrices were compared théthEuclidean metric (Excoffiest al., 1992)
using DIPLOMO (Weiller & Gibbs, 1993) to test theiorrelation by means of a t-test (Sokal & Rohlf,
1995). This distance was chosen for further analybee to its adequacy for AMOVA (see below) and
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because it uses both presence and absence of matdiieh may be considered as a safety margin when
dealing with rare organisms (Rossedtal., 1995).

Several approaches to assess relationships amoR@ RAenotypes were used. First, the Euclidean
distance matrix was used to construct a dendrogrsimg the neighbor-joining method (Saitou & Nei,
1987) as implemented in NEIGHBOR from the PHYLIRksge (Felsenstein, 1993). As pointed in the
previous chapter, conventional approaches for tignation of the reliability of inferred trees, sues
bootstrapping or jackknife, were originally devedopfor interspecific studies. These techniques sioms
lack statistical power at the intraspecific levelchuse they focus on differences among taxa réathaer
between individuals, which are expected to diffeinimally (Templetonet al., 1992; Templeton &
Georgiadis, 1996). Techniques that make an ovesflessment of the tree rather than generating
confidence limits for individual branches are bettethis situation. We have used two different hoets
for this goal. First, we have compared the distamzdrix with the patristic distances in the resgti
neighbor-joining tree using DIPLOMO by means ofitlmrrelation coefficient (Armstrongt al., 1996).
Second, we have performed a Permutation Test Pitip4BTP) analysis to test whether the resultirep
reflects an actual tree-like signal in the datanerely an artifact of the algorithm (Faith & Cramst1991).

Even though parsimony cannot be applied directiRA®D data except in haploid organisms (Clark
& Lanigan, 1993), we have also used the originalPRAphenotype data matrix to perform maximum
parsimony analysis using PAUP (Swofford, 1993).

The above mentioned techniques are the classipabaphes to determine the relationships among
different operational taxonomic units (OTUs), buthaoretical framework for integrating the inforipat
from gene genealogies and frequency distributiohshe variants at the intraspecific level is angin
(Excoffier & Smouse, 1994; Templetehal., 1995; see also Chapter 3). Moreover, the findihg large
number of most parsimonious trees (see Resultg)estigd that an alternative way of representing the
relatedness between the patterns obtained, notysbypmeans of strictly bifurcating trees, would iere
adequate. We have therefore used estimation ohamum spanning tree (MST, Dunn & Everitt, 1982) as
the third approach for inferring the intraspecifibylogeny ofL. dufourii using NTSYS (Rohlf, 1993).
Alternative MSTs were obtained with MINSPNET, usittte modified Prim procedure proposed by
Excoffier and Smouse (1994). NTSYS was also usestudy the relationships among RAPD phenotypes
using principal coordinates (PCO) analysis. The tiginhensional scaling was completed with the
superposition of the MST on the corresponding @gtusing these last approaches we expected tblbe a
to extract additional information from the plot alsted, such as the multidimensional relationshipsray
the populations (Whittgt al., 1994; Travist al., 1996), and to formulate a hypothesis on the spieaific
phylogeography of the species (Avise, 1994), whigimnot be inferred from a simple dendrogram
representation.

The distance matrices between RAPD patterns fodifftérent metrics available in RAPDistance
were used to calculate pairwise genetic distaneggsden populations as:

d'y = Ay - (ch+0,/2),

where ¢, represents the uncorrected distance between pgmm#a and vy, and ¢, d, correspond to
intrapopulation diversity measures. The resultingyation distance matrices were compared to hest t
correlation with the Euclidean metric as in theviwas section. The results of this correlation sdkiwed

us to reduce the number of distance matrices t@rployed in subsequent analyses, using only the
Euclidean distance. An unrooted tree using thehimigjoining method mentioned above was constructed
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for L. dufourii populations. To test whether genetic and lineagggphical distances between populations
were correlated, the corresponding matrices wenepaned by means of the correlation test as destribe
above.

For studying the genetic structure lof dufourii populations we have used the extension of the
analysis of molecular variance (AMOVA, Excoffiet al., 1992) recently developed by Stewart and
Excoffier (1996) to accommodate RAPD profile dayatéking into account the dominant nature of these
markers. The technique can be applied to diploidupdions with assumed levels of self-fertilization
However, ad.. dufourii is a triploid species, some further correctiondominance was necessary. In an
apomictic species, departures from equilibrium ltdseth from deviations in the founding populaticarsd
because of other evolutionary forces (selectioiiff, dnutation, etc.) which cannot be counteractgd b
random mating. Because Hardy-Weinberg cannot bekeldewith dominant markers, we either assumed
random mating$% = 0) or complete self-fertilizatior5(= 1), as the two extremes for the range of possibl
values of the selfing rat&. For the former case, the equations for the candit expectations of the
squared distance between individuals (7a) thro@ph ih Stewart and Excoffier (1996), were transfedm
to be applied to a triploid species in Hardy-Wengpequilibrium (Appendix 1). The two-step strategy
proposed by the authors was applied to calculad-thtatistic analog¥st) and its significance (Excoffier
et al., 1992). For the case 8f= 1, transformations were not necessary, becdisedandition is equivalent
to a purely phenotypic comparison without corrattior dominance (Hufiet al., 1993), except for a
proportion factor. Under conditions of completefiagl any individual showing a band is assumeddo b
homozygous for that allele. When compared to amdtidividual showing the same band, there would be
no differences among them, and when compared todimidual lacking the band, there would be 9
differences (3 x 3 chromosomes in each individwhtp compared). Finally, we used the nonparametric
test for homogeneity of molecular variance (HOMOYAgased on Bartlett's statistic (Bartlett, 1930, t
test for within population genetic diversity. BoMOVA and HOMOVA analyses were performed using
WINAMOVA (available from L. Excoffier).

Finally, inferences about the historical populatigenetic and demographic processes that have
affected L. dufourii populations can be drawn from the analysis of iwithopulation diversity by
calculating the pairwise mismatch distribution amoRAPD patterns from each population (see also
Chapter 3).

AFLP method

AFLP procedure and reproducibility study

The same protocol as in the previous chapter was followed for the AFLP method, data
collection and scoring procedure, with the only modification that a modified “core mix” for the
PSA and SA PCR reactions was employed. It consisted of 1.5mM MgClz, 0.2mM of each
dNTP, 1X PCR Buffer II (PE), and 0.2U AmpliTaq (PE). Primers selected were the same as

for L. cavanillesii, based on its preliminary study (Table 4-3).

Table 4-3. AFLP primers used, their fluorescent dye label, number of cycles
on the selective amplification reaction (SA), amount used on the
multiplexing reaction (MR), and number of monomorphic and polymorphic
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bands obtained in this study.

AFLP Color Cycleson SA  ulon MR Total no. Polymorphic Bands
Primers Dye Bands

Msel-CTG FAM 23 5 75 22

EcoRI-AC (blue)

Msel-CAA JOE 25 10 84 16

EcoRI-AG (green)

Msel-CTG TAMRA 27 20 73 13

EcoRI-AT (yellow)

The multifactorial experiment carried out in thést species was also repeated.idufourii to see if
the use of our own “core mix” had any influencetba reproducibility of the reactions. In this casdy
intensity differences among reactions were obserivatithey did not correlate with the quantity di®
used. The immediate consequence of this differemas a discrepancy in the peaks finally called by
program Genotyper. To diminish these automatic ntespretations in the final matrix, AFLP reactions
under a certain empirical intensity threshold wespeated. Fortunately, poor amplifications occurred
consistently only with a few individuals, which weexcluded from analysis. This accounts for the
different samples used between this study andrénqus RAPD survey.

Data analysis

AFLP phenotypes from the original matrix were esteal using the RAPDistance package
(Armstronget al., 1996). The resulting data matrix was used toutale two kinds of pairwise genetic
distances among these phenotypes. First, basdieaedults of RAPD data, pairwise comparisons among
all AFLP patterns were assessed using only twdefphenetic metrics employed there, which are those
most commonly used on PCR-based DNA fingerprintmgthods (Lynch, 1990; Hu#t al., 1993; Travis
et al., 1996): the Euclidean distance (Excoffaerl., 1992) and Dice similarity coefficient (see Chaig
For the second kind of genetic distance, Nei ard iriethod (Nei, Li, 1979) for estimating nucleotide
divergence (or number of substitutions per siteyagigns 5.53 and 5.55 (Nei, 1987) between two
phenotypes was employed. Therefore, we considdratl AFLP data could be treated analogously to
restriction-fragment presence/absence data (RR&)ever, apart from assumptions usually made fer th
analysis of DNA fingerprinting markers (see abowe)jch are applied for both kinds of genetic dists)
two further assumptions are necessary for estimaénetic divergencell from AFLP data. First, a single
nucleotide substitution in the restriction-sitetbe selective nucleotides (that together conforenabtual
restriction site) is sufficient to prevent the aifiphtion of a particular fragment. Second, Nei drits
approach gives a fairly accurate estimate efhend<0.05 (Nei, 1987), as F (the expected proportion of
polymorphic fragments) decreases whénincreases because multiple hits are treated amgles
substitution. Hence, this approximation will beigtadnly for closely related OTUs.

