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RESUMEN

Las interacciones entre plantas y polinizadores, ademads de depen-
der de una gran variedad de factores, pueden tener importantes con-
secuencias evolutivas. Debido a que los polinizadores muestran pa-
trones de preferencia ante determinados rasgos fenotipicos, dichos
caracteres influyen en el tipo y la frecuencia de polinizadores que
visitan la planta. De esta manera, es esperable que esos rasgos sean
seleccionados, ddndose un proceso de coevolucién que reducird las
varianzas fenotipicas para ajustar las morfologias florales y la de sus
principales especies de polinizadores. Este proceso puede desembo-
car en una especializacién de la interaccion, haciendo que un ntiimero
muy reducido de visitantes florales se encarguen de la polinizacion
de la planta. Sin embargo, existen en la naturaleza plantas que son
visitadas por un nimero muy elevado de polinizadores, cada uno
con preferencias, patrones de forrajeo y morfologias diferentes, e in-
cluso contrarias. Como consecuencia, es dificil predecir la influencia
de los polinizadores en la evolucién fenotipica de estas especies de

plantas generalistas.

La interaccién entre plantas y polinizadores no sélo influye en las
caracteristicas fenotipicas de ambos, sino que también puede reper-
cutir en la composicién genética de las poblaciones de plantas. Sin
embargo, el conocimiento que se tiene sobre la importancia relativa
de los polinizadores con respecto al resto de factores que determinan
la evolucién de las especies de plantas es muy limitado. En la presen-
te Tesis Doctoral abordamos el estudio de esta cuestién, utilizando
como sistema de estudio Erysimum mediohispanicum, una planta her-
bédcea mediterrdnea, endémica de la Peninsula Ibérica y extremada-
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mente generalista en cuanto al ndmero de especies de polinizadores
que la visitan. E. mediohispanicum pertenece a un grupo especialmen-
te conflictivo en cuanto a su taxonomia, debido a su origen reciente
y a la existencia de flujo génico con otras especies cercanas.

En nuestro estudio hemos obtenido informacién de un total de
56 poblaciones de E. mediohispanicum para inferir los patrones filo-
geograficos y la estructuracion genética de la especie. Ademas, para
cada poblaciéon hemos descrito la diversidad genética y el gremio
de polinizadores, asi como la media y la varianza de algunos ras-
gos fenotipicos involucrados en la interaccién entre plantas y poli-
nizadores. Nuestro disefio de muestreo comprende la distribucién
completa de la especie, que incluye poblaciones diploides (principal-
mente en Sierra Nevada) e hipotetraploides (en Cazorla y el noreste
peninsular). Aunque hemos encontrado rasgos que difieren significa-
tivamente entre citotipos, ambos mostraron interacciones similares
con los polinizadores.

Para obtener los patrones filogeogréficos de la especie hemos ana-
lizado la secuencia de una regién plastidial que presenta una fre-
cuencia muy alta de inserciones y deleciones (indels) en cruciferas.
Aunque este tipo de mutaciones hacen que la regién sea altamente
variable, el uso de la misma para las inferencias filogenética y filo-
geografica es limitado. Esto se debe a los problemas asociados a la
interpretacion de la informaciéon evolutiva contenida en los indels.
En esta Tesis Doctoral describimos un procedimiento general para
extraer e interpretar dicha informacién y hemos implementado el
método como un conjunto de funciones agrupadas en un paquete
del lenguaje R. Dicho método consiste en la obtencién de dos matri-
ces de distancias, basadas respectivamente en el nimero de mutacio-
nes observadas para indels y sustituciones. Ambas matrices pueden
ser representadas por separado o combinarse para obtener una vi-
sién conjunta de la informacién proporcionada por ambos tipos de
mutaciones. Debido a que nuestro objeto de estudio son poblaciones
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Resumen

de la misma especie, entre las que es probable que exista flujo géni-
co, hemos preferido representar las distancias evolutivas obtenidas

mediante redes de percolacion.

De acuerdo al andlisis filogeogréfico, las poblaciones estudiadas
se agrupan en cuatro linajes, cada uno con una ubicacién geografi-
ca bien delimitada que parece ser el resultado de multiples eventos
de dispersioén. Las rutas de colonizacién compatibles con el conjunto
de datos obtenidos sugieren que existié un primer flujo desde Sie-
rra Nevada hacia el norte de la Peninsula Ibérica, seguido de dos
eventos norte-sur. El primero ha originado las poblaciones més pré-
ximas al litoral sureste, mientras que el segundo ha dejado su hue-
lla en las poblaciones del interior, desde la provincia de Soria has-
ta las Sierras de Cazorla, Segura y La Guillimona. Nuestro estudio
remarca la complejidad de la historia filogeografica de las plantas
mediterrdneas que habitan la Peninsula Ibérica. Los multiples even-
tos sucesivos de colonizacion, aislamiento y flujo génico hacen que
las poblaciones de otras especies de Erysimum ibéricos estudiadas no
constituyan unidades independientes, sino que se intercalen con las
de E. mediohispanicum en funcion de su proximidad geogréfica.

Las poblaciones estudiadas fueron extremadamente diversas tan-
to en sus rasgos fenotipicos como en su composicion genética y en
ambos casos encontramos patrones de variacion geogréficos latitudi-
nales y altitudinales. Nuestros resultados sugieren la existencia de
relaciones significativas entre la variaciéon de la forma de la corola y
la diversidad de polinizadores de las poblaciones, lo que, a su vez, se
correlaciona con la diversidad genética de la planta. La forma de la
corola parece haber evolucionado siguiendo los patrones filogeogra-
ticos de la especie y hemos encontrado, ademas, que las poblaciones
mads parecidas en morfologias florales son también visitadas por po-

linizadores més similares.
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La presente Tesis Doctoral destaca la importancia del gremio de
polinizadores en las propiedades genéticas y fenotipicas de las po-
blaciones de plantas, incluso en una especie tan generalista como
E. mediohispanicum. Ademads, en ella hemos desarrollado marcado-
res microsatélites que pueden suponer un aporte importante para el
estudio de las multiples especies de Erysimum de la Peninsula Ibéri-
ca. Por ultimo, el método de obtencién de informacién evolutiva a
partir de indels supone una aportacién generalizable no sélo a las
cruciferas, sino a cualquier conjunto de organismos cuyas secuencias

alineadas muestren una alta frecuencia de inserciones y deleciones.
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Part1

INTRODUCTION






INTRODUCCION GENERAL

LA PENINSULA IBERICA COMO CRUCE DE CAMINOS EVOLUTIVOS

El 4rea de distribucién de las especies se ha modificado debido a
las fluctuaciones climaticas ocurridas a escala global en los tltimos
miles de afios. En el caso de Europa, a medida que el norte y el
centro del continente se cubrian de hielo, los taxones que habitaban
esas regiones se desplazaron hacia el sur buscando las condiciones
ambientales més favorables que se daban en las Peninsulas Ibérica,
Italica y Balcanica (Taberlet et al., 1998; Hewitt, 2000, 2004; Nieto Fe-
liner, 2011). El aumento global de temperatura caracteristico de los
periodos interglaciales llevé a las especies a colonizar de nuevo el
centro y el norte de Europa a partir de sus refugios meridionales
(Schmitt, 2007; Tzedakis, 2009; Jiménez-Moreno et al., 2010). El re-
lieve montafioso de las tres peninsulas mencionadas permiti6 a las
especies responder a los cambios climéaticos, ademds de con despla-
zamientos latitudinales, mediante cambios altitudinales en una mis-
ma cordillera (Schmitt, 2007; Tzedakis, 2009; Jiménez-Moreno et al.,
2010). Debido a esto, diferentes sistemas montafiosos dentro de cada
Peninsula pudieron actuar como refugios relativamente independien-
tes (Gémez and Lunt, 2007; Médail and Diadema, 2009; Nieto Feliner,
2011; Fuertes-Aguilar et al., 2011), haciendo que algunas especies (o
linajes) permanecieran aisladas durante algtn tiempo y luego vol-
vieran a entrar en contacto (Johnsen et al., 2010; Zeng et al., 2011;
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1. Introduccién general

Singhal and Moritz, 2012). Por tanto, la regiéon Mediterrdnea en ge-
neral y las tres peninsulas en particular, han constituido al mismo
tiempo un refugio para plantas relictas, al proporcionarles habitats
adecuados durante los periodo climdticos adversos, y un drea de di-
versificacion y especiacién, como resultado de contactos secundarios
y procesos de hibridacién (Médail and Diadema, 20009).

Por todo, la regién mediterrdnea puede calificarse como un cruce
de caminos biogeogréaficos para especies de varios origenes (Thom-
pson, 2005; Blondel et al., 2010), donde es habitual encontrar patro-
nes filogeograficos dificilmente generalizables ya que cada especie
respondié de manera individual a las oscilaciones climdticas segtin
sus requerimientos particulares, la geografia y el ambiente tipico de
cada localidad (Hewitt, 2000).

La Peninsula Ibérica es, de los tres refugios mencionados, el que
cuenta con mayor cantidad de estudios filogeogréficos (Rodriguez-
Sanchez et al., 2010), especialmente para especies de plantas lefiosas,
donde se han podido definir dos patrones filogeogréficos principa-
les, correspondientes a especies tipicas del bosque mediterrdneo y
a plantas tipicas de montafia (Arroyo et al., 2004). Las especies del
primer grupo permanecieron aisladas en refugios costeros durante
los periodos glaciales y se expandieron hacia el interior de la Penin-
sula a medida que el clima se hacia méas célido. De acuerdo con el
segundo patrén general, las especies de montafia respondieron a las
fluctuaciones climdticas mediante cambios altitudinales en su rango
de distribuciéon. Aunque dichas especies también mostraron patrones
migratorios latitudinales, éstos son mucho mds dificilmente genera-
lizables, ya que se han observado filogeografias discordantes entre
especies pertenecientes al mismo género (Stebbins, 1984; Hillis et al.,
1996; Barraclough and Nee, 2001) y entre especies con distribuciones

y hébitats similares (Vargas, 2003).
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Filogeografia

En los dltimos afios se ha producido un incremento en el ntiimero
de estudios filogeograficos tanto de plantas herbaceas como medi-
terrdneas (e.g., Ortiz et al.,, 2008; Guzman and Vargas, 2009; Médail
and Diadema, 2009; Fernandez-Mazuecos and Vargas, 2011; Fuertes-
Aguilar et al., 2011; Alarcon et al., 2012; Valtuefa et al., 2012; Beatty
and Provan, 2012; Vrancken et al.,, 2012). Muchos de estos trabajos
sugieren la existencia de distribuciones fragmentadas en multiples
refugios glaciales, pero son necesarios mds estudios sobre linajes ge-
nuinamente mediterrdneos para determinar si existen patrones filo-
geograficos generales en las especies herbaceas de la Peninsula Ibéri-
ca.

FILOGEOGRAFIA

Debido a que diferentes marcadores y técnicas permiten resolver
distintas cuestiones evolutivas (Nybom, 2004), es fundamental elegir
aquéllos que se ajusten mejor a los objetivos del trabajo y las caracte-
risticas de la especie estudiada. La finalidad fundamental de la filo-
geografia es el estudio de las relaciones entre filogenia y distribuciéon
geografica de variantes intraespecificas y especies estrechamente em-
parentadas (Avise, 2000). A pesar de que la tasa de sustitucion del
ADN nuclear suele ser mayor que la de los dos organulos (Wolfe
et al., 1987), los polimorfismos neutros del ADN plastidial (cpDNA)
tienen mds potencia que los polimorfismos nucleares para resolver
las historias evolutivas de plantas (Hamilton et al., 2003), por lo que
han sido ampliamente utilizados (Shaw et al., 2005).

El desarrollo de la tecnologia de secuenciaciéon permitié el estu-
dio de regiones funcionales del cpDNA para inferir las relaciones
tilogenéticas entre familias, basadas en un solo gen al principio (por
ejemplo, entre angiospermas con el gen rbcL; Chase et al., 1993) o me-
diante la concatenacién de varios genes, poco después (como el caso
de escrofularidceas, basado en rbcL y ndhF; Olmstead and Sweere,
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1994). Debido a que las regiones no codificantes suelen estar someti-
das a menos constricciones funcionales que las regiones codificantes,
el estudio de sus secuencias puede proporcionar mayores niveles de
variacion, lo que incrementa la capacidad resolutiva de los andlisis
tilogenéticos (Gielly and Taberlet, 1994). Por esta razén, las regiones
no codificantes del cpDNA han sido ampliamente estudiadas para
explorar las relaciones evolutivas entre los niveles taxonémicas mas
bajos (Taberlet et al., 1991; Golenberg et al., 1993; Johnson and Soltis,
1994). Por tdltimo, si se quieren conocer caracteristicas poblacionales
como la diversidad o la estructuracién genética, suele recurrirse a
métodos basados en marcadores atin mas variables, como son los
basados en tamario de banda (Petit et al., 2005). De entre estos méto-
dos destacan los que implican corte del ADN mediante encimas de
restriccion (RFLP, AFLP), amplificacién con PCR usando cebadores
poco especificos (RAPD) y la amplificacién de regiones con repeticio-
nes en tindem de secuencias cortas (microsatélites o SSR).

Uno de los marcadores basados en secuencia mds comtnmente
usados en estudios filogenéticos de plantas es la regiéon de cpDNA
comprendida entre los genes transferentes de leucina (trnLyaa) y fe-
nilalanina (trnFgaa), de aqui en adelante, trnL y trnF, respectivamen-
te (Stuessy, 2009). Ambos genes estdn separados por una secuencia
intergénica (trnL-trnF IGS) que, en algunas especies de plantas, es-
td compuesta parcialmente por pseudogenes del trnF originados por
duplicacién del gen funcional. Los principales mecanismos involu-
crados en dicha duplicacién parecen ser la recombinacién desigual
(tanto entre distintas regiones del mismo cromosoma como entre dis-
tintas copias idénticas presentes en un mismo orgéanulo) y el des-
plazamiento de hebra durante la replicaciéon del ADN (Dobes et al.,

2007).

La region trnL-trnF IGS ha sido descrita en profundidad en crucife-
ras (Koch et al., 2007), especialmente en Arabidopsis y Boechera (Do-
bes et al., 2004, 2007), donde se ha encontrado polimorfismo en el
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numero de pseudogenes entre especies, poblaciones e incluso entre
individuos de una misma poblacién (Koch et al., 2008; Tedder et al.,
2010). Las diferencias en el nimero de pseudogenes presentes en ca-
da organismo produce una alta variabilidad en las longitudes de sus
secuencias. Para estudiar la historia evolutiva de secuencias homé-
logas con diferente longitud es necesario incorporar huecos (o gaps)
en aquéllas posiciones de la secuencia que no presenten nucleétidos
homologos con las demds. Dichas posiciones han sido producidas
por procesos que implican la insercion o delecién de secuencias, de-
nominados de manera genérica “indels”.

En los dltimos afios se ha incrementado el ndmero de estudios que
intentan extraer la informacion evolutiva de la region trnL-trnF IGS
para dilucidar tanto divergencia evolutiva antigua (por ejemplo, las
angiospermas basales, Borsch et al., 2003) como reciente (por ejem-
plo, entre poblaciones de la misma especie, Dobes et al., 2004; Tedder
et al., 2010), incluyendo la variacién en indels de diferentes formas
(Koch et al., 2005, 2007; Koch and Matschinger, 2007; Schmickl et al.,
2008).

INDELS COMO MARCADOR FILOGEOGRAFICO

La informacion proporcionada por los indels, combinada con la
obtenida a partir de las sustituciones, puede mejorar la capacidad
para resolver las relaciones evolutivas entre organismos (Simmons
et al., 2001; Vogt, 2002; Young and Healy, 2003; Miiller, 2006; Blair
and Murphy, 2011). La ventaja derivada del uso de los indels puede
ser importante si las secuencias muestran bajas tasas de sustituciéon
(Redelings and Suchard, 2007). Sin embargo, obtener dicha informa-
cién es una tarea compleja y laboriosa, debido principalmente a dos
razones: la dificultad para obtener un alineamiento fiable y la ausen-
cia de una metodologia estdndar para obtener la informacién conteni-
da en los indels (Golenberg et al., 1993; Castresana, 2000; Loytynoja
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and Milinkovitch, 2001). Estas dificultades son las responsables de
que diferentes autores hayan eliminado del alineamiento las posicio-
nes con gaps (y en muchos casos también las regiones adyacentes)
antes de realizar cualquier andlisis filogenético (Talavera and Castre-
sana, 2007).

Para realizar una inferencia precisa de las relaciones evolutivas es
crucial partir de un alineamiento correcto, ya que la incorporacién de
gaps de manera correcta permitird la comparacién entre nucleétidos
homoélogos (Kumar and Filipski, 2007). Aunque existen procedimien-
tos para estimar simultdneamente el alineamiento y la filogenia (e.g.
Wheeler, 1996; Wheeler et al., 2003; Lunter et al., 2005; Redelings
and Suchard, 2007; Liu et al., 2012), lo mas habitual es que ambos
procesos se realicen por separado.

El principal escollo a la hora de alinear secuencias con una alta
proporcion de indels radica en la incertidumbre asociada a la pre-
sencia de multiples posiciones redundantes y /o no homdélogas, espe-
cialmente si las inserciones se han producido por duplicacién. Tanto
es asi que, aunque se han desarrollado un gran ntimero de progra-
mas informaticos para alinear secuencias, todos ellos muestran poca
precisién cuando las secuencias presentan un alto nimero de even-
tos indel (Liu et al., 2010). Varios autores recomiendan que los ali-
neamientos sean refinados a mano después de usar alguno de estos
programas, teniendo en cuenta la estructura secundaria y los meca-
nismos que subyacen a la evolucién molecular de la regién estudiada
(Kjer, 1995; Kelchner, 2000; Miiller, 2006; Kjer et al., 2007; Morrison,
2009; Blair and Murphy, 2011).

El segundo problema fundamental que subyace a la obtencién de
informacion evolutiva a partir de indels es la falta de procedimien-
tos estdndar para inferir las relaciones evolutivas de posiciones con
gap, debido a la dificulad de obtener modelos evolutivos que expli-
quen satisfactoriamente el proceso mutacional de los mismos (Saa-
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kian, 2008). Para poder reconstruir la historia evolutiva de un con-
junto de secuencias es necesario conocer (o estimar) el nimero de
eventos mutacionales que se han producido entre cada pareja de se-
cuencias. En el caso de las sustituciones, sabemos que cada evento
de mutacién hace que un nucleétido cambie a cualquiera de los otros
tres, mientras que es dificil predecir el resultado de un evento indel,
ya que puede afectar a un ntimero variable de nucleétidos. Ademas,
en cualquier proceso mutacional pueden darse mdultiples cambios
en una misma posicion, haciendo que el niimero de mutaciones ob-
servadas sea menor que el de mutaciones producidas realmente. La
magnitud de este error aumenta a medida que lo hace la distancia
evolutiva entre las secuencias estudiadas. De nuevo esta limitacion
es mas importante cuando se estudian indels que con sustituciones,
donde se puede subsanar (al menos en parte) en base a las probabi-
lidades de transicién entre nucleétidos (e.g., Jukes and Cantor, 1969;
Tajima and Nei, 1984; Tamura, 1992). En definitiva, inferir la historia
evolutiva de un conjunto de secuencias a partir de los indels se ve
dificultado también por la incertidumbre asociada tanto al recuento
del nimero de eventos mutacionales observados como a la estima de

los eventos realmente producidos.

A pesar de estas dificultades, cada vez mds estudios estdn inclu-
yendo la informacién contenida en los indels en la reconstruccién
filogenética, la mayoria de ellos mediante métodos de maxima par-
simonia (Ogden and Rosenberg, 2007), siendo el quinto estado y los
métodos de codificacién de indels las aproximaciones mas comunes.
El primero de dichos métodos considera que cada posicion del ali-
neamiento puede tener cinco estados distintos, los cuatro correspon-
dientes a cada nucleétido maés la ausencia del mismo (es decir, que la
posicion haya sido eliminada mediante un evento indel). La principal
critica a este procedimiento es que cada posicion del alineamiento es
considerada como un evento independiente, a pesar de que es ha-
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bitual que un solo evento mutacional elimine mdltiples posiciones
adyacentes.

El segundo de los métodos de parsimonia mds usados trata los in-
dels como “dato nulo” (“missing data”) en el alineamiento original
de secuencias, pero su informacién se incluye mediante la codifica-
cion de los mismos como caracteres adicionales. Existen diferentes
métodos de codificacién, dependiendo del tratamiento que se le dé a
las regiones con indels solapados (e.g., Baum et al., 1994; Freudens-
tein and Chase, 2001) y a la forma de calculo de la matriz de costes
de transformacién. Esta matriz contiene el nimero de eventos indel
que se asumen entre cada pareja de secuencias. De entre los méto-
dos de codificacién, los mas ampliamente usados son los denomina-
dos Codificacién Simple de Indels (SIC, Simmons and Ochoterena,
2000), Codificacién Compleja de Indels (CIC, Simmons and Ochote-
rena, 2000) y Codificacion Compleja de Indels Modificada (MCIC,
Miiller, 2006). Otros métodos de codificacién no consideran los in-
dels como dato nulo en ningtin momento, si no que los codifican
directamente en sus posiciones originales. Ese es el caso de la Codi-
ficacién de Caracteres Multiestado (Lutzoni et al., 2000), el Método
de Elision (Wheeler et al., 1995), la Codificaciéon Sensible a Mayts-
culas (Swofford, 1989), la Codificacién Estirada (Geiger, 2002) y la
Codificacién de Bloques (Geiger, 2002).

A pesar de que los métodos de maxima parsimonia son los més
extendidos, también existen modelos evolutivos en inferencia proba-
bilistica (es decir, maxima verosimilitud e inferencia bayesiana) que
utilizan la informacién contenida tanto en sustituciones como en in-
dels (Rivas and Eddy, 2008, y métodos citados por estos autores). Sin
embargo, estos modelos son complejos y es habitual que los gaps
sean eliminados del alineamiento o tratados como dato nulo sin pos-
terior recodificaciéon cuando se realizan reconstrucciones evolutivas
basadas en maxima verosimilitud o en inferencia bayesiana (Ogden

and Rosenberg, 2007).
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En contraste con la diversidad metodolégica mencionada, el ané-
lisis de indels con métodos basados en distancias necesita ser explo-
rado (Ogden and Rosenberg, 2007). Por el momento, el tratamiento
que los métodos de distancias dan a los gaps se reduce a controlar
la cantidad de informacién proporcionada por ellos que es descarta-
da (Tamura et al., 2011). El método denominado “delecién completa”
elimina del alineamiento aquéllas posiciones homélogas que presen-
ten al menos un gap en al menos una de las secuencias alineadas. En
el caso de la “delecion por parejas”, la eliminacién de la posicién ho-
mologa se realiza después de comparar cada pareja de secuencias, lo
que permite obtener informacién de posiciones homoélogas con gaps
cuando las secuencias comparadas presentan un nucleétido en dicha

posicion.

Aunque la precision filogenética de los métodos de distancias se
ha considerado menor que la de otros métodos (Talavera and Cas-
tresana, 2007, Dwivedi and Gadagkar, 2009), recientemente se ha
demostrado que son muy poderosos tanto para arboles evolutivos
largos como para aquéllos con ramas cortas (independientemente de
la profundidad del arbol; Roch, 2010). En este dltimo caso, los mé-
todos de distancias permiten resolver facilmente el problema de la
representacion filogenética derivada de la poca divergencia entre los
organismos estudiados, mediante la aplicaciéon de cualquier método
de redes a la matriz de distancias obtenida: La evolucién suele re-
presentarse mediante drboles en los que cada taxén s6lo puede estar
vinculado directamente a un tinico ancestro. Sin embargo, esta pre-
misa es violada si existe flujo génico entre los organismos estudiados
(Makarenkov and Legendre, 2004), algo que es més frecuente cuanto
mads reciente sea la relacion entre ellos. En el caso de la filogeografia,
las unidades de estudio suelen ser poblaciones de la misma espe-
cie, entre las que es esperable que exista migracién y flujo génico,
por lo que la topologia en forma de drbol seguramente no represen-
ta correctamente las relaciones evolutivas existentes (Morrison, 2005;
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Mardulyn, 2012). Por el contrario, la visualizacién en forma de red
permite que un taxén se conecte con mas de un ancestro, lo que

refleja mejor la incertidumbre asociada a la genealogia poblacional.

ESTRUCTURACION, DIVERSIDAD Y FLUJO GENICO

Ademas de las relaciones de ancestria, para tener un conocimien-
to completo de la historia evolutiva de un conjunto de poblaciones
es necesario conocer tanto la diversidad genética de cada una de
ellas, como la diferenciacion genética existente entre cada pareja de
poblaciones. La primera nos informa de lo diferentes que son gené-
ticamente los individuos que coexisten en una misma poblacién, y
de los valores obtenidos pueden inferirse, por ejemplo, patrones de
flujo génico intrapoblacional o la existencia de pequefios tamafios po-
blacionales en el pasado. Por su parte, la diferenciacién poblacional
nos da idea de lo distintos genéticamente que son los individuos que
habitan en dos poblaciones diferentes, lo que permite estimar, entre
otras cosas, la intensidad de migracién entre poblaciones (es decir,
los patrones interpoblacionales de flujo génico).

Tanto la diversidad como la diferenciacién genéticas dependen de
una gran cantidad de factores caracteristicos de cada especie, como
el rango de distribucioén, los sistemas reproductivos, los tiempos de
generacion, los tamafos de poblacién efectivos, el flujo génico entre
poblaciones, los mecanismos de dispersién de semillas y la existen-
cia de presiones selectivas (Gottlieb, 1977, Hamrick and Godt, 1990,
1996; Nybom, 2004; Aguilar et al., 2008; Pearson et al., 2009). De entre
los factores mencionados, en la presente Tesis Doctoral prestaremos
especial atencion al flujo génico pasado y a algunas presiones selec-
tivas actuales.

El flujo génico engloba cualquier mecanismo que implique el inter-
cambio de genes entre poblaciones, ya sea mediante flujo gamético
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o mediante la migracion de adultos o propdgulos (Slarkin, 1985). De-
bido a que el flujo génico reduce la diferenciacién genética entre las
poblaciones que conecta (Luck et al., 2003; Thompson, 2005), la au-
sencia completa de dicho flujo mantenida durante largos periodos de
tiempo puede hacer que la diferenciacién entre poblaciones desem-
boque en especiacién (Irwin et al., 2005). Sin embargo, es habitual
encontrar linajes que han permanecido aislados durante un tiempo,
pero no el suficiente para que los mecanismos de aislamiento pre y
postcigodtico estén completamente desarrollados (Wiens et al., 2006).
Esto es especialmente habitual en grupos que presentan multiples
eventos de especiacion reciente (Rieseberg and Willis, 2007). En ellos,
la existencia de flujo génico puede modificar de manera considerable
el tipo y la frecuencia de los alelos encontrados en las poblaciones,

es decir, sus estructuras genéticas (Nei, 1975).

Como cualquier flujo génico implica movimiento de genes entre
poblaciones, es esperable que exista una mayor probabilidad de in-
tercambio genético entre poblaciones cercanas que entre poblaciones
distantes. Como consecuencia, las poblaciones cercanas serdn mds
similares entre si que con las més distantes, dando lugar a un fené-
meno denominado aislamiento por distancia (Wright, 1943). El ais-
lamiento por distancia se utiliza habitualmente como hipétesis nula
con la que contrastar los patrones geogréficos observados, ya que
existen multitud de factores que provocan que la variacion geografi-
ca en las propiedades genéticas de las poblaciones sea muy diferente
a las esperadas bajo las asunciones de aislamiento por distancia. Tal
es el caso, por ejemplo, de contracciones en tamafios poblacionales,
expansiones del rango de distribuciéon de las especies, eventos de
mezcla genética y seleccion natural ejercida por cualquier factor que

no muestre un patrén espacial (Epperson, 2003).

La existencia de presiones selectivas diferentes puede moldear tan-
to la diversidad como la estructuracién genética de las poblaciones
naturales a diferentes escalas geograficas. Cabe destacar el caso de

39



1. Introduccién general

aquellas poblaciones localizadas en gradientes altitudinales, donde
drésticas variaciones ambientales ocurren a escalas espaciales espe-
cialmente cortas (Wen and Hsiao, 2001; Jump et al., 2006; Gonzalo-
Turpin and Hazard, 2009). Aunque existen multitud de presiones
selectivas actuando sobre las poblaciones naturales,, el efecto de los
polinizadores puede ser especialmente importante para las especies
de plantas autoincompatibles que presenten pequefias distancias de
dispersion de semilla, ya que la mayor parte del flujo genético, tanto
entre poblaciones como dentro de poblacién, se debe al movimiento
de polen realizado por ellos. Por tanto, la abundancia y la identidad
de visitantes florales pueden jugar también un papel fundamental
en la diversidad genética poblacional, debido a que los polinizado-
res pueden incrementar el flujo génico y reducir los niveles de en-
dogamia (Rozzi et al., 1997; Cascante et al., 2002). Variaciones en la
abundancia, diversidad y composicién de los polinizadores han sido
frecuentemente encontradas también a diferentes escalas espaciales
(Herrera, 1995; Fishbein and Venable, 1996; Thomson, 2001; Boyd,
2004; Price et al., 2005; Moeller, 2005, 2006; Kiihn et al., 2006; Cosa-

cov et al., 2008; Espindola et al., 2011).

La polinizacién depende de una gran variedad de rasgos fenotipi-
cos de la planta, tales como el color de la flor, la morfologia de la
corola o la longitud de los estambres. Es esperable que dichos rasgos
evolucionen para que se ajusten a las preferencias y morfologia de las
principales especies de polinizadores, tal y como confirman varios
estudios filogenéticos que encuentran caracteres florales divergentes
en linajes que difieren en el tipo de polinizadores (Armbruster, 1993;
Wilson et al., 2004; Muchhala, 2006; Alcantara and Lohmann, 2010;
Knapp, 2010). Sin embargo, en plantas generalistas en cuanto a su
polinizacién (es decir, aquéllas visitadas por un amplio nimero de
especies de polinizadores), la existencia de multiples polinizadores,
cada uno con preferencias y morfologias caracteristicas, dificultan la
posibilidad de un ajuste perfecto entre planta y polinizador (Johnson
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and Steiner, 2000). En este caso es muy frecuente encontrar fluctua-
ciones espacio-temporales en el gremio de visitantes florales, convir-
tiendo a las interacciones planta-polinizador en uno de los factores
que afectan a la variacién geografica en los fenotipos y genotipos
poblacionales (Grant, 1949; Grant and Grant, 1965; Campbell et al.,
1997; Anderson and Johnson, 2008). A pesar de su importancia poten-
cial, las relaciones entre variacion geografica en diversidad genética,
variacion fenotipica y gremio de polinizadores han sido escasamente
estudiadas.

Por dltimo, ademds de los factores mencionados, poblaciones cer-
canas geogrdficamente pueden ser genéticamente mds distantes de
lo esperado debido a que tengan historias evolutivas independientes.
Un ejemplo tipico de este caso seria el aislamiento de linajes durante
largos periodos de tiempo y la posterior expansion de las dreas de
distribucién hasta regiones colindantes (Durand et al., 1999; Garcia-
Paris et al., 2000; Cooke et al., 2012).

En resumen, existen multitud de factores que pueden moldear la
distribucién de diversidades y estructuras genéticas de las poblacio-
nes naturales tanto latitudinal como altitudinalmente (Ohsawa and
Ide, 2008). El estudio de los patrones geogréficos de variacién ge-
nética inter e intraespecifica permiten inferir efectos evolutivos de
factores selectivos (ambientales y no ambientales) y movimientos
histéricos de especies y poblaciones (Epperson, 2003). Por tanto, la
divergencia genética de las poblaciones refleja tanto los patrones ac-
tuales de flujo génico como los patrones histéricos de aislamiento e

intercambio genético (Olsen and Schaal, 1999).

Erysimum mediohispanicum

Erysimum L. (Brassicaceae) es un género que presenta multitud
de aspectos conflictivos en su taxonomia actual, basada fundamen-
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talmente en caracteres fenotipicos y cariotipicos (Clot, 1991; Nieto-
Feliner, 1993; Blanca et al., 1991). Como consecuencia de dicha incer-
tidumbre taxonémica, el nimero de especies que conforman el géne-
ro varfa segiin los autores entre 180 y 223 especies (Al-Shehbaz et al.,
2006; Warwick and Al-Shehbaz, 2006; Koch and Al-Shehbaz, 2008).
Aunque varias especies pueden encontrarse en Africa, Macaronesia
y América del Norte, el género se distribuye principalmente en Eura-
sia (Koch and Al-Shehbaz, 2008), siendo el Mediterrdneo occidental

una importante regién de diversificacién (Greuter et al., 1986).

También existen discrepancias en el niimero de especies de Erysi-
mum que habitan en la Peninsula Ibérica, oscilando las estimas entre
13 y 22 (Lopez Gonzélez, 1998). Esta variacion se debe a las diferen-
cias entre autores en el concepto de especie taxonémica y a la impor-
tancia que dan a los distintos caracteres para delimitar un taxén co-
mo especie (Lopez Gonzdlez, 1998). La dificultad del establecimiento
de clados entre los Erysimums de la Peninsula Ibérica queda reflejada
también por la existencia de plantas bienales y perennes, asi como
monocdrpicas y policdrpicas dentro de grupos estrechamente empa-
rentados (Blanca et al., 1991; Nieto-Feliner, 1993; Lopez Gonzélez,
1998). Ademads también existen diferencias en los nimeros cromosoé-
micos, lo que parece no ser una barrera para que exista flujo genético
entre los grupos de Erysimum mas conflictivos taxonémicamente (Co-

rrevon and Favarger, 1979).

De todo el género, Erysimum mediohispanicum es la especie que
muestra una distribucién méds amplia en la Peninsula Ibérica (de
donde es endémica), extendiéndose en dos areas principales, una
en el noreste y otra en el sureste de la misma (Nieto-Feliner, 1993).
Esto contrasta con el resto de especies de Erysimum descritas en la
Peninsula, que en su mayor parte son endemismos de distribucién
limitada (Nieto-Feliner, 1993). E. mediohispanicum es una herbacea
principalmente bienal y monocarpica que se encuentra en regiones

montafiosas, predominando en territorios calizos entre matorrales
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subalpinos aclarados (especialmente tomillares), terrenos incultos y
parameras (Nieto-Feliner, 1993; Fig.1.1A). Las poblaciones suelen ser
pequefias (entre decenas y varios cientos de individuos) y dispersas
(con una densidad de plantas de 6.8 individuos en 100m? Goémez,
2005b), encontrdndose entre los 600 y los 2000 m de altitud.

Los individuos de E. mediohispanicum viven durante dos o tres afios
como rosetas vegetativas (Fig.1.1F), muriendo tras haber desarrolla-
do entre uno y ocho escapos que alcanzan una altura de unos socm
(Fig.1.1G). Cada escapo esta coronado por varias decenas (o incluso
cientos) de botones florales que entre mayo y julio (dependiendo de
la altitud y la latitud de la poblacién) dan lugar a flores de color
amarillo y morfologia muy variable, incluso entre individuos de una
misma poblacién (Figs. 1.1B y 1.1C). Dichas flores son hermafroditas,
ligeramente protdndricas y presentan entre 30 y 40 6vulos cada una
(Gomez et al., 2009). El polen se produce en un androecio tetradimo
(es decir, que consta de cuatro estambres largos y dos cortos), mien-
tras que el néctar es producido por cuatro gldndulas localizadas en la
base de los sépalos. Las inflorescencias de E. mediohispanicum son in-
determinadas (es decir, capaces de producir flores continuamente) y
acropétalas (con flores basales desarrolldndose antes que las medias
y apicales). Consecuentemente, hay un fuerte efecto de la posicién en
los patrones de fructificacion, siendo mayor la probabilidad de fruc-
tificacion en posiciones intermedias del escapo (cuyas flores estdn
abiertas en el pico de floracién) y menor en las posiciones basales y
apicales (abiertas antes o después del pico de floracién). E. mediohis-
panicum produce pequefias semillas (menos de 4 mm de longitud
y 0.36 mg de peso) que se dispersan por gravedad entre agosto y
septiembre, cuando los frutos dehiscentes son abiertos debido al mo-
vimiento de la vegetacion, el viento, la lluvia o el contacto fisico. No
se ha observado dispersiéon secundaria de semillas en esta especie,
por lo que la distancia de dispersion es extremadamente corta (con
una distancia maxima promedio de menos de 20cm, Gémez, 2007).

43



1. Introduccién general

Figura 1.1: Historia natural de E. mediohispanicum. A) Habitat tipico de la
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especie. B) y C) Ejemplos de variacién en morfologia floral de
dos individuos pertenecientes a la misma poblacién. D) Bombus
terrestris y E) Attagenus trifasciatus, ejemplos de dos visitantes
florales de la especie con importantes diferencias en tamafio y
patrén de forrajeo. D) Roseta vegetativa y E) Individuo repro-
ductivo de E. mediohispanicum.
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Las semillas son consumidas por ratones (Apodemus sylvaticus, Muri-
dae), escarabajos (Iberozabrus sp., Carabidae), hormigas (Lasius niger,
Formicidae) e incluso pajaros (Fringilla coelebs, Fringillidae) (Gomez,
2005a).

E. mediohispanicum es parcialmente autocompatible, requiriendo la
participacion de vectores polinicos para conseguir el set completo de
semillas (Gomez, 2005a). La mayor parte de estos visitantes florales
acttian como polinizadores efectivos debido a la morfologia abierta
que presenta la flor, lo que permite que los 6rganos reproductivos
sean extremadamente accesibles (Gomez et al., 2009). Por ello, inclu-
so visitantes florales no especializados acttian como polinizadores
(Goémez, 2005b) y pueden ejercer presiones selectivas significativas
sobre varios rasgos florales de la especie (Gomez et al., 2006, 2008,
2009). En este sentido, se ha documentado que la variacién espacial
en el gremio de polinizadores lleva a adaptacion local en esta especie,
incluso a pequefias escalas geogréficas (Gémez et al., 2009).

El sistema de polinizacién de E. mediohispanicum es altamente ge-
neralista. Durante cinco afios de estudio en ocho poblaciones muy
proximas geograficamente se han encontrado més de 150 especies de
visitantes florales pertenecientes a mas de 25 familias y seis 6rdenes
(Goémez et al., 2008, 2009), siendo los mds abundantes las especies
de himenopteros (mds de 60 especies) y coleopteros (més de 40 espe-
cies). Por tanto, los visitantes florales de E. mediohispanicum muestran
un amplio rango de variacién en caracteristicas tales como la longi-
tud de proboscide, el comportamiento de forrajeo o el tamafio del
cuerpo (Figs. 1.1D y 1.1E). Por ejemplo, mientras que un Melighetes
minutus (Nitidulidae) tiene una masa de 0.3 mg, la de una Anthopho-
ra aestivalis (Anthophoridae) es mas de 400 veces mayor, llegando a
los 130 mg.

Ademads de la interaccién con polinizadores, se ha documentado
que los individuos reproductores de E. mediohispanicum son ataca-
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dos por varias especies de herbivoros. Algunos botones florales no
llegan a abrirse tras ser atacados por dipteros (e.g., Dasineura sp., Ce-
cidomidae), los escapos son perforados por algunas especies de gor-
gojos (e.g., Lixus sp., Curculionidae) que consumen tejidos internos,
mientras que otras especies (e.g., Ceutorhynchus sp., Curculionidae)
se desarrollan en el interior de los frutos y actuan como predado-
res predispersivos de semillas (Gomez, 2005a; Gémez and Gonzélez-
Megias, 2007). Los escapos son consumidos también por la cabra ibé-
rica (Capra pyrenaica, Bovidae), que consume principalmente flores y
frutos verdes (Gémez, 2003, 2005b). Por su parte, algunas especies de
chinches (e.g., Eurydema sp., Pentatomidae) se alimentan de la savia
de los escapos reproductivos durante la floracién y la fructificacion
(Gémez and Gonzélez-Megias, 2007).