The phenetic distance matrices were analyzed tertasc the relationships among AFLP patterns
and the relationships and degree of differentiatmmongL. dufourii populations following the same
approaches as for RAPD markers. Likewise, the wtide divergence matrix was employed to construct a

NJ dendrogram from AFLP patterns, and to performQ\WA and HOMOVA analyses. On the other side,
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using this evolutionary distance measure it is ipbsdo calculate the nucleotide differentiatiomtistic
proposed by Lynch and Crease (1990) as Nstemdd(Doetweei Duithin); €iNg D the average of all inter- or
intrapopulation divergence values.

Besides, gene diversity for each locus and Wrighst values (Weir BS, Cockerham, 1984) as
measures of the percentage of the total varianedalinterpopulation differences, and Ewens-Wabie'ss
test of selective neutrality (Watterson G., 1978)tbe frequency distribution of AFLP patterns irclea
population, were computed using program ARLEQUIMa{ble from L. Excoffier). Finally, computation
of the distribution of the number of pairwise difaces (mismatch distribution) between all pairs of
molecular variants was assessed with the purposeroparing historical demographic patterns for each
population deduced from these markers with thogeilndd with RAPD data. In this case, a Monte-Carlo
simulation was performed to obtain a null distribatfor (Harpending, 1994) raggedness parameter

under the constant population size model for threnmaich distribution.

RESULTS

RAPD results
RAPD profiles and their geographic distribution.

Figure 4-1 shows examples of RAPD profiles generat#h some primers. Negative controls, in
which DNA was omitted, were always free of ampéfion products. Individuals that shared profileghwi
a polymorphic primer also shared their profiledwvatmost all the other polymorphic primers (e.gnpare
patterns for primers 7 and 8 in Fig. 4-1). Thesmuilte are characteristic for apomictic speciesylrich
each individual is expected to be identical topitegenitor [i.e. they are ‘ramets’ from the samengt’
according to Harper (1985)], unless a mutation etes occurred. Thus, if two individuals are desen
from the same progenitor, they are expected toeptethe same RAPD profile with all primers (barring
mutation). This is corroborated by the fact thabaod is exclusive to a single individual.

Primers used, their sequences, size range scanddnuanbers of polymorphic and monomorphic
markers observed for each primer are presentedableT4-2. RAPD products in the middle molecular
weight range usually produced much more reliabkilts, as some authors have already pointed out
(Penneret al., 1993; Stewart & Porter, 1995). The 12 primersduigethe final study of 165 individuals
from L. dufourii gave a total of 124 markers, 91 of which (74%)em@onomorphic. A total of 33 (26%)
polymorphic markers allowed distinguishing 44 diffiet RAPD phenotypes (Appendix 2), whose
frequency distribution in the 6 populations is shaw Appendix 3. Torreblanca and Cullera populaido
not have any pattern in common with other poputetiavhereas El Saler and Marjal del Moro population
share some phenotypes. A total of 6 (13.6%) RAPBNnptypes are shared by more than one population,
while the remaining 38 (86.4%) are confined to Engopulations. Hence, these results suggest a high
degree of population differentiation, as expectedah apomictic species.

Pattern divergence and intraspecific phylogeny
Among the available measures to calculate distano®ng RAPD patterns we have used the Euclidean
metric proposed by Excoffieat al. (1992), because the correlation among this andeimaining distance

matrices was not significantly different from 1 god the reasons mentioned in Material and Methods.
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Fig. 4-1Example of RAPD profiles ih. dufourii obtained with two different primers (a) OPA-8, ®PA-7. M and
N lanes correspond to molecular size markers andefgative controls for each primer, respectivelyrotvs
indicate polymorphic bands. Note that individudlattshare profiles with primer 8, also share tipeafiles with

primer 7.

The unrooted dendrogram obtained using the neigjdiing method (Fig. 4-2) shows the
relationships among the 44 patterns based on RARIYsis. The tree revealed clear differentiatiorved
major groups. One group includes patterns restritieMarjal del Moro populations, denoted groupoh f
further discussion. The remaining patterns are gedun three subclusters, where phenotypes froreul
and Torreblanca populations form two well separajealips, and the remaining patterns form another
group, except for some phenotypes (23, 28, 31it&)are not clearly included in any of these sustelrs.
The last subcluster and the four separate pats@slienoted as group B. A majority-rule consensess t
derived from the 100 most parsimonious trees rexdeaimilar relationships, including the two main
clusters and the subclusters present in the nefgbbong tree. Other minor groups with lower conses
values were also present in the neighbor-joinieg.tThe consensus values for groups coincidenofim b

analyses are shown in the nodes of the tree deitteig. 4-2.
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Fig. 4-2 Neighbor-joining tree showing the relationships among the 44 different RAPD patterns obtained in L.
dufourii. The Euclidean distance matrix was used. Numbers at nodes represent the values of the majority-rule

consensus tree obtained by parsimony analysis of the raw presence/absence matrix.

The two methods used for testing the tree-like aign the data gave consistent results. The
comparison between the genetic and the patrisstaidg¢e matrices gave a significantly positive dati@n
value (r = 0.976, P<0.001 for the nule hypothe$is=0). The PTP test gave a Z-value of 44.61, irmgy

that the probability of this tree to occur simply ¢dhance is practically null.
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Fig. 4-3 Minimum spanning network obtained with MINSPNETosling the relationships among 44 RAPD patterns doiarl. dufourii. The area of each circle is proportional to
the frequency of individuals showing the corresponggattern. Numbers above the segments conneciticlgs represent the number of differences ambegitwhen these are

larger than 1.
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Fig. 4-4 Principal coordinates plot with the minimum-spamntree superimposed for the two first dimensionthan PCO analysis of
the 44 RAPD patterns obtainedLindufourii.
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Population frequency information and relationshi@siong the patterns can be represented
simultaneously on a minimum spanning network (FeB). In general, the plot supports the clusters
suggested by the phenetic method, but it showsalternative relationships among patterns can bieatk
from this network, especially within groups. Conseqtly, a simple bifurcating tree is an inadequate
representation of the evolutionary relationshipthatintraspecific level.

The superposition of the MST on the bidimensional plot of the principal coordinates analysis derived
from the Euclidean distance matrix between the 44 RAPD phenotypes (Fig. 4-4) confirms that the previous
relationships are preserved in the multidimensional mapping. The first dimension of the PCO explains 51.5% of
the total variation by separating group A of patterns found in the three Marjal del Moro populations from the
rest. Note that in the minimum spanning network (Fig. 4-3) at least 11 mutational steps separate these groups.
The second dimension explains an additional 14.2%, essentially spreading along its axis the remaining patterns
and separating Torreblanca from the other populations. The third dimension (not shown) explains almost 10% of

the total variation by enhancing the differences among Cullera patterns and the rest.

It is remarkable that only one pattern is commomltd Marjal del Moro populations and only 5
patterns are found in two populations. This lowideace of pattern sharing among Marjal del Moro
populations is a preliminary indication of genetiructuring among them.

Divergence at the population level

Interpopulation distances obtained using the Eaealidmetric (Table 4-4) and the remaining metrics
available in RAPDistance showed a significant pesitorrelation, with the only exception of Russaid
Rao metric (data not shown). This measure overagtisnthe distance between OTUs because it only
considers mismatches in the denominator. It shdaedcorrelation with the other distance measures, a

we did not consider it adequate

Table 4-4 Interpopulation distances obtained using the Heelh metric (lower hemimatrix) and linear geographi

distances (upper hemimatrix) amardignonium dufourii populations.

Cullera  Torreblanca El Saler Marjal Marjal del Marjal
Moro-1 Moro-2 Moro-3

Cullera - 63.072 12.530 28.000 28.003 28.001
Torreblanca 6.124 - 52.086 35.128 35.125 35.127
El Saler 1.495 5.364 - 18.026 18.029 18.027
Marjal del Moro-1 13.027 15.189 12.235 - 0.003 0.001
Marjal del Moro-2 4.136 7.207 3.085 3.515 - 0.002
Marjal del Moro-3 4.291 8.173 2311 11.956 3.209 -
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for RAPD data. The Euclidean distance previouskduor comparing RAPD patterns was therefore used
in comparisons at the population level.

The neighbor-joining tree (Fig. 4-5) constructednifrthe Euclidean distances among populations
did not show concordance between the geographatitot of the populations and the topology of the
dendrogram. This result agrees with the correlatest performed, which did not reveal a significant
correlation between genetic and the actual geogratistances between populations (Table 4-4, r15D.

P > 0.05 for the null hypothesis r=0).

— El Saler

Marjal del Moro-3

Marjal del
Moro-1

Marjal del Moro-2

Cullera

Torreblanca

Fig. 4-5 Neighbor-joining trees for the sik. dufourii populations analyzed in this study using

Excoffier distance.

Population genetic structure

Partitioning of RAPD variance within and among plagpions was performed using the AMOVA
procedure with the modifications proposed for RA&dda by Stewart and Excoffier (1996). The 3 Marjal
del Moro populations showed significant heteroggnéilata not shown) and were therefore treated as
separate populations in subsequent analyses. Téeopipic distance matrix was used in the AMOVA
analysis of the six. dufourii populations according to Huéf al. (1993). This analysis is equivalent to the
complete selfing caseS(= 1). AMOVA analyses with distances among indidtiucorrected for the
dominant nature of RAPDs (genotypic analyses) fodd the two-step procedure from Stewart and
Excoffier (1996) and were based on equations deiiivé\ppendix 1 for the case of random matiSg-(0).
The corrected distance matrix used in step 1 ofjhetypic analysis is based on the frequency aalbs
populations of each marker. Because this analysis/ed significant population structure, the secstagp
was performed based on a new corrected distancexntiaat takes into account the frequency of each
marker in each population. A summary of the phepictgnd two genotypic AMOVA analyses is shown in
Table 4-5.
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Table 4-5 Summary of the AMOVA and HOMOVA analyses. Populatstatistics are shown according
to different assumptions on the data. DP: Analpsised on the matrix of phenotypic distances between
individuals. DG1 and DG2: Analyses based on therioest of genotypic distances among individuals
when total or intrapopulation frequencies of eacrkar were considered (see text for further dgtailee

first 6 rows refer to within population varianceismtes for the six.. dufourii populations analyzeddst
represents thedfr statistic analog from the AMOVA. Bartlett’s testrfthe HOMOVA within populations

is shown in the bottom row. Nonparametric tests safnificance for variance components and

homogeneity are based on 1000 random permutations.

Population
statistics DP DG1 DG2
o2
Cullera 0.023 0.281 0.111
2
O Torreblanca 0.006 0.207 0.031
o>
El Saler 0.082 1.656 1.257
O-ZMarjaI del Moro-1 0.085 1.044 2.099
0—ZMarjaI del Moro-2 0.162 1.147 3.186
0—ZMarjaI del Moro-3 0.089 0.908 1.690
2
O among 3.586" 16.690" 37.116
02 . . Kk ok Kk
within 1878 19213 34861
Dgr 0.656" 0.465" 0.516
Bartlett's test 73.074" 25 561" 159.888"

™ P < 0.001

AMOVA analyses show significant population diffetiation in L. dufourii, with independence of
the selfing rate (phenotypic and genotypic analys@s: values range between 0.515 and 0.656 for the
possible values of. The proportion of variation attributable to pogitidn differences is very high, as a
consequence of the reproductive system, the low dpersal rate, and the demographic history edeh

populations. In addition, all pairwise comparisof@opulation variance were significant (data riaiven).

Bartlett’s tests for homogeneity of variance indicate significant levels of variability among populations
(Table 4-5). Intrapopulation variances for phenotypic and genotypic AMOVAs are also shown in Table 4-5. The
lowest level of genetic variation was observed in the Torreblanca population, followed by the Cullera, El Saler,
and Marjal del Moro populations, respectively. Among the latter, Marjal del Moro-2 showed the highest

diversity.
Figure 4-6 shows the observed distribution of paiendifferences for individuals fromn. dufourii

populations (plots a-e), and for individuals frome 3 Marjal del Moro populations pooled togethédotéf
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and g). El Saler population has not been considduedto its small sample size. The expected digtdh
of pairwise differences under a constant populasae (Watterson, 1975) is also shown. Except for
Torreblanca, all populations exhibit nonequilibrigiistributions. However, there is also a clearedié#hce
between the Cullera and Marjal del Moro populatiolse Cullera distribution shows a larger than
expected number of comparisons with zero differepeéhile in the three Marjal del Moro populations
there is a larger number of cases with large nurbéifferences than expected. This is obviouslg tu
the presence of patterns belonging to groups ABaimdeach Marjal del Moro population, thus genergta
bimodal distribution in each of them as well asj @erhaps even more clearly, in the plot of thelgmbo
populations (Fig. 4-6, plot f).
These signatures in the distribution of pairwise differences are indicative of different demographic histories in L.
dufourii populations. The Cullera graph matches the distribution expected after a recent and sustained decline
in population size (Rogers & Harpending, 1992, Fig. 4-6). This is a likely explanation in this case, since a
reduction in the size of this population due to expanding urban development is well documented (Crespo &
Laguna, 1993). The pattern observed in the Marjal del Moro populations requires a different kind of explanation.
It is evident that the bimodality in these plots is due to the existence of two well-defined groups of patterns.
Slatkin and Hudson (1991) argue that this situation is likely to arise in natural populations where the first split
in a gene genealogy gives rise to two equally represented groups of variants. This is a plausible explanation
given the hybrid nature of this species, but other alternatives should not be discarded. For instance, there is
some evidence against this explanation in plot (g) from Fig. 4-6. This graph shows the observed and expected
distributions of pairwise differences for all Marjal del Moro individuals when groups A and B are considered
separately. If the above mentioned explanation was true, it would be expected that both plots overlap. The
average number of pairwise differences between individuals with patterns from group A is 2.0 and for those from
group B is 3.4, with variances 3.21 and 6.10, respectively. In consequence, it seems evident that group A is

younger than group B, assuming that mutation rate and population size have been similar for both groups.

AFLP results

AFLP phenotypes
After pooling of the data from the three AFLP prmo®mbinations used for analysis (Table 4-3),
252 DNA fragments were scored, ranging from 75 @0 bp, with an average of 219.38 fragments per

individual and 84.66 bands per primer combination.
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Fig. 4-6 Pairwise difference distribution for comparisonsiaamg individuals fromL. dufourii
populations. (a) Cullera; (b) Torreblanca; (c) Nhrlel Moro-1; (d) Marjal del Moro-2; (e) Marjal de
Moro-3; (f) individuals from the 3 Marjal del Moqopulations pooled into one single population;gane
as (f) when groups A and B are considered sepgraldie continuous line represents the expected

distribution of pairwise differences under constampulation size (Watterson, 1975).
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There were 51 (20.24%) polymorphic markers thatvedld distinguishing 65 AFLP phenotypes in
the 6 populations df. dufourii (Appendix 4), whose frequency distribution in sh@opulations is shown
in Appendix 5. Only two patterns were present irrenthhan one population, the rest were present iy on
one. It is also noteworthy the large number of vidlials with a unique pattern in the three Marjal d
Moro populations, in contrast with Cullera and Bilanca. This is a preliminary indication of a légh
diversity in these populations.

Intraspecific phylogeny and genetic population structure using phenetic distances

Both the non-Euclidean (Dice) and the Euclideannplie distance matrices were used for analysis. The
results obtained with the two metrics were neankgrichangeable, as predicted by the highly siganific
correlation between them (r=0.988, df=2078, P>@a23he null hypothesis of r=1). Consequently otfig
results from the Euclidean measure are reportegl her

Two main clusters can be distinguished from theddddrogram for the 65 AFLP patterns (Fig. 4-7a).
Cluster | includes only individuals from Marjal délloro populations (denoted group A for later
discussion). The other, cluster Il, is subdividetb itwo subclusters, one including individuals frifarjal

del Moro and El Saler (denoted group B), the otherlusively with patterns from Torreblanca. Pattern
that belong to Cullera and pattern 1, that is presethree populations, do not form a monophylgticup,
but are dispersed among other clusters. Phenatgfaitonships within clusters are slightly diffetermong
Excoffier and Dice trees, but the above mentiormd tluster and subclusters include exactly theesam
patterns. The PTP test gave Z-values of 33.32 @nél4for Euclidean and Dice distances, respectively
indicating an extremely low probability (P<0.00dy the trees to have arisen by chance alone.