E. mediohispanicum estd estrechamente emparentado con otros cin-
co taxones (E.nevadense, E. merxmuelleri, E. rondae, E. ruscinonense y E.
gomezcampoi), a los que se les atribuye la categoria de microespecies
por conformar el denominado complejo nevadense (Favarger, 1980;
Clot, 1991; Nieto-Feliner, 1993). El tratamiento de microespecie es
criticado por Lopez Gonzdlez (1998), que parece mas partidario de
incluir la mayoria de los taxones ibéricos bajo una misma entidad
biolégica. Inferir relaciones taxonémicas entre las especies de este
complejo se ve dificultado por la baja diferenciacién y por la exis-
tencia de dreas de contacto entre ellas (Fig.1.2), donde la hibridacién
puede ocurrir (Clot, 1991). Consecuentemente, es usual encontrar in-
dividuos e incluso poblaciones enteras que no pueden asignarse de
manera inequivoca por presentar caracteristicas intermedias a varias

especies (Clot, 1991; Nieto-Feliner, 1993).

Otro factor que dificulta el establecimiento de las relaciones entre
poblaciones de estas especies es la existencia de diferencias en ploi-
dia (Fig.1.2), lo que complica la aplicacion de técnicas moleculares
basadas en marcadores nucleares. De nuevo, el uso de marcadores
genéticos localizados en los organulos puede ser especialmente ttil,
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] Em @n=14,26)
M En @n-19
0 EmX 2n=14)
B Eru @n=14.26)
B Ego @n-14)
0 Er =29

Figura 1.2: Distribucién estimada de las cinco especies de Erysimum que
conforman el complejo nevadense. Cada especie se representa
con un color diferente y las regiones con posibilidad de contacto
entre especies en negro. Los puntos negros representan las po-
blaciones estudiadas. (Em: E. mediohispanicum, En: E.nevadense,
Emx: E. merxmuelleri, Eru: E. ruscinonense, Ego: E. gomezcampoi,
Er: E. rondae).

al permitir la comparacién directa de genotipos individuales inde-
pendientemente de sus ploidias nucleares. Los niimeros cromosémi-
cos varian entre las especies del complejo (2n = 14 para E.nevadense,
E. merxmuelleri, E. ruscinonense y E. gomezcampoi, 2n = 26 para E. me-
diohispanicum y 2n = 28 para E. rondae) e incluso dentro de especie
(2n = 26 para las poblaciones de E. ruscinonense mas occidentales y
2n = 14 para las poblaciones de E. mediohispanicum localizadas maés
al sur; Clot, 1991; Nieto-Feliner, 1993; Capitulo 5).
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VARIACION DE PLOIDIA EN E. mediohispanicum

Los individuos de E. mediohispanicum con ploidias superiores a dos
estan descritos como autopoliploides (Clot, 1991), es decir, que los
genomas duplicados pertenecian a la misma especie ancestral, en
contraste con los denominados alopoliploides, que necesitan la parti-
cipacién de dos especies diferentes para la formacion del poliploide
(Mitintzing, 1936; Darlington, 1937; Clausen, 1945). Durante mucho
tiempo se pensé que los autopoliploides tenian desventajas evolu-
tivas con respecto a los alopoliploides, por lo que se propuso que
debian ser escasos y representar el fin de un camino evolutivo (Clau-
sen, 1945; Stebbins, 1971). Sin embargo, Ramsey and Schemske (2002)
estimaron que la tasa de formacién de autopoliploides es mayor que
la de alopoliploides, por lo que los primeros deben ser mds frecuen-
tes de lo que se pensaba hasta entonces. Asi pues, los organismos
autopoliploides han pasado de ser descritos como extremadamente
raros (Stebbins, 1950; Clausen, 1945) a plantearse si son igual de fre-
cuentes que los alopoliploides en las poblaciones naturales (Soltis
et al., 2004). La expansién en el rango de distribucién de varios au-
topoliploides naturales (Manton, 1937; Soltis et al., 2007) sugiere que
este tipo de poliploides también puede presentar ventajas evolutivas,
aunque éstas no sean obvias (Levin, 2002; Ramsey and Schemske,
2002).

Seguin el nimero de copias cromosémicas, los individuos poliploi-
des de E. mediohispanicum son hipotetraploides, es decir, que presen-
tan un ndmero de cromosomas algo menor al doble de la dotacién
diploide (2n=14 para los diploides y 2n=26 para los poliploides; Clot,
1991; Nieto-Feliner, 1993). Este defecto en el niimero de cromosomas
se debe a que los procesos de poliploidizacién son complejos e in-
cluyen, ademds de duplicaciones genémicas, fenémenos posteriores
de diploidizacién (Grant, 1981; Wolfe, 2001; Levy and Feldman, 2002;
Doyle et al., 2008; Parisod et al., 2010) consistentes en cambios tanto
del comportamiento citologico celular como de la constituciéon gené-
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tica (es decir, pérdidas de material genético). El conocimiento tanto
de la base molecular de dichos procesos como de las fuerzas que
los impulsan es limitado (Wolfe, 2001; Soltis et al., 2004), aunque en
los dltimos afios se han producido avances importantes en ambos
aspectos (Doyle et al., 2008).

En E. mediohispanicum, ambos citotipos presentan distribuciones
geograficas separadas. Las poblaciones poliploides se encuentran en
la region norte, mientras que las diploides se restringen a las cordille-
ras orientales de Andalucia (Blanca et al., 1991; Nieto-Feliner, 1993).
Estas diferencias geograficas y de ploidia llevaron inicialmente a (Po-
latschek, 1979) a considerar las poblaciones septentrionales bajo el
nombre de E. mediohispanicum mientras que las diploides las refirié
a E. nevadense. Autores posteriores (Blanca et al., 1991; Nieto-Feliner,
1993) han atribuido la tltima especie sélo a las formas de alta mon-
tafa, incluyendo la mayor parte de formas diploides del sur dentro
de E. mediohispanicum. Dichos autores consideran que la ploidia no
debe ser determinante en la taxonomia, ya que en la mayoria de los
casos no hay diferencias morfolégicas entre citotipos o las mismas se
solapan ampliamente (Blanca et al., 1991).

Por el momento se desconocen los factores que motivan la distri-
bucién separada de las distintas ploidias en E. mediohispanicum. De
hecho, no se han encontrado patrones generales de asociacién clara
entre condiciones ambientales y la existencia de poliploidia en nin-
guna especie (Manzaneda et al., 2012), aunque diferentes ventajas se
han atribuido a los poliploides para justificar su cardcter adaptativo.
Por ejemplo, se ha postulado que tienen mayor flexibilidad genémica
que los diploides, ya que la redundancia genética puede representar
una ventaja ecoldgica en ambientes cambiantes como los mediterra-
neos (Balao et al., 2010). También se les han atribuido menores tasas
de extincién, mayores tasas de diversificacién (Soltis et al., 2010) y
mayor resistencia a estrés abidtico que a sus progenitores diploides
(Levy and Feldman, 2002), por lo que algunos autores aseguran que
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es més frecuente encontrar poliploides en lugares con climas fluc-
tuantes o extremos (Stebbins, 1971; Brochmann et al., 2004; Parisod
et al.,, 2010). Sin embargo son necesarios mds estudios centrados en
comparar directamente la resistencia de variantes con distinta ploi-
dia a estrés, ya que los resultados obtenidos hasta la fecha no son
concluyentes. Por ejemplo, Manzaneda et al. (2012) estudiaron corre-
laciones entre estrés y ploidia a lo largo del area de distribucién de
Brachypodium distachyon en la Peninsula Ibérica. Aunque concluyeron
que un origen adaptativo puede subyacer a la distribuciéon ploidica
de la especie, no pudieron descartar las explicaciones no adaptativas.

Existen también estudios que apuntan a que la ploidia puede tener
efectos importantes en interacciones ecoldgicas tales como la intensi-
dad de herbivoria o el gremio de polinizadores (Segraves et al., 1999;
Thompson et al., 2004; Kennedy et al., 2006; Miinzbergova, 2006; Ar-
vanitis et al., 2007). Ademas, la historia evolutiva de la especie estu-
diada puede jugar un papel importante, como sucede en las especies
bulgaras de Erysimum, donde la distribucién de ploidias se explica
por procesos de hibridacién junto con cambios climéticos producidos
durante la dltima glaciacién (Ancev, 2006).

OBJETIVOS Y ESTRUCTURA DE LA TESIS

La presente Tesis Doctoral engloba dos objetivos principales. El
primer objetivo se centra en explorar la historia evolutiva y filogeo-
grafia de E. mediohispanicum en la Peninsula Ibérica, prestando es-
pecial atencion al posible papel que juegan los polinizadores como
motor evolutvo. El segundo objetivo es puramente metodolégico. En
él hemos desarrollado las herramientas moleculares y analiticas que
permitirdn responder las cuestiones evolutivas relativas a E. mediohis-
panicum. Sin embargo, los métodos aqui presentados trascienden al
sitema de estudio de esta Tesis y creemos que pueden ser de utilidad
a otros investigadores que estudien problemas evolutivos similares.
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Para estudiar la historia evolutiva de E. mediohispanicum hemos rea-
lizado un muestreo exhaustivo de la especie que nos ha permitido
describir la ploidia, los principales visitantes florales, la media y la
variacion fenotipica, la diversidad genética y las relaciones evolutivas
de poblaciones naturales localizadas en todo su drea de distribucién.
Dicho muestreo incluye un total de 56 poblaciones de E. mediohispa-
nicum, a las que hay que afadir dos poblaciones por cada una de las
otras cinco especies que componen el complejo nevadense (Fig.1.2;
Tabla 1.1). De esta manera hemos podido establecer la filogeografia
de E. mediohispanicum en el contexto de especies mds préximas. Pa-
ra determinar la diversidad y la estructuracién genéticas nos hemos
cefiido a las poblaciones diploides de la especie focal, lo que supone
un total de 32 poblaciones ubicadas en su mayoria en el sur de la
Peninsula.

La Tesis estd dividida en dos bloques que se corresponden con
los marcos conceptuales descritos anteriormente. El primer bloque
se centra en el desarrollo y la descripciéon de las herramientas meto-
dolégicas que se aplicaran, en el segundo bloque, a las poblaciones
mostradas en las Tablas 1.1 y 1.2. Concretamente, las herramientas
descritas seran los marcadores microsatélites empleados para esti-
mar la diversidad genética (y que parecen poder extrapolarse a un
gran numero de especies del género; Capitulo 2) y un nuevo méto-
do de reconstruccién filogeografica basado en distancias (Capitulo 4).
Dicho método combina la informacién procedente de sustituciones e
indels y representa las relaciones obtenidas en forma de red. En este
bloque se incluye también la descripcién de un nuevo paquete de R
que permite la automatizaciéon del método para aplicarlo facilmente
a cualquier alineamiento (Capitulo 3).
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Tabla 1.1: Descripcién geografica y tamafios de muestra de las 56 poblaciones de

Erysimum mediohispanicum estudiadas en la presente Tesis Doctoral. Para
cada poblacién se muestra la latitud y la longitud (en grados decimales),
la altitud (m sobre el nivel del mar) y el sistema montafioso en el que
fueron muestreadas. Ademads se indican el niimero de visitantes florales
registrados en cada poblacion, asi como el nimero de plantas usadas para
estimar la estructura poblacional, la media y varianza de rasgos fenotipi-
cos, y las relaciones filogeograficas.

Poblacion Longitud Latitud Altitud Sistema Montafioso - Visitantes Estructura Fenotipo Filogeo-
(provincia) florales genética grafia
Emo1 -3.428 37.133 1750  Sierra Nevada (GR) 222 15 196 5
Emo2 -3.431 37.122 2099  Sierra Nevada (GR) 332 15 193 5
Emo3 -3.472 37.085 1654  Sierra Nevada (GR) 263 15 60 5
Emog4 -3.464 37.08 1826  Sierra Nevada (GR) 296 14 660 5
Emos -2.555 38.072 1450  Sierra Cazorla (J) 213 15 60 5
Emob6 -2.594 37.987 1448  Sierra Cazorla (J) 206 15 60 5
Emoy -3.505 37.083 1413  Sierra Nevada (GR) 274 15 60 5
Emo8 -3.431 37.133 1690  Sierra Nevada (GR) 141 15 198 5
Emog -3.371 37.13 1280  Sierra Nevada (GR) 158 15 51 5
Emio -3.468 37.072 1811  Sierra Nevada (GR) 204 15 60 5
Emi1 -3.473 37.071 1890  Sierra Nevada (GR) 108 14 60 2
Emi2 -2.588 38.009 1732  Sierra Cazorla (J) 209 15 60 5
Em13 -2.641 38.112 1542  Sierra Cazorla (J) 22 15 60 5
Emig -2.683 38.142 1469  Sierra Cazorla (J) 202 15 60 4
Emais -2.415 38.581 1384  Sierra Cazorla (J) 218 15 60 5
Em16 -2.922 37.922 1063  Sierra Cazorla (]) 45 15 35 5
Emiy -3.424 37.116 2182  Sierra Nevada (GR) 202 15 230 5
Emi8 -2.647 36.918 1215  Sierra Nevada (GR) 126 15 47 5
Emig -3.476 37.092 1765  Sierra Nevada (GR) 42 15 61 5
Em>2o0 -3.479 37.089 1718  Sierra Nevada (GR) 209 15 53 4
Em21 -3.428 37.134 1723  Sierra Nevada (GR) 89 15 164 5
Em22 -3.428 37.131 1802  Sierra Nevada (GR) 139 15 169 5
Emz23 -3.426 37.128 1874  Sierra Nevada (GR) 125 15 166 5
Emo2y4 -3.435 37.125 1943  Sierra Nevada (GR) 152 15 150 5
Emo25 -3.434 37.121 2064  Sierra Nevada (GR) 142 15 332 5

Continta en la pagina siguiente
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Tabla 1.1 — Continuacién de la pagina anterior

Poblacion Longitud Latitud Altitud Sistema Montafioso - Visitantes Estructura Fenotipo Filogeo-
(provincia) florales genética grafia
Em26 -2.589 38.159 999 Sierra Cazorla (J) 145 14 46 5
Emoay -3.395 36.833 1752  Sierra Nevada (GR) 287 15 60 4
Em28 -3.029 37.051 1834  Sierra Nevada (GR) 214 15 60 5
Em2g9 -2.826 37.054 1918  Sierra Nevada (GR) 188 15 120 4
Em3o -2.804 37.036 1667  Sierra Nevada (GR) - - 15 4
Em31 1.024 42.032 1006  Montsec (Le) 212 15 30 5
Em32 0.916 41.99 732 Montsec (Le) 7 10 12 5
Em33 -2.933 40.909 983 Meseta Norte (Gu) 173 15 90 5
Em34 -2.81 41.524 890 Meseta Norte (So) 72 15 60 5
Em3s -2.845 41.766 1126  Meseta Norte (So) - 15 60 5
Em36 -3.451 37.102 1471  Sierra Nevada (GR) 216 15 30 5
Em3sy -3.467 37.138 1425  Sierra Nevada (GR) 163 15 30 4
Em38 -2.826 37.044 1783  Sierra Nevada (Al) 222 15 90 5
Emj3g -3.552 37.319 1272  Sierra Nevada (Al) 64 18 30 5
Emgo -2.822 37.033 1664  Sierra Nevada (Al) 324 15 90 5
Emg1 0.921 41.992 715 Montsec (Le) 197 15 30 5
Emg2 0.94 41.998 882 Montsec (Le) 190 15 30 5
Emy43 0.899 41.979 786 Montsec (Le) 248 15 30 5
Emgy4 1.028 42.017 790 Montsec (Le) 244 11 30 5
Emgys -2.938 40.862 963 Meseta Norte (Gu) - 15 60 5
Emg46 -2.96 40817 1000  Meseta Norte (Gu) 234 15 60 5
Emyy -2.807 41.326 1063  Meseta Norte (So) 2 14 60 4
Em48 -2.456 41.781 1026  Meseta Norte (So) 20 15 60 5
Emy9 -2.774 41.616 986 Meseta Norte (So) 223 15 60 5
Emso -2.973 40.76 1000 Meseta Norte (Gu) 117 15 65 5
Ems1 -1.567 37.869 1396  Sierra Espufia (Mu) 219 15 30 5
Ems2 -2.941 37.619 1189  Sierra Cazorla (J) 69 15 30 5
Ems3 -1.767 40.333 1633 S. de Albarracin (Te) - 14 14 5
Emsg -0.616 42321 932 Pre-pirineo (Hu) - - 60 5
Emss -1.637 41.74 806 Sierra del Moncayo (Z) - 15 60 5
Ems6 -0.833 40.925 955 Sierra de Cucal6n (Te) - - 60 5
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Especie Poblaciéon Longitud Latitud Altitud Sistema montafioso (provincia) Fll()feo—
graffa
E. merxmuelleri Emxo1 -4.98 40.38 1550 Sierra de Gredos (Av) 4
E. merxmuelleri Emxo2 -5.25 40.21 1000 Sierra de Gredos (Av) 5
E. nevadense Enos -3.03 37.11 2100 Sierra Nevada (Al) 5
E. nevadense Enio -3.42 37.11 2200 Sierra Nevada (Gr) 5
E. rondae Eroz -4.00 36.91 1250 Sierra de Tejeda (Gr) 3
E. rondae Ero3 -5.38 36.79 1050 S. de Grazalema (Ca) 5
E. ruscinonense  Eruo1 2.35 41.80 750 Montseny (B) 5
E. ruscinonense  Eruoz 2.40 41.83 1000 Montseny (B) 5
E. gomezcampoi  Egooz -0.56 38.66 1100 Sierra de Font Roja (Al) 5
E. gomezcampoi  Egoo3 -0.96 39.30 800 Sierra Martés (V) 5

Tabla 1.2: Descripcién geografica y tamafios de muestra de las 10 poblacio-
nes no pertenecientes a E. mediohispanicum estudiadas en la pre-
sente Tesis Doctoral. Para cada poblacién se muestra la latitud
y la longitud (en grados decimales), la altitud (m sobre el nivel
del mar) y el sistema montafioso en el que fueron muestreadas.
Ademis se indican el ntimero de plantas usadas para estimar las
relaciones filogeogréficas.

Por su parte, en el segundo bloque se estudian las relaciones exis-
tentes entre gremio de polinizadores y diversidad genética (media-
das por la diversidad fenotipica) para las poblaciones compuestas
por individuos diploides (Capitulo 5), asi como las relaciones filo-
geograficas entre todas las poblaciones mostradas en la Tabla 1.1 y
1.2 (Capitulo 6). Debido a que el volumen de datos manejados en
los capitul®os de este segundo bloque es considerable, en cada uno
se discuten tinicamente los resultados obtenidos en ese capitulo. Por
altimo, en la discusién general (Capitulo 7), ademds de resaltarse los
aspectos més relevantes tratados en la Tesis, relacionamos resultados

obtenidos en capitulos distintos.

Especificamente, los objetivos de la presente Tesis doctoral son los
siguientes:
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1) Caracterizar marcadores microsatélites para E. mediohispanicum que per-
mitan el estudio de la estructura y diferenciacién genéticas de la especie

(Cap. 5).

2) Desarrollar un método para obtener informacién evolutiva contenida en

los indels (Caps. 4 y 3). Para ello es necesario:

2.1) Describir un método de alineamiento especifico del marcador plas-
tidial trnF IGS, una region pseudogénica rica en indels (Cap. 4).

2.2) Describir un método general basado en distancias para investigar
las relaciones entre secuencias alineadas combinando sustituciones e

indels (Cap. 4).

3) Desarrollar herramientas (en este caso, un paquete de R) que permitan
la aplicacién del nuevo método de manera general (Cap. 3).

4) Analizar las relaciones existentes entre diversidad genética y gremio de
polinizadores, mediado por los rasgos fenotipicos que determinan la inter-
accion planta-polinizador en un sistema generalista (Cap. 5). Para comple-
tar este objetivo se han muestreado un alto nimero de poblaciones natura-

les de la especie y para cada una de ellas ha sido necesario:

4.1) Describir tanto los valores medios como las varianzas de caracteres

fenotipicos involucrados en la interacciéon planta-polinizador (Cap. 5).
4.2) Describir el gremio de polinizadores de la especie (Cap. 5).
4.3) Describir la diversidad y la estructuracién genética (Cap. 5).

5) Determinar el papel que juegan los polinizadores en la evolucién de E.
mediohispanicum con respecto a la inercia filogeografica (Cap. 7). Para ello

ha sido necesario:

5.1) Inferir los patrones filogeograficos de E. mediohispanicum en la Pe-

ninsula Ibérica (Cap. 6).
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CHARACTERIZATION OF MICROSATELLITE LOCI
IN ERYSIMUM MEDIOHISPANICUM
(BRASSICACEAE) AND CROSS-AMPLIFICATION
IN RELATED SPECIES

ABSTRACT

We have developed and optimized microsatellite loci from a ge-
nomic library of Erysimum mediohispanicum. Microsatellites were also
tested for cross-amplification in 32 other Erysimum species. A total
of 10 microsatellite loci were successfully amplified. They were poly-
morphic for 81 E. mediohispanicum individuals from two locations in
Sierra Nevada (south-east Spain), which showed similar patterns of
genetic diversity. On average, microsatellites had 8.6 alleles per locus,
and an expected heterozygosity of 0.69. Only one locus significantly
departed from Hardy-Weinberg equilibrium in both locations. Most
of the markers successfully amplified in other Erysimum species. The
genetic attributes of microsatellite loci will allow their application
for population genetic studies in Erysimum, such as genetic differen-
tiation and structure, gene flow, pollinator-mediated speciation and

hybridization studies.*?

1 Authors: A. Jestis Mufioz-Pajares, M. Belén Herrador, Mohamed Abdelaziz, F. Xa-
vier Pic6, Timothy E. Sharbel, José M. Gémez, and Francisco Perfectti
2 Published: American Journal of Botany Primer Notes & Protocols (2011) e287-e289.
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Introduction

INTRODUCTION

Erysimum (Brassicaceae) is a genus comprising approximately 223
species (Al-Shehbaz et al., 2006) mainly distributed in the Northern
hemisphere. Erysimum mediohispanicum Polatschek is a biennial to pe-
rennial monocarpic herb endemic of the Iberian Peninsula, where it
is distributed in two geographically separated areas: one in north-
east and the other in south-east. E. mediohispanicum typically exhibits
high within- and among-population variation in floral traits, in par-
ticular corolla shape and size (Gémez et al., 2009). It has been shown
that different pollinators discriminate among different flower shapes,
suggesting that phenotypic evolution and diversification can occur
in this species (Gémez et al., 2008, 2009). We have characterized ten
new polymorphic microsatellite loci for E. mediohispanicum and tes-
ted their cross-amplification in 32 other Erysimum species from diffe-
rent locations across Europe and Africa. These microsatellite loci will
be primarily used for population genetic and gene flow studies in E.
mediohispanicum populations characterized by different patterns of
variation in floral shape and size as well as in the species’ pollinator

community.

METHODS AND RESULTS

Microsatellite libraries were developed by Genetic Identification
Services (Chatsworth, CA, USA, www.genetic-id-services.com) fo-
llowing Jones et al. (2002). Genomic DNA was extracted using the
DNeasy Plant Extraction kit (Qiagen, Venlo, Netherlands) from one
individual. Approximately 100 ng of DNA were digested with Rsal,
Haelll, BsrB1, Pvull, Stul, Scal and EcoRV (New England Biolabs,
Ipswich, MA, USA) and subsequent fragments were enriched in four
motives: CA-, AAC-, ATG- and GA- using Biotin and Steptavidin
magnetic beads for reversible capture (CPG Inc. East Bank Demera-
ra, Guyana). Resulting fragments were ligated into pUC19 plasmid
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2. Characterization of microsatellite loci

and cloned into an E. coli strain DHsalpha (Invitrogen Carlsbad, CA,
USA). After incubation, a total of 100 randomly chosen recombinant
clones were selected, purified and sequenced. Primer pairs were de-
signed for 26 clones showing tandemly repeated motifs flanked by
high quality sequence regions. Primer design was conducted using
Designer PCR 1.03 (Research Genetics Inc., Huntsville, AL, USA).
Such primers were tested on a total of 81 E. mediohispanicum indivi-
duals from two locations in south-east Spain: El Dornajo (37°7.67'N,
3°25.77’W; N = 30, UGR herbarium specimen: GDAC17407-1-2) and
La Cortijuela (37°4.66'N, 3°28.29'W; N = 51, UGR herbarium speci-
men: GDAC17421-1-2).

DNA was isolated from silica-dried leaf samples using the GenE-
lute™ Plant Genomic DNA Miniprep kit (Sigma-Aldrich, St. Louis,
MO, USA). Polymerase chain reactions were performed in 15 pl
of reaction mixture containing 0.17 ng of template genomic DNA,
1x Buffer (ref. Mo273S, New England BioLabs, Ipswich, MA, USA),
0.16 mM each dNTP (Sigma-Aldrich, St. Louis, MO, USA), 0.33 ptM
each forward (fluorescently tagged, Applied Biosystems, Forster City,
CA, USA) and reverse primer, and 0.02 U/pL Taq polymerase (ref.
Moz273S, New England Biolabs, Ipswich, MA, USA). Polymerase chain
reactions were conducted in a Gradient Master Cycler Pro S (Eppen-
dorf, Hamburg, Germany) with an initial 30 s of denaturation at 94
°C, 35 cycles at 94 °C for 15 s, annealing temperatures (Ta; Table 2.1)
for 30 s, extension at 72 °C for 30 s, and a final extension at 72 °C for
3 min. PCR products were diluted 1:15 and analyzed by MACRO-
GEN analyzers (Geumchun-gu, Seoul, Korea, www.macrogen.com)
using 400HD ROX (Applied Biosystems, Forster City, CA, USA) as
standard. Alleles were called using Peak Scanner ™ Software v.1.0
(Applied Biosystems, Forster City, CA, USA).

Seven out of the 26 tested primers failed to amplify, nine were
monomorphic or showed complex patterns (primer sequences avai-

lable upon request) and ten were polymorphic (Table 2.1). We es-
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Locus Repeat Primer sequence Fluorescent Product Ta

(GenBank accession) motif  (5"-3") label size(bp) (°C)

Cs (JF766210) CCAg F: TCTTTCTTCTGCGGTTTATTC 6-FAM 164-182 56
R: CGTTTTTGTTGTTGTTCTGG

D2 (JF766211) CAT,3 F: ACGGAAGATGACGATGATCGACTG HEX 117-189 54
R: CAATGTCCCTAATTGGTCAATGG

D4 (JF766212) ATC; F: TAAGGTGTTACCGGATTGTC NED 200215 57
R: GTGACGATTCGCTCCTTG

E4 (JF766213) CTyo F: CCTTCCTCCGACTACTCTCC HEX 145-178 57
R: TGAGCGACTGATGATGATTC

E8 (JF766214) CTso F: AGCTCACAGCCGTCGATGTTTGC 6-FAM 157-229 50
R: GAGGTGAAATACACGTAGAACCT

D11 (JF766215) TCA14 F: TCCAGGGTCTGAGTCAATATG 6-FAM 179-197 53
R: TTACCACTCCTTGCTTCTGAA

E6 (JF766216) TCqy4 F: CTTGTAACCGAGCCACTCA NED 131-159 53
R: ATACGGAGAAGAAAGCGAATC

D1o (JF766217) TCA;2 F: ACTGCCATCAAACGACCTC NED 166-185 53
R: TTGGTTGGAAAAGGGATTG

Es (JF766218) GA13  F: TCCATTTACACAATCCGTTCAT 6-FAM 167-195 50
R: CCAACCTGACATCTTTGCTTC

E3 (JF766219) GA,;; F:TTCCTCCAGATGAAACTACACAGG HEX 215-253 56

R: ACTTACATCGGATCGGTTGAG

Tabla 2.1: Characteristics of ten microsatellite markers in E. mediohispanicum. Loci
names, GenBank accession number, repeat motifs, forward (F) and rever-
se (R) primers, F primer fluorescent tag, allele size ranges and optimal
annealing temperatures (Ta) are given.

timated the number of observed alleles per locus (na), allelic rich-
ness (RS), observed heterozygosity (Ho), and expected heterozygo-
sity (HS) using FSTAT v.2.9.3 (Goudet, 1995). Linkage disequilibrium
was tested with FSTAT using Bonferroni correction and departures
from Hardy-Weinberg equilibrium (HWE) were performed with Ge-
nAlEx v.6.3 (Peakall and Smouse, 2006).

For El Dornajo, the number of alleles per locus varied between two
and 19, allelic richness between 2.0 and 18.5, observed heterozygosity
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El Dornajo La Cortijuela

Locus N Na RS HO HS HWE N Na RS HO HS HWE
Cs 27 7 7 0.74 0.737 0.984 ns 50 6 594 0.76 0.778 0.766 ns
D2 29 19 185 o0.72 0.925 0.0571ns 50 17 16.87 078 0.891 o0.041*
Dg 30 7 6.6 0.5 0.629 0.277ns 51 6 592 059 064 0567ns
E4 29 9 892 o062 0844 o0.14118 51 13 1283 o0.71 0.854 0.001**
E8 29 10 9.93 0.31 0.861 0.000 *** 47 14 14 045 0.851 0.000 ***
D11 27 3 3 0.52 0.562 0.600 ns 48 5 498 046 0.564 0.003**
E6 29 7 6.93 0.2 0.664 0.920ns 50 8 787 068 0.696 0.993ns
Dio 29 5 5 0.59 0.645 0.734 ns 51 5 5 0.47 0481 0.221 1S
Es 28 12 11.89 o071 0.87 0.798 ns 51 12 11.68 0.75 0.797 0.131 NS
E3 28 2 2 0.11 0.278 0.001 ** 49 4 3.96 0.14 0.155 1.000 ns

Tabla 2.2: Genetic diversity of two populations of E. mediohispanicum. Sample size (N),

number of observed alleles (Na), allelic richness (RS), observed heterozygo-
sity (HO), expected heterozygosity (HS), and P-values for departure from
Hardy-Weinberg equilibrium (HWE) test are given for each microsatellite
marker and population. HWE significance: ns = not significant, * P < 0.05,
** P < o0.01, ** P < 0.001.

between o0.11 and 0.74, and expected heterozygosity between 0.28
and 0.93 (Table 2.2) . For La Cortijuela, the number of alleles per
locus varied between four and 17, allelic richness between 4.0 and
16.9, observed heterozygosity between 0.14 and 0.78, and expected
heterozygosity between 0.16 and 0.89 (Table 2.2). All loci showed
no linkage disequilibrium (P > 0.004 in all cases; nominal level =
0.0011). For El Dornajo and La Cortijuela, two and four out of ten loci
significantly departed from HWE, respectively (Table 2.2). However,
only one out of ten loci significantly departed from HWE in both
locations (Table 2.2).

We analyzed the cross-amplification success of the ten polymorp-
hic microsatellite loci in a total of 32 Erysimum species (Table 2.3 ).
Most of the loci amplified in several species. On average, each loci
amplified in 79.1 % (range = 50.0 — 96.9 %) of the species (Table 2.3).
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Locus
D2 D4 E4 E8 Dii E6 Dio Es E3

-+ o+ o+ -+ o+ o+ o+

Species

. baeticum

. bonnanianum var. aetnense + +

+ +

. bonnanianum

1
+ o+ o+

bicolor

+ o+
+ o+
1

. corinthium

. collisparsum

1
+ o+ o+ +

. crepidifolium
duriaei
fitzii

gomezcampoi

+ 4+ o+ o+ + + o+ o+ o+ o+
+

+ o+ + o+ o+ o+ +

+ 4+ + +

gorbeanum

+

. incanum subsp. mairei
jugicola

+ o+
+ o+ o+ o+ .

+ o+ + + + + + + o+ o+ 4+ o+
+ o+ o+ + + o+ o+ o+ o+ o+ o+ o+
+ o+ + + + o+ + 4+ o+

. nevadense

+ o+
+ o+ o+

. neroosum

. metlesicsii

+
+ 4+ + + o+ + o+

1
+ +
+ +

1

1

1

. mexmuellieri

+

. myriophylum

1
+ o+ o+

1

1

1
+ o+ o+

. myriophylum var. cazorlense

+ +
+ +

odoratum

popovii

+ o+
+
+ o+

. penyalarense
. pseudorhaeticum

rondae

+
+ + + + + o+ o+ o+ o+

. thaeticum

. riphaeanum
. ruscinonense

seipkae

+ o+ o+ o+ o+ + o+ o+

+ +

. scoparium

+ o+ + o+ o+ o+ o+ o+ o+ o+ o+

+ o+ o+ 4+ o+
+ o+ +

. semperflorens

T T T T T T T T e S S S S S S S S S S S )

+ 4+ + + + o+ + o+ o+ o+ ++

+ o+ o+ o+ o+ o+ o+ o+ o+ o+ o+ o+ o+
1
+ + +

1
1
+

. sylvestre

ae T B o R eI O R o T oI R o SR T o R o R I s R o SR o T I R o R R s A o R o R I R o R o T R o R

+ o4+ o+ o+ o+ o+ o+ o+ o+ o+ o+ o+ o+ o+

. wilczekianum + -

Tabla 2.3: Characteristics of ten microsatellite markers of E. mediohispanicum. GenBank
accession number (below loci names), repeat motifs, forward (F) and reverse
(R) primers, allele size ranges and optimal annealing temperatures (Ta) are
given.
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CONCLUSIONS

Genetic diversity parameters indicate that these microsatellite loci
can be a useful tool to study neutral genetic variation in E. mediohis-
panicum populations. Questions like the relationship between genetic
diversity and phenotypic diversity, the effects of geographical varia-
tion in pollinator abundance and diversity on genetic diversity, dif-
ferentiation and structure, or the extent of pollinator-mediated gene
flow within and among-populations can now be addressed. Given
that most of the primers successfully amplified a band of the expec-
ted size in several Erysimum species, these microsatellites also have
the potential to become an efficient molecular tool to address similar
questions in other Erysimum species, as well as to explore speciation
processes and contact zones commonly found in this highly diverse

genus across its distribution range.
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SIDIER: SUBSTITUTION AND INDEL DISTANCES
TO INFER EVOLUTIONARY RELATIONSHIPS

ABSTRACT

SIDIER is a new software package in the R language for inferring
evolutionary relationships from gapped alignments using informa-
tion contained in both substitutions and insertions and deletions (in-
dels). SIDIER estimates the number of indel events occurred during
sequence evolution to obtain a distance matrix that may be combi-
ned with the substitutions matrix calculated separately from the sa-
me dataset. The inferred evolutionary process may be represented by
means of percolated networks.”

1 Author: A. Jestis Mufioz-Pajares
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INTRODUCTION

Although insertions and deletions (indels) may provide valuable
information for evolutionary reconstruction (Simmons et al., 2001;
Young and Healy, 2003; Blair and Murphy, 2011), phylogenetic and
phylogeographic inferences are usually based on nucleotide substi-
tutions, dismissing gapped positions before conducting the analy-
sis(Talavera and Castresana, 2007). Because combining the informa-
tion provided by indels and substitutions will surely improve the
accuracy of evolutionary inferences (Vogt, 2002; Miiller, 2006), an
increasing number of studies are exploring this combination under
different theoretical frameworks such as maximum parsimony, ma-
ximum likelihood, and Bayesian inference (Baum et al., 1994; Freu-
denstein and Chase, 2001; Geiger, 2002; Rivas and Eddy, 2008). Ho-
wever, the question has been scarcely explored using distance-based
methods (Ogden and Rosenberg, 2007) despite they allow intuitively
combining data from different sources and require low computation
times (Tamura et al., 2004).

Distance methods are particularly powerful to accurately recons-
truct both large evolutionary trees and short-branch trees (Roch, 2010).
In these two scenarios, information provided by nucleotide substitu-
tions may be limited due to sequence saturation and low divergence,
respectively. Consequently, using indels are especially advantageo-
us in these two situations (e.g., Borsch et al., 2003; Redelings and
Suchard, 2007). Whereas the evolutionary relationships among taxa
showing large branches may surely be properly represented by a
tree topology, the evolution of organisms showing low differentia-
tion (such as close related species or populations belonging to the
same species) may be better represented using network approaches
(Morrison, 2005; Mardulyn, 2012).

The main objective of the SIDIER package is to disentangle the
evolutionary relationships among gapped sequences (and the popu-
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Figura 3.1: Representation of the complete process to obtain a percolation network

combining the information provided by both, substitutions and indels.
Functions used for each step are represented in brackets. The procedu-
re uses an alignment in fasta format to estimate the distances between
sequences based on indels and substitutions (the latter using the ape
package; Paradis et al., 2004), which are combined giving different
weights to each matrix (o and 1-o, respectively). The resulting combi-
ned distance matrix may be represented as a percolation network and
used (together with the abundance of sequences) to estimate a popu-
lation distance matrix, which may also be represented as a network.
Alternatively, the inferred distance matrices may be represented as a
tree (for example, using the ape package; Paradis et al., 2004).

lations they represent) combining the information provided by both,

indels

and substitutions, in a distance-based framework. The com-

plete process is represented in Fig. 3.1 and described below, together

with the main features of the software implementation. See package
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A) A GTATCAGTCGTACGTACCCGTCGTGTCGATCGATGGCGCGGCGCATC TAGCGCTAGCT

B GTATCAGTC TCGATGGCGCGGCGCATCAATATTATATCGGCGATGCGTAGCGCTAGCT
C GTATCAGTC cce TCGATGGCGCGGCGCATC TAGCGCTAGCT
D GTATCAGTC TAGCGCTAGCT
E GTATCAGTCGTACGTA TATCGGCGATGCGTAGCGCTAGCT

B)

C) c GTATCAGTCE ----- ;]ccc ---------- TCGATGGCGCGGCGCATC I fraccGeTaGeT
E GTATCAGTCGTACGTA-——- -----ITATCGGCGATGCG&AGCGCTAGCT

1 2 3

Figura 3.2: Example of an indel distance matrix estimation using the MCIC
function. A) Gapped alignment. B) Inferred indel distance ma-
trix. C) Details on distance estimation, showing the three muta-
tion events considered between sequences C and E. Because gap-
ped regions shared by two sequences are not taken into account
for the distance estimation, the two nucleotide motifs shown in
the central region of the sequence C compute as a single muta-
tion event (adapted from Miiller, 2006).

manual (Supplementary Information) for further details on specific

functions and data examples.

DESCRIPTION AND IMPLEMENTATION

Given an alignment, SIDIER estimates the number of indel events
occurred between each pair of sequences following the Modified
Complex Indel Coding rationale (MCIC; Miiller, 2006) to estimate
pairwise transformation costs. This method ignores gap positions
shared by each pair of sequences being compared, yielding a biolo-
gically realistic distance matrix (Miiller, 2006, Fig. 3.2).

To estimate the pairwise indel distance matrix (Fig. 3.3) SIDER
considers the complete repetitive region as a single character (i.e. re-
moving step I in Miiller, 2006). Briefly, for each pair of haplotypes
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C GTATCAGTC CcC TCGATGGCGCGGCGCATC - TAGCGCTAGCT

A): E GTATCAGTCGTACGTA —— TATCGGCGATGCGTAGCGCTAGCT

C 111111111000000011100000000001111111111111111110000000000000000000011111111111
E 111111111111111100000000000000000000000000000000000000\111111111111111111111111
C
E

Y \
1 o 1 0 1 0 0 1
1 10 0 0

o

1 1

Dist, = 3

Figura 3.3: Schematic view of the pairwise indel distance estimation. A) Sequences are
codified as binary (o for gaps and 1 for A, T, C or G). B) Identical adjacent
positions are merged. C) Positions showing o in both sequences are removed.
D) Among the remaining positions, those showing either o-1 or 1-0 are mer-
ged. E) Positions showing 1 in both sequences are removed. F) The number of
indel events are estimated by counting the number of positions maintained
after these steps. (Figure adapted from Miiller, 2006).

the software codifies nucleotides as binary (o for gaps and 1 for A,
T, C or G; Fig. 3.3A) and identical adjacent positions are removed
(Fig. 3.3B). Then, positions showing a value o in both sequences are
removed (Fig. 3.3C), and those with either o-1 or 1-0 are merged (Fig.
3.3D). Finally, 1-1 positions are ignored (Fig. 3.3E), and the number
of remaining positions, equal to the absolute number of indel events,
are used as the indel-based distances (Fig. 3.3F).