PCO analysis (Fig. 4-8) confirms the main relattops among phenotypes found in the cluster
analysis. The first dimension explains 50% of th@ltvariation, whereas only a 7.3% was expectetbun
a broken stick model, and it results in the sef@madf clusters | and Il. The second and third disiens
represent a very small fraction of the total vac&i8% and 5.5%, respectively, as compared to 2886
5.0% expected under a broken stick model) by sjmgatie patterns from clusters | and Il along tlzedes.
However, in this case patterns from cluster |l f@rseparate groups that include, respectivelyyiddals
from Torreblanca, from El Saler and Marjal del Moamd those patterns, mainly from Cullera, thatewver
dispersed among clusters in the NJ tree. Thesdtgeme in agreement with the observed relatiorsship
among patterns obtained in the MSN (Fig. 4-9). rhlédive relationships also represented in this agtw
could be the reason for the small intraclusteredéices observed between the neighbor-joining frees

the Euclidean and Dice distances.
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Fig. 4-8Principal coordinates plot with the minimum spamriree superimposed for the two first dimensionth@PCO analysis for the AFLP patterns frondufourii.
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. El Saler D Marjal Moro 1
|:| Cullera D Marjal Moro 2

. Torreblanca D Marjal Moro 3
@

Fig. 4-9 Minimum spanning network obtained with MINSPNETogling the relationships among the 65 AFLP pattéonsd inL. dufourii. The area of each circle is an
approximation to the frequency of that patternhi@ $pecies. The numbers next to the segments doxqpeodes represent the number of differences grtteem when they are

larger than 1.
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The NJ tree obtained from the Euclidean interpdmnadistance matrix is shown in Fig. 4-10.
Marjal del Moro populations form a monophyletic gpo and Cullera and Torreblanca are also placed in
the same cluster. Furthermore a non-significantffeint from zero correlation between this dis&nc
matrix and the linear geographic distance betwegulations was obtained (r=-0.069, df=13, P>0.5)sT
is an indication that isolation by distance is ¢ process accounting for the distribution of giene

variation among populations.

—— EIl Saler

Marjal del Moro 3

Marjal del Moro 1

Marjal del Moro 2

Cullera

Torreblanca

0.0001

Fig. 4-10 Neighbor-joining tree from Excoffier and nucleaidivergence interpopulation distance

matrices. The bar scales represents nucleotid¢itsuiiosis per site

To determine the partitioning of the genetic vaoiatwithin and amondg.. dufourii populations, the
AMOVA procedure described for RAPD data analysis abo performed. Both phenotypic and genotypic
AMOVA analyses result in a significant populatioengtic structure (Table 4-6), witbst values of 0.538
and 0.531 respectively, which means thatiufourii populations are genetically differentiated, ret¢zss
of the actual selfing rate in the species. All p@e ®st values between populations were significant gtxce
for Marjal del Moro-3 and El Saler populations, gibyy because they share the most frequent pattern
(Appendix 5). When only the frequency of each patteas considered, the resulting Fst value for phis
of populations was lower (0.243), but still sigo#nt (P<0.001).



Intraespecific variability and population structure in L. dufourii

Table 4-6 Results from the genotypic and phenotypic AMOVAalgses using the Euclidean
distance (PE and GE, respectively), and for thdyaizausing the nucleotide divergence matrix (& ar
summarized in the three first columns. The firgtreiws are the within population variance estimdioes
the sixL. dufourii populations. These can be compared with the garesity estimate from the last
column. Next rows are th@st values from each AMOVA analyses, which can bmpgared with the Fst
and Nst statistics bellow. Results from the HOMOMWAalysis are shown in the bottom row. Non-

parametric tests of significance for variance congmis and homogeneity are based on 1000 random

permutations.
Population Gene diversity
statistics GE d

PE

OGutera 0.304 9.486 0.000032 0.440
O Varaldel Moro-1 2.507 39.058 0.000258 0.920
O Varaldel Moro-2 3.185 46.885 0.000331 0.932
O aral gl Moro3 2.220 51.207 0.000231 0.821
Ororreblanca 0.607 7.310 0.000061 0.667
Ol satr 1.095 25.198 0.000117 0.662
Oamong 1.852" 31.995" 0.000194"
O oitin 1.593” 28.205" 0.000166"
Psr 0.538" 0.531" 0.539"
Fst 0.243"
Nst 0.553"
Bartlett’s test 51 504" 47 738" 51 950"

P <0.001

The intrapopulation variances derived from the molar analyses of variance and the average gene
diversities are shown in Table 4-6. HOMOVA analyséswed significant differences in the amount of
intrapopulation variation among populations (Tallés) as a whole, and in all but two pairwise
comparisons. Although the different analyses doagpee completely, it seems evident that the Malgal
Moro populations show the highest levels of vapiatiEl Saler is next, despite its low populatiaresiand

the highest genetic uniformity is found in Torreida and Cullera populations.
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Distributions of pairwise differences among AFLRteas ofL. dufourii populations are shown in
Fig. 4-11. The expected distributions under a @rtspopulation size (Watterson, 1975) and under the
population expansion model (Rogers & Harpendingd2)Sare also represented. Table 4-7 shows the
relevant parameters and goodness of fit statitickoth models. Most populations do not show depeas
in the pairwise distributions from the expectatiorder a constant population size model accordintdo
values of Harpending's raggedness index (Harpendif§4). Only the Marjal del Moro-3 population
departs marginally from the constant populatior &ixpectation using a Monte-Carlo approach foirtgst
the null hypothesis, whereas all Marjal del Moropplations show significant differences from the

expectation under Rogers and Harpending's populatipansion model.
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Fig. 4-11 Pairwise difference distribution for comparisonwomg individuals fromL. dufourii
populations. (a) Cullera; (b) Torreblanca; (c) Nrlel Moro-1; (d) Marjal del Moro-2; (e) Marjal de
Moro-3. The continuous lines represent the expedtstlibutions of pairwise differences under consta

population size (triangles) and population expam¢sguares).

Table 4-7 Summary of analyses of the distribution of paienifferences among individuals from edch
dufourii population. The basic parameters shown are théeauof individuals sampled (n), the number of

segregating sites (S), the expected pairwise difiegs §), and Harpending's raggedness index (r). The
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range shown for each population in column "constaepresents the 95% confidence interval for r
obtained after 10000 simulations of a populatiothwihe same parameter values as the correspohding
dufourii population. Under column-"expansion"”, chi-squastue for the goodness of fit between the
observed and expected value of mismatch countsruhdepopulation expansion model of Rogers and

Harpending (1992) is shown.

Population N S 0 r Constant Expansion
Cullera 32 7 0.147 0.111 0.054-1.0 4.119
Torreblanca 40 7 0.000 0.039 0.036 - 0.812 -

El Saler 7 5 1.368 0.283 0.052-1.0 3.742
Marjal del Moro 1 25 26 3.643 0.021 0.016 - 0.261 6.287***
Marjal del Moro 2 27 15 3.571 0.048 0.014 - 0.196 25.812***
Marjal del Moro 3 30 31 4.878 0.016 0.017 - 0.267 87.582***
*** P < (0.001

Evolutionary divergence of AFLP patterns: intraspecific phylogeny and

population genetic structure.

The nucleotide diversity estimated according to &lad Li (1979) between pairs of AFLP patterns
ranged from 0.0001 to 0.0024. The mean nucleotidersity across all patterns in the whole sample is
0.0009. The unrooted NJ dendrogram derived frormti@eotide divergence data matrix is shown in Fig.
4-7h. No major differences are observed with tee tterived from the Euclidean distance (Fig. 4-Thg
main clusters and subclusters are coincident. @elgtionships within cluster | are slightly differe
Similarly, the relationships among populationstie tNJ tree obtained from the Excoffier interpopialat
distance matrix are identical to those obtainedhfthis genetic approximation (Fig. 4-10).

The AMOVA analysis performed with the nucleotideatigence matrix gavedst value of 0.5392.
Pairwise genetic differentiation between populaiams not significant for Marjal del Moro-3 andler
as in the previous section. The alternative meastdir@opulation genetic structure when using this
evolutionary approach (Nst) gave a value of 0.5Bictv is very similar to the one obtained with the
AMOVA approach. Barlett's heteroscedasticity indeas highly significant (P<0.001), and no pairwise
comparisons except for those between El Saler ariter@ and Marjal del Moro-3 showed significant
intrapopulation variance differences. Results Baim AMOVA and HOMOVA analyses using nucleotide

divergence are also summarized in Table 4-6.

DISCUSSION

Comparative analysis of AFLP and RAPD markers

AFLP analysis resulted in 20.24% polymorphic fragtsg65 from the 252 analyzed), whereas the
previous survey with RAPDs, using nearly the samdADsamples, gave a proportion of 26.6%
polymorphic bands (44 and 125, respectively). TWexage diversity per marker locus for AFLPs (0.0247
0.0051) is significantly lower than for RAPDs (0887+ 0.0128). This result is contrary to the study
performed onLimonium cavanillesii (Chapter 3), for which no variation was detectathvRAPDs and
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some was present when the same individuals wheayag with AFLPs. Likewise, (Sharma et al. 1996)
performed a comparative study wltkns and found that both, the average fraction of palgghic loci and
the mean heterogeneity per locus, were usuallyddareRAPDs than for AFLPs in several populatiofis o
the genus. This implies that comparative resultvafability levels among these techniques canmot b
generalized, even for closely related species.