To represent a distance matrix as a tree or as a network it is nee-
ded to define which distance values should be depicted as a link
between nodes and which values should not (that is, a connection
threshold must be defined). For that, SIDIER determines the perco-
lation threshold as described by Rozenfeld et al. (2008) and connects
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only populations showing genetic distances lower than this value.
To determine the percolation threshold, the software calculates net-
works assuming different connection thresholds (provided by user).
To estimate each network, SIDIER computes a new distance matrix
by setting to zero all distances higher than the defined connection
threshold and the new matrix is handled as an adjacency matrix by
igraph (Csardi and Nepusz, 2006) and network (Butts, 2008) packa-
ges. For each network, SIDIER estimates the average size of clusters
excluding the largest one (<s>; Rozenfeld et al., 2008) as follows:

1
<s>= Z sZn

where N is the number of nodes not included in the largest cluster
and n;g is the number of nodes containing s nodes. The percolation
threshold is calculated as an increase in <s> value as connection th-
reshold decreases (Rozenfeld et al., 2008). By default, the software
calculates 101 networks using 101 different connection thresholds,
ranging from 100 % of the maximum distance found in the matrix
(where all nodes are connected) to 0 % of this maximum distance (all
nodes isolated). For each network, SIDIER may find modules (defi-
ned as subsets of nodes conforming densely connected subgraphs)
by means of random walks as implemented in the igraph package
(Csardi and Nepusz, 2006).

Using the mentioned methodology, SIDIER allows to visualize and
compare results estimated from indel and substitution distances of
the same sequence dataset (the latter distances can be estimated
using, for instance, the dist.dna function in ape package). Additiona-
lly, it is also possible to visualize a single network from both datasets
by obtaining the weighted combination of both matrices using the
nt.gap.comb function (Fig. 3.1).
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If the studied sequences represent different geographic locations,
SIDIER may also estimate relationships among populations. For that,
it is needed to obtain a genetic matrix representing the pairwise po-
pulation distances (Fig. 3.1). In this matrix, each element is calculated
as the arithmetic mean of the distances among all the sequences sam-

pled in both populations:

dist(i,§) = 2= 2= dist(Hi, Hy)
mxmn

Where dist(i,j) represents the distance between populations i and j,
m and n are the number of sequences corresponding to populations
i and j, respectively, and dist(Hyi,H;) is the distance between the
k-th sequence found in population i and the I-th sequence found in
population j. To obtain the population distance matrix, SIDIER uses
as input the abundance of each sequence per population, which also
may be estimated with the software (Fig. 3.1).

Besides extract evolutionary information from indels, as illustrated
in Fig. 3.1, SIDIER provides functions that may be useful by themsel-
ves, for example, to identify unique sequences in a given alignment,
to estimate the sequences abundance per population, or to obtain the
weighted combination of two matrices yielded from different sources
(e.g., genetic and phenotypic data). Additionally, the package provi-
des one of the first available functions to represent the information
contained in any distance matrix as a percolation network.
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2

sidier-package The sidier package

Description
sidier is a library and R package for evolutionary reconstruction based on substitutions and
insertion-deletion (indels) analyses in a distance-based framework.

References
Muiloz-Pajares, AJ. SIDIER: Substitution and Indel Distances to Infer Evolutionary
Relationships.
Muiloz-Pajares, A.J., Abdelaziz, M., Gomez, J.M., Perfectti, F. Combining indels and
substitutions information for the reconstruction of evolutionary haplotype relationships.
Muiloz-Pajares, A.J., Abdelaziz, M., Herrador, M.B., Gomez, J.M., Perfectti, F.
Phylogeography and colonization pathways of the Erysimum nevadense species complex based
on a plastidial indel-rich region distance analysis.

FindHaplo Find equal haplotypes

Description
This function assigns the same name to equal haplotypes in a sequence alignment.

Usage
FindHaplo (readfile=T, input=NA, align=NA, saveFile=T, outname="FindHaplo.txt")

Arguments

readfile a logical; if TRUE (default), the input alignment is provided as a fasta format in
a text file. If FALSE, the alignment is provided as an R object.

input the name of the fasta file to be analysed.

align the name of the alignment to be analysed (if “readfile” is set to FALSE,). See
“read.dna” in ape package for details about reading alignments.

saveFile a logical; if TRUE (default), function output is saved as a text file.

outname if “SaveFile” is set to TRUE (default), contains the name of the output file
("FindHaplo.txt" by default).
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Value
A matrix showing the assigned haplotype name to each sequence in the alignment.
See Also
HapPerPop.
Examples
library(ape)
# Reading the alignment from an object:
alin<-read.dna(file="1_Examplel.fas",format=""fasta")

FindHaplo(readfile=F,align=alin)

# Reading the alignment directly from file:
FindHaplo(input="1_Examplel.fas")

GetHaplo Get sequences of unique haplotypes

Description
This function returns the subset of unique sequences composing a given alignment.
Usage

GetHaplo (readfile=T, input=NA, align=NA, saveFile=T, outname="Haplotypes.txt",
format="fasta", seqsNames=NA)

Arguments

readfile a logical; if TRUE (default) input alignment is provided as a fasta format in a
text file. If FALSE, the alignment is provided as an R object.

input the name of the fasta file to be analysed.

align the name of the alignment to be analysed (if “readfile” is set to FALSE,). See
“read.dna” in ape package for details about reading alignments.

saveFile a logical; if TRUE (default), function output is saved as a text file.

outname if “SaveFile” is set to TRUE (default), contains the name of the output file
("Haplotypes.txt" by default).

format format of the DNA sequences to be saved: "interleaved", "sequential"’, or

“"fasta" (default). See “write.dna” in ape package for details.

107



3. SIDIER, a new R package

4
seqsNames names for each DNA sequence saved: Three choices are possible: if n unique
sequences are found, “Inf.Hap” assign names from H1 to Hn (according to input
order). The second option is to define a vector containing n names. By default,
input sequence names are used.
Details
If two equal sequences are not identically aligned, they will be considered as different
haplotypes. To avoid misleading results in uncertain alignments it is recommended to use as
input the original unaligned sequences, including gaps after the last nucleotide of short
sequences to make all sequence lengths equal.
Value
A file containing unique sequences from the input file.
Examples
library(ape)
# Reading the alignment from an object and saving haplotypes names as sequential numbers:
alin<-read.dna(file="2_Example2.fas",format="fasta")
GetHaplo(readfile=F,align=alin,outname="Haplotypes_sequentialNames.txt",seqsNames="Inf.
Hap")
# Reading the alignment directly from file and saving using sequence input names:
GetHaplo(input="2_Example2.fas")
HapPerPop Returns the number of haplotypes per population.
Description
Given a two column matrix, this function returns the number of haplotypes per population. The
input matrix must contain one row per individual. The first column must contain the population
name, while the second must contain the name of the haplotype. The desired matrix can be
obtained using “FindHaplo”.
Two output matrices are estimated, one giving the abundance of each haplotype per population
(named weighted matrix) and the other representing presence/absence of each haplotype per
population by 1/0 (named interaction matrix).
Usage

HapPerPop (readfile=T, sep=" ", header=F, inputFile=NA, input=NA, saveFile=T,
Wname=NA, Iname=NA)
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readfile

sep

header

inputFile
input

saveFile

Wname
Iname

Value

sidier manual

a logical; if TRUE (default) the input matrix is provided in a text file. If FALSE,
the matrix is provided as an R object.

the character separating columns in the input matrix (space, by default).

a logical value indicating whether the input matrix contains the names of the
variables as its first line. (Default=FALSE).

(if readfile=TRUE) the name of the file containing the input matrix.
(if readfile=FALSE) the name of the input matrix as an R object.

a logical; if TRUE (default), the two ouput matrices computed are saved as two
different text files.

the name given to the output weighted matrix file.

the name given to the output interaction matrix file

A list containing two matrices. The first matrix contains the weighted matrix, that is, the
number of haplotypes (columns) found per population (rows). The second is the interaction
matrix, containing information about the presence or absence of each haplotype (columns) per
population (rows).

See also

FindHaplo

Examples

library(ape)

# Reading the alignment from an object and saving the two computed distance matrices:
FH<-read.table("3_FindHaplo_Example2_modified.txt",header=T)
HapPerPop(readfile=F,input=FH,header=T,saveFile=F)

# Reading the alignment directly from file, displaying only the weighted matrix:
HapPerPop(readfile=T,inputFile="3_FindHaplo Example2 modified.txt",header=T,saveFile=F

iRs)|
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MCIC Modified Complex Indel Coding as distance matrix
Description
This function computes the insertion-deletion (indel) distance matrix following the rationale of
the Modified Complex Indel Coding (Miiller, 2006) to estimate transition matrices, as
described in Muiloz-Pajares.
Usage
MCIC (readfile = T, input = NA, align = NA, saveFile = T, outname = paste(input,
"IndelDistanceMatrixMullerMod.txt"))
Arguments
readfile a logical; if TRUE (default) input alignment is provided as a fasta format in a
text file. If FALSE, the alignment is provided as an R object.
input the name of the fasta file to be analysed.
align the name of the alignment to be analysed (if “readfile” is set to FALSE,). See
“read.dna” in ape package for details about reading alignments.
saveFile a logical; if TRUE (default), function output is saved as a text file.
outname if “SaveFile” is set to TRUE (default), contains the name of the output file.
Value
A matrix containing the genetic distances estimated as indels pairwise differences.
Examples
# Reading the alignment directly from file and saving no output file:
MCIC (input="2_Example2.fas", saveFile = F)
References

Miiller K. (2006). Incorporating information from length-mutational events into phylogenetic
analysis. Molecular Phylogenetics and Evolution, 38, 667-676.

Muiloz-Pajares, AJ. SIDIER: Substitution and Indel Distances to Infer Evolutionary
Relationships.
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nt.gap.comb substitution and indel distance combinations
Description
This function obtains a lineal combination from two original matrices. The weight of each
matrix in the combination must be defined. If it is a range of values, several matrices are
computed.
Usage
nt.gap.comb  (DISTnuc=NA, DISTgap=NA, range=seq(0,1,0.1), method="Corrected",
saveFile=TRUE)
Arguments
DISTnuc a matrix containing substitution genetic distances. See “dist.dna” in “ape”
package.
DISTgap a matrix containing indel genetic distances. See MCMC function in this
package.
range a numeric between 0 and 1, is the weights given to the indel genetic distance
matrix in the combination. By definition, the weight of the substitution genetic
matrix is the complementary value.
method a string defining whether each distance matrix must be divided by its maximum
value before the combination ("Corrected") or not (“Uncorrected”).
Consequently, if the “Corrected” method is chosen, both matrices will range
between 0 and 1 before to be combined.
saveFile a logical; if TRUE (default), each ouput matrix is saved in a different text file.
Value

A list containing the estimated combination of substitution and indel distance matrices.

Examples

library(ape)

# Estimating indel distances after reading the alignment from file:
distGap<-MCIC(input="2_Example2.fas",saveFile=F)

# Estimating substitution distances after reading the alignment from file:
align<-read.dna(file="2_Example2.fas",format="fasta")
dist.nt<-dist.dna(align,model="raw",pairwise.deletion=T)
DISTnt<-as.matrix(dist.nt)
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# Obtaining 11 corrected combined matrices using a range of alpha values:
nt.gap.comb(DISTgap=distGap, range=seq(0,1,0.1), method="Corrected", saveFile=FALSE,
DISTnuc=DISTnt)
# Obtaining the arithmetic mean of both matrices using both the corrected and the uncorrected
methods.
nt.gap.comb(DISTgap=distGap, range=0.5, method="Both", saveFile=FALSE,
DISTnuc=DISTnt)
See also
MCIC
perc.thr Percolation threshold network
Description
This function computes the percolation network following Rozenfeld et al. (2008), as described
in Mufioz-Pajares.
Usage
perc.thr  (dis, threshold = seq (0,1,0.01), ptPDF = TRUE, ptPDFname =
"PercolatedNetwork.pdf', estimPDF = TRUE, estimPDFname = "PercThr Estimation.pdf",
estimOutfile = TRUE, estimOutName = "PercThresholdEstimation.txt", appendOutfile =
TRUE, plotALL = FALSE, bgcol = "white", label.col = "black", label = colnames(dis),
modules = FALSE)
Arguments
dis the distance matrix to be represented
threshold a numeric vector between 0 and 1, is the range of thresholds (referred to the
maximum distance in a matrix) to be screened (by default, 101 values from 0
to 1).
ptPDF a logical, must the percolated network be saved as a pdf file?
ptPDFname if ptPDF=TRUE, the name of the pdf file containing the percolation network

to be saved ("PercolatedNetwork.pdf", by default)

estimPDF a logical, must the percolation threshold estimation be saved as a pdf file? If
estimPDF=TRUE (default) the value of <s> for each threshold is also saved

estimPDFname  if estimPDF=TRUE (default), defines the name of the pdf file containing the
percolation threshold estimation ("PercThr Estimation.pdf" by default).



estimOutfile

estimOutName

appendOutfile

plotALL

bgcol

label.col

label

modules

Details
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a logical, must the matrix containing percolation threshold estimation
variables be saved as a pdf file?

if estimOutfile=TRUE (default), contains the name of the text file containing
the percolation threshold estimation ("PercThr Estimation.txt" by default).

a logical, if estimOutfile=TRUE, it defines whether results must be appended
to an existing file with the same name (TRUE) or the existing file must be
replaced (FALSE).

a logical, must all the networks calculated during the percolation threshold
estimation be saved as different pdf files? (FALSE, by default). If TRUE, for
each value defined in threshold, one file is generated.

string, defining the colour of the background for each node in the network.
Can be equal for all nodes (if only one colour is defined), customized (if
several colours are defined), or can represent different modules (see modules
option).

string, defining the colour of labels for each node in the network. Can be
equal for all nodes (if only one colour is defined) or customized (if several
colours are defined),

string, labels for each node. By default are the column names of the distance
matrix (dis). (See substr function in base package to automatically reduce
name lengths).

a logical, must nodes belonging to different modules be represented as
different colours?

By default, percolation threshold is estimated with an accuracy of 0.01, but it may be increased
by setting the decimal places in threshold function (e.g., seq(0,1,0.0001)). However, it may
strongly increase computation times (in this example, it is required to estimate 100 001 instead
of 101 networks). It is also possible to increase accuracy with a low increase in computation
time by repeating the process and increasing decimal places only in a range close to a
previously estimated percolation threshold.

Examples

library(ape)

# Estimating indel distances after reading the alignment from file:
distGap<-MCIC(input="2_Example2.fas",saveFile=F)

# Estimating substitution distances after reading the alignment from file:
align<-read.dna(file="2_Example2.fas",format=""fasta")

dist.nt <-dist.dna(align,model="raw" pairwise.deletion=T)
DISTnt<-as.matrix(dist.nt)
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# Obtaining the arithmetic mean of both matrices using the corrected method:
CombinedDistance<-nt.gap.comb(DISTgap=distGap, range=0.5, method="Corrected",
saveFile=FALSE, DISTnuc=DISTnt)

# Estimating the percolation threshold of the combined distance, modifying labels:
perc.thr(dis=as.data.frame(CombinedDistance$Corrected),label=paste(substr(row.names(as.dat
a.frame(CombinedDistance$Corrected)),11,11),substr(row.names(as.data.frame(CombinedDista
nce$Corrected)),21,21),sep="-"))

# The same network showing different modules as different colours (randomly selected):
perc.thr(dis=as.data.frame(CombinedDistance$Corrected),label=paste(substr(row.names(as.dat
a.frame(CombinedDistance$Corrected)),11,11),substr(row.names(as.data.frame(CombinedDista
nce$Corrected)),21,21),sep="-"), module=T)

References

Rozenfeld AF, Arnaud-Haond S, Hernandez-Garcia E, Eguiluz VM, Serrdo EA, Duarte CM.

(2008). Network analysis identifies weak and strong links in a metapopulation system.
Proceedings of the National Academy of Sciences, 105, 18824 —18829.

Muiloz-Pajares, AJ. SIDIER: Substitution and Indel Distances to Infer Evolutionary
Relationships.

plot.thr.network Plot a network given a threshold or a range of thresholds.
Description

Given a distance matrix, this function plots a network taking into account only distances shorter
than a defined value (threshold). Multiple networks are estimated if a list of thresholds are
provided.

The defined threshold must range between 0 and 1 and represents the percentage of the
maximum value of the distance matrix. Consequently, if the threshold value is set to 0.5, only
distances lower than half the maximum will be represented.

Usage
plot.network(dis, threshold, bgcol = "white", label.col = "black", label = colnames(dis),
modules = FALSE, PDF = TRUE, PDFname = paste(“Network thr = ” threshold,
sep =)
Arguments

dis the distance matrix to be represented
threshold a numeric or a vector between 0 and 1, is the threshold or range of thresholds to

be plotted.

PDF a logical, must the network be saved as a pdf file?
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PDFname if PDF=TRUE, the name to save the percolation network as a pdf file.

bgcol string, defining the colour of the background for each node in the network. Can
be equal for all nodes (if only one colour is defined), customized (if several
colours are defined), or can represent different modules (see modules option).

label string, labels for each node. By default are the column names of the distance
matrix (dis). (See substr in base package to automatically reduce name lengths).

label.col string, defining the colour of labels for each node in the network. Can be equal
for all nodes (if only one colour is defined) or customized (if several colours are
defined).
modules a logical, must nodes belonging to different modules be represented as different
colours?
Examples

#Representing a network connecting distances lower than 80% of the maximum indel
distance:

matrixMCIC<-MCIC (readfile = T, input="1_Examplel.fas", saveFile = F)
plot.thr.network(dis=matrixMCIC, threshold=0.8, PDF = F)

# Setting node labels:

plot.thr.network(dis=matrixMCIC, threshold=0.5, PDF =F, label =
paste(substr(colnames(matrixMCIC),11,12),substr(colnames(matrixMCIC),21,21),sep=""))

pop.dist Distances among populations

Description
This function computes the among population distance matrix based on the frequency of
haplotypes per population and the among haplotypes distance matrix. It is mandatory to define
haplotype and population names in the input file. See example for details

Usage

pop.dist (DistFile=T, inputDist=NA, distances=NA, HaploFile=T, inputHaplo=NA,
Haplos=NA, outType=0, logfile=TRUE, saveFile=TRUE, PopldInin=NA, PopIdEnd=NA)

Arguments
DistFile a logical; if TRUE (default) input distance matrix among haplotypes is provided
as a matrix in a text file. If FALSE, the matrix must be provided as an R object.
inputDist the name of the file containing the distance matrix among haplotypes.
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distances

HaploFile

inputHaplo

Haplos

outType

logfile

saveFile

PopldInin

PopIdEnd

Value

the name of the distance matrix among haplotypes to be analysed (if “DistFile”
is set to FALSE,).

a logical; if TRUE (default) the input matrix containing the number of
haplotypes found per population is provided as a matrix in a text file. If FALSE,
the matrix must be provided as an R object. See HapPerPop for details on how
to estimate such matrix.

the name of the file containing the matrix with the number of haplotypes found
per population.

the name of the matrix containing the number of haplotypes found per
population (if “DistFile” is set to FALSE,).

a strig; the format of output matrix. “L” for lower diagonal hemi-matrix; “7” for
upper diagonal hemi-matrix; "O" for both hemi-matrices (default).

a logical; if TRUE (default), it saves a file containing matrix names used
(inputDist and HaploFile)

a logical; if TRUE (default), function output is saved as a text file.

a numeric indicating the position of the initial character of population name
within the individual name in the distance matrix.

a numeric indicating the position of the last character of population name within
the individual name in the distance matrix.

A matrix containing the genetic distances among populations, based on the haplotype distances
and their frequencies per populations.

Examples

library(ape)

# Reading files. Distance matrix must contain haplotype names. Abundance matrix must
contain both, haplotype and population names:

pop.dist (DistFile=T, inputDist="4 Example3_IndelDistanceMatrixMullerMod.txt",
HaploFile=T, inputHaplo="4 Example3 HapPerPop_Weighted.txt", outType="0", logfile=F,

saveFile=F)

# It may be convenient to manually modify files to get the appropriate names. However, an
automated example from fasta sequence names (using the substr function) is shown below:

# Estimating distances between unique haplotypes
uniqueHaplo<-GetHaplo(input="5_Example4.fas",saveFile=F)
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distGap<-MCIC(readfile=F,align=uniqueHaplo,saveFile=F)
dist.nt <-dist.dna(uniqueHaplo,model="raw" pairwise.deletion=T)
DISTnt<-as.matrix(dist.nt)

# Replacing sequence names by haplotype names in both distance matrices

for (Hi in 1:length(colnames(distGap)))
colnames(distGap)[Hi]<-FindHaplo(input="5_Example4.fas",saveFile=F)
[which(colnames(distGap)[Hi]==FindHaplo(input="5_Example4.fas", saveFile=F)[,1]),2]
row.names(distGap)<-colnames(distGap)

for (Hi in 1:length(colnames(DISTnt)))
colnames(DISTnt)[Hi]<-FindHaplo(input="5_Example4.fas", saveFile=F)
[which(colnames(DISTnt)[Hi]==FindHaplo(input="5_Example4.fas",saveFile=F)[,1]),2]
row.names(DISTnt)<-colnames(DISTnt)

#Combining distance matrices and setting haplotype names
CombinedDistance<-as.data.frame(nt.gap.comb(DISTgap=distGap, range=0.5,
method="Corrected", saveFile=FALSE, DISTnuc=DISTnt)[[2]])
colnames(CombinedDistance)<-row.names(CombinedDistance)

# Estimating haplotype abundance per population and setting population names:
Haplotypes<-FindHaplo(input="5_Example4.fas" saveFile=F)
Haplotypes[,1]<-substr(Haplotypes[,1],1,11)
Weighted<-as.data.frame(HapPerPop(readfile=F,header=T,input=Haplotypes)[1])
colnames(Weighted)<-substr(colnames(Weighted),10,11)

# Estimating population distances

pop.dist (DistFile=F, distances=CombinedDistance, HaploFile=F, Haplos=Weighted,
outType="0", logfile=F, saveFile=F)
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COMBINING INDELS AND SUBSTITUTIONS
INFORMATION FOR THE RECONSTRUCTION OF
EVOLUTIONARY HAPLOTYPE RELATIONSHIPS

ABSTRACT

The use of indel-rich regions in phylogenetic and phylogeographic
inference is hindered by the difficulty in obtaining a correct sequence
alignment, as well as by the problem of interpreting the evolutionary
information contained in indels. In this chapter, we propose a proce-
dure to accurately extract phylogenetic information from indel-rich
regions in three multi-step stages. First, we align indel-rich sequen-
ces according to the main mutational processes affecting the studied
DNA region to infer indel and nucleotide homology. Second, we ob-
tain both substitution and indel distance matrices, to subsequently
combine them in a single distance matrix. Finally, using the informa-
tion from this inclusive matrix, we build a haplotype network using
percolation theory. We have applied this methodology to a plastid
indel-rich region widely used in plant phylogeny: the trnL-trnF in-
tergenic spacer (IGS). Using this marker, we have studied 317 indivi-
duals from 66 populations belonging to the six species conforming
the Erysimum nevadense complex. The yielded percolation network
will allow us to infer the evolutionary history of the E. mediohispani-
cum in the context of closely related species.”

A. Jestis Mufoz-Pajares, Mohamed Abdelaziz, M. Belén Herrador, José M. Gémez,
and Francisco Perfectti
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Introduction

INTRODUCTION

Insertion and deletion events (indels) may provide valuable infor-
mation for phylogenetic and phylogeographic inferences (Simmons
et al., 2001; Vogt, 2002; Young and Healy, 2003; Miiller, 2006; Blair
and Murphy, 2011). The advantage of using indels may be even grea-
ter when sequences show low substitution rates (Redelings and Su-
chard, 2007). However, obtaining this information is a complex, time-
consuming task, for two main reasons: the difficulty in confidently
aligning these indel-rich sequences and the lack of a standard metho-
dology to deal with the evolutionary information contained in gaps
(Golenberg et al., 1993; Castresana, 2000; Loytynoja and Milinkovitch,
2001). Although some procedures exist to simultaneously estimate
alignments and phylogenies (e.g. Wheeler, 1996; Wheeler et al., 2003;
Lunter et al., 2005; Redelings and Suchard, 2005; Liu et al., 2012), in
most studies they are performed separately.

A correct alignment is crucial to infer the evolutionary relations-
hips between species or populations (Kumar and Filipski, 2007). In-
del events produce sequences with different lengths, and the intro-
duction of gaps into the alignment is required to establish nucleoti-
de homology. The achievement of an alignment from sequences sho-
wing a high proportion of indels (especially when duplication exits)
is hindered by the uncertainty associated with the presence of mul-
tiple redundant and/or non-homologous positions. For this reason,
although a great deal of software has been developed to align se-
quences, all of them show poor accuracy in the presence of high
indel rates (Liu et al., 2010). These difficulties have traditionally led
to the proposal to remove gap positions before conducting phyloge-
netic analyses (Talavera and Castresana, 2007). It has been suggested
that, in order to avoid losing the information from indels, the align-
ment should be manually refined after the use of any software (Kjer
et al., 2007; Morrison, 2009; Blair and Murphy, 2011). Manual align-
ment may be further improved when secondary structures and mo-

123



4. Combining indels and substitutions

lecular evolutionary processes are considered (Kjer, 1995; Kelchner,
2000; Miiller, 2006).

There are no standard procedures for inferring evolutionary re-
lationships from gapped positions. This is because several adjacent
positions could be involved in a single evolutionary event (indels
involving more than one nucleotide), and because different indel
events could affect the same nucleotide position in different taxa
(producing overlapping gap sites). However, an increasing number
of studies are including the phylogenetic information provided by
indels, most of them within a maximum parsimony framework. The
tifth state and indel coding methods are the most common approa-
ches. The former method considers each gap position as a new state
in addition to the four nucleotides. The latter method treats indels
as missing data in the original sequence but their information is in-
cluded by codifying them as additional characters. There are several
different coding methods, depending on the treatment of the overlap-
ping gap positions (e.g., Baum et al., 1994; Freudenstein and Chase,
2001) and the calculation of the pairwise transformation cost matrix.
The Simple Indel Coding (SIC, Simmons and Ochoterena, 2000), the
Complex Indel Coding (CIC, Simmons and Ochoterena, 2000), and
the Modified Complex Indel Coding (MCIC, Miiller, 2006) are the
most widely used of these coding methods. Other coding methods
codify gaps in their original positions, as in the case of multi-state
character coding (Lutzoni et al., 2000), the elision method (Wheeler
et al.,, 1995), case-sensitive coding (Swofford, 1989), stretch coding
(Geiger, 2002), and block coding (Geiger, 2002). Several evolutionary
models in probabilistic inference methods (i.e., maximum likelihood
and Bayesian inference) have accounted for both substitution and
indel events (e.g., Rivas and Eddy, 2008, and references therein). Ho-
wever, such models are complex and in most cases gaps are either
removed from the alignment or handled as missing data when eit-
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her maximum likelihood or Bayesian inference are used (Ogden and
Rosenberg, 2007).

In contrast with the diverse methodology mentioned above, dea-
ling with indels in distance-based algorithms needs to be explored
(Ogden and Rosenberg, 2007). Distance methods discard the infor-
mation provided by a given homologous position if that position is
a gap in at least one of the aligned sequences (complete deletion) or
in at least one of the two compared sequences (pairwise deletion).
In both instances the information provided by indels is lost. In this
study, we propose a method to include indel evolutionary informa-
tion within a distance-based framework. Although the phylogenetic
accuracy of distance methods is assumed to be lower than that of
other methods (Talavera and Castresana, 2007; Dwivedi and Gadag-
kar, 2009), they are very powerful for large evolutionary trees and
short-branch trees (regardless of tree depth) (Roch, 2010). In fact,
these methods are widely used in phylogeography to infer neigh-
bor joining (NJ; Saitou and Nei, 1987) trees and minimum spanning
networks (MSN; Excoffier et al., 1992).

One of the most commonly used markers in plant phylogenetic
studies (Stuessy, 2009) was analyzed using this method: the plasti-
dial DNA region, encompassing the transfer RNA genes for leucine
(trnLyaa) and phenylalanine (trnFgaa), hereafter trnL and trnF, res-
pectively. The trnL gene is composed of two exons separated by one
group I intron, while an intergenic spacer (IGS) separates the trnL
3’ exon and the trnF (Fig.4.1) The IGS contains an indel-rich region
in several plant genera due to the existence of multiple tandemly
repeated trnF pseudogene copies (Fig.4.1). These pseudogenes we-
re originated by duplication and are subjected to divergence due to
the accumulation of independent substitutions. The functional trnF
is composed of five domains: the D-domain, the anticodon-domain,
the T-domain and two flanking acceptor stems (Koch et al., 2005).
Consequently the indel-rich IGS region is composed of different mo-
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trnL trnL trnL trnL-trnF trnE
exon1 intron exon2 IGS m
(35bp)’ (513bp)’ (49bp)’ (685bp)’ (72bp)"
Pseudogene copies
(194-651bp)?

Figura 4.1: Schematic representation of the trnL-trnF cpDNA region. Both
transfer genes are separated by an intergene spacer (IGS) sho-
wing a variable number of trnF pseudogene copies. (1) Sizes ac-
cording to the A. thaliana complete genome (accession number
NC_000932.1). (2) Size range found in E. mediohispanicum.

tifs showing similarity with each of these functional trnF domains,
usually conserving the same arrangement (acceptor - D-domain - an-
ticodon - T-domain - acceptor). The IGS region has been described in
depth in the Brassicaceae (Koch et al., 2007), especially in Arabidopsis
and Boechera, where the presence of a variable number of pseudoge-
ne copies produces high variability in sequence length (Dobes et al.,
2004, 2007). To determine the number of pseudogene copies per in-
dividual, most of these studies count the number of motifs showing
similarity with the anticodon region (Koch et al., 2007; Schmickl et al.,
2008). An increasing number of studies are trying to extract evolutio-
nary information from this region, including indel variation in diffe-
rent ways (Koch et al., 2005; Koch and Matschinger, 2007; Koch et al.,
2007; Schmickl et al., 2008). The indel-rich trnL-trnF IGS region has
been used to elucidate both ancient (e.g., basal angiosperms, Borsch
et al., 2003) and recent (e.g., among populations of the same species,
Dobes et al., 2004; Tedder et al., 2010) divergence.

The specific goals of the present study are: 1) To describe a met-
hod to align the indel-rich trnF IGS pseudogene region; and 2) To
propose a distance-based method to investigate haplotype relations-
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hips combining information from both substitutions and indels. We
illustrate this methodology analyzing the trnL-trnF IGS pseudogene
variation in 56 populations of Erysimum mediohispanicum (Brassica-
ceae) and the five closely related Erysimum species that conform the
E. nevadense species complex.

MATERIAL AND METHODS
Plant species

Erysimum comprises more than 200 species recently grouped in
the unigeneric tribe Erysimeae (Couvreur et al., 2010). Erysimum is
one of the few crucifer polybasic genera (i.e. characterized by multi-
ple base chromosome numbers; Warwick and Al-Shehbaz, 2006). The
evolution of the genera is complex, with events of inter-specific hybri-
dization, polyploidization, incomplete sorting, and reticulate evolu-
tion (Clot, 1991; Ancev, 2006; Marhold and Lihovd, 2006), frequently
resulting in species complexes and cryptic species (Ancev, 2006; Tur-
ner, 2006).

E. mediohispanicum is a monocarpic herb endemic to the Iberian
Peninsula, distributed into two regions, one in the north-east and the
other in the south-east of the Peninsula (Nieto-Feliner, 1993). More
than twenty Erysimum species inhabit the Iberian Peninsula (Nieto-
Feliner, 1993), of which five species (E. nevadense, E. merxmuelleri, E.
rondae, E. ruscinonense, and E. gomezcampoi) are closely related to E.
mediohispanicum, conforming the E. nevadense species complex (Nieto-
Feliner, 1993).
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Molecular methods

We collected fresh leaf tissue from five individuals belonging to
56 populations of E. mediohispanicum covering the complete species
distribution area (Table S4). We also collected samples from five in-
dividuals belonging to two populations of the remaining five spe-
cies from the E. nevadense complex (Table S4). Leaves were dried up
and stored in silica gel until DNA extractions were performed using
the GenElute Plant Genomic DNA Miniprep Kit (Sigma-Aldrich). We
amplified the trnL-trnF spacer using the TabC and TabF primers (Ta-
berlet et al., 1991) in 25 pL PCR reactions containing 0.2 uM each
primer (MWG), o.1 pM each dNTP (Sigma-Aldrich), 0.02 U/uL Taq
polymerase (New England BioLabs), 1X Taq buffer (New England
BioLabs), and 5 ng of template genomic DNA. PCR mix reactions we-
re conducted in a Gradient Master Cycler Pro S (Eppendorf) with an
initial denaturation step of 94 °C for 180 s followed by 35 cycles of 94
°C for 15 s, 58 °C for 30 s, and 72 °C for 9o s, and a single final exten-
sion step at 72 °C for 180 s. PCR products were visualized in a 1.5 %
agarose gel, showing sizes ranging from ~goo to ~1500 bp, and preci-
pitated using sodium acetate 3 M pH= 4.6 and absolute ethanol at 4
°C. The resulting pellets were re-suspended in water and sent to MA-
CROGEN Inc. for sequencing. Chromatograms were checked using
FinchTV v.1.3 (http: //www.geospiza.com/Products/finchtv.shtml)
and sequences were edited with Bioedit v7.0.9.0 (Hall, 1999).

As we focused our analysis on the repetitive IGS region, we only
conserved 37 bp of the non-repetitive sequence at 5". As few sequen-
ces showed unclear chromatograms for the last repetitive motif, we
decided to remove this region from the complete set of studied se-
quences. Afterwards, identical sequences were defined as the same

haplotype.
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Haplotype alignment

The complicated trnL-trnF IGS evolutionary dynamic has led to
the existence of homologous and paralogous pseudogene regions,
making it highly difficult to obtain a confident alignment using con-
ventional softwares. For this reason, we manually aligned haplotypes
according to the following steps (Fig. 4.2):

1) Motifs conforming haplotypes were identified and classified
into families according to their similarity with functional trnF mo-
tifs (Fig. 4.2B). To find all the motif variants per family, we sear-
ched for motifs allowing local dissimilarities using FastPCR v4.0
(http: / /primerdigital.com/fastpcr/version-history). Motifs were na-
med using one letter (family) and one number (motif variant) (Fig.
4.2B).

2) We codified haplotypes substituting motif sequences for their
names (Fig. 4.2C).

3) Haplotypes were classified into different groups according to
their similarity in motif arrangements (Fig. 4.2D).

4) For each haplotype group, we performed independent align-
ments (Fig. 4.2E) following Kelchner (2000) and Borsch et al. (2003),
and using the longest haplotype in a group as a reference. At least we
have contrary evidence, we have assumed that indels occurs in the
trnL-trnF IGS region involving complete pseudogenes and we con-
sequently introduced gaps to try to maintain pseudogene sequence
integrity. To avoid an alignment compatible with multiple origins of
the same motif, identical motifs were considered homologous (i.e.,
they were aligned in the same column, if possible). We assumed mo-
tif divergence (i.e., different motif sequences in the same column)
when flanking motifs were identical.
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5) To facilitate the alignment procedure, we obtained one consen-
sus sequence per group (Fig. 4.2F). For each homologous position
(column), this consensus sequence is composed of the most abun-
dant motif of the column (Fig. 4.2F).

6) We aligned consensus sequences following the same rules des-

cribed in step 4 (Fig. 4.2G).

7) We used the consensus sequence alignment as a guide to per-
form the overall alignment with the entire set of sequences (Fig.
4.2H).

8) We refined the yielded alignment trying to maintain complete
pseudogenes and similar motifs in homologous positions (Fig. 4.21I),
following rules described in step 4. For example, in Fig. 4.2I the posi-
tion of H3 in Seqq is modified to be homologous with all the remai-
ning H3, and the positions of G2 in Seq1 and Seqy are modified to

maintain all the non-duplicated G2 motifs in the same column.

9) Finally, to produce the final alignment, we re-codified haploty-

pes by changing motif names for their real sequences (Fig. 4.2]).

Figura 4.2:
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Alignment workflow exemplified by using hypothetical sequences. (A) Se-
quences showing different lengths due to the presence of different conca-
tenated motifs. (B) These motifs where classified into families according to
their sequence similarity. (C) Sequences were recodified using motif names
and (D) classified into groups according to their similar motif structure. (E)
Sequences belonging to different groups were separately aligned. (F) The
most common motif per site was used to yield a consensus sequence per
group. (G) We used group consensuses to perform a guide alignment (H) to
align all the studied sequences. (I) This overall alignment was refined to pla-
ce low frequency motifs as homologous (see H3 motif) and considering all
single motifs as homologous in the same position within a duplicated region
(see G2 motif). (J) Finally, we obtained the final alignment by decoding motif
names of the nucleotide sequences. This alignment was used to obtain both
substitution and indel distance matrices (see Fig. 4.3).
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A) Nucleotide sequences

Seql AAAATGTGCCTTAAAATGGGCCTTTGGGGGTT
Seq2 AAAATGTGCCTTAATATGGGTGGGCGTT
Seq3 AAAATGTGAATATGGGTGGGCGTT

Segd4 AATATGTGGGTT

Seg5 AAAAAATATGGGCGTT

Seq6 AAAATGGGCCTTAAAATGTGCCTTAATACGTT
Seq7 AATATGTGCCTTAAAATGTGCGTTTGGGGGTT

B) Defining motifs

FAMILY F FAMILY G FAMILY H

AAAA F1 TGTG Gl CCTT H1

AATA F2 TGGG G2 CGTT H2
GGTT H3

C) Coding original sequences

Seql F1 Gl H1 F1 G2 Hl G2 H3
Seq2 F1 Gl H1 F2 G2 G2 H2
Seq3 F1 Gl F2 G2 G2 H2

Seq4 F2 Gl H3

Seqs F1 F2 G2 H2

Seq6 F1 G2 H1 F1 Gl Hl F2 H2
Seq7 F2 Gl H1 F1 Gl H2 G2 H3

D) Grouping codified sequences

Group 1 Group 2
Seql F1 Gl H1 F1 G2 H1 G2 H3 Seq2 F1 Gl H1 F2 G2 G2 H2
seqé F1 G2 H1 F1 Gl H1 F2 H2 Seq3 F1 Gl F2 G2 G2 H2
Seq7 F2 G1 H1 F1 Gl H2 G2 H3 Seqd4 F2 Gl H3

Seg5 F1 F2 G2 H2

E) Aligning codified sequences within groups

Group 1 Group 2
Seql F1 G1 H1 F1 G2 H1 - G2 H3 Seq2 F1 Gl H1 F2 G2 G2 H2
Segé F1 G2 H1 F1 Gl H1 F2 - H2 Seq3 F1 Gl - F2 G2 G2 H2
Seq7 F2 Gl H1 F1 Gl H2 - G2 H3 Seqd F2 Gl H3 - =- - -
Seq5 F1 - - F2 G2 - H2

F) Obtaining within groups consensus sequences

Group 1 Group 2
Seql F1 Gl H1 F1 G2 H1 - G2 H3 Seq2 F1 Gl Hl F2 G2 G2 H2
Seq6 F1 G2 H1 F1 Gl H1 F2 - H2 Seq3 F1 Gl - F2 G2 G2 H2
Seq7 F2 Gl H1 F1 Gl H2 - G2 H3 Seqd4 F2 Gl H3 - - - -
Seg5 F1 - - F2 G2 - H2

Conl F1 Gl H1 F1 Gl H1 F2 G2 H3 _—
Con2 F1 Gl H1 F2 G2 G2 H2

NS

G) Aligning within groups consensus sequences

Conl F1 G1 H1 F1 G2 H1 F2 G2 - H3
Con2 F1 G1 H1 - - - F2 G2 G2 H2

H) Aligning codified sequences using consensus alignment

Seql F1 Gl H1 F1 G2 Hl - - H3
Seq6 F1 G2 H1 F1 Gl Hl F2 - > H2
Seq7 F2 Gl H1 F1 Gl H2 - - @H3
Seq2 F1 G1 Hl - - - F2 G2 &% H2
Seq3 F1 Gl = - - - F2 G2 G2 H2
Seqd F2 c1®- Ot
Seq5 F1 - = - - - F2G2 - H2

1) Refining codified sequence alignment
Seql F1 Gl H1 F1 G2 Hl - (@)- H3

Segé F1 G2 H1 F1 Gl H1 F2 - - H2
Seq7 F2 G1 H1 F1 Gl H2 - - H3
Seq2 F1 G1 H1 - - =~ F2 G2 H2
Seq3 F1 Gl - - - - F2 G2 G2
Seq4 F2 Gl - - - - - - =
Seq5 F1 = - = = = F2 G2 -

J) De-codifying codified sequences alignment

Seql AAAATGTGCCTTAAAATGGGCCTT-: TGGG: GGTT
Seq6 AAAATGGGCCTTAAAATGTGCCTTAATA--- CGTT
Seq7 AATATGTGCCTTAAAATGTGCGTT----TGGG: =GGTT
Seq2 AAAATGTGCCTT A GTT
Seq3 AAAATGTG---=============) AATATGGGTGGGCGTT
Seqg4 AATATGT TT
Seq5 AAAA A GTT
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Haplotype relationships

To study haplotype relationships, we combined information provi-
ded by substitutions and indels within a distance-based method fra-
mework (Figs. 4.2] and 4.3). Using the aligned sequences (Fig.4.3A),
we estimated the pairwise substitution distance matrix as p-distance
(proportion of sites that differ between each pair of sequences) using
ape package in R (Paradis et al., 2004), and treating gaps as pair-
wise deletion (Fig.4.3B). We estimated p-distances rather than mo-
re complex substitution models because it has been demonstrated
that distance methods of phylogenetic inference perform better when
simpler distance measures are used (Takahashi and Nei, 2000; Ro-
senberg and Kumar, 2001, 2003). Additionally, the divergence found
among trnL-trnF IGS sequences (mean number of substitutions per
site: 0.016) was lower than the recommended to apply any correction
(0.05 according to Nei and Kumar, 1998). Saturation plots showed
a close lineal relationship between corrected and uncorrected substi-

Figura 4.3:
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Workflow from alignment to network illustrated with hypothetical sequences.
(A) The aligned sequences (see Fig. 4.2 for methods) are used to compute (B)
the substitution distance matrix (as the proportion of polymorphic sites, con-
sidering gaps as missing data) (C) the indel distance matrix (according to
method described by Miiller, 2006) and. (D-E) Both distance matrices were
transformed (dividing by the maximum distance value of each matrix) to
enable a comparison of processes with different mutation rates. We tested
for genetic, phylogenetic, and topological congruence by performing diffe-
rent CADM tests (although only genetic congruence tests are represented
in this figure). To study the effect of this transformation, we compared the
congruence values obtained by using both transformed and untransformed
distance matrices. (F) If significant congruence was found, we obtained the
combined genetic distance matrix as a lineal combination of both previous
distances. (G) We estimated the percolation threshold for this distance ma-
trix (black arrow) and (H) built a network, linking haplotypes showing the
distance values below this threshold.
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A) Fasta sequences

>Seql
AAAATGTGCCTTAAAATGGGCCTT----TGGG----GGTT
>Seq6
AAAATGGGCCTTAAAATGTGCCTTAATA-~-———=—— CGTT
>Seq7
AATATGTGCCTTAAAATGTGCGTT----TGGG----GGTT
>Seq2
AAAATGTGCCTT---===—====— AATATGGGTGGGCGTT
>Seq3
AAAATGTG=-========———————— AATATGGGTGGGCGTT
>Seq4
AATATGTG GGTT
>Seq5
AAAA. AATATGGG CGTT
B) Substitution distance matrix. C) Indel distance matrix (see Miiller 2006)
(Proportion of variable sites. Gaps as missing data)
Seql Seq6 Seq7 Seq2 Seq3 Seq4 SeqS Seql Seq6 Seq7 Seq2 Seq3 Seq4 Seq5
Seql Seql
Seq6 0.11 CADM Seq6 2
Seq7 0.09 0.14 Seq7 0 2
Seq2 0.05 0.05 0.10 tests Se2 3 2 3
Seq3 0.06 0.06 0.13 0.00 (see Campbell Seq3 3 2 3 1
Seq4 0.08 0.25 0.00 0.17 0.17 etal. 2011) Segd 1 1 1 1 1
Seq5 0.08 0.00 0.17 0.00 0.00 0.25 Seg5 2 2 2 2 2 2
D) Corrected substitution distance matrix. E) Corrected indel distance matrix.
(Dividing by the maximum distance: 0.25) (Dividing by the maximum distance: 3)
Seql Seq6 Seq7 Seq2 Seq3 Seq4 Seq5 Seql Seq6 Seq7 Seq2 Seq3 Seq4 Seq5
Seql Seql
Seq6 0.43 CADM Seq6 0.67
Seq7 0.38 0.57 Seq7 0.00 0.67
Seq2 020 0.20 0.40 tests Seq2 1.00 0.67 1.00
Seq3 0.25 0.25 0.50 0.00 (see Campbell Seq3 1.00 0.67 1.00 0.33
Seq4 0.33 1.00 0.00 0.67 0.67 etal. 2011) Seqd 0.33 0.33 0.33 0.33 0.33
Seq5 0.33 0.00 0.67 0.00 0.00 1.00 Seq5 0.67 0.67 0.67 0.67 0.67 0.67

F) Combined corrected genetic distance matrix.
(Lineal combination of matrices D and E. We
gave equal weights to both matrices)

(For other weights see Appendix1)

Seql Seq6 Seq7 Seq2 Seq3 Seq4 Seq5
Seql
Seq6 0.55
Seq7 0.19 0.62
Seq2 0.60 0.43 0.70
Seq3 0.63 0.46 0.75 0.17
Seq4 0.33 0.67 0.17 0.50 0.50
Seq5 0.50 0.33 0.67 0.33 0.33 0.83

G) Percolation threshold H) Network
(see Rozenfeld et al., 2008) (see Rozenfeld et al., 2008)

threshold = 0.6

0= 3 s,

<Smax

Threshold
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4. Combining indels and substitutions

tution distances (Fig. 4.51), confirming the low divergence between

sequences.

We used the number of indel events as pairwise indel distance
matrix, which was estimated as the transition matrix calculated follo-
wing the MCIC method (MULLER, 2006) as implemented in sidier R
package (Chapter 3). We used this distance, rather than a p-distance,
because indel events involve different numbers of sites and affect va-
riable sequence lengths, making it difficult to estimate the potential
number of indel sites (i.e., the denominator of the p-distance).

Despite the low divergence, different evolutionary rates could be
expected for substitutions and indels. To reduce the effect of such
differences, we transformed each matrix by dividing it by its ma-
ximum value (Figs. 4.4D and 4.4E). To establish whether indel and
substitution distance matrices provided consistent information about
haplotype evolutionary history, we performed Congruence Among
Distance Matrices tests (CADM, Legendre and Lapointe, 2004), as
implemented in ape (Paradis et al., 2004). The CADM test is an exten-
sion of the Mantel test of matrix correspondence which null hypot-
hesis assumes complete incongruence of the analyzed distance ma-
trices. As well as a p-value (estimated using 10,000 permutations),
the CADM test provide the W statistic as an estimate of the degree
of congruence among the studied matrices, ranging between o (ab-
sence of congruence) and 1 (complete congruence) (Campbell et al.,
2011). We performed the three different incongruence tests described
in Campbell et al. (2011) to test for genetic, phylogenetic, and topo-
logical congruence. For the first CADM test, we compared the two
distance matrices described above (substitution and indel matrices).
For the second CADM test, we firstly calculated two NJ trees: one
using the substitution distance matrix and the other using the indel
distance matrices. Then, we tested the congruence between patristic
distances estimated using both trees. For the last CADM test, all NJ
tree branch lengths were set to one before patristic distance calcula-
tions. All patristic distances were estimated between all nodes (inter-
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nal and terminal), using ape (Paradis et al., 2004). In addition, to test
the effect of matrix transformation (through division by the manxi-
mum value in the matrix), we performed the three described CADM
tests using both transformed and untransformed distance matrices.

We combined both (substitution and indel) corrected distance ma-
trices, giving the same weight to both matrices to obtain the final
genetic distance matrix (i.e., estimating each element in the final ma-
trix as the arithmetic mean of the same elements in the other two
matrices, Fig. 4.4F; see Fig. 4.53 for results obtained using different
weights of both matrices). To visualize haplotype relationships based
on distance matrices, we have applied the network analysis method
described by Rozenfeld et al. (2008) as implemented in sidier pac-
kage (Chapter 3). This procedure estimates the maximum genetic
distance to be represented as a link between nodes (named percola-
tion threshold; black arrow in Fig. 4.4G. See Rozenfeld et al. (2008)
and Chapter 3 for details). We estimated the percolation threshold
with an accuracy of 10 to build the network (Fig. 4.4H), which allo-
cates nodes spatially according to their genetic distances (Chapter
3). According to Rozenfeld et al. (2008), the resulting links show the
relevant genetic relationships.

RESULTS
Haplotype characterization and alignment

We successfully sequenced the trnL-trnF IGS region of 317 indi-
viduals belonging to the 66 Erysimum sp. populations described in
Table 4. Only four different haplotypes were found according to the
short non-repetitive region studied (37 bp; NR1-NR4, first column
in Fig. 4.5), but 69 different haplotypes were found when the com-
plete IGS pseudogenic region was considered (Table 4). Because did
not find any strong differences in haplotype arrangement between
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Erysimum species. Thus, we analyzed the haplotypes of all species to-
gether. Haplotypes were named according to their frequencies, being
the most abundant haplotype (Ho1) found in 48 individuals (15.1 %
of the studied individuals, Table 4). Only the first eight haplotypes
were found in more than 3 % of the total individuals and 24 haploty-
pes (H46 to H69) appeared in only one individual (Table 4). Sequen-
ce lengths ranged from 194 bp (H39) to 651 bp (H46 and Hg0) and
no significant relationship was found between haplotype length and

frequency (r?=0.053, p=0.056, df=67).

The full length of the indel-rich trnL-trnF IGS region can be descri-
bed as the concatenation of several motifs related to the functional
trnF. Although each haplotype showed a different number and type
of motifs, no other kind of sequences were found in this region (Table
4). According to their similarity with the functional trnF domains, we
classified motifs conforming haplotypes into three families (Fig. 4.4):
the T-domain-like family (T), the anticodon-domain-like family (A),
and X family (X). T motifs showed similarity with the T-domain and
the flanking acceptor stem. We found 12 different T motifs, 9 of them
(T21-T29) lacking part of the T-domain, while three motifs (To1, To3,
and T11) showed the complete length (Fig. 4.4). Eleven different mo-
tifs were classified as A motifs (Ao1-A11) due to their similarity with
the anticodon domain. Finally, the 17 different X motifs showed the
same length as the region comprising the D-domain and the flanking
acceptor but, due to low similarity (Fig. 4.4), homology was unsure.

The shortest haplotype found (H39) showed seven motifs confor-
ming two trnF pseudogenes according to the number of A motifs
(Table 4). The longest haplotypes (H40 and H46) comprised a total
of 26 motifs corresponding to eight trnF pseudogene copies, accor-
ding to the number of A motifs (Table 4). Most of the 69 haplotypes
showed between 17 and 23 motifs and the number of motifs among
haplotypes differed by three (or multiples of three, Fig. 4), as expec-
ted when indel events involve complete trnF pseudogenes.

136



Acceptor stem

T domain

Anticodon domain

D domain

Acceptor stem

accagttcaaatctggt----tcctggeca

gaggactgaaaatcctcgtgtec

gctcagttggtagagca

gccgggata

GGTGACTTTAAATCCTCGTGTC

ACCATTAGGAAAACGCGGATGATACTTCA
ACCATTAGGAAAACGAGGATGATACTTCA
ACCATTAGGAAAAGCAAGATGATCCTTCG

TO1

ACATGATAATGATCCTTCG

-ATGATACTGATACTTCA
ACATGATAATGATCCCTCG

ACATGATAATGAT-

T23

ACATGATACTGATCCTTCG

CTGATACTGATACTTCA

GTAGATGATCCTTCG
GTAGATGATACCTCA

GCT

GACATA

GTAATGGTC
GTAATGGTC
GTAATGGTA

X01

GACATAGCT

X02
X03

GACATAGCTTAATTGCG

GTAATGGTG GACATCGCTTAATTGCG
GCAATGGTC

X08
X09

GGCATCGCTTTTTTGCG

GGCATCGCTTTTTTGCG

TCAATGGTC

X12

0oo

T
T
T

GGCATAGCTTAAT
GACATAGGTTAAT

TCAATGGTC
GTAATGGTA
CTAATGGTC
GTAATGGTG
GTAATGGTA
GTAATGGTC

X15
X16
X17
X18
X19

X14

GGCATAGCTTAACTGCG

Results

th the A. thaliana functional trnFga A (complete

ies wi

it

ir similar

trnL-trnF IGS region of the 317 individuals analyzed in this study. Motifs were

1ve

clasified into three families according to the

Motifs composing the repetit
sequence shown in grey).

Figura 4.4

137



4. Combining indels and substitutions

Different motif arrangements were found, yielding 57 different

pseudogene variants (Table 4.53). Although in several cases motif

order was expected according to the functional trnF (i.e. X-A-T; Fig.

4.4), other different arrangements were also found. For instance, ten

pseudogenes showed four motifs due to the presence of an additio-

nal T2g motif (Table 4.53). As the last motif of each haplotype was

removed, nine out of the 57 pseudogenes were incomplete and sho-

wed less than three motifs (Table 4.53).

We classified the 69 different haplotypes found into five haplo-

groups according to their motif arrangement (Fig. 4) and additional

features such as the presence of exclusive motifs (e.g. Xo1 in Group

I, T23 in Group II, X10 in Group III, or Aog in Group IV). Haplo-

groups were composed of an unequal number of haplotypes (Tables

4): Groups I and 1II consisted of 21 haplotypes each (104 and go indi-

viduals, respectively); Groups Il and V consisted of eight haplotypes

(found in 63 and 17 individuals, respectively); and Group IV presen-

ted 11 haplotypes (43 individuals). Although the 5" non-repetitive re-

gion showed no resolution to completely discriminate between these

groups, they were not randomly distributed: NR3 appeared in Group
II, NR4 in Group I, NR1 was found in Groups III to V, and NR2 in
Groups I and II (Fig.4.5).

Figura 4.5:
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Classification and within-group alignment of the 69 studied haplotypes. Ha-
plotype sequences are represented by motif names. Haplotype groups are
depicted in different colors (red=Group I, Grey=Group II, Blue=Group III,
brown=Group IV, purple= Group V). Empty cells represent gaps and num-
bers represent motif variants. For each group, the first row represents the
family aligned per column (NR=Non-repetitive region, T=T domain-like fa-
mily, A=A domain-like family, X=X family), whereas the last row represents
the consensus sequence (built using the most frequent motif per column).
The duplicated pseudogenes defining each group are delimited by black bo-
xes in the consensus sequences.

(Next page) »
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4. Combining indels and substitutions

We used each motif as a single site to perform the sequence align-
ment, trying to maintain complete pseudogene arrangements and
the same motifs in homologous positions. As sequences belonging
to different groups showed great differences in motif arrangement,
we aligned sequences independently within each group (Fig. 4.5).
We obtained a consensus sequence per group showing the most re-
presentative features of each group (Fig. 4.5): Group I showed a long
duplication involving three pseudogene copies (Ao1-T11-Xo2, Ao1-
T21-Xo03, and Ao03-To1-Xo3; black boxes in consensus sequences, Fig.
4.5). Group II showed a maximum of three tandem repeats of one
complete pseudogene (X03-Ao1-To1). Group III haplotypes showed
two tandemly repeated copies of two different pseudogenes (Ao1-
To1-Xo3 and Ao1-To1-T29-Xo5). Group IV showed the most complex
pattern, with different duplication events involving structures Ao1-
T21-Xo02, To1-X03-A04, and probably Ao3-To3-X14 and Ao1-To1-Xo3,
with subsequent mutations (Fig. 4.5). Group V showed two copies
of two tandemly repeated pseudogenes (Ao1-T21-X13 and Ao1-To1-
Xo3). We used the alignment of the five resulting consensus sequen-
ces per group as a guide to perform the complete alignment (Fig.4.6).

This alignment showed that the repetitive region was composed
of a total of 14 pseudogenes (W1 to W14; Fig.4.6). Between the non-
repetitive region and Y1 all haplotypes showed a highly conserved

Figura 4.6:
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A) Alignment of the five group consensus sequences used as a guide to per-
form B) the alignment of the 69 haplotypes found in this study. Haplotype
sequences are represented by motif names. Empty cells represent gaps and
numbers represent motif variants. The second row represents the motif fa-
mily aligned per column (NR= Non-repetitive region, T= T domain-like, A=
A domain-like, X= X family). The overall alignment is composed of a total of
14 pseudogenes (first row: $\Uppsi$1-$\Uppsi$14), showing between three
and four motifs each (e.g. $\Uppsi$1 and $\Uppsi$11, respectively). Colors
represent Haplogroups (Red= Group I, Grey= Group 1I, Blue= Group 1II,
Brown= Group IV, Purple= Group V).
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4. Combining indels and substitutions

region containing two T family motifs: T22-T28. Only Haplogroups
I and II showed variation in this region (nine and one haplotypes,

respectively).

Motif names were replaced by the sequences they represent to
yield the final nucleotide alignment, which was used to calculate the
two distance matrices, based on substitutions and indels (Fig 4.7).
Both datasets showed significant congruence according to the three
CADM tests performed. The direct comparison between both distan-
ce matrices yielded the most congruent result (W=0.727, p<o0.001).
Lower congruence values were obtained using NJ patristic distances
performed with both untransformed (W=0.535, p=0.020) and trans-
formed (W=0.562, p<o.001) distance matrices. Even lower congruen-
ce values were obtained when the length of all the branches was
collapsed into one. In this case, NJ patristic distances estimated wit-
hout transformation were not congruent (Untransformed distances:
W=0.511, p=0.200; Transformed distances: W=0.543, p=0.004).

Networks built using the combined genetic distance matrix kept
all the haplotypes connected in a single graph, even when thresholds
were as low as the 24 % of the maximum distance value (Fig.4.8A).
The network built by connecting haplotypes with distances lower
than the estimated percolation threshold (0.231188; Fig. 4.8A) sho-
wed four modules (Fig. 4.8B). Three of them correspond to Haplo-
groups I, Il and V described above, while the fourth module encom-

Figura 4.7:
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A) Representation of the haplotypic transformed distance matrices based
on substitutions (p-distances, above diagonal) and indels (number of muta-
tion events, below diagonal). Note that distances ranged between o and 1 in
both cases. B) Representation of the combined distance matrix, giving equal
weight to both matrices. Colors on axis represent Haplogroups (Red= Group
I, Grey= Group II, Blue= Group III, Brown= Group IV, Purple= Group V).
(Next page) »
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4. Combining indels and substitutions

threshold= 0.19 ( B )

Treshold= 0.231188

thresholds 0.23

15
1

0.0 0.2 0.4 0.6 0.8 1.0

Threshold

Figura 4.8: Depiction of the percolation threshold estimate and the network
produced (A). The threshold determines the maximum distance
(as the percentage of the maximum distance found) permitting
the link between haplotypes, ranging from 100 % (saturated net-
work) to 0% (no links between haplotypes). We built a network
(depicted for thresholds 0.19, 0.23, and 0.24) for each threshold
value and estimated the average cluster size, excluding the lar-
gest one (<s>). The percolation threshold is determined by the
strong increase in <s> between 0.23 and 0.24. (B) Network yiel-
ded with the estimated percolation threshold (0.231188). Node
numbers and colors represent haplotype numbers and groups,
respectively (Red = Group I; Grey = Group II; Blue = Group III;
Brown = Group IV, Purple = Group V).
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passes haplotypes belonging to Haplogroups III and IV, separately
placed according to the Fruchterman-Reingold Algorithm (Fig. 4.8B).

Whereas haplotypes belonging to Haplogroups I and II were con-
nected to 18.8 and 16.8 nodes in average, haplotypes belonging to
the remaining Haplogroups showed an average of 9.1, 8.5, and 9.4
connections per node in the yielded percolation network (Table 4).
H39 (the shortest haplotype) was the most connected haplotype (lin-
ked to 32 haplotypes) and presented a central position between Ha-
plogroups I, II, and V. Although less connected (14 links), H16 was
essential to link Haplogroups II and IV to the remaining network th-
rough Hs2 (Fig. 4.8B). H26 and Hsy (both belonging to Haplogroup
IV) were the least connected haplotypes (only three and four links,
respectively; Table 4). No correlation was found between the number
of links per haplotype and haplotype frequency (12=0.006, p=0.514,
df=67) or length (r?<0.001, p=0.961, df=67). Using lower thresholds,
Haplogroups III and IV were disconnected from the rest of the net-
work (threshold= 0.23) and Group V was only linked to Group I
(threshold= o.19, Fig.4.8A).

DISCUSSION

In this study we propose a new method for finding out the evolu-
tionary relationship between indel-rich sequences, using information
from both substitutions and indels. This approach has been followed
via three multi-step stages. The first stage involved building an align-
ment based on motif identification, grouping sequences according
to motif codification, obtaining within-group consensus sequences,
aligning these consensus sequences, and, finally, decoding motifs to
obtain the final alignment (Fig. 4.4). The second stage involved obtai-
ning distance matrices for indels and substitutions, and combining
both matrices. The third stage involved applying a percolation thres-
hold to obtain an inclusive haplotype network (Fig. 4.2). While the
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4. Combining indels and substitutions

tirst stage is highly-system dependent, the second and third stages

can be applied to a wide range of evolutionary situations.

Indel-rich regions may offer valuable information about the recent
evolution of many organisms (Redelings and Suchard, 2007). Howe-
ver, the use of these regions has been restricted in phylogeographic
or phylogenetic inference due to the difficulty in obtaining an accura-
te alignment, among other reasons (Castresana, 2000). These regions
have therefore been traditionally removed from the alignment (e.g.,
Fischer et al., 2007; Schmickl et al., 2010), used as a size polymorp-
hism (Provan et al., 2001; Garcia-Verdugo et al., 2010), or used to
group haplotypes (Wittzell, 1999). To reduce the possibility of ob-
taining misleading alignments, a common strategy is to use the in-
formation coming from sequence secondary structure (e.g., Subbotin
et al.,, 2007; Letsch et al., 2010; Goertzen et al., 2003). As the fun-
ctionality of the secondary structure of the trnL-trnF IGS region has
been questioned (Bakker et al., 2000), we have not implemented it
in our alignment strategy. However, we have implicitly maintained
secondary structure, since we have maintained pseudogene integrity
during the alignment procedure.

Some authors have recently aligned the trnL-trnF IGS region in
Brassicaceae using different criteria to determine nucleotide homo-
logy. Alignments have been performed manually (eg, Koch et al,
2005, 2007; Dobes et al., 2007; Koch and Matschinger, 2007; Hoebe
et al., 2009; Ansell et al., 2010; Poczai and Hyvonen, 2011), manua-
lly but software-assisted (Bakker et al., 2000; Bailey et al., 2002), or
purely software-assisted (Drédbkova et al., 2004; Miiller et al., 2006).
Borsch et al. (2003) have detailed the rules followed to align the trnT-
trnL region, improving the repeatability of their manual procedure.
We have classified similar haplotypes into Haplogroups and, sepa-
rately, manually aligned the sequences of each group, following the
rationale of Kelchner (2000) and Borsch et al. (2003), to obtain one
consensus sequence per group. We used these consensus sequences
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to obtain the final alignment, not only because the number of se-
quences to align was lower, but also because it was easier to find
common pseudogenes among consensus sequences. A conceptua-
lly similar alignment procedure (“divide-and-conquer strategy”) has
been recently implemented (Liu et al., 2010) to simultaneously esti-
mate alignment and phylogeny. However, this method uses an ML
approach and treats gaps as missing data.

According to the abundant information available for the trnL-trnF
IGS region in several plant species (e.g., Vijverberg and Bachmann,
1999; Wittzell, 1999; Dobes et al., 2004, 2007; Drabkova et al., 2004;
Stoneberg Holt et al., 2004; Fischer et al., 2007; Koch et al., 2007; Pirie
et al., 2007; Schmickl et al., 2008; Poczai and Hyvonen, 2011), we have
assumed that most indel events in this region involved one or several
whole pseudogenes, composed of three motifs each. This assumption
was confirmed by the fact that haplotypes mostly differed in 3x num-
ber of motifs (Fig. 4.52). In contrast with this constancy, haplotypes
may differ in their motifs arrangement (e.g. ATX instead of the ca-
nonical XAT), suggesting that the number of motifs involved in an
indel event is more frequently preserved than its arrangement. Con-
sequently, we have used motifs (instead of nucleotides) as sequence
units to perform the alignment, trying to maintain the pseudogene
sequences as complete as possible.

Indels and substitutions have been used together in different ap-
proaches, such as parsimony (Ogden and Rosenberg, 2007) and Ba-
yesian Inference (Rivas and Eddy, 2008). However, the treatment of
gaps in distance-based methods has not been explored (Ogden and
Rosenberg, 2007), although these methods adequately reconstruct
the phylogeny in short-branch scenarios (Roch, 2010), as we found
for the trnL-trnF IGS region. We have implemented a conditional
combination method strategy (sensu Huelsenbeck et al., 1996) com-
bining congruent distance matrices obtained separately from each
kind of mutation. Although they may evolve at different rates, the
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CADM test has shown that the phylogenetic information they pro-
vide is congruent. From this perspective, considering substitutions
and indels separately will make phylogenetic inferences more prone
to sampling error than combining them (Huelsenbeck et al., 1996). In
fact, Lohne and Borsch (2005), exploring the phylogenetic relations-
hip of basal angiosperms using petD intron, found that the informa-
tion provided by indels was congruent with the signal inferred from
substitutions, improving the phylogenetic resolution.

The trnL-trnF IGS region probably shows complex relationships
between haplotypes (Tedder et al., 2010), due to its high mutation
rate. These haplotype relationships are better visualized as networks
than as trees, because networks can depict the complex relations-
hips usually appearing between haplotypes without assuming a bi-
furcation process (Morrison, 2005; Mardulyn, 2012). However, one
major challenge of using networks in this context is finding an ob-
jective criterion to establish links between haplotypes. There are se-
veral methods for constructing haplotype networks, including mini-
mum spanning network, split decomposition, statistical parsimony,
Median-joining, etc (Cassens et al., 2003; Morrison, 2005; Huson and
Bryant, 2006). In our study we used the percolation threshold analy-
sis (Rozenfeld et al., 2008). This approach maintains a higher number
of between-haplotype connections than other network techniques,
thereby capturing the uncertainty associated with the low divergen-
ce usually found in haplotype evolution. The low value of the per-
colation threshold (23.1 % of the maximum distance) points to the
existence of multiple low distances between node pairs, thus confir-
ming the many possible connections between haplotypes. For these
reasons, we think that the method we have used in this study is
particularly useful for sequences showing low divergence. This is
especially true in phylogeographic studies, where a small deviation
between the number of observed and actual mutations is expected
(Fig. 4.51). In this scenario, substitutions and indels will provide low
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information separately, and combining both matrices will surely in-
crease the degree of phylogenetic signal. However, more empirical
and theoretical studies are necessary to examine the suitability of
this method for other evolutionary situations.

TrnF pseudogenes in Erysimum

The variation in the number of pseudogenes of the trnF IGS region
in Erysimum spp. is high even compared to other Brassicaceae spe-
cies (e.g., Dobes et al., 2004, 2007; Koch et al., 2005). The alignment
of the studied region were composed of fourteen different tandemly
repeated pseudogenes. Most of them showed a structure similar to
that of the functional trnF (i.e. three domains with different motifs of
X, A, and T families) (Table 4.53). While A motifs can be considered
homologous to the functional trnF anticodon region and T motifs
showed a partial similarity with functional trnF T-domain, X motifs
showed no similarity with functional trnF (Fig. 4.4). This X family
of motifs are also present in the trnF pseudogenes of other species
(e.g., Koch et al., 2005; Poczai and Hyvonen, 2011) and could be in-
terpreted as a modification of the D-domain, allowing a secondary
arrangement to improve folding of the spacer transcript. The same
explanation could be applied to the evolution of T-like motifs. Ne-
vertheless, Koch et al. (2005) concluded that the X motif region is the
result of the rearrangement of the trnF gene and its original flanking
regions.

We have found an average of one haplotype per population (re-
presented by five individuals each), and 24 out of the 69 haploty-
pes were found in only one individual (Table 4). This abundance
of rare haplotypes could be attributable to PCR polymerase errors
if haplotype differences were caused by single nucleotide mutations.
However, most between-haplotype differences were due to indels (Ta-
ble 4). Furthermore, we were conservative and removed any doubtful
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substitutions (e.g. the last motif in all haplotypes) and, consequently,
haplotype diversity has probably been underestimated. In any ca-
se, haplogroup definitions and evolutionary relationships were clear,
even with a large variation in motif families. The high number of ha-
plotypes at a low frequency could also indicate a high mutation rate
and/or non-random processes affecting this region. In fact, the re-
gion encompassing both transfer genes and the IGS is co-transcribed
(Kanno and Hirai, 1993), and it has been proposed that there are
constraints on length variation in the IGS (Koch et al., 2005). The
marginally significant correlation between haplotype frequency and
length (r?=0.053, p=0.056, df=67) suggests that E. mediohispanicum IGS
length variation may also be constrained.

The observed haplotype lengths suggest that the main mechanism
increasing trnL-trnF IGS variability is the insertion or deletion of
DNA fragments with the same length as the functional trnF (i.e., 3x
motifs). Such indels occur even with different motif arrangements.
For example, H14 showed deletion of pseudogene arrangements such
as XAT in ¥3 and Y13, or ATX in ¥4 and Y5 (Fig. 4.7B). Three out
of the 14 pseudogenes composing the final alignment also showed
arrangements different to AXT, namely W10 and W11 (with an extra
T motif) and W9 (lacking the X motif; Fig. 4.7B). Conservation of the
structure of trnF pseudogenes has been also observed in other Bras-
sicaceae, such as Arabidopsis (Dobes et al., 2004) and Boechera (Dobes
et al., 2007), as well as in other plant families, such as Asteraceae (Vij-
verberg and Bachmann, 1999; Wittzell, 1999), Juncaceae (Drabkova
et al., 2004), Poaceae (Stoneberg Holt et al., 2004), Annonaceae (Pirie
et al., 2007), Orchidaceae (Fischer et al., 2007), and Solanaceae (Poc-
zai and Hyvonen, 2011). The presence of tandemly arranged pseudo-
genes are the outcome of several molecular mechanisms, including
inter- and intra-molecular recombination, impairing during DNA du-
plication, and slippage (Ansell et al., 2007; Dobes et al., 2007).
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Haplotypes from different Erysimum species did not group in in-
dependent clusters (Fig. 4.54). This may be a consequence of several
non-exclusive processes, such as homoplasy, incomplete lineage sor-
ting, recent origin, or interspecific hybridization. Because haplotypes
from different species were grouped together according to their geo-
graphic proximity (Chapter 6), we believe that homoplasy was not a
major causative factor behind the observed pattern. A differentiation
between the other three potential explanations would require the use
of additional molecular markers and methods (Morando et al., 2004;
Chapters 6 and 7).

Using the information provided by the methodological approach
described in this study, it is possible to explore the evolutionary re-
lationship between haplogroups (Fig. 4.9). On the basis of their high
frequency (Fig. 4.7B), we hypothesize that pseudogenes Y1, V2, ¥3,
Y10, Y12, and Y14 were present in the ancestral haplotype. Sequen-
ce similarity suggests that pseudogenes ¥4 to W6 were originated
via duplication from pseudogenes Y1 to ¥3, also in the ancestral ha-
plotype (Figs. 4.6 and 4.9). We propose that Haplogroups I and II
originated from this hypothetical haplotype. Whereas Haplogroup II
appeared as a consequence of W4-¥5 deletion and the duplication of
Y6 producing Y9, Haplogroup I appeared as a consequence of Y12
deletion (Fig. 4.9). From this point, two alternative routes are possible
(Fig. 4.9). According to the route depicted in Fig 4.10A, Haplogroup
V originated from Haplogroup II by a partial deletion of W1. The
other two remaining Haplogroups III and IV originated from Ha-
plogroup V through an intermediate step involving a complete Y1
deletion. Haplogroup III appeared after deletion of ¥3 and duplica-
tion of Y10 to produce W11, whereas Haplogroup IV originated after
Y6 duplication to produce ¥y, with W7 duplication producing V8,
and Y12 duplication producing W13. According to the route depic-
ted in Fig 4.10B, Haplogroup II also originated Haplogroup V, but
this group was not the ancestor of the remaining haplogroups. In
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Figura 4.9: Main indel events explaining the arrangement of the 14 pseudogenes found
in the E. mediohispanicum trnL-trnF IGS region. We assumed duplication
events between identical pseudogene copies (solid thin arrows), but no iden-
tical pseudogene was found for W7 and a putative origin is indicated (dashed
thin arrows). Deletion events are represented with A. Two alternative hypot-
heses are described: Haplogroup V (A) as ancestor and (B) as paraphyletic of
Haplogroups III and IV. Colors represent group consensus sequences (Red
= Group [; Grey = Group II; Blue = Group III; Brown = Group 1V; Purple =
Group V).

contrast, Haplogroup II produced an intermediate haplotype invol-
ving a complete W1 deletion. From this intermediate, Haplogroup III
originated through the deletion of W13 and duplication of W10 to pro-
duce Y11, whereas Haplogroup IV originated from W6 duplication to
produce Y7, with duplication of W7 producing ¥8, and duplication
of W12 producing ¥13.

Due to the restricted geographical location of the populations sho-
wing Haplogroup V haplotypes, the two described alternatives imply
two highly different colonization paths (Chapter 6). Overall, our fin-
dings suggest the occurrence of two independent evolutionary path-
ways, one generating Haplogroup I haplotypes, the other producing
the remaining haplogroups found in this study.
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Supplementary information

Tabla 4.51: Geographical location and altitude of the 66 Erysimum popula-
tions studied.

Species Population Longitude Latitude Altitude
code (m a.s.l.)
E. mediohispanicum Emo1 -3.428 37.133 1750
E. mediohispanicum Emo2 -3.431 37.122 2099
E. mediohispanicum Emo3 -3.472 37.085 1654
E. mediohispanicum Emoyg -3.464 37.080 1826
E. mediohispanicum Emos -2.555 38.072 1450
E. mediohispanicum Emo6 -2.594 37.987 1448
E. mediohispanicum Emoy -3.505 37.083 1413
E. mediohispanicum Emo8 -3.431 37.133 1690
E. mediohispanicum Emog -3.371 37.130 1280
E. mediohispanicum Emio -3.468 37.072 1811
E. mediohispanicum Emi11 -3.473 37.071 1890
E. mediohispanicum Emi2 -2.588 38.009 1732
E. mediohispanicum Emi3 -2.641 38.112 1542
E. mediohispanicum Em14 -2.683 38.142 1469
E. mediohispanicum Emzis -2.415 38.581 1384
E. mediohispanicum Em16 -2.922 37.922 1063
E. mediohispanicum Em17y -3.424 37.116 2182
E. mediohispanicum Em18 -2.647 36.918 1215
E. mediohispanicum Emig -3.476 37.092 1765
E. mediohispanicum Em2o -3.479 37.089 1718
E. mediohispanicum Em21 -3.428 37.134 1723
E. mediohispanicum Em22 -3.428 37.131 1802
E. mediohispanicum Em23 -3.426 37.128 1874

Continued on next page
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4. Combining indels and substitutions

Tabla 4.S1 — continued from previous page

Species Population Longitude Latitude Altitude
code (ma.s.l.)

E. mediohispanicum Em24 -3.435 37.125 1943
E. mediohispanicum Em25 -3.434 37.121 2064
E. mediohispanicum Em26 -2.589 38.159 999
E. mediohispanicum Em27 -3.395 36.833 1752
E. mediohispanicum Em28 -3.029 37.051 1834
E. mediohispanicum Em29 -2.826 37.054 1918
E. mediohispanicum Em3o -2.804 37.036 1667
E. mediohispanicum Em31 1.024 42.032 1006
E. mediohispanicum Em32 0.916 41.990 732
E. mediohispanicum Ems33 -2.933 40.909 983
E. mediohispanicum Em34 -2.810 41.524 890
E. mediohispanicum Ems3s -2.845 41.766 1126
E. mediohispanicum Em36 -3.451 37.102 1471
E. mediohispanicum Em37 -3.467 37.138 1425
E. mediohispanicum Em38 -2.826 37.044 1783
E. mediohispanicum Em3g -3.552 37.319 1272
E. mediohispanicum Emgo -2.822 37.033 1664
E. mediohispanicum Emg1 0.921 41.992 715
E. mediohispanicum Emg2 0.940 41.998 882
E. mediohispanicum Emgy3 0.899 41.979 786
E. mediohispanicum Emg4q 1.028 42.017 790
E. mediohispanicum Emgys -2.938 40.862 963
E. mediohispanicum Emgy6 -2.960 40.817 1000
E. mediohispanicum Emgy7 -2.807 41.326 1063

Continued on next page
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Tabla 4.S1 — continued from previous page

Supplementary information

Species Population Longitude Latitude Altitude
code (ma.s.l.)

E. mediohispanicum Emy48 -2.456 41.781 1026
E. mediohispanicum Emgg -2.774 41.616 986
E. mediohispanicum Emso -2.973 40.760 1000
E. mediohispanicum Ems1 -1.567 37.869 1396
E. mediohispanicum Ems2 -2.941 37.619 1189
E. mediohispanicum Ems3 -1.767 40.333 1633
E. mediohispanicum Ems4 -0.616 42.321 932
E. mediohispanicum Emss -1.637 41.740 806
E. mediohispanicum Ems6 -0.833 40.925 955
E. merxmuelleri Emxo1 -4.980 40.380 1550
E. merxmuelleri Emxo2 -5.245 40.210 1000
E. nevadense Enos -3.030 37.110 2100
E. nevadense En11 -3.420 37.110 2200
E. rondae Ero2 -4.000 36.910 1250
E. rondae Eros -5.380 36.790 1050
E. ruscinonense Eruo1 2.347 41.800 750
E. ruscinonense Eruoz2 2.400 41.830 1000
E. gomezcampoi Egoo2 -0.560 38.660 1100
E. gomezcampoi Egoo3 -0.960 39.300 800
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4. Combining indels and substitutions

Tabla 4.52: Description of the 69 trnL-trnF IGS spacer haplotypes found in
the 66 studied Erysimum populations. For each haplotype, the
name, haplogroup, number of motifs, number of pseugenes, se-
quence length (in bp), number of individual and frequency (in
brackets), and number of connections in the percolated network
(Fig. 4.8) are shown.