The intraspecific phylogeny obtained from the AF&tiedy revealed that the two principal groups
resulting from the NJ tree of the RAPD survey (HeR) were also present in this case (Fig. 4-7)s It
remarkable that the particular individuals invohiedhose clusters are also coincident.

We have investigated up to what point RAPDs and R$-provide concordant classifications of the
same individuals. We have used the index of classion, I, (Estoupet al., 1995) by considering the
degree of monophyly of the individuals sharing tseme RAPD pattern when compared to their
corresponding AFLP pattern, i.e., we were inteestelearning how well the classification obtaingih
one kind of molecular marker is maintained wherifferént marker is used on the same individualsee Th

index of classification is defined as:

[ =9r=ds

dr —dy

whered, dg, anddy, are average distances between two OTUs takentfiertotal sample, from the group
under study and from a monophyletic group of theesaize than the group being considered, respéctive
In this case the distance between two OTUs is ddfias the number of OTUs deriving from the most
external node linking the two OTUs. This index mkalues between 1 (perfect correspondence between
two classifications) and -0.5 (when a group inckidely OTUs which are paraphyletic to all others).

There were 44 different groups in the RAPD studt ttould be compared with the corresponding
AFLP patterns. The average value fowas 0.893 when all the groups were considered.gdew only in
16 of those 44 groups there is more than one iddalj and those are the groups for which the coisyar
is meaningful. The average value lef for them is 0.685. Although we lack a statistita$t for the
significance of this value, it seems clear thatdbeespondence between the classification of dimees..
dufourii individuals with RAPDs and AFLPs is higher thae #xpected under pure chance, but it is far
from being a perfect one.

A combined analysis of AFLP and RAPD data has bperformed from the 15%. dufourii
individuals coincident on both studies (data nobvef). The level of resolution obtained with the 84
polymorphic markers derived from this combined gtwdas higher than in the separate analyses, as
reflected in the 95 different phenotypes obtainedhe NJ tree obtained using the Euclidean digtdRa.
4-12) 4 clusters are observed, that include theesantividuals of the four principal groups deriviedm
both previous studies (group A from Marjal del Mogooup B from Marjal del Moro and El Saler, Cudler
and Torreblanca), but they are better resolved.Helie remarkable that all individuals noted abas
dispersed in the RAPD tree, form here a monophyktbcluster within group B. Also individuals from
Cullera that were dispersed in the AFLP tree, amaged in a monophyletic cluster, as occurred & th
RAPD study. Individuals that occupy an intermedjadsition between group A and cluster Il in the &AFL
MSN are the same in the combined tree, and coiral&tewith intermediate patterns in the RAPD MSN.

The application of a range of statistical technigjfa the analysis of the intraspecific relatiopshi
among the patterns obtained allows a better uratedstg of the biological phenomenon under studys Th
has been particularly clear in this study. A mehaster analysis is an inadequate description of the
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relationships among the different patterns and [adioms, especially because it seems to be getteatl
phenotypes that act as connectors among main dustehe PCO and MSN do not form monophyletic
groups in the NJ tree. For instance, RAPD pattg® )28, 31, and 32 are not clearly included in afithe
clusters in the neighbor-joining dendrogram (Fig2)4 but the minimum spanning network (Fig. 4-3)
places all them together in a central place, wiieeg act as connectors among patterns belongitigeto
four main groups: Cullera, Torreblanca and groupsné B. Likewise, in the AFLP study, those patterns
that were not clearly grouped in the NJ tree (Eig, 4-7) form a compact group in the PCO and tt&N\M
(Figs. 4-8 and 4-9). From this result, it can bguad that a simple bifurcating tree could be adwimt
representation of the evolutionary relationshipthatwithin species level. Usually, alternative iections
among patterns exist, which explain the differenmieserved at the within-cluster relationships delpen
on the method or distance used (see also ChaptBe8ides, from multifurcating representations ieven
possible to hypothesize which patterns have actexheestors. Patterns that are not fixed to anylptipn
(e.g. RAPD patterns 2, 10, or 23; or AFLP pattédrn®3 or 9; Figs. 4-3 and 4-8, respectively) uguadit as
the hub of star-like clusters, meaning that they @nnected to several other group-specific pheesty
This suggests that recurrent evolution from thelsenptypes has taken place (Templetbral., 1992;
Excoffier & Smouse, 1994). On the other hand, ppalccoordinates analysis allows a quantificatibthe
diversity responsible for the appearance of theeafi@ntioned groups. In general, both in AFLP andPRA
analysis, the highest percentage of variation {gaémed by the separation of the patterns belonging
group A from the rest. Usually, the second anddtkiimensions explain the remaining variability e t

separation of the patterns from cluster Il in th@eo subgroups.
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Fig. 4-12 Neighbor-joining tree derived from the Euclideastahce matrix of the combined AFLP
and RAPD data matrix.

These four main groups encountered.imufourii (Cullera, Torreblanca, group A and group B), do
not match with the observed population subdivisexeept for Cullera and Torreblanca, the two most
extreme populations. This situation is unexpected several reasons. First, the Cullera and El Saler
populations are geographically much closer to edlohr than the El Saler population is to the 3 sladgl
Moro populations, but all the individuals from EdI8r are included in group B patterns. This isketli to
have been originated recently by gene flow givea tbw seed dispersal capacity of this species.
Furthermore, the presence of a large urban ardentfa, between El Saler and Marjal del Moro, would
further contribute to reduce gene flow among thespulations, at least in the last 2000 years. S&con
phenotypes from Marjal del Moro populations arepdised in two separate groups, A and B, hence
resulting in large intrapopulation divergence. Tehgmtterns do not conform to any general structure.

Furthermore, there is no correlation among geogcagid genetic distances among populations (Table 4
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3). Given that there are no known forces curreatyng on these populations that can explain thesdts,
it seems plausible that historical processes isglp@pulations have to be invoked.

The observed genetic diversity pattern can be explained if the 3 Marjal del Moro
populations were united in the past and group B patterns arose first. These individuals
dispersed, colonizing suitable habitats north- and southwards. The currently remaining
border populations, Torreblanca and Cullera, present patterns related to those of group B.
A second group of patterns appeared in the Marjal del Moro population, either derived
from the existing one or from another hybridization event. In any case, this happened
after the start of divergence of group B, which explains the younger age of group A and
their absence from other populations. Reduction in population size led to the subdivision
of the Marjal del Moro population into 3 subpopulations, and next genetic drift occurred,
resulting in the observed structuring of genetic diversity. This would explain the presence
of individuals with patterns from both groups A and B in the 3 current populations.
Reduction of the El Saler populations has led to its almost complete extinction, while in
Cullera, only a few individuals remain. The pairwise difference distribution shows that all
these populations were in equilibrium in the past. The current reduction of suitable
habitats for the species has caused the observed decline in the survival populations, as

well as the extinction of some others (see Introduction).

However, there are still questions that cannot be answered by using fingerprinting
methods such as RAPDs and AFLPs. In our study of L. dufourii populations there is one
important and yet unanswered question: How did the different patterns assigned to
groups A and B arise and have been maintained in the Marjal del Moro populations? Did
they result from one single hybridization event and later differentiation or are at least two
separate hybridizations necessary to explain the observed patterns? We think that only
with more detailed information at the nucleotide level from these variants and other

Limonium species will it be possible to provide answers for this questions.

Advantages of AFLP over other PCR-based DNA fingenpnting techniques

Since their development early this decade (WelsiMé&Clelland, 1990; Williamset al., 1990),
RAPDs have been used in many different applicationsvolutionary biology, ranging from genomic
mapping (Al-Janabét al., 1993; Rieseberg al., 1993; Sobral & Honeycutt, 1993), to the charazédion
of genetic resources in plants (Kresovéthal., 1992; Orozco-Castillet al., 1994), or the identification of
species, subspecies, hybrids, clones, or geno(Bmsto et al., 1993; Cenist al., 1993; Transuet al.,
1994), among others. However, their utilizationpipulation genetic studies has been hampered by the
severe restrictions posed by some of the assunsptinderlying the methods proposed for their anslysi
(Clark & Lanigan, 1993; Lynch & Milligan, 1994). Nertheless, some of these difficulties can be
overcome by the use of new methods (Stewart & Hia9fl996; cf. Martinez-Torreat al., 1997). In spite
of all the remaining drawbacks and consideratitims,existence of other restrictions often encowatén
the survey of natural populations still makes the af RAPDs advisable when there is only a smatiuarh
of biological material for analysis, closely relhtendividuals are being compared, little (or noreat)

sequence information is known of the particularcgg®e and general evaluations of variability at; fo
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instance, the population level are sought. All ¢hesnditions apply also for AFLP markers. Howebis
technique has been reported as highly reprodughtes et al., 1995; Janssent al., 1996). Our pilot
experiment on AFLP confirms the low sensitivity thfe method to changes in DNA concentrations,
contrarily to the other fingerprinting methods &lbrth et al., 1993;(Caetano-Anollés G. et al. 1992);
Micheli et al., 1994); see also Introduction). This advantag@RifP overcomes some limits of PCR-based
DNA fingerprinting markers, especially with regatdsts potential use among laboratories.