Haplotype Haplo- Motifs Pseudo- Length Individuals Network
code group genes (pb) (frequency) connections
Ho1 I 17 5 430 48 (15.14) 21
Ho2 11 17 5 425 28 (8.83) 9
Ho3s I 23 7 574 22 (6.94) 22
Hog II 20 6 497 16 (5.05) 17
Hos I 17 5 430 15 (4.73) 21
Ho6 III 21 6 517 13 (4.1) 7
Hoy v 20 6 507 10 (3.15)

Ho8 I 17 5 430 10 (3.15) 21
Hog I 18 5 440 6 (1.89) 6
Hio v 20 6 507 6 (1.89) 13
H11 II 20 6 497 6 (1.89) 18
Hi2 v 17 5 430 5 (1.58) 6
Hi3 v 17 5 430 5 (1.58) 12
Hig I 20 6 507 5 (1.58) 16
His I 14 4 358 5 (1.58) 6
Hi6 v 20 6 507 5 (1.58) 15
Hiy I 23 7 574 5 (1.58) 19
Hi8 I 20 6 507 5 (1.58) 15
Hig 111 17 5 425 5 (1.58) 9

Continued on next page
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Tabla 4.S2 — continued from previous page

Supplementary information

Haplotype Haplo- Motifs Pseudo- Length Individuals Network
code group genes  (pb) (frequency) connections
H2o II 23 7 574 5 (1.58) 21
H21 v 20 6 507 4 (1.26) 6
H22 \Y 11 3 286 4 (1.26) 12
H23 II 11 3 286 4 (1.26) 15
H24 II 23 7 574 4 (1.26) 18
Hzs I 17 5 430 4 (1.26) 19
H26 v 17 5 430 4 (1.26) 3
Hay II 23 7 574 4 (1.26) 11
H28 I 17 5 425 3 (0.95) 18
H2g I 23 7 564 3 (0.95) 9
H3o 11 14 4 348 3 (0.95) 13
H31 \ 17 5 420 3 (0.95) 8
Hs2 I 20 6 502 2 (0.63) 10
H3s II 11 3 286 2 (0.63) 12
H34 \ 14 4 363 2 (0.63) 9
H3s I 25 7 629 2 (0.63) 19
H36 \Y% 20 6 497 2 (0.63) 7
H37 \4 17 5 430 2 (0.63) 9
H38 I 17 5 430 2 (0.63) 19
H3sog II 7 2 194 2 (0.63) 32
Hyo II 26 8 651 2 (0.63) 24
Hg1 \Y 20 6 497 2 (0.63) 8
Hj2 I 17 5 440 2 (0.63) 14
Hys I 11 3 286 2 (0.63) 25

Continued on next page
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Tabla 4.S2 — continued from previous page

Haplotype Haplo- Motifs Pseudo- Length Individuals Network
code group genes  (pb) (frequency) connections
Hy4 I 17 5 430 2 (0.63) 18
Hys I 23 7 574 2 (0.63) 17
Hy6 I 26 8 651 1 (0.32) 22
Hy7 I 17 5 430 1(0.32) 19
Hy8 I 11 3 281 1 (0.32) 18
Hyo \Y 8 2 209 1 (0.32) 13
Hso v 20 6 497 1 (0.32) 9
Hs1 v 17 5 430 1 (0.32) 12
Hs2 \Y 20 6 507 1 (0.32) 9
Hs3 I 19 5 485 1(0.32) 7
Hs4 I 14 4 353 1(0.32) 18
Hs5 v 14 4 347 1(0.32) 7
Hs6 11 11 3 281 1 (0.32) 13
Hsy v 20 6 497 1 (0.32) 4
Hs8 I 11 3 286 1 (0.32) 30
Hs9 I 17 5 440 1(0.32) 14
Hé6o I 17 5 430 1 (0.32) 18
Hé61 I 17 5 430 1 (0.32) 18
He62 I 17 5 430 1 (0.32) 16
Hé3 I 17 5 430 1 (0.32) 13
Heé4 I 23 7 574 1(0.32) 19
Heés I 17 5 430 1 (0.32) 19
He66 I 20 6 497 1 (0.32) 17
Heéy ! 23 7 574 1(0.32) 17

Continued on next page
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Tabla 4.S2 — continued from previous page

Haplotype Haplo- Motifs Pseudo- Length Individuals Network
code group genes  (pb) (frequency) connections
He68 II 23 7 574 1 (0.32) 15

Hég II 23 7 574 1 (0.32) 6
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Tabla 4.53: Pseudogenes found in the 69 haplotypes.

Pseudogene Sequence

X03A03To1T29 GTAATGGTAGACATAGCTTAATTGCGGGGGACTTTAAATCCTTGTGTCACCATTAGGAAAACGCGGATGATACTTCAGTAGATGATACCTCA
Xo03A01To1T29 GTAATGGTAGACATAGCTTAATTGCGGAGGACTGAAAATCCTTGTGTCACCATTAGGAAAACGCGGATGATACTTCAGTAGATGATACCTCA
Xo1A01To1T29 GTAATGGTCGACATAGCTTAATTGCGGAGGACTGAAAATCCTTGTGTCACCATTAGGAAAACGCGGATGATACTTCAGTAGATGATACCTCA
X03A02T01T29 GTAATGGTAGACATAGCTTAATTGCGGAGGACTTTAAATCCTTGTGTCACCATTAGGAAAACGCGGATGATACTTCAGTAGATGATACCTCA
X03A01T03T29 GTAATGGTAGACATAGCTTAATTGCGGAGGACTGAAAATCCTTGTGTCACCATTAGGAAAACGAGGATGATACTTCAGTAGATGATACCTCA
Xo06A01To1T29 GTAATGGTCGGCATAGCTTAATTGCGGAGGACTGAAAATCCTTGTGTCACCATTAGGAAAACGCGGATGATACTTCAGTAGATGATACCTCA
X03A04T01T29 GTAATGGTAGACATAGCTTAATTGCGAAGGACTGAAAATCCTTGTGTCACCATTAGGAAAACGCGGATGATACTTCAGTAGATGATACCTCA
X16A01To1T29 CTAATGGTCGACATAGCTTAACTGCGGAGGACTGAAAATCCTTGTGTCACCATTAGGAAAACGCGGATGATACTTCAGTAGATGATACCTCA
X13A01To1T29 GTAATGGTAGACATAGCTTAACTGCGGAGGACTGAAAATCCTTGTGTCACCATTAGGAAAACGCGGATGATACTTCAGTAGATGATACCTCA
X02A01T01T29 GTAATGGTCGACATAGCTTAACTGCGGAGGACTGAAAATCCTTGTGTCACCATTAGGAAAACGCGGATGATACTTCAGTAGATGATACCTCA
Xo1Ao1T11 GTAATGGTCGACATAGCTTAATTGCGGAGGACTGAAAATCCTTGTGTCACCATTAGGAAAAGCAAGATGATCCTTCG

Xo2A01To1 GTAATGGTCGACATAGCTTAACTGCGGAGGACTGAAAATCCTTGTGTCACCATTAGGAAAACGCGGATGATACTTCA

Xo2A01T21 GTAATGGTCGACATAGCTTAACTGCGGAGGACTGAAAATCCTTGTGTC---------- ACATGATAATGATCCTTCG

Xo3Ao03To1 GTAATGGTAGACATAGCTTAATTGCGGGGGACTTTAAATCCTTGTGTCACCATTAGGAAAACGCGGATGATACTTCA

Xo3Ao1To1 GTAATGGTAGACATAGCTTAATTGCGGAGGACTGAAAATCCTTGTGTCACCATTAGGAAAACGCGGATGATACTTCA

Xo2A01T11 GTAATGGTCGACATAGCTTAACTGCGGAGGACTGAAAATCCTTGTGTCACCATTAGGAAAAGCAAGATGATCCTTCG

Xo3Ao5To1 GTAATGGTAGACATAGCTTAATTGCGGGGGACTGAAAATCCTTGTGTCACCATTAGGAAAACGCGGATGATACTTCA

Xo3Ao1T11 GTAATGGTAGACATAGCTTAATTGCGGAGGACTGAAAATCCTTGTGTCACCATTAGGAAAAGCAAGATGATCCTTCG

X02A06T21 GTAATGGTCGACATAGCTTAACTGCGGAGGACTTAAAATCCTTGTGTC- - ACATGATAATGATCCTTCG

X15A03To1 GTAATGGTAGACATAGGTTAATTGCGGGGGACTTTAAATCCTTGTGTCACCATTAGGAAAACGCGGATGATACTTCA

X13A01T21 GTAATGGTAGACATAGCTTAACTGCGGAGGACTGAAAATCCTTGTGTC---------- ACATGATAATGATCCTTCG

Xo2A01T25 GTAATGGTCGACATAGCTTAACTGCGGAGGACTGAAAATCCTTGTGTC---------- ACATGATACTGATCCTTCG

X13A01T25 GTAATGGTAGACATAGCTTAACTGCGGAGGACTGAAAATCCTTGTGTC---------- ACATGATACTGATCCTTCG

X18A01T25 GTAATGGTAGACATAGATTAAGTGCGGAGGACTGAAAATCCTTGTGTC---------- ACATGATACTGATCCTTCG

Xo03A03T23 GTAATGGTAGACATAGCTTAATTGCGGGGGACTTTAAATCCTTGTGTC- - ACATGATAATGATCCCTCG

Xo3A05T23 GTAATGGTAGACATAGCTTAATTGCGGGGGACTGAAAATCCTTGTGTC- - ACATGATAATGATCCCTCG

Xo6Ao1T11 GTAATGGTCGGCATAGCTTAATTGCGGAGGACTGAAAATCCTTGTGTCACCATTAGGAAAAGCAAGATGATCCTTCG

Xo6A06T11 GTAATGGTCGGCATAGCTTAATTGCGGAGGACTTAAAATCCTTGTGTCACCATTAGGAAAAGCAAGATGATCCTTCG

Xo6Ao1To3 GTAATGGTCGGCATAGCTTAATTGCGGAGGACTGAAAATCCTTGTGTCACCATTAGGAAAACGAGGATGATACTTCA

Xo6Ao1To1 GTAATGGTCGGCATAGCTTAATTGCGGAGGACTGAAAATCCTTGTGTCACCATTAGGAAAACGCGGATGATACTTCA

Xo2A01T23 GTAATGGTCGACATAGCTTAACTGCGGAGGACTGAAAATCCTTGTGTC---------- ACATGATAATGATCCCTCG

Xo3A01T23 GTAATGGTAGACATAGCTTAATTGCGGAGGACTGAAAATCCTTGTGTC - -ACATGATAATGATCCCTCG

X15A03T23 GTAATGGTAGACATAGGTTAATTGCGGGGGACTTTAAATCCTTGTGTC- - ACATGATAATGATCCCTCG

X19A01T11 GTAATGGTCGGCATAGCTTAACTGCGGAGGACTGAAAATCCTTGTGTCACCATTAGGAAAAGCAAGATGATCCTTCG

Xo3Ao04To1 GTAATGGTAGACATAGCTTAATTGCGAAGGACTGAAAATCCTTGTGTCACCATTAGGAAAACGCGGATGATACTTCA

Xo6Ao1T21 GTAATGGTCGGCATAGCTTAATTGCGGAGGACTGAAAATCCTTGTGTC----------

Xo6Ao1T24 GTAATGGTCGGCATAGCTTAATTGCGGAGGACTGAAAATCCTTGTGTC- -

X06A06T21 GTAATGGTCGGCATAGCTTAATTGCGGAGGACTTAAAATCCTTGTGTC- -

X13A01To1 GTAATGGTAGACATAGCTTAACTGCGGAGGACTGAAAATCCTTGTGTCACCATTAGGAAAACGCGGATGATACTTCA

Xos5A03T03 GTAATGGTGGACATAGCTTAATTGCGGGGGACTTTAAATCCTTGTGTCACCATTAGGAAAACGAGGATGATACTTCA

XosA07To3 GTAATGGTGGACATAGCTTAATTGCGGGGGACTTTAAATCCCTGTGTCACCATTAGGAAAACGAGGATGATACTTCA

Xo5A03To1 GTAATGGTGGACATAGCTTAATTGCGGGGGACTTTAAATCCTTGTGTCACCATTAGGAAAACGCGGATGATACTTCA

Xos5A10T03 GTAATGGTGGACATAGCTTAATTGCGGGGGACTTTAAATCCTC- - - - - ACCATTAGGAAAACGAGGATGATACTTCA

Xos5A11To03 GTAATGGTGGACATAGCTTAATTGCGGGGGGCTTTAAATCCTC- - - - - ACCATTAGGAAAACGAGGATGATACTTCA

X11A03T03 GTAATGGTGGCCATAGCTTAATTGCGGGGGACTTTAAATCCTTGTGTCACCATTAGGAAAACGAGGATGATACTTCA

X14A03T03 TCAATGGTCGGCATAGCTTAATTGCGGGGGACTTTAAATCCTTGTGTCACCATTAGGAAAACGAGGATGATACTTCA

Xo8Ao03To3 GTAATGGTGGACATCGCTTAATTGCGGGGGACTTTAAATCCTTGTGTCACCATTAGGAAAACGAGGATGATACTTCA

Xo8Ao03To1 GTAATGGTGGACATCGCTTAATTGCGGGGGACTTTAAATCCTTGTGTCACCATTAGGAAAACGCGGATGATACTTCA

XosA10 GTAATGGTGGACATAGCTTAATTGCGGGGGACTTTAAATCCTC- - - - -

Xos5A09 GTAATGGTGGACATAGCTTAATTGCGGGGGACTTTAAATCCTCGTGTC

XogAog GCAATGGTCGGCATCGCTTTTTTGCGGGGGACTTTAAATCCTCGTGTC

X17A09 GTAATGGTGGACATCGCTTTTTTGCGGGGGACTTTAAATCCTCGTGTC

X10A08 TCAACGGTCGGCATCGCTTTTTTGCGGGTGACTTTAAATCCTCGTGTC

X12A08 TCAATGGTCGGCATCGCTTTTTTGCGGGTGACTTTAAATCCTCGTGTC

X14A03 TCAATGGTCGGCATAGCTTAATTGCGGGGGACTTTAAATCCTTGTGTC

Xo8Ao9 GTAATGGTGGACATCGCTTAATTGCGGGGGACTTTAAATCCTCGTGTC

Xos

GTAATGGTGGACATAGCTTAATTGCG
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Figura 4.51: Saturation plots comparing uncorrected and corrected distan-
ces using A) Galtier-Gouy and B) Tamura-Nei models.
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Figura 4.53: Percolation networks obtained using different weights for subs-
titution and indel distance matrices. “Alpha” represents indel
weights, as they are substitution Alpha-1 weights. The percola-
tion threshold is shown for each alpha value. Colors represent
haplogroups (Red = Group I; Grey = Group II; Blue = Group
IIL; Brown = Group IV; Purple = Group V).

Figura 4.54: Percolation network obtained combining indel and substitu-
tion distances (giving equal weight to both matrices; Fig. 4.8),
highlighting haplotypes found in species other than E. mediohis-
panicum.
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Part III

THE EVOLUTIONARY HISTORY OF ERYSIMUM
MEDIOHISPANICUM






GEOGRAPHIC PATTERNS IN GENETIC DIVERSITY
AND ITS EFFECTS IN THE DIVERSITY OF
POLLINATORS

ABSTRACT

In this chapter, we described phenotypic mean and variation, the
genetic diversity, and the pollinator assemblage in a large set of po-
pulations of the pollination-generalist plant E. mediohispanicum. Our
sampling design encompass the entire distribution of the species,
which showed differences in ploidy between the southernmost dis-
tribution range and the remaining populations. Our results suggest
the existence of significant relationship between corolla shape va-
riation and pollinator functional groups diversity, which also were
correlated to plant genetic diversity. The studied populations were
extremely diverse phenotypically and genotypically and showed sig-
nificant altitudinal patterns regardless the spatial scale considered.
We have also found significant effect of population distances on their
phenotypes and genotypes. Population structure suggests the exis-
tence of two main linages, one in Sierra Nevada (where probably re-
cent within range gene flow existed) and the other in the rest of the
Iberian Peninsula (which showed incipient differentiation between
ranges). Our results highlight the important relationship between po-
llination assemblage, and both genotypic and phenotypic properties
of plant populations, even in pollination-generalist plant species.”

Authors: A. Jestis Mufioz-Pajares, Mohamed Abdelaziz, Jordi Bosh, José M. Gémez,
and Francisco Perfectti
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Introduction

INTRODUCTION

Genetic diversity is a key factor in the evolution and ecology of na-
tural populations (Hughes et al., 2008). In the case of plant species,
genetic diversity may be influenced by a variety of factors such as the
range of distribution, seed dispersal mechanisms, breeding system,
generation time, population effective size, gene flow between popula-
tions, and biotic and abiotic selective pressures (Gottlieb, 1977; Ham-
rick and Godt, 1990, 1996; Nybom, 2004; Aguilar et al., 2008; Pearson
et al., 2009). Some of these factors usually vary among populations
producing spatial patterns on genetic diversity and differentiation.
Genetic differentiation can be geographically structured due not only
to spatial variation in the aforementioned factors but also to limited
dispersal between populations (Heywood, 1991). In this latter case, a
scenario known as isolation by distance arises (Wright, 1943; Slatkin,

1993).

In mountain regions, population genetic differentiation is usua-
lly more important among than within contiguous mountain ranges,
although long-distance dispersal may also exits (Shafer et al., 2011).
Moreover, mountain populations are located in altitudinal gradients,
where drastic environmental variation occur at particularly short spa-
tial scales (Wen and Hsiao, 2001; Jump et al., 2006; Gonzalo-Turpin
and Hazard, 2009). Therefore, horizontal and vertical environmen-
tal gradients may affect plant populations by shaping their genetic
diversity distributions (Ohsawa and Ide, 2008).

In animal pollinated plant species, abundance and identity of flo-
wer visitors may also play a key role in their population genetic di-
versity by increasing gene flow and reducing endogamy levels (Rozzi
et al., 1997; Cascante et al., 2002). Variation in pollinator abundance,
diversity, and composition is commonly found at different spatial
scales (Herrera, 1995; Fishbein and Venable, 1996; Boyd, 2004; Irwin
et al., 2005; Moeller, 2005, 2006; Kiihn et al., 2006; Cosacov et al., 2008;
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5. Pollinators, genetic diversity and geography

Espindola et al., 2011). Consequently, geographic fluctuation in plant-
pollinator interactions may be one of the several factors affecting the
geographic variation in plant population genotypes and phenotypes
(Grant, 1949; Grant and Grant, 1965; Campbell et al., 1997; Anderson
and Johnson, 2008).

Pollination depends on a wide variety of plant phenotypic traits
(e.g., flower color, corolla morphology, stamen length), which are ex-
pected to evolve matching the preferences and morphology of their
pollinator species. In pollination specialist plants, this idea is suppor-
ted by phylogenetic studies showing divergent floral characters in
lineages differing in pollinator type (Armbruster, 1993; Wilson et al.,
2004; Muchhala, 2006; Alcantara and Lohmann, 2010; Knapp, 2010).
However, in pollinator generalist plants, the existence of multiple
pollinator preferences and morphologies together with the frequent
spatio-temporal fluctuations in the pollinator fauna hinder the pos-
sibility of perfect fitting between plant and pollinator (Johnson and
Steiner, 2000). In this case, relationships between geographic varia-
tion in genetic diversity, phenotype variation and pollinator fauna,
although potentially important, has been scarcely explored.

In this chapter we assessed the genetic variation, pollinator assem-
blage, and phenotypic traits mean and variation in the pollination-
generalist species Erysimum mediohispanicum. This plant species is a
biennial herb endemic to the Iberian Peninsula, visited by more than
150 different insect species, including 25 families and six insect or-
ders (Gémez and Perfectti, 2010). Most of these flower visitors act as
effective pollinators due to the open morphology of the flower and
the extremely accessibility of the reproductive organs (Gémez et al.,
2009). E. mediohispanicum is autocompatible, but needs pollinators to
obtain the complete fruit set (Gémez, 2003). Pollinators exert signifi-
cant selection on several E. mediohispanicum phenotypic traits (Gémez
et al., 2009) and spatial variation in pollinator assembling lead to lo-
cal adaptation at short spatial scales (Gomez et al., 2009). Contrasting
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Material and methods

with this accumulated knowledge on phenotype and pollinator varia-
tions at short spatial scales, there is no available information about
the effect of pollinator variation on E. mediohispanicum phenotype th-
rough its entire distribution range, encompassing two main regions,
one in the north-east and other in the south-east of the Iberian Penin-
sula (Nieto-Feliner, 1993). E. mediohispanicum plants are diploids (2n
= 14) in the south region and hypotetraploids (2n = 26) in the north
(Nieto-Feliner, 1993), but nothing is known about the genetic struc-
ture of E. mediohispanicum populations at any spatial scale. The main
objective of this chapter is to determine the existence of relationships
among genetic diversity, pollinator assemblage, and phenotypic trait
diversity and mean values. Prior to analyze these relationships, we
have characterized the genetic structure, flower visitor fauna, phe-
notypic traits, and spatial patterns of variation in a representative
number of E. mediohispanicum populations located along its whole
distribution area.

MATERIAL AND METHODS
Sampling design

We sampled a total of 56 E. mediohispanicum populations, encom-
passing the entire distribution range of the species, including 37 po-
pulations from the southern region and 19 populations from the nort-
hern region (Fig.5.1; Table 5.1; Table 5.51). In the northern region, we
sampled populations in Aragén, Sierra del Montsec (hereafter, Léri-
da), and Northern Moorlands (hereafter, Guadalajara-Soria; Fig.5.1).
Southern populations were sampled in Sierra Espufia, Sierras de Ca-
zorla, Segura and Guillimona (hereafter, Sierra de Cazorla), and Sie-
rra Nevada (Fig.5.1). Within Sierra Nevada we sampled, among ot-
hers, the area surrounding the El Dornajo mountain, where several E.
mediohispanicum populations have been widely studied (e.g., Gémez
et al., 2007, 2009,a).

187



5. Pollinators, genetic diversity and geography

eEm27

&
o %

Em31a
GS Emdda
AEmM42
s Emas ‘Eg‘riigAEm“ A
Emdg Em54
Em34
Em47 EmSS
» EmS56
Em33
Em45
Em46 Emso Em53
Em51
Emi15a SN
SN ’
north face | .. -
* Em39 | : .
Emid oEm26 ¢
Em13 agmos °
Emi12
Emos®
EmiGe SN south face
Em29
Em28e Em38 8-Em30
_ Em40
K

Cortijuela )
p— Dornajo
«Em19 eEm37 Em21 Emo1
. Em20e *° L Emos'l"é"r;zz% Em09e
«Emo4 Em24e 4 Emo2
Emiie ©Em10 Em25Er7717

Figura 5.1: Location of the 56 studied Erysimum mediohispanicum populations. Sam-
pling areas are represented with different colors. Circles and triangles re-
present diploid and polyploid populations, respectively. Empty squares
represent populations which ploidy is unknown but were sampled for
pollinator visitors and/or phenotypic traits. A= Aragén; L= Lérida; GS=
Guadalajara-Soria; SC= Sierra de Cazorla; SE= Sierra Espufia; SN =Sierra

Nevada.
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Tabla 5.1: Summary of the number of populations composing the phenoty-
pe, genotype, and pollinators datasets, grouped by their geo-
graphic locations. Number of genotyped diploid populations are
shown in brackets.

Phenotype Pollinators Genotype

Aragén 4 0 2(2)
Lérida 6 5 6 (0)
Guadalajara-Soria 9 4 9 (0)
Northern Total 19 9 17 (2)
Sierra Nevada 27 23 26 (26)
Sierra Cazorla 9 6 9(3)
Sierra Espufia 1 1 1 (1)
Southern Total 37 30 36 (30)
TOTAL 56 39 53 (32)

This sampling design allowed us to study population differences
manifested at large spatial scale (Iberian Peninsula, 56 populations;
maximum distance: 758 Km), medium scale (Sierra Nevada, 27 po-
pulations; maximum distance: 92 Km), and short scale (area surroun-
ding the Dornajo mountain in the Sierra Nevada north face, 11 popu-
lations; maximum distance: 11 Km). We obtained information about
phenotypic traits, pollinator fauna, and genetic diversity for each po-
pulation. Sample sizes for each kind of data are shown in Table 5.1.

Molecular methods

We collected fresh leaf tissue from 15 individuals per population.
Leaves were dried and stored in silica gel before DNA extraction,
performed using the GenElute Plant Genomic DNA Miniprep Kit
(Sigma-Aldrich). For each individual sample, we amplified ten mi-
crosatellite loci following the procedure described in Chapter 2. PCR
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products were diluted to 10 ng/pL and send to MACROGEN (Geum-
chun-gu, Seoul, Korea; http:/ /www.macrogen.com) for microsatelli-
te fragment separation. We analyzed the electropherograms and ca-
lled alleles with Peak Scanner Software version 1.0 (Applied Biosys-

tems).

Determination of population ploidy

Depending on the frequency of individuals showing more than
two peak alleles in several loci, we classified populations as diploids
or polyploids. Because partial genome duplications may be com-
monly found in plants (Camacho, 2005; and references therein), it
is possible to find individuals with multiple allele copies for only a
few markers. We considered a population as diploid if we found no
individuals with more than two peaks in more than one locus, and as
polyploid in any other case. The establishment of these two groups
was clear and we found no doubtful populations.

Population genetic structure

The high uncertainty associated to the assessment of allele dosa-
ge in polyploid individuals (Nybom, 2004) precludes an accurate
estimation of gene frequencies for polyploid populations. For this
reason, we have performed all genetic analyses only in diploid popu-
lations. We excluded from analyses individuals showing more than
30 % of missing data. Consequently, we used for subsequent analy-
ses 465 individuals belonging to 32 populations. We tested whether
each loci and population were in Hardy-Weinberg equilibrium with
Arlequin (Evanno et al., 2005), using 1,000,000 steps in a Markov
chain after 100,000 burn-in steps. For each population, we estimated
the number of non-redundant multilocus genotypes as the number
of genotypes showing at least one different allele (excluding missing
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data). We also estimated the following population genetic parame-
ters, averaging among loci: 1) Mean number of alleles per locus (N ).
2) Mean allelic richness per locus (Rs), which is an estimate of the
number of alleles independent of sample size. Allelic richness was
calculated as the probability of sampling the allele i at least once
among the 2n genes of a sample. 3) Expected heterozygosity (Hs),
which is the proportion of expected heterozygous individuals assu-
ming Hardy-Weinberg equilibrium. Expected heterozygosity was cal-
culated using Nei (1987) estimator. 4) Observed heterozygosity (Ho).
We estimated individual heterozygosities as the ratio between the
number of heterozygote loci and the number of successfully genoty-
ped loci (excluding missing data) and then, we estimated the mean
of the individual heterozygosities per population. 5) The inbreeding
coefficient (Fis), which provide information about Hardy-Weinberg
equilibrium departures due to either excess or defect of homozygo-
tes (being Fis positive or negative, respectively). It was estimated as
the ratio of the difference between the expected and observed hete-
rozygosities to the expected heterozygosity (Nei, 1987). 6) Population
differentiation, measured based on pairwise Ds1 matrices. We used
the harmonic mean of Dgt values across loci as an estimator of ac-
tual differentiation (Jost, 2008) because Dst reflects genetic differen-
tiation better than Fst when markers show more than two alleles per
locus (Jost, 2008; Gerlach et al., 2010). To estimate Na, Rs, Hg, and
F1s we used FSTAT v.2.9.3 (Goudet, 1995), while Dst-based gene-
tic distances were computed using SMOGD version 1.2.5 (Crawford,
2010). 7) Selfing rate (S) was estimated using RMES software (David
et al., 2007), which is based on the computation on g2 (an estima-
tor of the two-locus heterozygosity disequilibrium) instead of on Fis.
The latter method has been traditionally used, but is more sensitive
to null alleles than the former (Jarne and David, 2008).

We inferred the number of clusters of individuals (K) composing
the 32 studied diploid populations, and assigned individuals to the-
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se genetic groups using STRUCTURE software (Falush et al., 2007),
which showed consistent results regardless the model selected. We
performed simulations with ten replicates for each K value ranging
from 1 to 15. Each run consisted on 50,000 MCMC steps after 20,000
burn-in steps. To detect the optimum value of K, we used the STRUC-
TURE HARVESTER website (Earl and vonHoldt, 2012), that imple-
ment the Evanno method (Evanno et al., 2005).

We visually represented the similitude among all diploid genoty-
ped individuals by performing Principal Components Analysis (PCA)
in R using the stats package (R Development Core Team, 2009). For
that, we estimated genetic distances among individuals using Bruvo
distances (Bruvo, 2004) obtained with the R polysat package (Clark
and Jasieniuk, 2011). We used the first two PCA components as in-
dividual coordinates and plotted them in a two-dimensional space.
With this method, distances among plotted points are proportional
to the original Bruvo genetic distances.

Plant phenotypic traits

We characterized the phenotype of at least 30 individual plants
per population or all the reproductive individuals present if the po-
pulation were composed by less than 30 individuals (see Table 5.51
for population sample sizes). For each individual we quantified the
following phenotypic traits: 1) Stalk height, measured as the height
of the tallest flowering stalk. 2) Stalk diameter, quantified as the dia-
meter at the base of the tallest flowering stalk. 3) Flower number.
We counted all flowers and flower buds, thus obtaining the total
flower production. 4) Corolla diameter, quantified as the distance
between the apical edges of two opposite petals. 5) Corolla tube
length, measured as the distance between the corolla tube apertu-
re and the base of the sepals. 6) Corolla tube width, defined as the
internal space between petals at the top of the corolla tube apertu-
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re, and estimated as the difference between corolla diameter minus
the length of two opposite petals. Trait 1 was measured using a mea-
suring tape (precision = 0.5 cm). Traits 2 and 4 to 6 were measu-
red using a digital calliper with 0.1 mm resolution. 7) Corolla sha-
pe, measured as a multidimensional trait by means of geometric
morphometric tools using a landmark-based methodology (Zelditch
et al., 2004). For each individual we selected a flower at anthesis
and took a digital photo in front view and planar position. We de-
fined 32 co-planar landmarks covering the corolla shape and using
midrib, primary and secondary veins and petal extremes and con-
nections as references (see Gomez et al., 2006 for details on land-
mark positions, and Abdelaziz et al., 2011 for a full justification of
landmark homology). Landmarks were captured using tpsDig v1.4
(available at http://life.bio.sunysb.edu/morph/index.html). Using
the two-dimensional coordinates of landmarks we computed the ge-
neralized orthogonal least-squares Procrustes average using the Ge-
neralized Procrustes Analysis (GPA) superposition method. Then, to
visualize shape differences, we computed the relative warps (RWs),
which are the principal components of the covariance matrix of the
partial warp scores and uniform components (Adams et al., 2004),
using tpsRelw v1.11 (available at http:/ /life.bio.sunysb.edu/morph/
index.html). Our set of 32 landmarks generates 60 RWs, sorted in de-
creasing order of the proportion of total variance they explain (i.e.,
RW1 explains a higher proportion variance than any other RW). Sha-
pe differences among individuals can be described and analyzed
using RW scores (Zelditch et al., 2004; Gémez and Perfectti, 2010).
In this study, only the first four RWs explained more than 5% of
the total variation (Table 5.52). Together, these four RWs explained
more than 71 % of the total variance (Table 5.52). RW1 defines co-
rolla shapes ranging from petals being almost parallel and partially
overlapping along a vertical axis, to petals completely separated and
diverging along a vertical axis (Fig.5.51). RW2 defines zygomorphy
with either upper or lower petals overlapping. RW3 defines left and
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right petal asymmetry. RW4 captures the range of petal slimness to
roundness (Fig.5.51). These four RWs were selected to perform sub-
sequent corolla shape analyses.

We log-transformed traits showing non-normal distributions (i.e.
number of flowers, stalk diameter, and stalk height; Fig.5.52) and
characterized the phenotype of each population by estimating mean
values of the described traits. We also calculated trait standard devia-
tion values as an estimate of the phenotypic variation found within
populations.

Flower visitors surveys

E. mediohispanicum flowering starts between mid May and early Ju-
ne depending on population altitude and latitude, and spans until
late July in northern and highest populations. To perform pollinator
surveys, we visited each population at least twice during the flowe-
ring period. Each survey consisted on walking through the popula-
tion and recording the insects contacting the reproductive organs of
flowers. We focused in plant-pollinator interactions and discarded
multiple visits of the same insect to different flowers of the same
plant. We also avoided following the same flower visitor for more
than 30 seconds. During our first surveys, we captured insect speci-
mens to be sent to specialists for determination. Thus, we assembled
a reference pollinator collection that allowed us to identify insect
species in field during subsequent surveys.

We studied the E. mediohispanicum flower visitors by classifying
them into functional groups (Fenster et al., 2004; Wilson et al., 2004).
Each functional group included insects of similar body and probos-
cis sizes, foraging behavior, and feeding habits. We established nine
functional groups: 1) ants: including nectar-collecting Formicidae; 2)
beetles: species collecting nectar and/or pollen Coleoptera; 3) bee-
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flies: nectar-collecting large-tongued Bombyliidae; 4) butterflies: nec-
tar collectors lepidoptera; 5) hoverflies: nectar- and pollen-collecting
Syrphidae and short-tongued Bombyliidae; 6) large bees: pollen- and
nectar-collecting female bees over 10 mm in body length; 7) small
bees: pollen- and nectar-collecting female bees with body lengths lo-
wer than 10 mm; 8) wasps: wasps and cleptoparasitic bees collecting
only nectar; 9) others: nectar-collecting flies, grasshoppers, and bugs.

We characterized pollinator diversity per population by calcula-
ting Hurlbert’s PIE (Colwell, 2005), which is the probability that
two randomly sampled pollinator individuals pertain to two diffe-
rent species; Species Richness, which is the number of pollinator
species found; and the Functional Group Dominance, which is the
frequency of the most abundant functional group. We used Estima-
teS v8.2.0 (http://viceroy.eeb.uconn.edu/estimates/; Colwell, 2005)
to compute Hurlbert’s PIE and Species Richness values.

Geographic partition of variance

To evaluate the amount of genetic variance maintained among
and within- populations, we studied these variances at three diffe-
rent spatial scales: 1) Large spatial scale: Including all diploid po-
pulations (maximum distance: 579 Km; altitudinal range: 806 - 2182
m); 2) Medium spatial scale: Including only Sierra Nevada popula-
tions (maximum distance: 92 Km; altitudinal range: 1215 - 2182 m); 3)
Short spatial scale: Including only populations sampled in the area
surrounding El Dornajo Mountain in Sierra Nevada (maximum dis-
tance: 11 Km; altitudinal range: 1280 - 2182 m). We partitioned the
genetic variance by means of locus-by-locus AMOVAs as implemen-
ted in Arlequin (Excoffier et al., 2005), using the Rst-like distances
(sum of squared size differences; (Slatkin, 1995)) as distance matrix
and 1,000 permutations to test significance. Due to the unbalanced
number of diploid populations found among different geographic
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areas, we did not include “group of populations” as a level in the

variation analyses.

To determine the partition of the phenotypic variance at these dif-
ferent spatial scales, we also performed three independent ANOVA
analyses with the same setup used for genetic variance for medium
and short spacial scales. However, for large spatial scale, we inclu-
ded both diploid and polyploid populations (maximum distance: 758
Km; altitudinal range: 715 - 2182 m). For these ANOVA we used po-
pulation as random factor, and the phenotypic traits as dependent
variables as implemented in JMP v7.0 (SAS institute Inc., Cary, NC).

Spatial analyses

We studied the spatial patterns of variation of the three datasets
(i.e., flower visitors, phenotypic traits, and genotypic information)
independently, with respect to both population altitude and geo-
graphic distances. For the phenotypic dataset, we used population
mean values of the traits described above. The flower visitor dataset
was represented by Hurlbert’s PIE, Species Richness, and Functional
Group Dominance, but only populations with more than 100 plant-
pollinator recorded interactions were included in the analyses (Table
5.51). We also included the number of visits per functional group to
get a better estimation of the specific pollinator assemblage differen-
ces between populations. Finally, the genotypic dataset was tested
using Rg, NA, Hs, Ho, FIS/ and DST-

To test for the existence of significant correlations between popula-
tion altitude and each of the mentioned population variables we used
spatial autoregressive models, specifically Simultaneous Autoregres-
sion (SAR) as implemented in SAM v4.0 (Rangel et al., 2010). To test
for correlation between geographic and genetic distances (measured
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as pairwise Dst values), we used Mantel tests (Mantel, 1967) as im-
plemented in the vegan package in R (Oksanen et al., 2012).

We also tested correlation between geographic distances and the
euclidean pairwise distances for the above mentioned population va-
riables. For corolla-shape, we used the 60 RWs in the computation
of the population euclidean distance. For all the described statistical
analyses, we applied the sequential Bonferroni correction.

Relationships among pollinator, genetic, and phenotypic diversities

To test for the existence of significant correlations between genetic
diversity, pollinator diversity, and plant phenotype, we used the 25
diploid populations with more than 100 plant-pollinator interactions
(Table 5.51). We performed structural equation modelling (SEM) as
implemented in the sem R package (Fox et al., 2012). We created four
latent variables (Fig.5.2), one denoting genetic diversity, and the ot-
her representing three different phenotypic group of traits (plant si-
ze, flower size, and flower shape). We connected genetic diversity
to the genetic parameters Rs, Hp, and N . Plant size were connec-
ted to log-transformed values for stalk diameter, stalk height, and
number of flowers. Flower size was connected to corolla diameter,
corolla tube width, and corolla tube length. Flower shape was con-
nected to the first four relative warps (RW1 to RWy; Fig.5.2). We
connected plant size, flower size, and flower shape among them and
to Hurlbert’s Pie values (this last variable acting as a surrogate for
pollinator diversity). Finally, we connected genetic diversity to the
other three latent variables and to Hurlbert’s PIE to obtain the “full
model” (Modeli, Fig.5.2A). We compared this full model and those
models obtained by removing the path between genetic diversity and
Hurlbert’s PIE (model 2, Fig.5.2B) and all paths connecting directly
the three phenotypic latent variables (model 3, Fig.5.2C). Model 2
allowed us to test the existence of relationship between pollinator

197



198

5. Pollinators, genetic diversity and geography

A)

Corolla
diameter

Corolla
tube width

Corolla
tube length

B)

Corolla
diameter

Corolla
tube width

Corolla
tube length

C)

Corolla
diameter

Corolla
tube width

Corolla
tube length

MODEL 1

Flower Plant

Size v Size

Hurlbert's
Pie

MODEL 2

Flower

Hurlbert's
Pie

MODEL 3

Flower
Size

Hurlbert's
Pie

Number of
flowers

Stalk
height

Stalk
diameter

Number of
flowers

Stalk
height

Stalk
diameter

Number of
flowers

Stalk

height

Stalk
diameter




Results

<« (Previous page)

Figura 5.2: Depiction of the three structural equation models tested. A) Full model, B)
Model assuming that the only relationship between genetic diversity and
Hurlbert’s PIE is mediated by the measured phenotypic traits. C) Model as-
suming no interaction between traits related to plant size, flower size, and
corolla shape. For each population, we included in the model the mean va-
lues of Rs , Hp , and N, and Hurlbert’s PIE. For the remaining traits we
tested separately the effect of mean and standard values.

diversity and genetic diversity not mediated by the measured phe-
notypic traits. Model 3 allowed us to explore the existence of inte-
gration among phenotypic trait groups. We contrasted the models
using a likelihood ratio test (Burnham and Anderson, 2002) and the
most appropriate model was selected according to the smaller Baye-
sian Information Criteria (BIC) value. Because we were interested on
studying the relationships among E. mediohispanicum genetic diver-
sity, pollinators diversity, and both phenotypic mean and variance
values, we performed two independent SEM analyses, one connec-
ting the three phenotypic latent variables with mean trait values and
the other with trait standard deviations.

RESULTS
Population ploidy

Of the 53 populations analyzed genetically, 32 populations (479 in-
dividuals) were diploids and 21 populations were composed of poly-
ploid individuals (305 individuals) (Table 5.51). There was a clear
difference in ploidy between regions. Whereas 30 out of the 36 sout-
hern populations were diploid (all the Sierra Nevada populations,
three out of the nine Cazorla populations, and the Sierra Espufia po-
pulation), only two out of the 17 northern populations were diploid

(Fig.5.1).
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All diploid ~ Sierra Nevada Dornajo
No-HWE 2.2 £1.0 2.1 +1.0 2.3 +0.6
Monomorphic 0.2 +0.5 0.2 £0.5 0.3 0.6
Rs 5.341 £1.248 5.443 £1.359 5.507 +1.645
Hs 0.658 £0.045 0.665 +0.044 0.683 £0.025
Ho 0.550 £0.054 0.556 +0.054 0.544 +0.047
Na 5.867 £0.834 6.062 +0.796 6.246 +0.818
Fis 0.163 +£0.065 0.164 +0.065 0.201 +0.057
S 0.042 £0.068 0.055 +0.053 0.044 %0.09

Tabla 5.2: Summary of population genetic diversities for large (all diploid
populations), medium (Sierra Nevada), and short (Dornajo) spa-
tial scales. Mean and standard deviation values for allelic rich-
ness (Rs), expected heterozygosity (Hs), observed heterozygosity
(Hop), number of alleles (N ), inbreeding coefficient (Fis), and
selfing coefficient (S). Number of loci in Hardy-Weinberg disequi-
librium and frequency of monomorphic loci are also included.

Population genetic structure and differentiation

Allelic richness and number of alleles per locus showed similar va-
lues in the studied diploid populations (Rs = 5.34 + 1.25; range = 1.57
- 6.84; Na = 5.87 + 0.83; range = 4.00 - 7.10; Table 5.2). These popu-
lations showed an average of two microsatellite loci deviating from
Hardy-Weinberg Equilibrium (HWE) (Table 5.2; Table 5.53), ranging
between a minimum of zero loci (Emo3) and a maximum of five loci
(Ems5). Several loci were found in HWE in most of the populations.
This is the case of D10 and D11 that appeared in HWE in 30 out of
the 32 diploid populations (Table 5.53). Contrary, E8 were in HWE
in only eight populations (Table 5.53). Inbreeding coefficients were
positive in all populations (Fis = 0.16 + 0.06; range: 0.06 - 0.27; Ta-
ble 5.2), indicating that populations showed less heterozygotes than
expected under HWE. In fact, only two of the observed HWE depar-
tures were due to heterozygote excess (loci C5 in Em51 and Ems53,
Table 5.53). Significantly higher values were obtained for expected
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heterozygosity (Hs = 0.66 + 0.04; range = 0.53 - 0.72) than for obser-
ved heterozygosity (Hpo = 0.55 + 0.05; range = 0.41 - 0.64; Table 5.2),
(t=8.7, df = 60, p <0.001). Contrastingly, selfing rate values were low
(S = 0.042 + 0.068; range 0.00 - 0.25; Table 5.2). Among the 465 stu-
died individuals, we only found two identical multilocus genotypes,
corresponding to two individuals belonging to the same population
(Em36, which also showed the lowest Hg value).

We assessed population differentiation through Dst distances (ran-
ge 0.0001 - 0.57). While the lowest pairwise Dst values were found
between Sierra Nevada populations, the highest values were obser-
ved between populations sampled in Sierra Nevada and Sierra de
Cazorla. In fact, all the Dst values higher than 0.4 involved one po-
pulation from Sierra de Cazorla (Table 5.3).

Genotyped individuals were assigned to two clusters according
to the Bayesian estimation (Fig.5.5A). One of them included popu-
lations from Aragén, Sierra Espufia, and Sierra de Cazorla, while
the remaining 26 populations (all of them belonging to Sierra Neva-
da) encompassed the second group (Fig.5.5A). PCA based on Bruvo
distances between individuals also grouped all Sierra Nevada po-
pulations together, but separated the remaining populations into th-
ree groups related to Sierra de Cazorla, Aragén, and Sierra Espu-
na (Fig.5.5B). These three groups of individuals showed peripheral,
partially overlapped positions regarding Sierra Nevada individuals,
and those belonging to Sierra Espufia showed an intermediate po-
sition between Sierra de Cazorla and Aragén individuals (Fig.5.5B).
At medium and short spatial scales, PCA showed that individuals
belonging to different populations presented overlapped positions
(Figs.5.5C and 5.5D).
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Figura 5.4
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Genetic differentiation of diploid E. mediohispanicum populations. A) Assign-
ment of individuals to the optimal number of clusters (two) according to Ba-
yesian models. B) Representation of the two principal components of indivi-
dual Bruvo genetic distances at large scale (including all diploid populations).
C) Representation of the two principal components of individual Bruvo gene-
tic distances at medium scale (including only Sierra Nevada populations). D)
Representation of the two principal components of individual Bruvo genetic
distances at short scale (including only El Dornajo populations).

(Next page) »



Results

A)

0.3
1
.

N
o
g -
o
Cluster | Il % . | .
Cluster || Il 5 °

S. Cazorla Il 1

S. Nevada [0 N

S. Espuia [ <
Aragén [ :

-0.3
1

-0.2 -0.1 0.0 0.1 0.2 0.3 0.4

PCA axis 1

g 7 -' .' :“ . .:. o
R WA
5 A RS PRLS RN
. BVt gy .,
o R T S R
% g ¢ . « ° ° . .'o'.‘.’.:... c'.. o.
g . st 2 88 e, S, o .
= Y AR .
Dornajo [l ‘ R AN o
S":ar:;”h {Cortijuela - R A
Em3o ¢ - A .
SN south face Il : * .
‘ T T T T T . T T
-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
PCA axis 1
D) : -
Em09 [ T
Em37 [ s - o 5T
Em08 [ et ST ’
Em21 P ° . © %eee’ .
Emot@E® & S o . °, vew el e :
Em22 1 & e ST, :
Em23 4% .. ' . .
Em24 I ‘ e Lt .
Em25 Il . Lot .
Em02 I g .. .
Em17 . .
‘ T T T I. T T
-0.2 -0.1 0.0 0.1 0.2 0.3
PCA axis 1

203



5. Pollinators, genetic diversity and geography

All S. Nevada Dornajo North South
Stalk diameter 0.751 £0.156  0.805 £0.140  0.762 £0.126  0.675 £0.172  0.790 +£0.134
Stalk height 3.616 £0.315  3.475 £0.346  3.422 £0.301  3.739 £0.242  3.553 +0.331
Number of flowers 3.798 £0.402  3.941 £0.336  3.891 *0.350  3.688 £0.497  3.854 +0.337
Corolla diameter 12.742 £1.195 12.676 £1.206 11.813 £0.676 13.296 £1.043 12.457 £1.179
Corolla width 1.281 £0.453  1.050 +0.374  0.890 £0.356  1.583 #0.470  1.126 +0.362
Corolla length 11.431 £0.893 11.396 +0.877 10.830 £0.545 11.725 +0.907 11.281 +0.860
RW1 -0.003 £0.044 -0.010 £0.034 0.002 £0.019  -0.018 £0.043  0.004 *0.043
RW2 -0.002 £0.023  -0.004 £0.021  0.001 £0.012  0.001 £0.027  -0.003 0.020
RW3 -0.007 £0.020  0.003 £0.019  0.012 £0.015  -0.022 #0.015 0.001 *0.018
RW4 -0.012 £0.028  0.006 £0.022  0.017 £0.020  -0.034 #0.021  -0.001 *0.024

Tabla 5.3: Summary of population phenotypes. For each trait we estimated mean and
standard deviation values for large (all sampled populations), medium (Sierra
Nevada), and short (El Dornajo) spatial scales, as well as for northern and
southern populations separately. Bold values represent significant differences
(according to t-test) between northern and southern mean trait values. Loga-
rithmic values are represented for stalk diameter, stalk height, and number of
flowers.

Plant phenotype description

Table 5.3 summarizes mean values and standard deviations for
each phenotypic trait at different spatial scales and geographic re-
gions. Overall, plants showed in average 70 flowers with a diameter
of 12 mm each and corolla tubes width and length of 1.1 and 11 mm,
respectively. Stalk diameter and height mean values were 2.3 and 36
cm, respectively. As expected, RW mean values were close to zero
(Tables.3).

Whereas plant size traits showed no significant differences bet-
ween regions, corolla width was significantly smaller in southern
than in northern populations (t = 3.71; p < 0.0001). We have also
found significant differences in both RW3 and RWj4 between nort-
hern and southern populations (RW3 p = -4.91; p < 0.0001; RW4 t =
-5.18; p < 0.0001).
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Composition and diversity of pollinator assemblage

The flower visitor assemblage was extremely diverse. Indeed, more
than 250 species from seven orders visited E. mediohispanicum flowers
when pooling all populations (49 populations and 8389 flower visits).
Beetles and ants were the most abundant functional groups while
wasps and hoverflies were the least abundant (Table 5.4A; Fig.5.5).
Specifically, beetles represented more than 32% of the total visits
and was the main functional group in both northern (29 %) and sout-
hern (34 %) populations (Table 5.4A). Ants was the second functional
group in abundance, but while in northern populations showed a fre-
quency similar to beetles (26 %), in southern populations represented
less than a half of beetle visits (14 %). Wasps represented 1 % of the
total visits and was the least abundant functional group in both nort-
hern (1.4 %) and southern (0.9 %) populations (Table 5.4A).

Pollinator diversity was high according to the estimated Hurlbert’s
PIE values (0.8471 + 0.1275; Table 5.4B; range = 0.3882-0.9654). Most
of the studied populations showed Hurlbert’s PIE values higher than
0.8 and only one population showed a value lower than o.5. In avera-
ge, more than 30 insect species visited each E. mediohispanicum popu-
lation (Species richness: 31 + 77; Table 5.4B; range = 5-53) and the most
abundant species per population represented less than 30% of the
total visits (Functional group dominance: 0.442 + 0.168; Table 5.4B;
range = 0.187-0.900). Despite the existence of variation among popu-
lations (Fig.5.5), the pollinator diversity indices were almost identical
for northern and southern populations (Table 5.4B).

To assess whether pollinator diversity were independent of polli-
nator identity, we performed linear regressions between Hurlbert’s
PIE and the frequency of each functional group. We found a signifi-
cant negative correlation between Hurlbert’s PIE and abundance of
beetles (slope = -0.35; p<0.0001) and marginal positive tendencies for
large bees, wasps, and “others” (5.4C).
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A)

B)

All Sierra Nevada Dornajo North South
Ants 0.169 + 0.126 0.149 £ 0.079  0.136 £ 0.080 0.263 + 0.198 0.141 + 0.081
Beetles 0.327 + 0.229 0.365 £ 0.241  0.330 £ 0.240 0.286 £ 0.164 0.339 + 0.246
Beeflies 0.078 + 0.116 0.105 + 0.137  0.041 + 0.048 0.049 + 0.078 0.086 * 0.125
Butterflies 0.072 + 0.099 0.078 £0.080  0.120 £ 0.104 0.034 + 0.036 0.083 * 0.109
Hoverflies 0.031 #* 0.062 0.014 £ 0.021  0.031 + 0.022 0.074 * 0.105 0.017 * 0.034
LargeBees 0.091 + 0.108 0.094 + 0.104  0.116 £ 0.086 0.067 + 0.042 0.098 + 0.120
SmallBees 0.113 + 0.133 0.063 £ 0.085  0.047 £ 0.042 0.139 £ 0.109 0.105 % 0.140
Wasps 0.010 * 0.020 0.011 +0.022  0.022 + 0.031 0.014 + 0.020 0.009 * 0.020
Others 0.111 * 0.104 0.122 + 0.097  0.158 + 0.108 0.074 + 0.067 0.122 + 0.112

All Sierra Nevada Dornajo North South
Species Richness 30 +9 28+9 30 + 11 35+8 28+ 9
Hulbert’s PIE 0.847 + 0.128 0.841 £0.139  0.851 £ 0.174 0.891 + 0.050 0.834 * 0.141
Dominance GF 0.442 + 0.168 0.440 £ 0.183  0.368 £ 0.212 0.424 + 0.106  0.447 + 0.184

C)

HP regression

SR regression

Ants
Beetles
Beeflies
Butterflies
Hoverflies
LargeBees
SmallBees
Wasps
Others

-0.028 (0.868)

-0.349 (1.9*107°)
0.203 (0.262)

0.33 (0.116)
0.493 (0.143
0.346 (0.071
0.094 (0.551
1.869 (0.077
0.421 (0.032

)
)
)
)
)

0.176 (0.234
0.370 (0.115
0.216 (0.109
-0.004 (0.973)
1.582 (0.03)

0.143 (0.308)

0.002 (0.985

-0.012 (0.918)

-0.144 (0.02)

)
)
)
)

Tabla 5.4: Summary of pollinator assemblages. A) Mean and standard de-
viation of visit frequencies of each functional group at large (all
sampled populations), medium (Sierra Nevada), and short (El
Dornajo) spatial scales, as well as for northern and southern po-
pulations. Significant differences between northern and southern
mean values (according to Wilcoxon test) are shown in bold. B)
Mean and standard deviation of Species Richness, Hurlbert’s PIE,
and Functional Group Dominance estimated in the same groups
of populations. C) Slope and p-value (in brackets) of lineal re-
gressions performed between either Hurlbert’s PIE or Species Ri-
chness and the frequency of each functional group. Significant
correlations after Bonferroni correction are shown in bold.
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A) All diploid Sierra Nevada  Dornajo
Among populations  10.46 6.34 4.53
Whithin populations  89.54 93.66 95.47
Fst(p-val) 0.105 (<0.00001)  0.063 (<0.00001) 0.045 (<0.00001)

B) ALL S. Nevada Dornajo
Stalk diameter 14.41 11.45 8.31
Stalk height 40.51 42.51 32.98
Corolla diameter 27.77 29.31 10.29
Cororolla width 17.81 12.60 10.94
Corolla length 25.23 25.82 9.36
Flower number 20.04 15.55 15.13
RW1 10.94 6.51 1.44
RW2 4.95 3.62 1.51
RW3 9.80 8.24 1.71
RW34 20.49 12.40 10.64
MEAN 19.20 16.80 10.23

Tabla 5.5: Variance partition analyses. A) Within and among populations
genetic variation components for the three spatial scales: large
(all the diploid populations studied), medium (Sierra Nevada),
and short (El Dornajo). For each scale, fixation index (FST) and
its p-value are also shown. B) Percentage of variance explained
among populations for each phenotypic trait at large (all the stu-
died populations), medium (Sierra Nevada), and short (El Dorna-
jo) spatial scales. For phenotypic traits, the residual component
of each trait may be estimated as the difference to 100.

Geographic partition of variance

Most of the genetic variance (between go and 96 %) was present
at within population level independently of the spatial scale asses-
sed, and the among population genetic variance was consistently
low (4 to 10 %; Table 5.5). Contrasting with the low variation found
among populations, AMOVA results showed significant levels of ge-
netic structure regardless the spatial scale considered (Fst values
range from 0.045 to 0.105, p<0.0001 in all cases; Table 5.5A).
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At the large spatial scale, an average of 19 % of the total phenotypic
variance was found among populations (mean = 19 %; range 5-41 %;
Table 5.5B), being lower at the shortest spatial scale (Dornajo popula-
tions, mean = 10 %; range = 1-33 %; Table 5.5B). Stalk height was the
trait showing the highest among populations variance, while corolla
shape components showed the lowest values (Table 5.5B).

Spatial analyses

Allelic richness showed significant positive correlation with popu-
lation altitude after Bonferroni correction regardless the spatial scale
considered (p < 0.003; Table 5.6A). The number of alleles per locus
also showed a significant correlation with altitude, maintained after
Bonferroni correction at large and medium scales (p = 0.002 in both
cases) and marginal for short spatial scales (p = 0.033; Table 5.6A).
Stalk height significantly decreased with population altitude at all
large, medium, and short spatial scales (p<o0.002, Table 5.6C) even af-
ter Bonferroni correction. Although Hurlbert’s PIE marginal positive
correlations with altitude were maintained at the three spatial scales
(p<0.085, Table 5.6B), altitude showed no significant effect on either
diversity, abundance, and dominance of insect visiting E. mediohispa-
nicum (Table 5.6B).

Genetic distances between populations (measured as Dst harmo-
nic mean values) positively co-varied with geographic distances. Sig-
nificant results were maintained after Bonferroni correction at large
(r = 0.57; p = 0.0026) and medium scale (r = 0.37; p = 0.0078, Ta-
ble 5.7A), and marginally significant for short spatial scale (r=0.42,
p=0.029). Rg also showed a significant spatial autocorrelation pattern
at short spatial scale (r = 0.77; p = 0.03).

Among the phenotypic traits (Table 5.7C), corolla shape showed
the most consistent geographic pattern, with significant autocorrela-
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5. Pollinators, genetic diversity and geography

A)

B)

C)

Tabla 5.6: Spatial autoregressive model results for altitude and the diffe-
rent datasets described in this study. For each geographic scale,
regression slope and p-value (in brackets) are provided for A)
genetic indices (allelic richness, Rs; number of alleles per locus,
Na; expected heterozygosity Hs; observed heterozygosity, Hp;
and inbreeding coefficient Fis), B) pollinator assemblage (Species
richness, Hurlbert’s PIE, and functional group dominance), and
C) phenotypic traits (stalk diameter, stalk height, corolla diame-
ter, corolla tube width, corolla tube length, and the first four RW).
Bold values represent significant correlations after Bonferroni co-
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Diploid

Sierra Nevada

Dornajo

0.002 (0.003)
0.002 (0.002)
<0.001 (0.305)
<0.001 (0.118)

<0.001 (0.230)

0.004 (<0.001)
0.002 (0.002)

<0.001 (0.159)
<0.001 (0.144)

<0.001 (0.491)

0.005 (<0.001)
0.002 (0.032)

<0.001 (0.673)
<0.001 (0.123)

<0.001 (0.217)

All

Sierra Nevada

Dornajo

Species Richness

Hulbert’s PIE

Dominance GF

0.004 (0.170)
<0.001 (0.062)

<0.001 (0.310)

0.011 (0.128)
<0.001 (0.085)

<0.001 (0.425)

0.012 (0.264)
<0.001 (0.069)

<0.001 (0.063)

All

Sierra Nevada

Dornajo

Stalk diameter
Stalk height

Number of flowers

Corolla diameter

Corolla width
Corolla length
RW1
RW2
RW3
RWy

<0.001 (0.233)
-0.001 (<0.001)
<0.001 (0.528)
<0.001 (0.381)
<0.001 (0.751)

<0.001 (0.772)

<0.001 (0.244)

(

(

(

<0.001 (0.476)

(

<0.001 (0.440)
(

<0.001 (0.055)

<0.001 (0.469)
-0.001 (<0.0001)
<0.001 (0.628)
-0.002 (0.296)
<0.001 (0.675)
-0.002 (0.091)
<0.001 (0.821)
<0.001 (0.020)

<0.001 (0.454)
<0.001 (0.213)

<0.001 (0.759)
-0.001 (0.002)
<0.001 (0.557)
<0.001 (0.997)
<0.001 (0.864)
<0.001 (0.524)
<0.001 (0.455)
<0.001 (0.140)
<0.001 (0.405)

<0.001 (0.032)

rrection.
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tion at large and medium scales (r = 0.24; p = 0.0002 and r = 0.74; p
= 0.0001, respectively). Corolla tube width showed significant corre-
lations at large scales (r = 0.26; p = 0.0005), whereas corolla diameter
were significantly correlated to geographic distances at medium spa-
tial scales (r = 0.36; p = 0.0004).

Regarding pollinator assemblage, closer populations were more si-
milar in number of visits for each functional group at large scale (r =
0.15; p = 0.04), but not at medium (r = -0.01; p = 0.5) and short (r =
0.10; p = 0.3) spatial scales. Mantel tests showed no significant corre-
lation between other pollinator variables (diversity, abundance, and
dominance) and spatial distances at any geographic scale (p>o0.01;
Table 5.7B).

Relationships among genetic diversity, pollinator diversity and plant phe-
notype.

For mean phenotypic traits, the full model (model 1; Fig.5.2A) was
the best structural model tested (BIC = 250; Fig.5.6A) despite it did
not fit the observed variance-covariance matrix (p <0.0001). Accor-
ding to this model, pollinator diversity (measured as Hurlbert’s PIE)
was significantly affected by corolla shape (see Tables 5.54 and 5.55
for details). Specifically, the correlation was negative for RW3 and po-
sitive for RW4, meaning that flowers represented by left petal asym-
metry (negative RW3) and rounder corollas (positive RWy; Fig.5.51)
were visited by a more diverse assemblage of insect species. The
model also showed that larger plants produced larger flowers, and
genetic diversity had not significant effect on mean values of any of
the three phenotypic components (corolla size, plant size, and coro-
lla shape). Finally, a significant positive relationship exists between
pollinator diversity and genetic diversity (Fig.5.6A; Tables 5.54 and

5.55).
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5. Pollinators, genetic diversity and geography

A)

Diploid

Sierra Nevada

Dornajo

Rs -0.09 (0.8202) 0.05 (0.3059) 0.77 (0.0024)
Na 0.09 (0.1818)  0.15 (0.1255) 0.56 (0.0650)
Hs 0.15 (0.1483)  0.08 (0.2428) 0.42 (0.0328)
Ho 0.20 (0.0852)  0.10 (0.2116) 0.49 (0.0663)
Fis 0.07 (0.2500)  0.04 (0.3341) 0.30 (0.0992)
Dst 0.57 (0.0026)  0.37 (0.0078) 0.42 (0.0289)

B)

All

Sierra Nevada

Dornajo

Species Reachness

Hulbert’s PIE

Dominance

0.01 (0.3048)
-0.08 (0.8646)
-0.09 (0.8791)

-0.13 (0.8365)
-0.15 (0.9102)

-0.08 (0.7299)

0.69 (0.0188)

0.73 (0.1002)

0.63 (0.0929)

Sierra Nevada
0.05 (0.3109)
0.25 (0.0369)

0.00 (0.4703)
0.36 (0.0004)

C) All

Stalk diameter 0.14 (0.0184)
Plant height
Number of flowers

Dornajo

0.17 (0.1776)
0.64 (0.0102)
0.13 (0.2237)
0.44 (0.0032)

-0.02 (0.5884)
0.09 (0.0866)

Corolla diameter 0.10 (0.0330)

Corolla width 0.26 (0.0005)  0.20 (0.0451) 0.12 (0.2984)
Corolla length 0.09 (0.0653)  0.19 (0.0355) 0.35 (0.1297)
Corolla shape 0.24 (0.0002)  0.74 (0.0001) 0.50 (0.0583)

Tabla 5.7: Mantel test results. For each geographic scale, correlation and p
values (in brackets) are provided for A) genetic indices (allelic ri-
chness, Rg; number of alleles per locus, N 4 ; expected heterozygo-
sity Hg; observed heterozygosity, Hp; and inbreeding coefficient
F1s; and genetic distances, DsT) and pollinator diversity (Hurl-
bert’s PIE), B) pollinator assemblage (Species richness, Hurlbert’s
PIE, and functional group dominance), C) phenotypic traits (stalk
diameter, stalk height, corolla diameter, corolla tube width, co-
rolla tube length, and the first four RW). Bold values represent
significant correlations after Bonferroni correction.
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) BIC = 250.0 p= 3.78*10-5
AIC = 198.2 N=25
Corolla Number of
diameter flowers

Corolla Stalk
tube width height

Corolla Stalk
tube length diameter

) BIC =192.5 p= 0.295
AIC =144.9 N=25
Corolla o & Number of
diameter <§50, . flowers
7
Corolla |[g1:0. Flower Stalk
tube width | @e-2) height
Corolla . Stalk
tube length diameter

. 05£02
Genetic (4e-02)

Diversity

850

A
2

2
Hurlbert's
Pie

Figura 5.6: A) Best structural model obtained for mean phenotypic trait va-
lues. B) Best structural model obtained for standard deviations
of phenotypic traits. For each model we also provide coefficients,
standard errors, and p-values (in brackets) for significant paths
(for full results see Tables 5.54 and 5.55). Bayesian and Akaike
information criteria, significance of the model, and sample size
(N) are also shown. White boxes represent mean values and grey
boxes, standard deviations. Black circles represent latent varia-
bles. Black, grey, solid and dashed arrows represent significant,
no significant, positive and negative relationships, respectively.
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For the phenotypic variability, the model showing no relationships
among the phenotypic latent variables (model 3) was the best one
(BIC = 192.5; Fig.5.6B). This model showed no significant differences
with the observed variance-covariance matrix (p = 0.295) and con-
firmed the significant positive relationship between pollinator and
genetic diversities (Fig.5.6B; Tables 5.54 and 5.55). Genetic diversity
was also positively related to variation in corolla shape, which also
was negatively related to pollinator diversity. Consequently, genetic
diversity showed two effects on pollinator diversity, one direct posi-
tive effect and another, negative, mediated by corolla shape variation
(Fig.5.6B).

DISCUSSION
Phenotypic variation

Despite the wide geographic range covered by the studied popu-
lations, most of the variation in phenotypic traits was found within
population (Table 5.5B). Although high intra-population variation is
typically found for neutral characters (Orr, 1998), previous studies
on E. mediohispanicum have shown that most of the traits measured
in this study are not selectively neutral. For example, corolla size and
shape are related to pollen and nectar production, and pollinators are
able to discriminate between them and show preference patterns (G6-
mez et al., 2008b,a). Therefore, we have found high intra-population
variation in traits under selection. This is somewhat counter-intuitive,
because directional selection is expected to deplete variation (Walsh
and Blows, 2009). A combination of three possible reasons may ex-
plain these results: low heritability of some traits, the generalist polli-
nator system of E. mediohispanicum, and the existence of correlational
selection.
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Irrespective of the strength of the selection acting on floral traits,
low heritability could contribute to maintain high intra-population
variability (Conner et al., 2003). To properly discuss the relationship
between trait variation and heritability it would be necessary to quan-
tify it on every single population (Falconer, 1981) and this was not
possible in our study. Despite these limitations, we have previously
demonstrated that several traits showed significant heritability in a
subset of the population studied in this Thesis (Gémez et al., 2009b).

High intra-population variation could also be maintained by the
existence of a diverse assemblage of flower visitors differing in floral
preferences, foraging behavior, and pollinating effectiveness (Aigner,
2001; Gémez, ]J. M. and Zamora, R., 2006; Siepielski and Benkman,
2010). Due to this pollinator diversity, selective pressures acting on
E. mediohispanicum are also diverse Gomez et al. (2009) and, conse-
quently, high phenotypic variability can be maintained in natural
populations.

Finally, intra-population variation in single traits despite the oc-
currence of strong selection may also be a consequence of selection
acting on a combination of traits via correlational selection and the
occurrence of genetic constraints (Hunt et al., 2007; Walsh and Blows,
2009). Under this perspective, we have found in E. mediohispanicum
that genetic correlation is strong amongst most phenotypic traits (G6-
mez et al., 2009b), and correlational selection between some traits
may also occur (Gémez et al., 2006).

Genetic diversity

The amount of genetic variation within and among populations
in a plant species strongly depend on intrinsic factors (such as mi-
gration rates or mating system) and extrinsic factors (such as en-

vironment or evolutionary history; Gomez-Gémez et al., 2012). In
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E. mediohispanicum, almost all the genetic variation was found wit-
hin populations (Table 5.5A), as is characteristic of insect pollinated
plant species showing wide distribution and low self-fertilization le-
vels (Hamrick and Loveless, 1986; Schoen and Brown, 1991; Celka
et al., 2010).

All the studied populations showed less heterozygotic individuals
than expected and almost all the observed HWE departures per loci
and population were due to heterozygote deficit (positive Fis values;
Table 5.53). Inbreeding is the usual cause for heterozygote deficit, but
the estimated selfing rate value was also low (averaged S = 0.042),
suggesting that contribution of autogamous seeds to E. mediohispani-
cum natural populations is negligible. Additionally, we have found
high levels of genetic variation in E. mediohispanicum populations
according to the extremely large number of multilocus genotypes
found and the high value of expected heterozygosities.

Pollinator preferences for specific plant phenotypes also may pro-
duce an increase in mating frequency among related individual plants
(Abdelaziz, 2013 and references therein), although generalist pollina-
tion interactions will contribute to reduce this structured network
of mating (Gémez et al., 2011). Finally, allelic dropout (that is, the
PCR amplification failure of one out of the two alleles present in he-
terozygous individuals) yield a spurious increase of the homozygote
frequency (Wang et al., 2012). Although autogamy seems unlikely,
particular studies focused on allelic drop out and population sub-
division by assortative mating are needed to elucidate their relative
contributions to the observed pattern in E. mediohispanicum.

Genetic differentiation and geographic patterns

E. mediohispanicum showed well-differentiated populations accor-
ding to AMOVA results (significant Fst values, Tabla 5.5A). Nevert-
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heless, the magnitude of Fst found for E. mediohispanicum (0.045-
0.105) was lower than for other plant species with similar life form
(0.31), geographic range (0.28), breading system (0.22), and seed dis-
persal mode (0.34) (Nybom, 2004).

We found significant correlation between geographic distance and
genetic distance (measured as Dst; Table 5.7A), indicating the oc-
currence of isolation by distance. Using other statistical techniques,
such as Bayesian clustering and principal component analyses, we
found strong genetic differentiation mostly among areas (i.e., Ara-
gon, Sierra de Cazorla, Sierra Espufia, and Sierra Nevada; Fig.5.4).
These results suggest the existence of differentiation associated to se-
parated mountain ranges. It also suggest that within mountain range
gene flow is frequent. Altogether, this outcome hinders the ability of
discerning different lineages at medium and short spatial scales. Si-
milar patterns have been found in other Iberian genera, for example
the genus Armeria (Fuertes-Aguilar et al., 2011).

Genetic distance between populations was not monotonically rela-
ted with geographic distances. Higher genetic distances were found
among populations sampled in Sierra de Cazorla and Sierra Neva-
da than among populations from Sierra Nevada and Aragén, as ex-
pected geographically. This result may be consequence of historical
colonization during glacial and interglacial periods (e.g. Kropf et al.,
2006, 2008; Kramp et al., 2009), suggesting a late colonization of Sie-
rra de Cazorla from northern populations (Chapters 6 and 7). The
fact that, contrary to previously described (Nieto-Feliner, 1993), most
of Sierra de Cazorla populations were composed by polyploid indi-
viduals (Fig.5.1 and Table 5.51) may also reinforce this idea, suppor-
ting the colonization of these mountains from northern polyploid po-
pulations instead of from closer Sierra Nevada diploid populations
(Chapters 6 and 7). These results are compatible with the inferred E.
mediohispanicum colonization paths, suggesting that the species occu-
rred into two isolated focuses during certain geological times, one
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in the north and other in the south of the Peninsula. The existence
of multiple refuges have been described for other plant species wit-
hin the Iberian Peninsula (Olalde et al., 2002; Gémez and Lunt, 2007;
Feliner, 2011; Beatty and Provan, 2012) (Chapters 6 and 7).

We have found significant effect of population geographic distan-
ce at large scale not only on genetic distances (Table 5.7A), but also
on flower size, and corolla shape traits (tables 5.7C and 5.3). More
specific studies are required to establish the main factors influencing
these patterns in E. mediohispanicum, but limited dispersion, the evo-
lutionary history of populations, and selective pressures (e.g., tem-
perature) have been previously postulated to influence these associa-
tions (Hu et al., 2006; Kunin et al., 2009). The lack of spatial patterns
on plant size traits at any spatial scale (Tables 5.7C and 5.3) may be
due to their higher dependence to micro-environmental conditions
which lead to rapid divergence of related populations living in diffe-
rent locations (Pélabon et al., 2011). The existence of spatial patterns
is doubtful for the number of pollinator functional group visits (r =
0.15; p = 0.04) and negligible for pollinator diversity (Tables 5.6B and

5.7B).

The influence of space on E. mediohispanicum phenotype and ge-
notype is not limited to geographic distances. Population altitude
had a strong effect on plant height in the sense that higher plants
were found in populations located at lower altitudes. We have also
found a positive correlation between population altitude and genetic
diversity (measured as Rs and Na). In both cases, significant corre-
lations found at large geographic scale were maintained at medium
and short spatial scales (Table 5.7). Consequently, population altitu-
de seems to affect both genetic diversity and mean phenotypic traits
more consistently (i.e. regardless the spatial scale considered) than

geographic distances.
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The effect of population altitude on both phenotypic traits and
genetic diversity has been widely studied. Whereas a negative co-
rrelation between plant height and population altitude has been fre-
quently found in different species and environments (Moles et al,,
2009), the effect of population altitude on genetic diversity is highly
system dependent. Four almost equally represented patterns have
been reported (Ohsawa and Ide, 2008), including the lack of any sig-
nificant correlation, the existence of either positive or negative co-
rrelations, and the existence of higher diversities in medium than in
extreme altitudes. According to Ohsawa and Ide (2008), an increase
in genetic diversity with elevation is more frequent in herbaceous
species (such as E. mediohispanicum). These authors also reviewed
possible factors accounting for altitudinal gradients, such as high
mutation rate at high altitude due to higher levels of ultraviolet-B
radiation (Li et al., 1997), the decrease of human activities with altitu-
de (Wen and Hsiao, 2001), the existence of interspecific hybridization
(Maghuly et al., 2006), the particular history of colonization (Ohsa-
wa et al.,, 2007) or adaptation to different environments (Gamperle
and Schneller, 2002). Specific studies are also needed to account for
the importance of these factors in the observed altitudinal patterns
at different spatial scales in E. mediohispanicum.

Is genetic diversity mediating the diversity of interactions?

Our resuts suggest that plant phenotypic trait variation is more im-
portant than phenotypic trait mean values to explain the pollinator
diversity in a given population (see best models p-value, Fig.5.6). We
have also found that populations with larger phenotypic variation
were more diverse in floral visitors. Additionally, populations sho-
wing more genetic diversity (measured using neutral markers) were
also more variable in corolla shape and visited by a more diverse
pollinator assemblage (Fig.5.6).
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Remarkably, we have also found that populations with lower co-
rolla shape variation are more diverse in pollinators (measured as
Hurlbert’s PIE) than populations showing more corolla shape varia-
tion (Fig.5.6B). This is a surprising result because it could be expec-
ted that increasing the variation of corolla shape will also increase
the probability of interaction with pollinators showing different co-
rolla shape preferences (Aigner, 2001; Gémez, . M. and Zamora, R.,
2006; Gémez et al., 2008b,a). However, the observed negative corre-
lation between beetles and Hurlbert’s PIE (Table 5.4C) may produce
a decrease in pollinator diversity as shape diversity increases. This
negative correlation is consequence of the particular foraging pat-
tern of beetles, which usually spend long time in the same flower,
dissuading other pollinator species to visit these flowers (authors’
personal observation). These findings, allow us to hypothesize that
populations with more variation in corolla shape probably attract
more pollinators, including more beetles which reduce the visitation
frequency of other functional groups. According to that, an increase
on corolla diversity may result in the observed increase of beetles
(which is the most abundant functional group with more than 30 %
of total visits) and the consequent decrease of Hurlbert’s PIE values.
Our SEM analyses did not allow us to test this hypothesis because
of the high number of variables needed given the actual sample si-
ze (N=25). Poor models are yielded when the number of visits per
functional group is connected to a latent variable (called Pollinator
Identity) for both mean (BIC=429; p < 0.0001) and standard devia-
tion (BIC=400; p <0.0001) values of plant phenotypic traits (Fig.5.54A
and 5.54B, respectively). Over-parametrization is evident when the
number of variables is reduced (Fig 5.54C), by decreasing BIC and
increasing p-values (compare Fig.5.54B and 5.54C). For this reason,
we performed SEM analyses using the minimum number of studied
variables yielding the maximum amount of information.
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Discussion

Taken together, our data suggest the influence of genotypic and
phenotypic variation on the diversity of insects visiting E. mediohispa-
nicum flowers. Corolla shape seems to be more important than flower
size and plant size traits for this interaction, which is complex due to
the large number of pollinators visiting this species and the putative
negative interactions between some functional groups. Our findings
highlight the importance of phenotypic diversity on pollinator varia-
bility, even in plant species with generalist pollination systems.
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Supplementary information

Tabla 5.51: Description of all populations sampled for this study, providing
information about location (sampling area, and region), ploidy
(estimated according to the number of alleles per individuals),
number of genotyped individuals, number of studied genoty-
ped individuals (diploid individuals showing 30 % or less mis-
sing data), number of flower visitor contacts, and number of
phenotype measured individuals.

Population Sampling area Locality Ploidy # Genotyped # Analysed # Pollinator # Individuals
code individuals  individuals visits Phenotype
Emo1 Dornajo South Diploid 15 15 222 196
Emoz2 Dornajo South Diploid 15 15 332 193
Emo3 Cortijuela South Diploid 15 15 263 60
Emoyg Cortijuela South Diploid 14 14 296 660
Emos S.Cazorla South Polyploid 15 - 213 60
Emo6 S.Cazorla South Polyploid 15 - 206 60
Emoy Cortijuela South Diploid 15 15 274 60
Emo8 Dornajo South Diploid 15 12 141 198
Emog Dornajo South Diploid 15 11 158 51
Emio Cortijuela South Diploid 15 15 204 60
Emi1 Cortijuela South Diploid 14 13 108 60
Emi2 S.Cazorla South Polyploid 15 - 209 60
Em13 S.Cazorla South Polyploid 15 - 22 60
Em14 S.Cazorla South Polyploid 15 - 202 60
Emis S.Cazorla South Polyploid 15 - 218 60
Emi6 S.Cazorla South Diploid 15 15 45 35
Em1y Dornajo South Diploid 15 15 202 230
Em18 South S.Nevada South Diploid 15 15 126 47
Emig Cortijuela South Diploid 15 15 42 61
Em20 Cortijuela South Diploid 15 15 209 53
Em21 Dornajo South Diploid 15 15 89 164
Em22 Dornajo South Diploid 15 15 139 169
Ema23 Dornajo South Diploid 15 15 125 166
Em24 Dornajo South Diploid 15 15 152 150
Ema2s Dornajo South Diploid 15 15 142 332
Ema26 S.Cazorla South Diploid 14 14 145 46
Ema27 South S.Nevada South Diploid 15 14 287 60
Em28 South S.Nevada South Diploid 15 15 214 60
Em2g9 South S.Nevada South Diploid 15 15 188 120
Em3o South S.Nevada South Unknown - - - 15
Em31 Lérida North Polyploid 15 - 212 30
Em32 Lérida North  Polyploid 10 - 7 12
Em33 Guadalajara-Soria  North Polyploid 15 - 173 90
Em3gq Guadalajara-Soria  North Polyploid 15 - 72 60
Em3s Guadalajara-Soria North ~ Polyploid 15 - - 60
Em36 Cortijuela South Diploid 15 15 216 30
Em3y Dornajo South Diploid 15 15 163 30
Em38 South S.Nevada South Diploid 15 15 222 90
Em3g S.Nevada South Diploid 18 15 64 30
Emgo South S.Nevada South Diploid 15 15 324 90
Emg1 Lérida North Polyploid 15 - 197 30
Emyg2 Lérida North Polyploid 15 - 190 30
Emy3 Lérida North Polyploid 15 - 248 30
Emyq Lérida North Polyploid 11 - 244 30
Emys Guadalajara-Soria North ~ Polyploid 15 - - 60
Emy6 Guadalajara-Soria  North Polyploid 15 - 234 60
Emyy Guadalajara-Soria North ~ Polyploid 14 - 2 60
Emy8 Guadalajara-Soria North ~ Polyploid 15 - 20 60
Emy9 Guadalajara-Soria North ~ Polyploid 15 - 223 60
Emso Guadalajara-Soria  North Polyploid 15 - 117 65
Ems1 S.Espufia South Diploid 15 14 219 30
Ems2 S.Cazorla South Diploid 15 14 69 30
Ems3 Aragon North Diploid 14 14 - 14
Emsg4 Aragon North Unknown - - - 60
Emss5 Aragon North Diploid 15 15 - 60
Ems6 Aragén North  Unknown - - - 60
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Tabla 5.52: Percentage of variance explained by relative warps (RWs) de-
fining E. mediohispanicum flower shape. Values for individual
variance (variance explained by each RW: Ind Var) and cumu-
lative variance (variance explained by summing individual RW
variances: Cum Var) are shown.

RW Ind Var Cum Var RW Ind Var Cum Var

1 36.13 36.13 31 0.21 96.77
2 17.00 53.13 32 0.21 96.98
3 9.32 62.45 33 021 97.19
4 8.73 71.18 34  0.20 97.39
5 333 74.51 35 017 97.56
6 2.78 77.29 36 0.17 97.73
7 2.60 79.89 37  0.16 97.89
8 1.97 81.86 38  0.16 98.05
9 1.80 83.66 39  0.15 98.2
10 1.60 85.26 40  0.14 98.34
11 1.47 86.73 41 0.13 98.47
12 1.25 87.98 42 0.13 98.6
13 1.00 88.98 43  0.13 98.73
14 078 89.76 44  0.11 98.84
15 077 90.53 45 011 98.95
16 0.72 91.25 46  o0.10 99.05
17 0.64 91.89 47  0.10 99.15
18 058 92.47 48  0.09 99.24
19  0.45 92.92 49  0.08 99.32
20 043 93-35 50 0.09 99-41
21 039 93.74 51 0.08 99-49
22 038 94.12 52 0.08 99.57
23 037 94-49 53  0.07 99.64
24 034 94.83 54  0.07 99.71
25 033 95.16 55  0.07 99.78
26 031 95.47 56  0.06 99.84
27 029 95.76 57  0.05 9989
28  0.29 96.05 58  0.04 99.93
29  0.26 96.31 59  0.04 99.97
30  0.25 96.56 60  0.03 100.00
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Tabla 5.53: Hardy-Weinberg equilibrium departure for each loci and popu-
lation. Lower heterozygosity than expected is represented by mi-
nus symbol (-) while the excess of homozygotes is represented
by plus symbol (+). “M” represents monomorphic loci in a gi-
ven population. The number of loci significantly departured per
population and the number of populations significantly depar-
tured per locus are also shown.