As already pointed out in Chapter 3, the flexikildf the AFLP technique (through the use of
different enzymes and/or selective nucleotides) enak really superior to other methods becauséef t
large potential number of markers that can be tleesimultaneously, especially after its evolution
towards full automation. This feature becomes avaathge over other DNA fingerprinting methods in
studies where the characterization of a large nurmbmarkers is desirable, such as in populatiameties
or genome mapping.

Finally, attempts to estimate evolutionary divergeemelatedness on DNA fingerprinting data have
been performed before (Clark & Lanigan, 1993). Heeve the similarity between AFLPs and RFLP
markers makes it possible to apply Nei and Li'srapph with good confidence, because the required
assumptions are better satisfied here (Nei, 198@).our knowledge this is the first time that an
evolutionary approach has been used for AFLP diaédysis at either intra- or interspecific levelsieh
though we did not obtain appreciable differencesherrelationships derived from this evolutionagngtic
distance and the other phenetic distances, by wmingvolutionary approach we can be more confident
about the inferred phylogenetic relationships. Aweotadvantage of this approach is that an estimfte
nucleotide diversity provides a measure that makescomparison among different species feasible.
Infraspecific molecular studies in plant speciesinich nucleotide divergence estimates have beed us
are strongly biased towards RFLPs (Bohle U.-R.l.et1®94); (Soltis et al. 1992) reported intrasfiec
nucleotide divergence values in a revision of seivewDNA studies ranging from 0.000 to 0.003. Mgl
(1991) reported levels of intraspecific cpDNA digence commonly ranging from 0.0003 to 0.0015.
Typical values for congeneric species range frod®@4 (for very closely related species) to 0.02b4 (
species of the same section of a genus), or e\@308.(for species of different sections) (So#isal.,
1992; Milligan, 1991; (Wang, Szmidt, 1993). Besidasr phylogenetic study using also RFLPs on cpDNA
as markers with somieimonium species of the same sectionlaglufourii (Chapter 2) shows nucleotide
diversity values ranging from 0.0048 to 0.0347. ¢&emucleotide levels of diversity in dufourii (0.000-
0.0024) indicate that the divergence values amamyviduals from groups A and B are within the
intraspecific levels expected for other speciethefsame genus.

The conservation ofLimonium dufourii

The original aim of this work was to provide sommsight into the population biology from the
genetic analysis oEimonium dufourii to possibly guide conservation measures. Therebeas much
debate about the uses and virtues of Populatioreti&snin conservation [see for instance Avise and
Hamrick (1996) and references therein]. The didouss especially pertinent in the case of non-sdiyu
reproducing organisms. These organisms will evéigtbe composed of a series of more or less divdrge
clones, whose fate will be determined either bydcan forces or by the action of natural selectiom, b
without any possibility of increasing their survivpotential by means of establishing new genetic
combinations through recombination and segregatimmce, conservation of genes can only be achieved
through conservation of whole genotypes, and thissually unaffordable. The logic in the reasorntpat
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preservation of genes and their combinations ve#k adaptability potential for future generatidmsnce
decreasing the risk of extinction. However, thisiam has been widely criticized (Lande, 1988; gdinet

al., 1994; Lynch, 1996) and we agree that it is pdgsibt the best way of using Population Genetics in
conservation. The identification of those populasiothat hold the most genetic variability and their
subsequent preservation could be a solution uraeroenic shortage (but see later).

Results from the present study can be used in idgvionservation measures for this spedies.
dufourii is a highly endangered species in which only teoy\close and localized populations (Marjal del
Moro2 and 3) seem to be thriving, whereas the aestat the verge of extinction. Information on the
population genetic differentiation and distributiofi variability is important for directing presetian
measures, which may include the reintroduction pédcges in suitable areas. Given the high level of
population subdivision encountered amanglufourii populations, transplantation of individuals ordee
from one population to another should probably beided, except in the case of El Saler population,
which is a clear candidate for reintroduction, hmseaof its extremely small population size. Theselo
phylogenetic proximity to Marjal del Moro populati® would make it advisable to reintroduce seeds fro
group B Marjal del Moro individuals. However, thigle of thumb of avoiding artificial gene flow with
high population structure is based on the assumghat genotypes are adapted to local environments.
Ewens-Watterson tests of selective neutrality an filiequency distribution of RAPD patterns (data not
shown) failed to reject the null hypothesis in Std 6 populations studied, thus indicating thatahrrent
RAPD patterns frequency distribution does not stéeire due to adaptation to local conditions. It aéms
to be evaluated whether this is the case for ddey which are or not selectively neutral as iassumed
for these kind of markers, in order to sustain thie. There is a risk in using neutral genetic kaes for
making inferences about adaptive processes, uskdsstion is still acting and/or there is a vergsel
linkage between the selected locus and the neuteder. In any case, if asexual taxa do represamtngl-
purpose genotypes (Bierzychudek, 1989) then vanaiih neutral markers is not an indication of any
adaptive process but these markers become veruluUsefthe study of the evolutionary history of the
corresponding populations and also for the momitpaf different conservation measures.

Not all L. dufourii populations currently hold the same amount ofakility (Tables 4-5 and 4-6).
When this is an issue for choosing what naturaufaifons to preserve, the analyses performed sndase
are especially relevant. Populations can be ordémederms of “phylogenetic variability”, as both
frequencies and ancestrality relationships are irsedaluating within population diversity by measfghe
analysis of molecular variance. These results shaat be taken as an absolute guidance for preggrvi
some populations and disregarding others. Instbag,provide one more piece of information for taka
decision, but other considerations should be takenaccount. For instance, the Cullera and Toaedd
populations are well differentiated from the restlaalthough they do not rate as high in the vdiigb
scale as the Marjal del Moro populations, they #th@lso be preserved due to their distinctiven&ss.
Cullera is the only population whose individuaiglion rocky soil, rather than in marshes as thie Vébat
the analysis is really worth for is in helping tecitle, in this case, on which Marjal del Moro peiain
should conservation measures be implemented brstalternatively, what sampling strategy should be
used to setup agx situ germplasm collection to complement othesitu preservation measures.

We believe thak. dufourii should be catalogued as endangered according i®J®N categories of

threat.
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DISCUSION GENERAL Y PERSPECTIVAS

Los bajos niveles de divergencia nucleotidica encontrados entre la mayoria de las
especies de la seccién Limonium, tanto en el genoma cloroplastico como en la regién ITS del
rDNA nuclear, son consistentes con un origen reciente para este grupo de especies. Quizas en
este tipo de géneros en los que la proliferacién de (micro)especies es tan comun, al estar
presentes los principales mecanismos de especiacién de los vegetales (Dobzhansky et al.,
1979) empezar por la indagacién de los niveles de variabilidad, tanto a nivel intra como
interespecifico y las relaciones evolutivas entre especies altamente relacionadas ha sido una
buena aproximacién. Para poder llegar a determinar con mayor exactitud las relaciones entre
las especies parentales originales y las formas apomicticas derivadas del complejo agamico
formado por estas especies de la seccién Limonium, debera intensificarse el muestreo, tanto
en especies sexuales como asexuales. En este sentido los marcadores de DNA citoplasmatico
y nuclear, usados en conjunto, han demostrado ser unas herramientas muy buenas no sélo en
el caso del grupo que nos ocupa (Palacios et al., en preparacién A), sino en otras muchas
especies en las que la hibridacién y la poliploidia son procesos comunes (Mertens, 1993 y
ejemplos alli citados). En especies sexuales el DNA nuclear, al tener herencia biparental,
permite la identificacién de los ancestros de los hibridos, mientras que el DNA
citoplasmatico, al heredarse uniparentalmente, puede utilizarse para inferir la direccién de
la hibridacién y para identificar linajes clonicos. Por otro lado, los estudios que se realicen en
un futuro para investigar las relaciones evolutivas del género deberian incluir especies
monogenémicas (2n=16, 2n=18). En cualquier caso, una vez estudiados méas profundamente
los procesos de tipo microevolutivo, la elucidacién de aspectos macroevolutivos sera més
factible. Podemos por lo tanto concluir que la resolucién de la Sistematica del género
Limonium estara supeditada a la obtencién de datos micro y macroevolutivos en la cantidad
y calidad suficientes como para su comprensién desde el punto de vista filogenético.

Con respecto a los estudios genéticos llevados a cabo con marcadores moleculares para
determinar los niveles de variabilidad intraespecifica y la estructura genético-poblacional de
especies con a priori escasa variabilidad genética, raras o amenazadas, y para su aplicacién
en la conservacién de las mismas, podemos afirmar que los marcadores tipo DNA
fingerprinting basados en la PCR poseen una serie de caracteristicas que les convierten en
potencialmente ideales para ello. Entre estos marcadores los AFLPs parecen ser los mas
efectivos (Palacios, en revision; Palacios, en preparaciéon A) al ser una técnica automatizada y
mas reproducible. Pero el método de los RAPDs no es en absoluto desdefiable: estos
marcadores han resultado ser igualmente fiables siempre que se tomen las precauciones
adecuadas (Palacios & Gonzalez-Candelas, 1997), mas atin cuando en condiciones de escasez
econdémica podria ser el inico método practicable. Sin embargo, por el cardcter dominante de
estos marcadores, el tratamiento analitico que requieren es a menudo diferente al de los
marcadores codominantes (Gonzalez-Candelas & Palacios, 1997). En este sentido seria de

gran interés contrastar los resultados obtenidos con los de otros marcadores pero
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codominantes, como los alozimas o los microsatélites (SSRs). De esta manera se podria
determinar hasta que punto la disminucién en la precision asociada a la dominancia es
relevante en las conclusiones finalmente extraidas de los andlisis genéticos con este tipo de
marcadores, lo cual podria contrarrestar las ya mencionadas importantes ventajas que
poseen este tipo de marcadores.

Concretando, el estudio con este tipo de marcadores moleculares en las especies mas
amenazadas de extincién de nuestra Comunidad, L. dufourii y L. cavanillesii, han resultado
ser esenciales para poder disefiar planes efectivos de recuperacion y gestion de estas especies
(Palacios & Gonzalez-Candelas, 1997 A y B; Palacios et al., en revision; Palacios et al., en
preparacién B). Por supuesto otro tipo de estudios sobre la autoecologia y demografia de las
poblaciones son aproximaciones alternativas que han demostrado ser igualmente efectivos en
la conservaciéon de este tipo de especies (Schemske et al., 1994), aunque nosotros abogamos
maés por una complementariedad entre las distintas disciplinas. En este sentido, el desarrollo
de métodos analiticos y empiricos en el campo de la Sisteméatica Molecular estd cumpliendo
con las predicciones hechas por Milligan et al. (1994) sobre el interés de estas herramientas
en la Biologia de la Conservacién, porque a partir de ellas no s6lo hemos podido determinar
las frecuencias y patrones de diversidad, sino que también se ha podido conseguir
informacién de la historia demografica de las poblaciones y de su filobiogeografia,
precisamente por que los patrones de variacién de estos marcadores estan influidos por esos
factores que se ha reconocido son tan importantes en Biologia de la Conservaciéon. Por otro
lado, es importante resenar que la variabilidad estudiada se ha analizado en loci
predominantemente neutrales, que podrian no estar correlacionados con la capacidad de
supervivencia de las poblaciones, por lo que las decisiones tomadas en la gestiéon de las
poblaciones existentes, o la reintroducciéon de posibles poblaciones y su seguimiento, no
pueden basarse en la adaptabilidad de los genotipos observados. Estudios futuros deberian
incluir el analisis de la variacién genética cuantitativa, ya que ésta permite un acceso mas
directo a las propiedades evolutivas de los caracteres morfolégicos y del comportamiento, los
cuales son ecolégicamente muy importantes por estar a menudo directamente relacionados
con la supervivencia y/o la eficacia de una poblacién (Lynch, 1996), y, por lo tanto, nos daran
una perspectiva mdas completa del status genético de la misma, para de esta forma poder
adoptar decisiones mas informadas sobre la conservacién de la especie. Sin embargo, hay que
tener en cuenta que este tipo de estudios requiere una mayor cantidad de tiempo y mayores
tamanos muestrales, por lo que, en el caso de especies en las que es urgente tomar decisiones
para su gestion, han de ser relegados a un segundo plano, para consideraciones a mas largo
plazo. Un intento de integrar ambos tipos de técnicas para estudios en conservaciéon ya ha
sido planteado por Storfer (1996).

Dada la considerable disminucién en el nimero de especies que se esta produciendo en la
actualidad, cualquier esfuerzo que se haga para cambiar el destino de aunque sélo sea una de
ellas, no sera en vano. Sin embargo, s6lo hasta que no se produzca una reversion de la

principal causa de esta crisis de extincion, que es la destruccién del habitat por el ser

142



DISCUSSION GENERAL Y PERSPECTIVAS

humano, los esfuerzos conservacionistas no pasaran de meramente contrarrestar esta cadena

de destruccidn.
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CONCLUSIONS

The results obtained through the study of intra and interspecific variability in the
different Limonium species by using empirical and conceptual tools from the Population
Genetics and Phylogenetics, has allowed us to draw several conclusions, not only from micro
and macroevolutionary patterns and processes of these species, but also for the management
of the populations of the most endangered species in the Comunidad Valenciana, Limonium

cavanillesii and L. dufourii.

- It has been demonstrated the need of an adequate sampling strategy to detect
intraspecific variability in molecular phylogenetic studies, especially when there is evidence
of hybridization and/or introgression, and cytoplasmic DNA or repetitive gene families are

used as markers.

- The different rDNA and cpDNA types detected in L. delicatulum, L. interjectum and
L. furfuraceum are paraphyletic, with divergence levels similar to those of other species from
section Limonium. This result reinforces the introgression and/or hybridization hypotheses

for the origin of these species.

- In all phylogenies obtained L. narbonense and L. vulgare, from subsection Genuinae,
form a sister clade (monophyletic group) to the rest of the species from section Limonium,
with levels of divergence similar or even higher than those of species from other sections of
the genus. Consequently, the actual placement of L. narbonense and L. vulgare within

section Limonium is questioned.

- The remaining species from section Limonium always form a monophyletic group in
all the topologies resulting from phylogenetic analyses. The low levels of divergence
encountered at this level imply a recent origin of these species. In general, there is a lack of
resolution within this clade that could be due to the reticular evolution of these highly
related species. This fact is confirmed by the lack of concordance between cpDNA and ITS
phylogenies.

- It has been demonstrated the usefulness of comparing the results obtained from
cytoplasmic and nuclear markers. Likewise, the use of different methods of phylogenetic
analysis has demonstrated to be very helpful to interpret the results obtained and to extract

more reliable conclusions about the evolution of these genomes.

- Besides, in those species in which a more exhaustive analysis of intraspecific
variability has been performed, the use of appropriate analytical methods to determine the
intraspecific relationships and the population structure has been essential to extract as much

information as possible from the molecular data, in spite of the restrictions imposed by
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dominant markers. It is noteworthy that dicotomic trees are very strict representations of the
evolutionary relationships among the phenotypes or populations studied. Other type of
representations, such as MSN (minimum spanning networks), have demonstrated to be more

adequate, as it is possible to extract more information from the same data.

- The low levels of variability encountered in the species L. cavanillesii could be due to
its obligate apomictic reproductive system. However, only one population with very low
numbers has been discovered in nature, which implies that it has passed through a severe
bottleneck, after which there has been no chance for mutation to restore the levels of genetic
variability expected in a population that could have been in equilibrium in the past, as

pointed by the analysis of nucleon diversity.

- Conservation of this unique L. cavanillesii population must be an urgent measure, as
its low genetic variability makes it very sensible to environmental changes. The best strategy
might be the protection of the area where it is currently established, declared as a small
reserve, and the re-establishment of new self-sustaining populations in suitable habitats.
Micropropagation of a representative sample of the variability encountered would be the
most appropriate ex situ conservation measure. Finally, we believe that L. cavanillesii should

be catalogued as critically endangered according to the IUCN categories of threat.

- The study of intraspecific variability in the species L. dufourii has demonstrated that
there are two divergent phenotype groups (A and B) within Marjal del Moro populations.
Moreover, phenotypes that belong to other populations present a higher similarity to those
from group B, which points to a common origin of these phenotypes and its posterior
dispersion, colonizing suitable habitats north and southwards. But divergence levels among

phenotypes from groups A and B are within those expected for intraspecific studies.

- The high level of population structuring within L. dufourii makes it advisable to
prevent transplantation of individuals or seeds from one population to another, with the
possible exception of El Saler population, with only 7 individuals, in which reintroduction of
new variability from group B individuals of Marjal del Moro populations is recommendable.
In situ measures of conservation for the different populations should be complemented by ex
situ measures, which must take into account the diversity and population subdivision
encountered in the species. L. dufourii should be catalogued as endangered according to the

TUCN categories of threat.