Cs5 D2 D4 Dio Dii1 E3 E4 E5 E6 E8 Total
Emo1 - - 2

Emo2 - - -
Emos

= O W

Emog -
Emoy - - - -
Emo8 - -
Emog - M M -
Emio M -
Emi11 - -
Em16 - -
Emiy - -
Emi8 - - -
Emig - -

= NN B

N W N N DN

Em2o -

[

Em21 - -
Em22 - - -
Em23 M -
Em24 - - -

H W N

Ema25 - - -

Em26 - -
Em27 - - -
Em?28 - - -

Em2g - - -
Em36 - - - -

N B W W W N W W

Em37 - -
Em38 -

[

Em39 -

[

Emgo -

[

Ems1  + - M
Ems2 - - M
Ems3 - -

+~ N N N

Ems5 + - M - -

Total 5 11 3 2 2 4 11 6 3 22
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Tabla 5.54: Best structural models obtained for phenotypic mean, corres-
ponding to Model1 in Fig.5.53. For each coefficient we provide
its description, the estimated value, the standard error, the z va-
lue, and the p value.

Best model for standard deviation trait values (MODEL 1)

Coefficient Estimate Std Error  z value Pr(>1zl)

RsMean <— Div.Gen 1.2836e+00 0.18738956 6.849649  7.4031e-12
HoMean <— Div.Gen 1.5652e-02  0.00949531 1.648346  9.9282e-02
NaMean <— Div.Gen 6.7430e-01  0.13552389 4.975508  6.5077e-07
cor.length <— Fl.Size 5.6723e-01  0.0989424  5.732931  9.8710e-09
coro.width <— Fl.Size 8.9836e-02  0.04581784 1.960720  4.9912e-02
cor.diam <— Fl.Size 7.2734€-01  0.12767288 5.696867  1.2203e-08
logFlowers <— PL.Size 3.0025€-01  0.05294413 5.670978  1.4198e-08
logHeight <— P1.Size 2.3896e-02  0.06459794 0.369918  7.1144€-01
logDiamStalk <— PL.Size 1.2544€-01  0.02038286 6.154189  7.5462e-10
RW1.30 <— Fl.Shape -7.7694€-03  0.00467414 -1.662206 9.6471e-02
RW2.30 <— Fl.Shape 2.0077€-03  0.0024046  0.834946  4.0375e-01
RW3.30 <— Fl.Shape -5.3444€-03 0.00214685 -2.489414 1.2795e-02
RW4.30 <— Fl.Shape 1.0492€-02  0.00435031 2.411818  1.5873e-02
FL.Size <— Div.Gen -4.6383e-01  0.23726792 -1.954871 5.0598e-02
PLSize <— Div.Gen -2.4536e-01  0.20354233 -1.205459 2.2803€-01
Fl.Shape <— Div.Gen 1.8789e-01  0.35309396 0.532132  5.9463e-01
HP <— Div.Gen 8.5186e-02  0.03114898 2.734793  6.2419e-03
HP <— Fl.Size -6.2258e¢-02  0.06373901 -0.976758  3.2869e-01
HP <— Fl.Shape 6.6624€-02  0.03261657 2.042637  4.1088e-02
HP <— PLSize 1.0517e-01  0.05651111 1.861080  6.2733€-02
F1.Size <— Pl.Size 9.8373e-01  0.31369764 3.135931 1.7131e-03
Fl.Shape <— P1.Size -7.5038e-01  0.59885673 -1.253013 2.1020e-01
Fl.Shape <— Fl.Size 1.1624€+00 0.59624913 1.949548  5.1230e-02
logDiamStalk <—> logDiamStalk 2.8538e-03  0.00193607 1.474029  1.4047€-01
logHeight <—> logHeight 1.1712e-01  0.03077186 3.806061  1.4120e-04
cor.diam <—> cor.diam 1.6182e-01  0.08630545 1.875003  6.0792e-02
coro.width <—> coro.width 1.2897e-01  0.03412296 3.779467  1.5716e-04
corlength <—> cor.length 7.9264€-02  0.05017265 1.579815  1.1415€-01
logFlowers <—> logFlowers 2.9816e-02  0.01288192 2.314577  2.0636e-02
RW1.30 <—> RW1.30 9.8497€-04  0.00026918 3.659185  2.5302e-04
RW2.30 <—> RW2.30 3.4181€-04  0.00009043 3.779764  1.5698e-04
RW3.30 <—> RW3.30 6.4185€-05  0.00002546 2.521050  1.1701€-02
RW4.30 <—> RW4.30 4.1190e-04  0.00013273 3.103393  1.9132€-03
RsMean <—> RsMean 1.1570e-02  0.2039514  0.056728  9.5476e-01
HoMean <—> HoMean 2.4502€-03  0.00064456 3.801384  1.4389e-04
NaMean <—> NaMean 2.5470e-01  0.08744653 2.912665  3.5836€-03
HP <—> HP 7.2110€-03  0.00424622 1.698222  8.9466e-02
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Tabla 5.55: Best structural models obtained for phenotypic standard devia-
tion, corresponding to Model3 in Fig.5.53. For each coefficient
we provide its description, the estimated value, the standard
error, the z value, and the p value.

Best model for standard deviation trait values (MODEL 3)

Coefficient Estimate Std Error  z value Pr(>1zl)

RsMean <— Div.Gen 1.2543e+00 1.8307e-01 6.85154 7.3060e-12
HoMean <— Div.Gen 1.6050e-02  9.6161e-03 1.66908  9.5101€-02
NaMean <— Div.Gen 6.9148e-01  1.3145€-01 5.26032  1.4381e-07
cor.length <— F1.Size 6.9704€-02  3.6325e-02 1.91891  5.4996€-02
coro.width <— F1.Size 7.4285€-02  3.6605e-02 2.02936  4.2422e-02
cor.diam <— Fl.Size 2.9918e-01  9.5764e-02 3.12412  1.7834e-03
logFlowers <— P1.Size 4.4807e-02  1.8987e-02 2.35993  1.8279e-02
logHeight <— P1.Size 7.1399e-02  2.2402e-02 3.18723  1.4364e-03
logDiamStalk <— P1.Size 1.6953e-02  8.0625e-03 2.10275  3.5488e-02
RW1.30 <— Fl.Shape 6.2034€-03  2.1142€-03 2.93413  3.3448e-03
RW2.30 <— Fl.Shape 3.6622€-03  1.4040e-03 2.60836  9.0978e-03
RW3.30 <— Fl.Shape 4.8765€-03  9.5296e-04 5.11724  3.1003€-07
RW4.30 <— Fl.Shape 3.1721€-03  1.3446e€-03 2.35915 1.8317e-02
Fl.Size <— Div.Gen -3.3221e-02 1.5969e-01 -0.20804 8.3520e-01
PLSize <— Div.Gen 3.8493e-01  2.2459e-01 1.71388  8.6550e-02
Fl.Shape <— Div.Gen 4.8753€-01  2.4259€-01 2.00967  4.4466e-02
HP <— Div.Gen 1.2837e-01  2.9650e-02 4.32951  1.4944€-05
HP <— Fl.Size 2.2317e-02  1.7307€-02 1.28945 1.9724e-01
HP <— Fl.Shape -1.0594€-01 2.3242€-02 -4.55816 5.1602e-06
HP <— PL.Size -6.0459e-03 1.5793e-02 -0.38283 7.0185e-01
logDiamStalk <—> logDiamStalk  1.7324€-03  4.7939e-04 3.61372  3.0183e-04
logHeight <—> logHeight -1.0238e-03 2.9649e-03 -0.34532 7.2985e-01
cor.diam <—> cor.diam -2.3638e-02 5.5311e-02 -0.42737 6.6911e-01
coro.width <—> coro.width 2.2100e-02  6.6647e-03 3.31589  9.1350e-04
cor.length <—> cor.length 2.3962e-02  6.9008e-03 3.47231  5.1600e-04
logFlowers <—> logFlowers 8.5637€-03  2.5082e-03 3.41432 6.3942e-04
RW1.30 <—> RW1.30 1.1485e-04  3.2125e-05 3.57514  3.5003€-04
RW2.30 <—> RW2.30 5.3055€-05  1.4599e-05 13.63421  2.7883e-04
RW3.30 <—> RW3.30 7.6921e-06  5.3161€-06 1.44695  1.4791e-01
RW4.30 <—> RW4.30 5.0162e-05 1.3664€-05 3.67101  2.4159e-04
RsMean <—> RsMean 8.5737€-02  1.4869e-01 0.57660  5.6421e-01
HoMean <—> HoMean 2.4376e-03  6.4333€-04 3.78901  1.5125e-04
NaMean <—> NaMean 2.3124e-01  7.5625e-02 3.05768  2.2305e-03
HP <—> HP 5.8455€-03  3.2029e-03 1.82505  6.7993e-02
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5. Pollinators, genetic diversity and geography

Figura 5.51: Representation of positive and negative extreme values of the
first four relative warps (RWs) defining flower shape for the
studied diploid populations.
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Figura 5.52: Distribution of values obtained for each trait among all phe-
notype individuals. According to these results, stalk diameter,
stalk height, and number of flowers were log-transformed.
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5. Pollinators, genetic diversity and geography

Figura 5.53: Best structural models obtained for A) mean phenotypic trait
values after including pollinator identity as latent variable, B)
standard deviation of phenotypic traits after including pollina-
tor identity as latent variable, C) standard deviation of phe-
notypic traits after reducing the number of variables tested.
The comparison of BIC and p-values among them and with re-
sults shown in Fig.5.6 confirm the overparametrization of the

model as more variables are included.
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DISPERSAL, ISOLATION, AND REUNION: THE
PHYLOGEOGRAPHY OF ERYSIMUM
MEDIOHISPANICUM IN THE IBERIAN PENINSULA

ABSTRACT

In the present chapter, we explore the phylogeographic pattern
of a Mediterranean herb from the Iberian Peninsula, Erysimum me-
diohispanicum (Brassicaceae), using the highly variable trnL-trnF IGS
cpDNA region. We also include in our analysis five closely related
Erysimum species. The 66 studied populations are grouped into four
genetic lineages, each spanning different geographic areas. Disper-
sal explain better than vicariance the current distribution of linages,
but two alternative colonization pathways are compatible with the
obtained results. The first potential pathway encompasses two colo-
nization events, one from north to south followed by a second one
from south to north. The second pathway encompasses two indepen-
dent north-to-south colonization events. The relationship between E.
mediohispanicum and the other studied Erysimum species can be ex-
plained by two alternative processes. The fist one implies the origin
of the other species from E. mediohispanicum meanwhile this species
was colonizing the Iberian Peninsula. The other scenario involves the
hybridization between E. mediohispanicum and the other already exis-
ting Erysimum species when they contacted. Our study remarks the
complexity of the phylogeographic history of Mediterranean plants.*

A. Jestis Mufoz-Pajares, Mohamed Abdelaziz, M. Belén Herrador, José M. Gémez,
and Francisco Perfectti
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Introduction

INTRODUCTION

During glacial periods, as the north of Europe was covered with
ice, the distribution of species inhabiting this area shifted southward,
spreading into the three major southern Mediterranean peninsulas
(Iberia, Italy, and the Balkans), and even reaching Africa (Hewitt,
2004; Nieto Feliner, 2011). During inter-glacial periods, warmer tem-
peratures lead species to re-colonize central and north Europe from
its southern refugia before re-starting the cycle during the next gla-
cial and inter-glacial periods (Schmitt, 2007; Tzedakis, 2009; Jiménez-
Moreno et al., 2010). Apart from these latitudinal shifts, the mountai-
nous relief of the three Mediterranean peninsulas allowed the exis-
tence of altitudinal shifts on species distributions as a response to cli-
matic changes (Schmitt, 2007; Tzedakis, 2009; Jiménez-Moreno et al.,
2010). As a result, different ranges may have acted as different refu-
gia within each peninsula (Gémez and Lunt, 2007; Médail and Dia-
dema, 2009; Nieto Feliner, 2011; Fuertes-Aguilar et al., 2011), where
species may remain isolated during some periods before coming into
contact during others (Johnsen et al., 2010; Zeng et al., 2011; Singhal
and Moritz, 2012). Consequently, phylogeographic patterns of these
peninsulas are usually complex due to the admixture of previously
isolated lineages but also to the multiple latitudinal and altitudinal
distribution movements, and because species responded individua-
lly to these severe climatic oscillations depending on their particular
requirements, geography, and environment (Hewitt, 2000).

Within the Iberian Peninsula, most of the plant phylogeographic
knowledge is focused on woody species, where two main phylogeo-
graphic patterns have been defined (Arroyo et al., 2004), one corres-
ponding to the Mediterranean forest species and the other typically
found in mountain species. According to the former pattern, species
were isolated in coastal refugia during glacial periods and expan-
ded to the interior of the Peninsula as climate became warmer. The
latter showed altitudinal migration patterns, responding to climate
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6. Erysimum mediohispanicum phylogeography

fluctuation ascending or descending its distribution range. Although
mountain species also showed migration between areas differing in
climate conditions, discordant phylogeographic patterns have been
found among species belonging to the same genus (Stebbins, 1984,
Hillis et al., 1996; Barraclough and Nee, 2001) and among species
showing similar habitats and distributions (e.g., Taberlet et al., 1998;

Vargas, 2003).

In recent years, an increasing number of studies are focused on Ibe-
rian herbs (e.g., Ortiz et al., 2008; Guzmén and Vargas, 2009; Ferndndez-
Mazuecos and Vargas, 2011; Fuertes-Aguilar et al., 2011; Alarcén
et al., 2012; Valtuena et al., 2012; Beatty and Provan, 2012; Vrancken
et al., 2012). Many of these studies suggest the existence of past frag-
mented distributions into multiple glacial refugia. However, most of
these studies have been conducted with plant taxa inhabiting high-
mountain ecosystems and related to temperate or boreo-alpine linea-
ges. Nevertheless, more studies on genuine Mediterranean lineages
are required to establish whether a general phylogeographic pattern
exists for Iberian plant species (Ferndndez-Mazuecos and Vargas,
2010; Migliore et al., 2012; Valtuefa et al., 2012).

Erysimum (Brassicaceae) is a recent genus, showing several pro-
blematic issues in traditional taxonomy due to morphological si-
milarities, probably reflecting rapid speciation processes (Favarger,
1978; Nieto-Feliner, 1993; Abdelaziz et al., 2011). As a consequence
of such taxonomic disagreement, the number of species conforming
the genus is unknown and ranges from 180 to 223 species, depen-
ding on authors (Al-Shehbaz et al., 2006; Warwick and Al-Shehbaz,
2006; Koch and Al-Shehbaz, 2008). Although several species can be
found in north Africa, Macaronesia, and North America, the genus
is mainly distributed in Eurasia (Koch and Al-Shehbaz, 2008) being
the western Mediterranean region an important diversification area
(Greuter et al., 1986). Twenty-two Erysimum species have been descri-
bed in the Iberian Peninsula, being most of them narrow endemisms
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(Nieto-Feliner, 1993). Six out of these twenty-two species (namely,
E. mediohispanicum, E. nevadense, E. merxmuelleri, E. rondae, E. rusci-
nonense, and E. gomezcampoi) are considered as microspecies confor-
ming the E. nevadense complex (Nieto-Feliner, 1993). E. mediohispa-
nicum is the most widespread Erysimum species in the Iberian Pe-
ninsula, being distributed in two main areas, one in the north-east
and other in the south-east (Nieto-Feliner, 1993) (Fig.6.1). Inferring
relationships among populations of such E. nevadense species is hin-
dered by their recent origin and consequent low differentiation, and
by the existence of among species contact areas (Fig. 1.2 en la pagi-
na 47), where hybridization can occur (Clot, 1991). Consequently, it is
usual to find individuals (and even entire populations) showing pro-
blematic taxonomic diagnostic traits, particularly in sympatry areas
(Nieto-Feliner, 1993; Clot, 1991). An additional factor hindering the
establishment of relationships among these species using nuclear
markers is the different ploidy level. Chromosome number varies
among species (2n = 14 for E. nevadense, E. merxmuelleri, E. gomezcam-
poi, and E. ruscinonense, 2n = 26-28 for E. mediohispanicum and 2n =
28 for E. rondae) and within species (2n = 26 for western E. ruscino-
nense populations, and 2n = 14 for the southernmost E. mediohispani-
cum populations; Nieto-Feliner, 1993; Clot, 1991; Chapter 5). Using
organelle markers would allow direct comparison among all these
species, regardless ploidy levels.

Neutral chloroplast DNA (cpDNA) polymorphisms are more po-
werful than nuclear polymorphisms to resolve plant population evo-
lutionary histories (Hamilton et al., 2003). One of the most commonly
used cpDNA markers is the region encompassing the transfer genes
for leucine (trnL) and phenylalanine (trnF) (Stuessy, 2009). These two
genes are separated by an intergenic sequence (IGS), showing pseu-
dogenes of the functional trnF in some plant species (Fig. 4.1 en la
pagina 126). Moreover, in several clades (particularly in Brassicaceae)
this IGS shows polymorphism in the number of pseudogenes not
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Figura 6.1: Location of the 66 studied populations and sampling areas defi-
nitions (L: Lérida; A: Aragén; GS: Guadalajara-Soria; SE: Sierra
Espuiia; SC: Sierra de Cazorla, Segura and Guillimona; SN: Sie-

rra Nevada).
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Material and methods

only among species, but also within and among populations of the
same species. For these reason, the region is being used to infer phy-
logeographic relationships (Koch et al., 2008; Tedder et al., 2010). We
used the sequence length polymorphism to establish the genetic rela-
tionships between haplotypes found in different species of Erysimum
in the Iberian Peninsula, using a distance-based method integrating
substitution and indel information (Chapter 4). In addition, we have
used a percolation network approach (Rozenfeld et al., 2008) because
this methodology better represent the uncertainty associated to the
population genealogy (Chapter 4).

In the present study, we infer the phylogeographic pattern of E.
mediohispanicum in the Iberian Peninsula and the evolutionary rela-
tionship with the other species from the E. nevadense complex.

MATERIAL AND METHODS
Sampling design and population genetic relationships

We sampled a total of 56 E. mediohispanicum populations in both
northern and southern regions (Fig.51, Table S1). Southern popula-
tions were sampled in three main areas: Sierra Nevada (27 popula-
tions), Sierras de Cazorla, Segura and Guillimona (hereafter Sierra de
Cazorla; 9 populations), and Sierra Espufia (1 population). Northern
populations were sampled in Sierra del Montsec (hereafter, Lérida;
6 populations), Northern Moorlands (hereafter, Guadalajara-Soria; 9
populations) and Aragén (4 populations). We sampled two popula-
tions per species of the remaining five E. nevadense complex species
(Fig.S1, Table S1: E. ruscinonense, E. gomezcampoi, E. merxmuelleri, E.
nevadense, and E. rondae). In all cases populations were represented
by five individuals (Table S1).
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For each individual, we extracted DNA and amplified the trnL-
trnF region as described in Chapter 4. The trnL-trnF intergenic spa-
cer (IGS) region (composed by a variable number of different trnF
pseudogene copies) was successfully sequenced in 317 individuals,
and 69 different haplotypes were found (Chapter 4). Seventeen out
of these 69 haplotypes were specific to Erysimum species different
from E. mediohispanicum, while four haplotypes were shared by two
species (Ho2 and H38: E. mediohispanicum and E. merxmuelleri; Ho8:
E. mediohispanicum and E. nevadense; Ho3: E. mediohispanicum and E.
ruscinonense) (Table S1). The 69 haplotypes were classified into five
haplogroups according to their different pseudogene arrangements,
and genetic relationships were estimated by combining (giving equal
weights) both substitutions and indel distance matrices (see Chapter
4 for details). We estimated genetic distances between populations ta-
king into account haplotypic distances and haplotype frequency per
population as implemented in sidier R package (Chapter 3). We used
the population distance matrix to infer genetic relationships among
populations into a network framework (Dyer and Nason, 2004) using
percolation networks as described by Rozenfeld et al. (2008). Net-
works and modules (i.e. subsets of nodes conforming densely con-
nected subgraphsCsardi and Nepusz, 2006) were estimated using si-
dier R package (Chapter 3).

Genetic variance partition

We performed analyses of molecular variance (AMOVA; Excof-
fier et al., 1992) as implemented in ARLEQUIN version 3.0 (Excof-
fier et al., 2005) to analyze genetic variance partition at three levels:
among groups of populations, among populations within groups,
and within populations. We assessed whether grouping populations
by network modules increased the similarity among populations wit-

hin groups compared to grouping populations by geographical sam-
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pling areas (Table S1). For that, we performed two separate analyses
classifying populations using either network modules or population
geographic origins (i.e., mountain ranges) and compared the amount
of variance explained by group (module or range) and population
within group. We performed each AMOVA using two different ap-
proaches, one based on haplotype frequencies and the other based
on haplogroup frequencies.

Genetic and geographic distances

To analyze the relationship between genetic differences and geo-
graphical distances, we performed three different spatial analyses
using the population genetic distance matrix and the geographic dis-
tance matrix among populations (estimated from population coordi-
nates using gmt library in R, Magnusson, 2011): First, we tested for
correlation between geographical and genetic distances using Man-
tel tests (Mantel, 1967) as implemented in ape (Paradis et al., 2004).
Second, we tested for isolation by distance using the software SGS
(Degen et al., 2001), which estimates the Gregorious genetic distances
(Gregorius, 1978) from haplotype frequencies per population. Third,
to search for genetic discontinuity among regions, we used the soft-
ware Barrier v2.2 (Gerlach et al., 2010) that implement the maximum
difference algorithm of Monmonier (1973) to find edges associated
with the highest rate of change in a genetic distance measure (Manni
et al.,, 2004). As a result, Barrier estimates the geographic area where
populations show the highest genetic distances.

Phylogenetic relationships

We have also explored the phylogenetic relationships between po-
pulations of the E. nevadense complex species by performing Baye-
sian Inference (BI), Maximum Likelihood (ML), Neighbor-Joining
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(NJ) and Maximum Parsimony (MP) phylogenies, using nuclear and
plastidial sequences in a subset of the studied populations (Table S1).
We amplified two chloroplast markers (trnT-trnL, ~1300bp and ndhF,
~2000bp) and two nuclear regions (ITS1 and ITS2, ~350bp each) in
one individual per population. We used primers tabA, tabD (Taber-
let et al., 1991), ndhF5 and ndhF2100 (Olmstead and Sweere, 1994) to
amplify the plastidial markers and ITS1, ITS2, ITS3, and ITS4 (White,
1990) for the two nuclear regions. PCR reactions contained 1.5 mM
MgCl2 (New England BioLabs), 0.1 mM each dNTP, 0.2 mM each pri-
mer, and 0.02 U Tag DNA polymerase (New England Biolabs) in a to-
tal volume of 50 pL. Reactions were conducted in a Gradient Master
Cycler Pro S (Eppendorf) with a initial denaturing step of 3 minutes
at 94°C and a final extension step of 3 minutes at 72°C in all cases.
To amplify the mentioned markers we included 35 cycles at the follo-
wing parameters: ndhF: 94°C for 15 s, 47°C for 30 s, and 72°C for 9o
s; trnT-trnL: 94°C for 15 s, 53°C for 30 s, and 72°C for 9o s; ITS1: 94°C
15 s, 64°C 30 s, and 72°C 45 s; ITS2: 94°C 15 s, 53°C 30 s, and 72°C 45
s. To purify PCR products we centrifuged at 4°C the mix performed
with such products, 0.15 volume of 3 M sodium acetate (pH 4.6) and
3 volumes 95 % (v/v) ethanol. Purified PCR products were sequen-
ced by Macrogen Inc. Chromatograms were checked using Finch TV
software v1.4.0 (Geospiza) and sequences were edited using BioEdit
v7.0.5.3 (Hall, 1999). We included in the analyses the sequences of
three species (as outgroups). We used one species of the same genus
but distant geographically: E. passgalense from Iran. Additionally, we
used Moricandia moricandioides and Arabidopsis thaliana, which are re-
latives of the Erysimum genus (Couvreur et al., 2010). We sequenced
from tissue E. passgalense and M. moricandioides but for A. thaliana
we used sequences from GenBank (ITS1, X52322; ITS2, X52322; ndhF,
APoo00423; tabAD, AP000423).

The significant congruence among markers (CADM test: W=0.722;
p=0.0018) allowed us to concatenate sequences and perform com-
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bined phylogenetic analyses. BI tree was estimated using MrBayes
v3.1.2 (Ronquist and Huelsenbeck, 2003) with two independent runs
of two million MCMC generations of four chains each, sampling
trees every 100 generations. We used Tracer vi.4.1 (Rambaut and
Drummond, 2007) to check convergence of runs (average standard
deviation of split frequencies <0.008) and to establish in 5000 the
number of burn-in generations. To obtain the ML tree, we used PhyML
v3.0 (Guindon and Gascuel, 2003) with a BioN]J starting tree and the
Nearest Neighbor Interchange (NNI) as the heuristic algorithm for
tree topology search. Branch supports were estimated both by appro-
ximate likelihood ratio test (with SH-like supports) and by 500 non
parametric bootstrap replicates. As PhyML has not yet incorporated
the analysis of different DNA partitions, we considered the concate-
nated sequences as a unique partition. The best evolutionary model
for our dataset was the GTR+I+G, according to the Akaike infor-
mation criterion (AIC) as implemented in MrModeltest (Nylander,
2004). The NJ phylogeny was estimated with MEGA5 (Tamura et al.,
2011) using Tamura 3-parameter as distance method (Tamura, 1992)
and homogeneous substitutions pattern among lineages. Rate varia-
tion among sites was modeled with a gamma distribution (shape
parameter = 4) and branch supports were estimated using 500 boots-
trap replicates. Finally, MP trees were inferred using Close-Neighbor-
Interchange (CNI) on Random Trees option in MEGA5 (Tamura et al.,
2011), using 10 initial trees and producing 61 equally most parsimo-
nious trees, from which the consensus tree was obtained. We per-
formed 500 bootstrap replicates to estimate branch supports. Gaps
were computed as missing data for Bl and ML analyses, and treated
as “partial gap deletion” (with 95 % site coverage cut-off) for NJ and
MP trees.

We compared the congruence among distance matrices obtained
for the trnL-trnF IGS region and for the phylogenetic markers men-
tioned above for the 22 populations shared in both datasets. For that,
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we estimated separately for nuclear and plastidial markers the matrix
of pairwise distances using Kimura 2-parameters substitution model
(Kimura, 1980) and gap pairwise deletion. We assessed the congruen-
ce among these two distance matrices and the substitutions and in-
dels combined distance matrix by means of global CADM test, and
evaluated the contribution of individual matrices to the overall con-
gruence using a posteriori CADM tests. We performed these analyses
using the ape package (Paradis et al., 2004).

RESULTS

We have found an average of 1.91 haplotypes and 1.33 haplogroups
per population among the 66 studied populations (Table 6.2A). The
most diverse species was E. merxmuelleri with 3.5 haplotypes and 2.0
haplogroups per population, while E. nevadense showed the lowest
diversity with 1.0 haplotypes and 1.0 haplogroups per population
(Table 6.2B). In E. mediohispanicum, the mean number of haplotypes
found per population was 1.88 and the mean number of haplogroups
per population was 1.34 (Table 6.2B). Southern E. mediohispanicum
populations showed more haplotypes per population than northern
populations (2.00 and 1.63, respectively) although in both regions
the number of haplogroups found were highly similar (1.35 and 1.32,
respectively), (Table 6.2C). Regarding sampling areas, Lérida popu-
lations were the less diverse (1.33 haplotypes in average, contrasting
with the 2.00 haplotypes in average found in Sierra Nevada, Sierra
de Cazorla, and Sierra Espufia) (Table 6.2D).

Genetic and geographic distances

The distribution and frequency of haplotypes found in the studied
populations showed that close populations share haplotypes (Fig.6.2).
Considering haplogroups instead of haplotypes enhanced this geo-
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Results

Populations Haplotype/population Group/population
All 66 1.91 1.33
Populations Haplotype/population ~Group/population
E. mediohispanicum 56 1.88 1.34
E. merxmuelleri 2 3.50 2.00
E. nevadense 2 1.00 1.00
E. rondae 2 2.00 1.50
E. ruscinonense 2 2.50 1.00
E. gomezcampoi 2 1.50 1.00
Populations Haplotype/population Group/population
Southern Em 37 2.00 1.35
Northern Em 19 1.63 1.32
Populations Haplotype/population Group/population
Sierra Nevada 27 2.00 1.37
Sierra de Cazorla 9 2.00 1.33
Lérida 6 1.33 1.17
Guadalajara-Soria 9 1.78 1.44
Aragén 4 1.75 1.25
Sierra de Espuiia 1 2.00 1.00
Populations Haplotype/population Group/population
Module 1 22 2.00 1.27
Module 2 17 1.65 1.12
Module 3 23 1.91 1.48
Module 4 4 2.50 1.75

Tabla 6.1: Number of populations studied, average number of haplotypes
per population, average number of haplogroups per population
found in A) overall populations; B) E. nevadense complex species;
C) E. mediohispanicum distribution regions; and D) E. mediohispa-
nicum mountain ranges. E) Percolation network modules.
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Figura 6.2: Haplotype frequencies per population. Each haplotype is represented by a
different color. E. mediohispanicum populations are shown as circles and ot-
her Erysimum species are shown as pentagons. Red lines represent the two
most important genetic discontinuities ("a" represents the most important
one). (Em: E. mediohispanicum, En: E. nevadense, Emx: E. merxmuelleri, Eru: E.
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Figura 6.3: Haplogroup frequencies per population. Each haplogroup is represented by
a different color. E. mediohispanicum populations are shown as circles and
other Erysimum species are shown as pentagons. (Em: E. mediohispanicum, En:
E. nevadense, Emx: E. merxmuelleri, Eru: E. ruscinonense, Ego: E. gomezcampoi,

Er: E. rondae).
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graphic pattern (Fig.6.3 and see Chapter 4 for haplogroups defini-
tion). Haplogroup I appeared mainly distributed in Sierra Nevada.
Haplogroup II was found in northern and eastern populations (Léri-
da, Aragén, Guadalajara-Soria) and in E. merxmuelleri and E. gomez-
campoi (Fig.6.3). Haplogroup III was more frequent in Guadalajara-
Soria populations although it was also present in Sierra Nevada, Sie-
rra de Cazorla, and in E. merxmuelleri and E. rondae. Haplogroup
IV was almost exclusively found in Sierra de Cazorla populations
(Fig.6.3). Finally, Haplogroup V only occurred in five populations
belonging to Sierra Espufia (Ems1), Sierra de Cazorla (Em13), and
Sierra Nevada (Em18, Em25, Em27y).

According to the population distance matrix, the most important
genetic discontinuity separates the core of the Sierra Nevada po-
pulations from both Sierra de Cazorla and the two southernmost
populations of Sierra Nevada (Em27 and Em18; Fig.6.2). A second
genetic discontinuity separates these two last populations, together
with Ems1 (Sierra Espufa), from the remaining Erysimum popula-
tions (Fig.6.2). Mantel tests showed significant correlation between
geographic and genetic distances (Z = 237076; p < 0.00001) and the
distogram (Fig.6.4) is compatible with isolation by distance, because
genetic distances were lower than expected for short spatial distances
and higher than expected for large distances.

Phylogeographic relationships among populations

We used the population distance matrix to study population re-
lationships based in a network representation. The estimated per-
colation threshold was 0.33 (Fig.6.5A) and the percolation network
showed four modules (Fig.6.5B). Each module was distributed in a
different geographic area (Figs. 6.5C and 6.5D), and each haplogroup
was mainly found in one module (Fig.6.5E):
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Module 1 was almost exclusive from Sierra Nevada (Fig.6.5B and
Fig.6.5C), encompassing 18 out of the 27 populations belonging to
such mountains, the two populations of E. nevadense, and one out of
the two populations of both E. rondae and E. merxmuelleri (Fig.6.5D).
Among the 102 haplotypes classified in Module 1, 94 of them belon-
ged to Haplogroup I (Fig.6.5E).

Module 2 was mainly composed of eastern and north-eastern po-
pulations (Fig.6.5). Sixteen out of the 17 populations included in this
module were sampled in the northern region: all the populations be-
longing to Lérida and Aragoén, two out of the nine Guadalajara-Soria
populations, and the two populations of both E. ruscinonense and E.
gomezcampoi (Fig.6.5D). Additionally, this module included one po-
pulation from Sierra Nevada and 79 out of the 83 haplotypes present
in populations of this module belong to Haplogroup II (Fig.6.5E).

Module 3 included interior populations from both southern (mainly
Sierra de Cazorla) and northern (Guadalajara-Soria) regions. This
module encompassed the nine Sierra de Cazorla populations, five
from Sierra Nevada, seven from Guadalajara-Soria, and one out of
the two populations of both E. rondae and E. merxmuelleri (Fig.6.5).
Populations belonging to this module were mainly composed by ha-
plotypes belonging to Haplogroups III (56 out of 113) and IV (41 out
of 113) (Fig.6.5E).

Finally, Module 4 encompassed the remaining southern popula-
tions, including three populations from Sierra Nevada and the Sierra
Espufia population (Fig.6.5C). Although these four populations be-
longed to the southern region, they were connected to the module
2, almost exclusively composed by northern populations (Fig.6.5D).
Sixteen out of the 19 haplotypes in this module belonged to Haplo-
group V (Fig.6.5E).
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Figura 6.4: Gregorious genetic distance (solid line) versus spatial distance
classes. Dashed lines indicate absence of spatial autocorrelation.
Dotted lines represent 95 % Confidence Intervals.
Figura 6.5: A) Percolation threshold estimation. B) Network built connec-
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ting distances lower than the estimated percolation threshold.
Modules are represented in different grey tones. Numbers repre-
sent E. mediohispanicum populations. Other species are represen-
ted by acronyms. C) Geographic location of the four modules
found in B. D) Network built connecting distances lower than
the estimated percolation threshold. Sampling areas are shown
in different colors. Numbers represent E. mediohispanicum popu-
lations. Other species are represented by acronyms. E) Haplo-
group composition of each network module (network depicted
in the same orientation than in B and D). Acronyms: L: Lérida;
A: Aragén; GS: Guadalajara-Soria; SE: Sierra Espuifia; SC: Sie-
rra de Cazorla, Segura and Guillimona; SN: Sierra Nevada; En:
E. nevadense; Emx: E. merxmuelleri; Eru: E. ruscinonense; Ego: E.
gomezcampoi; Er: E. rondae.
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Mountain ranges Modules
Haplotype Groups Haplotype Groups
Among ranges/modules 40.76 49.79 55.47 66.29
Among pops within range/module 36.48 31.54 23.71 16.76
Within populations 22.76 18.66 20.81 16.95
Fsc 0.6158 0.6283  0.5327 0.4971
Fst 0.7724 0.8134 0.7919 0.8305
Fer 0.4076 0.4979  0.5547 0.6629

Tabla 6.2: Analysis of molecular variance (AMOVA) and fixation indices es-
timated grouping populations according to geographic distances
(mountain ranges) and network modules. For each case, we ba-
sed the analyses in both haplotype and haplogroup frequencies
per population. Fs¢ is the proportion of the group variance due
to differences among populations. Fst is the proportion of the
total variance due to differences among populations. FcT is the
proportion of the total variance due to differences among groups.

Population genetic structure

Although the number of haplotypes and the number of haplo-
groups were clearly different (69 and five, respectively), AMOVA re-
sults based on haplotypes and haplogroups were similar, with most
of the variance found among groups and with the lowest variation
in the within population component (Table 6.2). When populations
were grouped according to geographic distribution (Table 6.2), sam-
pling areas explained between 41 and 50 % of the variance and among
populations within mountain range explained between 32 and 36 %.
When populations were classified according to network modules (Ta-
ble 6.2), differences among groups were higher (among modules va-
riation: 55-66 %) and each group was more homogeneous (among
populations within module variation: 17-24 %). A lower Fsc value
(the proportion of the variance found in a group due to differences
among populations) was obtained after grouping according to mo-
dules (0.50-0.53) than according to geography (0.62-0.63). Fs1 values
were high and almost identical regardless populations were grouped
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according to sampling areas (0.77-0.81) or modules (0.79-0.83) (Table
6.2).

Phylogenetic relationships among populations

Phylogenies inferred using the concatenated dataset including four
DNA markers (ITS1, ITS2, trnT-trnL, and ndhF) showed low resolu-
tion. Only three branches were well-supported (>75 %) with all BI,
ML, NJ, and MP methods (Fig.6.6). Such branches grouped the stu-
died populations of E. nevadense, E. ruscinonense, and E. gomezcam-
poi in three different clades. Populations belonging to the remaining
species did not constitute independent clades according to all BI, ML,
NJ, and MP trees. Sierra Nevada populations were classified into two
different clades (Fig.6.6).

The three distance matrices (i.e., the nuclear distance matrix, the
plastidial distance matrix, and the substitutions and indels combined
distance matrix) were congruent (N=22, W=0.452, p= 0.0004; Table
6.3A). The relative contribution of each matrix to this congruence
was different, being the trnL-trnF IGS region determinant for the
congruence found (W=0.310, P=0.0003) whereas the contribution of
the two markers based on substitutions were marginally significant
(W<o.129, p>0.065; Table 6.3B). The trnL-trnF IGS combined distance
matrix was also congruent with both plastidial (W=0.673, p= 0.0004)
and nuclear (W=0.638, p=0.0015) markers when pairwise compari-
sons were performed (Table 6.3A), showing values similar to the con-
gruence between nuclear and plastidial substitution distance matri-
ces (W=0.722, p=0.015; Table 6.3A).
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Figura 6.6: Bayesian inference (BI) phylogenetic relationships in a subset of the studied
populations (represented by one individual each) according to concatenated
sequences from both nuclear (ITS1 and ITS2) and chloroplast (trnT-trnL and
ndhF) markers. Branch supports higher than o.75 are shown for BI, MP, NJ,
and ML (values for aLRT. In bold, branch supports showing bootstrap values
> 0.75). Filled square colors represent sampling areas and species. Filled circle
grey tones represent modules in trnL-trnF IGS network analysis.
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Nuclear vs ~ Nuclear vs  Plastidial Nuclear
A) plastidial plastidial vs markers vs = markers vs
markers TrnL-F IGS TrnL-F IGS TrnL-F IGS
Number of populations 27 22 22 22
W 0.7216 0.4522 0.6724 0.6380
Chi square 505 312 309 293
P-value 0.0015 0.0004 0.0004 0.0015
B) Nuclear Plastidial  TrnL-F IGS
Mantel mean 0.0949 0.1294 0.3104
Holm corrected p-value 0.0736 0.0648 0.0003

Tabla 6.3: Congruence among distance matrices (CADM) test results of
comparing nuclear and plastidial sequences (represented by dis-
tance matrices based on substitutions) and trnL-trnF IGS region
(which distance matrix is based on both indels and substitutions).
(A) Global CADM comparing matrices pairwise and the three
matrices together (shadowed column). (B) Partial contributions
of each matrix to the global congruence.

DISCUSSION
Phylogeographic relationships

The disjunct distribution of E. mediohispanicum, showing two sepa-
rate regions may be originated by two mechanisms (Ronquist, 1997):
the colonization of new areas by individual from a given population
(dispersal) or the fragmentation of a large original species distribu-
tion (vicariance). Several methods are available to discriminate bet-
ween both processes based on dating the divergence, the topology of
phylogenetic relationships, the amount of genetic diversity, and the
geographic distribution of alleles (Ronquist, 1997; Kropf et al., 2008).

The method based on dating the divergence consists on estimating
and comparing both the lineage split time and the age of the barrier
separating the different distribution areas. However, applying this
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method to lineages showing recent divergence (as is the case for E.
mediohispanicum) may produce misleading results (Kropf et al., 2006).
To apply this method we also need dating the phylogeography ob-
tained by combining indels and substitutions. The different natures
(e.g., mutation rates, mechanisms) of these two kind of mutations
also hinder the application of this method to our dataset.

One of the methods used in cases of recent divergence compares
the geographically separated lineages genetic diversities. Whereas it
is expected that separated regions showed similar diversities under
vicariance, areas colonized by dispersal must be less diverse than
source areas. However, if colonization is produced from different
areas, unclear patterns may be obtained (Kropf et al., 2006). Accep-
ting the number of haplotypes found per population as a population
genetic diversity estimator (despite based only on five individuals
per population), we have found higher genetic diversity in southern
populations (with an average of 2.00 haplotypes per population) than
in northern populations (with an average of 1.63 haplotypes per po-
pulation), supporting the existence of dispersal mechanisms. Within
the northern region, it is especially low the haplotype diversity found
in Lérida (1.33), whereas the intermediate values obtained in Aragén
and Guadalajara-Soria (1.75 and 1.78, respectively) may be conse-
quence of the multiple origins of colonization for these areas (Kropf
et al., 2006). Unfortunately, this method has an important drawback:
the genetic diversity of a given population not only depends on its
origin but also on several other factors such as the population size,
breeding system or divergence rate (Nybom and Bartish, 2000; Char-
lesworth and Pannell, 2001; Landergott et al., 2001).