- Comparative results of detectable variability levels with different molecular markers,
as AFLPs and RAPDs, can not be generalized even for evolutively close species. However,
when PCR based DNA fingerprinting methods are the best choice in a particular study,
AFLP method represents the most advantageous technique, if the necessary equipment and

the economic resources are available.
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Los resultados obtenidos a través del estudio de la variabilidad genética intra e
interespecifica en distintas especies del género Limonium por medio del uso de algunas de
las herramientas conceptuales y empiricas de la Genética de Poblaciones y la Filogenética,
nos han permitido extraer una serie de conclusiones, no s6lo sobre los patrones y procesos
micro y macroevolutivos de estas especies, sino también acerca de las medidas a adoptar para
la gestion de las poblaciones de dos de las especies vegetales mas amenazadas de la

Comunidad Valenciana, Limonium cavanillesii y L. dufourii.

- Se ha demostrado la necesidad de una adecuada estrategia de muestreo, que
contemple la posibilidad de detectar variabilidad a nivel intraespecifico, en estudios
filogenéticos moleculares, especialmente cuando existe evidencia de hibridacién y/o
introgresion, y se usen marcadores tanto de DNA citoplasméatico como de familias génicas

repetitivas.

- Los diferentes tipos de rDNA y cpDNA intraespecificos detectados en L. delicatulum,
L. interjectum y L. furfuraceum han resultado ser parafiléticos, con niveles de divergencia
entre ellos similares a los detectados entre otras especies de la seccién Limonium. Este
resultado refuerza las hipétesis que postulan sucesos de hibridacion o introgresién para

explicar el origen de estos taxones.

- Las especies L. narbonense y L. vulgare, pertenecientes a la subseccion Genuinae,
forman un clado (grupo monofilético) hermano al resto de especies de la seccién Limonium en
todas las filogenias obtenidas, presentando niveles de divergencia similares o incluso
mayores a los de especies clasificadas bajo otras secciones del género. Como consecuencia de
estos resultados cuestionamos el actual emplazamiento de L. narbonense y L. vulgare dentro

de la seccién Limonium.

- El resto de especies de la seccién Limonium siempre forman un grupo monofilético en
todas las topologias resultantes del analisis filogenético. Los bajos niveles de divergencia
encontrados a este nivel apuntan hacia un origen reciente de estas especies. En general se ha
encontrado una falta de resolucién dentro de este clado, que puede ser debida a la evolucién
reticular entre estas especies tan altamente relacionadas. Este hecho viene confirmado por la

falta de concordancia entre las filogenias del cpDNA y de los ITS.
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- Ha quedado demostrada también la utilidad del contraste de los resultados
filogenéticos con marcadores citoplasmaticos y nucleares. Del mismo modo, el empleo de
distintos métodos de analisis filogenético ha demostrado ser de gran ayuda para la
interpretacion de los resultados y poder asi llegar a conclusiones mas fiables en cuanto a la

evolucidon de estos genomas.

- Asimismo, en las especies en que se ha hecho un andlisis exhaustivo de la
variabilidad genética intraespecifica, el uso de métodos analiticos adecuados para determinar
las relaciones intraespecificas y la estructuracién poblacional ha sido esencial para poder
extraer la mayor informacién posible presente en los datos moleculares, a pesar de las
restricciones impuestas por haber empleado marcadores dominantes. En este sentido cabe
destacar que los arboles dicotémicos son representaciones demasiado estrictas de las
relaciones evolutivas tanto entre los fenotipos observados como entre las poblaciones objeto
de estudio. Otro tipo de representaciones como las MSN (redes de expansién minima) han
demostrado ser mucho més adecuadas, ya que a partir de ellas se puede extraer mdas

informacién partiendo de los mismos datos.

- Los bajos niveles de variabilidad genética encontrados en la especie L. cavanillesii
podrian deberse a su sistema de reproduccién apomictico obligado. Sin embargo, el hecho de
haberse encontrado una tnica poblacién en la naturaleza con muy pocos individuos apunta a
que la misma ha pasado por un cuello de botella muy severo en tiempos recientes, después
del cual la mutacién no ha podido restaurar los niveles de variabilidad genética esperables en
una poblacién que, segun indica el andlisis de la diversidad de los variantes encontrados,

parecia estar en equilibrio en el pasado.

- La conservacién de la Unica poblacién natural remanente de L. cavanillesii debe ser
priorizada, ya que su escasa diversidad genética y escaso numero de individuos la hace muy
sensible a los cambios ambientales. La mejor estrategia seria la preservacién y proteccién del
area donde estd ubicada a través de la creacion de una microrreserva. Ademas, seria
apropiado el reestablecimiento de nuevas poblaciones de la especie en 4reas adecuadas para
asegurar su supervivencia futura. Por otro lado, la micropropagacién de una muestra
representativa de los variantes encontrados seria la medida de conservacién ex situ mas
inmediata en este caso. Por ultimo, proponemos que L. cavanillesii sea catalogada como en

peligro critico segun las categorias de la IUCN.
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- El estudio de la variabilidad genética intraespecifica en L. dufourii ha demostrado la
presencia de dos grupos (A y B) de fenotipos divergentes dentro de las poblaciones de la
Marjal del Moro, asi como la mayor similitud de los fenotipos presentes en el resto de
poblaciones con los fenotipos del grupo B, lo que es indicativo de un origen comun de los
mismos, y su dispersién posterior al norte y sur de nuestras costas. Pero cabe resefar
también que los niveles de divergencia entre los fenotipos de los grupos A y B estan dentro de

lo esperable a nivel intraespecifico.

- Los elevados niveles de subestructuracién poblacional encontrados en L. dufourii nos
indican que el transplante de individuos o semillas de una poblacién a otra deberia evitarse.
Sélo en el caso de la poblacion de El Saler, reducida a 7 individuos en la actualidad, es
recomendable la reintroduccion de nuevos variantes procedentes del grupo B de las
poblaciones de la Marjal del Moro. Las medidas de conservacién in situ de las distintas
poblaciones de la especie podrian complementarse con otras de conservacién ex situ que
deben tener en cuenta los niveles de diversidad y estructuracién de las distintas poblaciones
de la especie. L. dufourii deberia ser catalogada como en peligro segun las categorias de la
TUCN.

- Los resultados comparativos de los niveles de variabilidad detectados por el uso de
distintos marcadores, como en nuestro caso AFLPs y RAPDs, no pueden generalizarse ni
siquiera en el caso de especies cercanas evolutivamente. Sin embargo, cuando estos métodos
tipo DNA fingerprinting basados en la PCR sean elegidos como los mas apropiados en un
estudio genético determinado, la técnica de AFLPs presenta una serie de caracteristicas que
la hacen mas ventajosa sobre el resto de métodos de este tipo, siempre y cuando se disponga

de los medios materiales y econémicos para su utilizacién.
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Appendix 1

We have followed Stewart & Excoffier (1996) approach for deriving the corrected distance
estimates for RAPD markers when triploid individuals are being compared. We assume that
only two alleles (presence = +; absence = -) are present in the s-th site with frequencies pa
and ga in population A, respectively. For any individual at each site, there are four possible
genotypes (+/+/+, +/+/-, +/-/-, and -/-/-), and we further assume that the 3 genotypes that
present at least one + allele are not distinguishable, and, in consequence, any individual can
show only two phenotypes (+ or -) for that site. There are 4 different possible pairwise
comparisons among individuals (+/+, +/-, -/+, and -/-), each involving nine (3 x 3) chromosomal
comparisons. Assuming Hardy-Weinberg equilibrium for genotype frequencies in populations
A and B, the conditional expectations for the inter-individual distances are:

1
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The corresponding values for intra-individual comparisons are
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By using these expectations, and summing up over m RAPD sites, we can obtain the expected

E(A§j|j = [+]) -

number of RAPD differences among two individuals
m
£{a%) = 2 E(8%)
s=1
The sum of squared deviations needed for the AMOVA can be obtained for all possible pairs
of populations by means of
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Appendix 2

RAPD patterns from 6 populations of Limonium dufourii as defined by 33 polymorphic bands (1

presence, 0 = absence, of the corresponding band).
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Appendix 3

Frequency distribution of RAPD phenotypes (see Appendix 2) in the 6 populations of

Limonium dufourii.

Phenotype Cullera Torreblanca El Sdler Marjal del Moro-1  Marja del Moro-2 Marjal del Moro-3
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Appendix 4

presence, 0 = absence, of the corresponding band).

AFLP patterns from 6 populations of Limonium dufourii as defined by 51 polymorphic bands (1
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Appendix 5

AFLP phenotypes (see Appendix 4) in the six Limonium dufourii populations.
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