It is also possible to distinguish between vicariance and dispersal
events depending on the phylogenetic branching order (Brunsfeld
et al., 2001; Cartens et al., 2005). Lineages of the different geographic
areas must constitute monophyletic clades in the case of vicarian-
ce, but a paraphyletic pattern of geographically distant populations
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composing a phylogenetic clade is expected according to the disper-
sal hypothesis (Kropf et al., 2006). According to the percolation net-
work, modules and geographic areas showed a clear correspondence
(Figs. 6.5B and 6.5C) but existing regions with paraphyletic origins
(e.g. Sierra Nevada, Guadalajara-Soria) and modules were compo-
sed by geographically distant populations (e.g., Module 3) (Fig.6.5).
These findings also support the hypothesis of dispersal.

Finally, due to the wide original distribution underlying vicarian-
ce, it is expected the existence of particular alleles (or haplotypes)
common to all lineages regardless their geographic distribution (Ron-
quist, 1997). We have found no haplotypes present in the whole E.
mediohispanicum distribution range, supporting dispersal as the me-
chanism better explaining the current distribution of the species in

the Iberian Peninsula.

AMOVA results also support the existence of dispersal rather than
vicariance because the genetic structure is stronger when popula-
tions are grouped according to the estimated network modules ins-
tead to their geographic location (compare variance partition among
ranges and among modules, Table 6.2). This result points to the exis-
tence of geographic areas where different genetic lineages are over-
lapped (e.g., Sierra Nevada, Guadalajara-Soria; Figs. 6.5C and 6.5D),
probably due to different colonization events that occurred at diffe-
rent time periods and allowed genetic differentiation between linea-
ges before reunion. Glacial and inter glacial periods are the most
invoked causes to explain that kind of events (Cooper and Hewitt,

1993; Hewitt, 2000).

According to our network analyses, we propose below two al-
ternative colonization pathways, based on the two alternative topo-
logies describing haplotype relationships. These topologies are the
results of different interpretations of mutation events (Fig.6.7 and
Chapter 4) and each of these topologies is supported by different
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Figura 6.7: Schematic view of the haplogroups relationships inferred in
Chapter 4 combining interpretations of duplication and dele-
tion events and (A) among haplotype distance matrices and (B)
among haplogroup distance matrices.

network representations. Percolation network estimated using the
among haplotype distance matrix (Chapter 4) supports the origin
of Haplogroups III and IV from Haplogroup V (Fig.6.7A). However,
percolation networks estimated using the among haplogroup distan-
ce matrix (not shown) and the among populations distance matrix
(Fig.6.5B) supports the origin of Haplogroups III and IV from Haplo-
group II (Fig.6.7B).

Despite these mentioned discrepancies, all the analyses performed
showed coincident results in several issues: Mutation events, the lar-
ge number of haplotypes per haplogroup, the higher variation, and
the higher number of connections per node points to Haplogroups I
and II as the most ancient (Table S1 and Chapter 4). Mutation events
and all network analyses also coincide to suggest a possible origin
for the southern Haplogroup V (Module 4 populations) from the
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northern Haplogroup II (Module 2 populations) (Fig.6.5 and Fig.6.7).
The two strongest genetic barriers (Fig.6.2) and clades obtained in
phylogenetic analyses(Fig.6.6) also support this idea by isolating the
Module 4 from other Sierra Nevada and Sierra de Cazorla popula-
tions (which are much more closer geographically than Module 2 po-
pulations). Module 3 is the only showing two majority haplogroups
(Il and 1V; Fig.6.5), which showed the lowest haplotype distances
(Chapter 4). However, these haplogroups showed different geograp-
hic distribution, being Haplogroup IV almost exclusive from Sierra
de Cazorla populations (Fig.6.3). Although such distribution diffe-
rence were not included as an additional network module, a ten-
dency is found when populations were allocated according to the
Fruchterman-Reingold algorithm (Fruchterman and Reingold, 1991)
and most Sierra de Cazorla populations are grouped together (dark
green in Fig.6.5D). This result, together with the mutation events
(Chapter 4), suggest that haplotypes belonging to Haplogroups III
and IV are the most recent and they had have no time to accumulate
differences to be classified as two different modules.

Evolution of the E. nevadense complex

Despite the phylogeny resolution is low, the yielded clades were
consistent with trnL-trnF IGS network modules (Fig.6.6). The only
difference between these two analyses was the position of the Sie-
rra Nevada Em23 population, which was one of the most diverse
studied populations (four different haplotypes in the five studied
individuals). Sampling effects could explain the mentioned differen-
ce in highly diverse populations, especially if the within population
diversity have different origins, as may occur in Sierra Nevada popu-
lations (Hillis, 1998; Poe, 1998).

The E. nevadense complex species other than E. mediohispanicum did
not form a monophyletic clade (Fig.6.5 and Fig.6.6), suggesting that
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each of these species has an independent origin. This result together
with the large distribution range of E. mediohispanicum and the fact
that haplotypes shared for different species were in all cases found
in E. mediohispanicum (Table S1) point to E. mediohispanicum as the ori-
gin of the remaining E. nevadense complex species. Because most of
the other species were clustered with E. mediohispanicum populations
according to their geographical proximity, these speciation processes
were probably associated to mountain ranges, due to the isolation
of low size populations during certain geological periods, a process
several times reported for the Iberian Peninsula (Arroyo et al., 2004;
Gomez and Lunt, 2007 and references therein). However, this phylo-
geographic pattern could be also produced by recurrent hybridiza-
tion between E. mediohispanicum and the other Erysimum species in
the geographic areas where they contact. In this latter scenario the E.
mediohispanicum is not the ancestor species of the remaining species.
Although our results better support the former situation, further stu-
dies focused in hybrid zones are required to properly evaluate which
of both scenarios is more likely.

The two studied populations per species of E. ruscinonense, E. go-
mezcampoi, and E. nevadense were grouped in the same module accor-
ding to the network analysis, and constituted three well-supported
clades in phylogenetic analyses. However, for E. merxmuelleri and E.
rondae each population appeared in a different module (Fig.6.5), and
were polyphyletic according to phylogenetic analyses (Fig.6.6). First,
these two species also showed the highest intrapopulation variabi-
lity, measured as mean number of haplogroups per population (2.0
and 1.5, respectively. Table 6.2D), which may also influence the re-
sult as described above for population Em23. Several processes may
cause this pattern. Second, it could be caused by hybridization with
nearby populations of E. mediohispanicum or other Erysimum species
when co-occurring spatially, as it has been observed in other orga-
nisms (e.g. Pelser et al., 2010; Ramdhani et al., 2011). In fact, we
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have found that some Erysimum species from the E. nevadense com-
plex, such as E. mediohispanicum and E. nevadense may hybridize and
hybrid zones exist in nature (Abdelaziz, 2013, Mufioz-Pajares, unpu-
blished data). The effects of hybridization in one but not in the other
studied populations of E. rondae and E. merxmuelleri (due to their res-
pective distances to hybrid zones) may explain that these species do
not constitute monophyletic clades. This issue may be specially deter-
minant in the case of Ero2, located in the overlap of the two species
distribution (Sierra de Alhama), in a range where populations has
not been clearly attributed to one of the two species according to
phenotypic characters (Nieto-Feliner, 1993). In fact, several authors
have classified E. rondae as a subspecies of E. mediohispanicum (Blan-
ca et al., 1991).

Other possible mechanism producing these patterns is incomplete
lineage sorting of ancestral polymorphisms. Because different alle-
les have particular histories (even within a single species), they may
coalesce more recently or more anciently simply by random (Pamilo
and Nei, 1988). Thus, the incomplete lineage sorting may be a po-
tential source of polyphyly in gene trees based on few loci (Funk,
2003). It is also more frequently found in species showing short evo-
lutionary times and large effective population sizes (Pamilo and Nei,
1988). Phylogenetic patterns generated by hybridization and incom-
plete lineage sorting are similar (Avise and Ball, 1990; Morando et al.,
2004), and both may lead to discordance between gene and species
trees (Avise et al., 1983; Pamilo and Nei, 1988; Takahata, 1989; Doyle,
1992; Harrison, 1991; Maddison, 1997; Knowles, 2001; Sullivan et al.,
2002; Rosenberg, 2003; Maddison and Knowles, 2006).

It is difficult to discriminate between these two processes, especia-
lly when closely related species are studied (Avise and Ball, 1990).
One way to differentiate between incomplete lineage sorting and hy-
bridization is based on the geographic distribution of the alleles sha-
red by the studied species (Goodman et al., 1999; McGuire et al.,
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2007; Morando et al., 2004). While incomplete lineage sorting must
lead to a random distribution of shared alleles across the range of
the species descending from a common ancestor, hybridization must
lead to a pattern where shared alleles are more frequently found
in nearby populations (Barbujani et al., 1994; Hare and Avise, 1998;
Masta et al., 2002). Despite it is not possible to properly evaluate the
distribution of shared haplotypes based only in two populations per
species, we have found that E. merxmuelleri shares two haplotypes
with E. mediohispanicum (Ho2 and H38). The population Emxo1 (clo-
ser to E. mediohispanicum populations) showed two individuals with
Ho2, whereas only one individual with H38 was found in popula-
tion Emxo2. Contrastingly, E. rondae shares no haplotypes with other
species, despite one population of E. rondae (Ero2) is much more clo-
ser to E. mediohispanicum populations than the other (Fig.6.2). Con-
trasting with the lack of shared alleles in E. rondae, we have found
a decrease in haplotype richness as distance to E. mediohispanicum
increases. Whereas all the individuals sampled in population Ero2
showed different haplotypes, all the individuals sampled in the po-
pulation Ero3 (more distant to E. mediohispanicum) showed the same
haplotype (H19). Although ambiguous, these results support the pat-
tern expected under the existence of hybridization processes.

We have followed the two approaches usually employed to reduce
the impact of incomplete lineage sorting: the concatenation of seve-
ral markers and the inference of phylogenetic relationships using
different methods (but see Mossel and Roch, 2010). The observed
polyphyletic relationship of populations belonging to E. rondae and
E. merxmuelleri was based in multiple markers of both nuclear and
plastidial DNA. It also could be expected a low effect of lineage sor-
ting in the studied dataset because plastidial markers are more re-
presented than nuclear markers. The reason is that the haploid and
maternally inherited nature of plastidial genome lead to the occu-
rrence of lineage sorting more unlikely in chloroplast than in nuclear
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DNA (Hudson and Turelli, 2003). Despite all these arguments, we
are not able to reject the influence of incomplete lineage sorting in
the observed results and more populations of the mentioned species
must be studied to clarify the mechanisms leading to the observed
pattern.

E. nevadense complex evolutionary history: routes and speciation events

According to the information provided by the trnL-trnF IGS re-
gion, Haplogroups I and II are the oldest (Chapter 4), but nothing
could be said about the relative origin of these two haplogroups.
However, the orientation of fruits (parallel to stalk) allowed Nieto-
Feliner (1993) to propose that northern populations were originated
from southern populations. The reason is that this character is found
in several southern Erysimum species, but only in E. mediohispanicum
in the northern region. According to this idea, the southern Haplo-
group I could be the origin of the Haplogroup II haplotypes, mainly
found in the north of the Iberian Peninsula, implying the existence of
a first south to north colonization (Fig.6.8A). Because Haplogroup V
is derived from Haplogroup II (Fig.6.7), probably occurred a genetic
flow from north to south, spreading E. mediohispanicum distribution
to the south-eastern Mediterranean basin (Fig.6.8B).

Due to the correspondence between haplogroups, network modu-
les, and geography (Fig.6.5), the information provided by the indel-
rich region of the trnL-trnF IGS in E. nevadense species complex is
compatible with two alternative pathways, both sharing the first sta-
ge after the initial colonization of northern and southern regions: The
tirst alternative pathway assumes that Haplogroup V is the origin of
the most recent Haplogroups III and IV (based on percolation net-
work using haplotype distances; Fig.6.7A) and points to the existen-
ce of a south to north flow reaching Sierra Nevada and Guadalajara-
Soria populations (Fig.6.8C). Alternatively, Haplogroup II could be
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Figura 6.8: Depiction of the hypothetical colonization pathways inferred
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from trnL-trnF IGS region (solid arrows). A) Haplogroups I and
II were the most ancient. Dashed arrows represent putative path-
ways inferred by Nieto-Feliner (1993). B) Haplogroup V was ori-
ginated from Haplogroup I, implying a north to south migration
event. From this point two alternative pathways are compatible
with the obtained information: C) Haplogroups III and IV may
be derived from Haplogroup V (as represented in Fig.6.7A), im-
plying a south to north migration event. D) Alternatively, Ha-
plogroups III and IV may be derived from Haplogroup II (as
represented in Fig.6.7B), implying a second north to south mi-
gration event.
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the direct ancestor Haplogroups III and IV (based on percolation
network using haplogroup distances; Fig.6.7B), and the origin of Sie-
rra de Cazorla and Guadalajara-Soria populations may be a second
north to south migration flow (Fig.6.8D). In both scenarios, all sam-
pling areas but Lérida were colonized in several occasions, which
could explain differences in haplotype diversity found between this
range and the remaining populations (Haplotypes per population:
Lérida = 1.3, Others = 1.75-2.00; Table 6.1).

Both proposed pathways imply the existence of two separate dis-
tributions for E. mediohispanicum within the Iberia Peninsula during
given geological moments. This result is in accordance with a cres-
cent number of evidences suggesting that several species have sur-
vived during glacial periods isolated in multiple refugia within the
Iberia, several of then located in the north of the Peninsula (Olalde
et al., 2002; Gémez and Lunt, 2007; Nieto Feliner, 2011).

Conclusions

Summarizing, the information provided by the trnL-trnF IGS using
a distance-based method and network representation was congruent
with the information obtained using conventional phylogenetic tools
and results of both approaches were compatible. Consequently, the
mentioned method seems to successfully extract evolutionary infor-
mation from an indel-rich region, allowing us to infer the evolutio-
nary history of the E. nevadense species complex. The six species con-
forming this complex showed low divergence and no important ge-
netic differences in the studied cpDNA region was found among spe-
cies. Haplogroups were distributed according to a clear geographic
pattern, showing areas where different haplogroups are overlapped
due to the isolation and posterior dispersal events during glacial and
interglacial periods. Two different refugia existed in the Iberian Pe-
ninsula for E. mediohispanicum, one in the north-east and the other in
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the south-east. The current distribution of the species may be explai-
ned after either one north-to-south migration followed by a south-to-
north pathway or two independent north-to-south pathways. These
dispersal events determined the current taxonomic complexity of the
studied Erysimum species due to both isolation associated to different

mountain ranges and hybridization processes.
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Tabla S1: Basic information of the 66 Erysimum sp. populations studied in-
cluding location (longitude, latitude, altitude, region and locality),
number of sampled individuals (for trnF and phylogeny), and
trnF IGS haplotype information (haplotypes, haplogroups)

Species f :;’:13“0“ Region Locality ird:F ;‘fylo Haplotypes Groups
E. mediohispanicum Emot South Sierra Nevada 5 1 Hos, Ho6, Hog, Hy6 1,11
E. mediohispanicum Emoz South Sierra Nevada 5 1 Ho1 1

E. mediohispanicum Emo3 South Sierra Nevada 5 Ho1, Hos, Hgy 1

E. mediohispanicum Emoy South Sierra Nevada 5 Hot, Hos, Hy8 1

E. mediohispanicum Emos South Sierra Cazorla 5 Hoy, Hi2 v
E. mediohispanicum Emo6 South Sierra Cazorla 5 Hoy, Hio, Hi2 v

E. mediohispanicum Emoy South Sierra Nevada 5 Ho1 1

E. mediohispanicum Emo8 South Sierra Nevada 5 1 Ho1 1

E. mediohispanicum Emog South Sierra Nevada 5 Hob6, H28 I, 11
E. mediohispanicum Emio South Sierra Nevada 5 Ho1, Hos 1

E. mediohispanicum Em11 South Sierra Nevada 2 Hos 1

E. mediohispanicum Em12 South Sierra Cazorla 5 Hoy v

E. mediohispanicum Em13 South Sierra Cazorla 5 Ha1, Hyg, Hs0 v,V
E. mediohispanicum Emigq South Sierra Cazorla 4 Hiz, H21, H32 L, v
E. mediohispanicum Emis South Sierra Cazorla 5 1 Hoz, H33 10, I
E. mediohispanicum Em16 South Sierra Cazorla 5 Hio w

E. mediohispanicum Em1y South Sierra Nevada 5 Hoz, Hob it

E. mediohispanicum Emi8 South Sierra Nevada 5 1 Hoz, H34, Hs1, Hs2 LIV, V
E. mediohispanicum Emig South Sierra Nevada 5 Ho1, Hos 1

E. mediohispanicum Em2o South Sierra Nevada 4 Ho1, Hos, Ho6 I, 11
E. mediohispanicum Ema1 South Sierra Nevada 5 1 Ho1, Hob 1,100
E. mediohispanicum Em22 South Sierra Nevada 5 1 Ho1, Hob I 11
E. mediohispanicum Em23 South Sierra Nevada 5 1 Hot, Hoz, H3s, H53 1,11
E. mediohispanicum Em24 South Sierra Nevada 5 1 Ho1, Hsq 1

E. mediohispanicum Emas South Sierra Nevada 5 1 Ho1, H22 LV
E. mediohispanicum Em26 South Sierra Cazorla 5 Hi3 v

E. mediohispanicum Em2y South Sierra Nevada 4 1 H36, H37 v

E. mediohispanicum Em28 South Sierra Nevada 5 Ho8 1

E. mediohispanicum Emz2g South Sierra Nevada 4 Ho1, Hob I, 11
E. mediohispanicum Em3o South Sierra Nevada 4 Ho1 1

E. mediohispanicum Em31 North Lérida 5 1 Hu1, Hao, Hss IV
E. mediohispanicum Em32 North Lérida 5 Hig i

E. mediohispanicum Em33 North Guadalajara-Soria 5 Ho3, Hz3 s

E. mediohispanicum Ems34 North Guadalajara-Soria 5 Hoz, Hs6 1

E. mediohispanicum Em3s North Guadalajara-Soria 5 Hoz2, Hoq 10, T
E. mediohispanicum Em36 South Sierra Nevada 5 His m

E. mediohispanicum Em37 South Sierra Nevada 4 Hag it

E. mediohispanicum Em38 South Sierra Nevada 5 Ho1, H38 1

E. mediohispanicum Em3g South Sierra Nevada 5 Hog m

E. mediohispanicum Emgo South Sierra Nevada 5 Ho1, Has 1

E. mediohispanicum Emg1 North Lérida 5 Hog i

E. mediohispanicum Emyg2 North Lérida 5 Hog I

E. mediohispanicum Emy3 North Lérida 5 Hit I

E. mediohispanicum Emygq North Lérida 5 Hog i

E. mediohispanicum Emys North Guadalajara-Soria 5 Hoz, H23 11, I
E. mediohispanicum Emy6 North Guadalajara-Soria 5 Hoz2 it

E. mediohispanicum Emygy North Guadalajara-Soria 4 H3g, Hzo I

E. mediohispanicum Emy8 North Guadalajara-Soria 5 1 Hoz, Ho3 I, I
E. mediohispanicum Emgg North Guadalajara-Soria 5 Ho3, H3o 1, T
E. mediohispanicum Emso North Guadalajara-Soria 5 1 H16 v

E. mediohispanicum Ems1 South Sierra Espuia 5 Hs1, Hyt v

E. mediohispanicum Ems2 South Sierra Cazorla 5 Ha6, Hsy I\

E. mediohispanicum Ems3 North Aragén 5 Ho3 i

E. mediohispanicum Ems4 North Aragén 5 Hiy i

E. mediohispanicum Emss North Aragén 5 Hos, H42 i

E. mediohispanicum Ems6 North Aragén 5 Hos, Hy3, H58 L1
E. merxmuelleri Emxo1 North Sierra de Gredos 4 1 Hoz, Hs9, Héo L 1L 101
E. merxmuelleri Emxo2 North Sierra de Gredos 5 1 H38, Hy4, H61, H62 1

E. nevadense Enos South Sierra Nevada 5 1 Ho8 1

E. nevadense Enio South Sierra Nevada 5 1 Hi18 1

E. rondae Eroz South Sierra de Tejeda 3 1 Hé63, Hé64, H65 L1
E. rondae Ero3 South S. de Grazalema 5 1 Hig m

E. ruscinonense Eruot North Montseny 5 1 Hys, Hé6, Héy, H68 1

E. ruscinonense Eruoz North Montseny 5 1 Hos I

E. gomezcampoi Egoo2 North Sierra de Font Roja 5 1 Hzy, Hég i

E. gomezcampoi Egoo3 North Sierra Martés 5 1 Hzo I
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DISCUSION GENERAL

El objetivo principal de esta Tesis Doctoral ha sido desentrafiar la
historia evolutiva de Erysimum mediohispanicum atendiendo a la inter-
accion entre morfologia floral y polinizadores como motor evolutivo.
Para ello hemos utilizado la poblacién como unidad de estudio y
hemos recogido la variacién geogréfica al incluir poblaciones loca-
lizadas en todo el drea de distribuciéon de la especie. Por lo tanto,
cuatro son los pilares en los que se sustenta nuestro estudio. En pri-
mer lugar el andlisis genético, con dos vertientes: las relaciones de
parentesco entre poblaciones, por un lado, y la estructuracién y di-
versidad poblacionales, por otro. En segundo lugar, nuestro estudio
se basa en la descripcién fenotipica, tanto de la media como de la va-
riacion, de rasgos relacionados con el tamafio de la planta, el tamafio
de la flor y la forma de la corola. El tercero comprende el estudio de
la identidad, la diversidad, la riqueza y la abundancia de los visitan-
tes florales de cada poblacién. En los tres casos hemos estudiado el
efecto de la geografia (tales como distancia entre poblaciones o la al-
titud de las mismas), por lo que podemos considerar la localizacién
geografica como el cuarto pilar de esta Tesis Doctoral. Los objetivos
fundamentales de esta discusién serdn: 1) discutir aquellos resulta-
dos que, por su extensién, no fueron discutidos en los capitulos en
los que se obtuvieron; 2) incluir la informacién relativa a ploidia y
composicion genética poblacional para mejorar la inferencia filogeo-
gréfica; 3) testar la existencia de relaciones entre los datos obtenidos

299



7. Discusién general

en los distintos capitulos de esta Tesis, esto es, la filogeografia y las
diversidades genética, fenotipica y de polinizadores.

DIFERENCIAS DE PLOIDIA ENTRE POBLACIONES Y SUS EFECTOS

Aunque un estudio riguroso de la ploidia debe basarse en la cuan-
tificacion explicita de la cantidad de ADN (por ejemplo, mediante
citometria de flujo; Williams and Waller, 2012), el niimero de loci
microsatélites por individuo en E. mediohispanicum nos ha permitido
distinguir entre individuos diploides y poliploides. En plantas que
muestran variacion en ploidia, los linajes parentales (generalmente
de ploidias menores) y los derivados poliploides pueden coexistir en
la misma poblacién (Weiss et al., 2002; Halverson et al., 2008; Sudova
et al., 2010) o estar geograficamente separados (Lihova et al., 2003;
Yeung et al., 2005; Buggs and Pannell, 2006; Balao et al., 2010). Al-
gunos autores han interpretado la coexistencia de ploidias en una
misma poblacién como una caracteristica exclusiva de algunas espe-
cies (Borrill and Lindner, 1971; Husband and Schemske, 1998; Hardy
et al., 2000; Stuessy et al., 2004; Keeler, 2004) mientras que para otros
es un fendmeno infrecuente dentro de un género, pero comun a
varias especies (Rothera and Davy, 1986; Lumaret et al., 1987; Sch-
ranz et al., 2005). Parece, por tanto, que todos los estudios coinciden
en apuntar que es més frecuente encontrar poblaciones compuestas
principalmente por individuos de la misma ploidia, aunque la espe-
cie muestre variacion interpoblacional. Este patrén se ha encontrado
incluso en especies con largas series poliploides, como Dianthus bro-
teri, que presenta poblaciones diploides, triploides, tetraploides, he-
xaploides y dodecaploides (Balao et al., 2009, 2010). Este es el caso
también de E. mediohispanicum, donde ningtn individuo poliploide
fue encontrado en poblaciones catalogadas como diploides (Capitu-
lo 5). En esta especie, ademds, poblaciones de diferente ploidia se
distribuyen en distintas 4reas geograficas (Capitulo 5). Mas concre-
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Diferencias de ploidia

[ Diploide
I Poliploide
[]Desconocido

Figura 7.1: Distribucién de las poblaciones diploides y poliploides de E.
mediohispanicum estudiadas de acuerdo a: A) la localizaciéon geo-
graffa y B) la posicién dentro de la red de percolacién obtenida
en el Capitulo 6.

tamente, las poblaciones del norte son mayoritariamente poliploides,
mientras que en el sur abundan las poblaciones diploides (Fig.7.1A).
Las sierras de Cazorla, Segura y la Guillimona, cuyas poblaciones
fueron catalogadas como diploides (Nieto-Feliner, 1993), componen
el tnico territorio geogréfico estudiado en el que pueden encontrar-
se poblaciones diploides y poliploides. Es llamativo también que las
Unicas poblaciones diploides encontradas en el norte de la Peninsula
se ubiquen en la zona central de dicha region (las poblaciones Ems53
y Ems5, en Aragon; Fig.7.1A).

Tal y como sucede en E. mediohispanicum, otras especies de la Pe-
ninsula Ibérica muestran un incremento en el ntimero ploidico al
desplazarse de sur a norte (por ejemplo, Arenaria tetraquetra; Vargas,
2003). Sin embargo, también existe el patréon contrario, con mayores
ploidias en el sur que en el norte (como sucede en Brachypodium dista-
chyon, Manzaneda et al., 2012; Mercurialis annua, Buggs and Pannell,
2006), asi como otros patrones mas complejos (por ejemplo, Carda-

301



7. Discusién general

mine pratensis, Lihova et al., 2003; Dianthus broteri, Balao et al., 20009).
Esta falta de patrones generales ha contribuido a mantener la incer-
tidumbre acerca de si el mecanismo que subyace a la diferente dis-
tribuciéon geografica de citotipos es adaptativo o si es consecuencia
de otros procesos ecolégicos (Lumaret et al., 1987; Baack and Stan-
ton, 2005; Buggs and Pannell, 2007; Raabové et al., 2008; Duchoslav
et al.,, 2010; Soltis et al., 2010). Algunas de las ventajas evolutivas que
las hipétesis adaptativas atribuyen a los distintos citotipos se funda-
mentan en los efectos que la ploidia tiene sobre rasgos fenotipicos,
especialmente sobre aquéllos que condicionan interacciones ecoldgi-
cas tales como la herbivoria o la polinizacién (Segraves et al., 1999;
Thompson et al., 2004; Kennedy et al., 2006; Miinzbergova, 2006; Ar-
vanitis et al., 2007). Para cuantificar el efecto de la ploidia sobre el
gremio de visitantes florales de manera adecuada, seria necesario
que ambos citotipos se encontraran en simpatria, ya sea de forma
natural o experimental. Sin embargo, los datos obtenidos sobre la
distribucién natural de ploidias en E. mediohispanicum, con poliploi-
des en el norte de la peninsula y diploides del sur, puede hacer que
los polinizadores que visitan cada citotipo sean distintos debido a
diferencias en la composicién de insectos especifica de cada region
geografica. Sin embargo, a pesar de la distribucién disjunta de citoti-
pos, hemos explorado la variacién en fenotipo y polinizadores entre
poblaciones con distinta ploidia.

La Tabla 7.1 resume (para cada citotipo) los valores medios y las
varianzas de los rasgos fenotipicos medidos en el Capitulo 5, asi co-
mo la frecuencia de visitas de cada grupo funcional. En primer lugar,
hemos encontrado que las poblaciones poliploides tienen escapos
significativamente mads largos (t=-3.23; p=0.002), y tubos de corola
de mayor didmetro (t=-3.25; p=0.002) que las poblaciones diploides.
También hemos encontrado diferencias significativas para los compo-
nentes de forma RW3 (t=3.86; p=3.3e-04) y RWy (t=6.64; p=2.6e-08).
Estas diferencias fenotipicas podrian jugar un papel esencial en la
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A)

B)

C)

Diferencias de ploidia

Todas Poliploides Diploides
Diametro de escapo 0.751 + 0.156 0.717 + 0.161  0.791 + 0.137
Altura de escapo 3.616 + 0.315 3.771 + 0.234  3.517 + 0.335
Numero de flores 3.798 = 0.402 3.710 £ 0.475  3.871 + 0.352
Didmetro de corola 12.74 £ 1.195 13.19 + 1.069  12.402 *+ 1.182
Anchura del tubo de corola  1.281 + 0.453 1.519 + 0455  1.123 + 0.404
longitud del tubo de corola  11.43 +£0.893 11.71 + 0.859  11.26 + 0.905
RW1 -0.003 + 0.044 0.004 £ 0.052  -0.005 £ 0.034

RW2 -0.002 + 0.023 0.005 £ 0.025  -0.004 £ 0.020
RW3 -0.007 £ 0.020 -0.019 + 0.016  0.001 + 0.020
RWy -0.012 + 0.028 -0.034 + 0.018  0.003 + 0.022
Todas Poliploides Diploides
Hormigas 0.169 + 0.126  0.220 £ 0.173  0.141 + 0.081
Escarabajos 0.327 £ 0.229  0.291 &+ 0.210  0.347 £ 0.241
Bombilidos 0.078 & 0.116  0.044 £ 0.064  0.097 £ 0.134
Mariposas 0.072 £ 0.099 0.061 + 0.131  0.078 £ 0.077
Sirfidos 0.031 £+ 0.062 0.050 + 0.089  0.020 + 0.037
Abejas grandes 0.091 + 0.108  0.062 £ 0.051  0.107 £ 0.127
Abejas pequeiias 0.113 + 0.133 0.163 £ 0.121  0.085 £ 0.134
Avispas 0.010 £ 0.020  0.009 £ 0.017  0.010 % 0.021
Otros 0.111 £ 0.104 0.101 £ 0.121  0.116 % 0.096
Todas Poliploides Diploides
Riqueza especifica 30£9 33+ 8 28+ 9
Hulbert’s PIE 0.847 £ 0.128 0.874 + 0,096  0.832 £+ 0.142
Dominancia 0.442 + 0.168 0.433 + 0.155  0.447 £ 0.178

Tabla 7.1: Comparacién de poblaciones diploides y poliploides mediante
valores poblacionales medios y desviaciones estdndar, correspon-
dientes a A) rasgos fenotipicos y gremio de polinizadores repre-
sentados por B) frecuencia de visitas de cada grupo funcional y
C) riqueza, diversidad y dominancia. Los valores en negrita in-
dican la existencia de diferencias significativas entre poblaciones
diploides y poliploides.
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atraccion diferencial de polinizadores. Sin embargo, la comparacion
mediante MANOVA de las visitas realizadas por cada grupo funcio-
nal de polinizadores en poblaciones diploides y poliploides no mos-
tr6 diferencias significativas (aunque los valores fueron cercanos a la
significacion: r?=0.04; p=0.07). Mds clara es la carencia de efecto de la
ploidia (tras comparar los valores medios de cada poblacién median-
te tests de Wilcoxon) en los valores de diversidad de polinizadores
(Hurlbert’s PIE: W=196; p = 0.60), en la riqueza especifica (W=223; p
= 0.16) y en la dominancia (W=170; p = 0.90), a pesar de que dichos
analisis no separan los efectos espaciales y de ploidia. Aunque son
necesarios disefios experimentales enfocados especificamente a este
objetivo, podemos concluir que, a pasar de las diferencias en fenoti-
po entre los dos citotipos y sus diferentes distribuciones geogréficas,
no hay grandes efectos de la ploidia sobre los grupos funcionales de
insectos que visitan las poblaciones de E. mediohispanicum.

RELACIONES FILOGENETICAS Y DIVERSIDAD GENETICA POBLA-
CIONAL

Para obtener las relaciones evolutivas entre poblaciones de una
misma especie no es recomendable recurrir a la secuenciacién de
marcadores utilizados comtnmente en reconstrucciones filogenéti-
cas, ya que, debido a la poca divergencia entre los taxones estudia-
dos, es necesario secuenciar un gran nimero de nucleétidos para
obtener resultados concluyentes. En el caso de Erysimum, el anélisis
filogenético de varias especies usando marcadores nucleares y plas-
tidiales (4 Kb en total, Capitulo 6) no s6lo mostré baja resolucién a
la hora de dilucidar las relaciones entre poblaciones de E. mediohis-
panicum, si no que en algunos casos tampoco proporciond soportes
aceptables entre distintas especies (Fig. 6.6 en la pagina 268). Esto
corrobora la informacién botanica previa, que daba a esos taxones el
estatus de complejo de especies, debido a la existencia de individuos
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que dificilmente pueden ser identificados como pertenecientes a una
u otra especie (Clot, 1991; Nieto-Feliner, 1993). A pesar de la poca
resolucién obtenida, la topologia del drbol construido nos ha permi-
tido apoyar resultados encontrados con otros métodos (Capitulo 6).

Para obtener mayor resolucién, los estudios filogeograficos utilizan
generalmente marcadores basados en tamafio de banda (alozimas,
microsatélites, RFLP , RAPD, AFLP, ...), por ser més variables que
los basados en secuencias. Sin embargo, todos los marcadores basa-
dos en tamafio de banda comparten una notable desventaja: la ambi-
gliedad que presentan a la hora de reconstruir los estados ancestrales,
por lo que deducir los patrones genealdgicos con certeza a partir de
ellos puede resultar problematico (Zhang and Hewitt, 2003). A pesar
de ello, este tipo de marcadores han sido muy ampliamente utiliza-
dos para estimar la diversidad genética poblacional, especialmente
los microsatélites, debido a sus mejores cualidades de reproducibili-
dad, polimorfismo, requerimientos técnicos y calidad necesaria del
ADN inicial (Agarwal et al., 2008). Para E. mediohispanicum hemos
desarrollado una baterfa de microsatélites que han demostrado ser
polimérficos y estar en equilibrio Hardy-Weinberg en la mayoria de
las poblaciones estudiadas (Capitulo 2, Table 5.2 en la pagina 200,
and Table 5.53 en la pagina 239). Sin embargo, el uso de los marca-
dores microsatélites en E. mediohispanicum se ha visto limitado por la
existencia de variacion en el nidmero ploidico, debido a la incertidum-
bre asociada a la asignacion genotipica de los individuos poliploides
(Capitulo 5). De acuerdo al andlisis de microsatélites en las poblacio-
nes diploides, la mayor parte de la variacién genética de la especie se
encuentra dentro de poblacién (Tabla 5.5 en la pagina 208). Hemos
atribuido el mantenimiento de dicha variacién intrapoblacional a la
relacién encontrada entre diversidad genética y fenotipica (Fig. 5.53
en la pagina 244) y al amplio gremio de polinizadores, debido a que
la heterogeneidad en visitantes florales supone que también sean se-
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leccionados una gran variedad de rasgos morfolégicos (y por lo tanto
de genotipos; Capitulo 5).

El anélisis de los marcadores microsatélites tampoco nos permi-
tié establecer relaciones de parentesco detalladas entre poblaciones,
quizd como consecuencia de la alta diversidad genética intrapobla-
cional y la baja divergencia interpoblacional mencionada (Tabla 5.5
en la pagina 208). Tanto el andlisis de componentes principales como
la inferencia bayesiana del ndmero de unidades genéticas muestran
el mismo patrén, con cierta separacién entre las poblaciones de Ara-
gon, Sierra de Cazorla y Sierra Espufia, que aparecen relativamente
alejadas de las de Sierra Nevada (Fig. 5.4 en la pagina 202). Hemos
atribuido la poca estructuraciéon genética encontrada entre poblacio-
nes de Sierra Nevada a la existencia de flujo reciente entre estas po-
blaciones, al menos a nivel de polen (Capitulo 5).

Hemos representado las distancias genéticas calculadas a partir
de los marcadores microsatélites (matriz de distancias de Bruvo, Ca-
pitulo 5) como una red de percolacion (Fig.3.2) para permitir una
comparacion mas directa con los resultados obtenidos del estudio
de la regién plastidial (Capitulo 6). Esta nueva representacién coinci-
de con las anteriores (PCA) al mostrar sélo el patrén genético a gran
escala, con un médulo muy interconectado donde se sitdan todas
las poblaciones de Sierra Nevada. Unido a é€l, las tres poblaciones
diploides de la Sierra de Cazorla conforman un pequefio médulo po-
co interconectado, mientras que las poblaciones de Sierra Espufia y
Aragoén aparecen como nodos independientes (Fig.3.2).

En resumen, el andlisis de microsatélites muestra que las pobla-
ciones diploides son muy diversas genéticamente y se agrupan de
acuerdo a su procedencia geogréfica.
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Threshold= 0.18

S. Cazorla ®
S. Nevada [
S. Espufia [ ®

Aragén [

Figura 7.2: Red de percolacién (umbral=0.18) construida a partir de las distancias
de Bruvo calculadas a partir de los genotipos individuales de pobla-
ciones diploides (Capitulo 5). Los niimeros identifican las poblaciones
(Tabla 5.51 en la pdgina 237) mientras que los colores indican el origen
geogréfico de las mismas.

METODO DE RECONSTRUCCION FILOGEOGRAFICA BASADO EN IN-

DELS

Para intentar completar la informacién proporcionada por los mar-
cadores filogenéticos tradicionales y los microsatélites hemos recurri-
do a una region plastidial, lo que, ademads, permite la comparacién
de individuos independientemente de sus ploidias. Debido a las limi-
taciones de las sustituciones para obtener informacién filogeogréfica,
hemos afiadido a este tipo de mutacién la informacién procedente
de inserciones y deleciones (indels), para lo que hemos desarrollado

un nuevo método basado en distancias.
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Para realizar este andlisis hemos secuenciado una regién muy bien
caracterizada en plantas: la localizada entre los transferentes de leu-
cina y fenilalanina, o trnL-trnF IGS (Taberlet et al., 1991; Koch et al.,
2005, 2007). Dicha regién no sélo es abundante en indels, si no que
éstos se producen principalmente involucrando un ntimero de nu-
cleétidos bastante constante, similar al del trnF funcional (Dobe$
et al., 2004, 2007; Koch et al., 2007; Schmickl et al., 2008). La poca
distancia evolutiva existente entre las poblaciones estudiadas reduce
la probabilidad de homoplasia, es decir, de que procesos mutaciona-
les diferentes den lugar a secuencias idénticas. Para poder combinar
la informacién procedente de sustituciones e indels, nuestro méto-
do se basa en la obtencién de matrices de distancias para ambos
tipos de mutaciones, cuya congruencia puede ser testada. En caso de
que dicha congruencia exista, ambas matrices pueden ser facilmen-
te combinadas para obtener una tinica matriz de distancia genética
total, que puede usarse para construir drboles o redes que represen-
ten las relaciones evolutivas entre las secuencias (Capitulo 4) o las
poblaciones (Capitulo 6) estudiadas.

Este método tiene una primera parte muy dependiente de sistema
(el alineamiento) y una segunda parte mucho més general (obtencién
y representacion de la matriz de distancias). Para esta segunda etapa
estamos implementando las herramientas necesarias en un paque-
te de R (Capitulo 3), lo que permitira repetir el proceso de manera
sencilla para cualquier alineamiento. La precisién del método no ha
sido testada utilizando secuencias de historia conocida debido a que
no existen programas para simular secuencias de acuerdo con los
procesos evolutivos que suceden en la regién estudiada. Sin embar-
g0, creemos que nuestro método ha sido validado por la obtencién
de resultados coherentes al analizar las mismas poblaciones median-
te métodos tradicionales como el andlisis de sustituciones tanto de
marcadores nucleares como plastidiales (Capitulo 6), tal como se des-
cribe en el siguiente apartado.
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COMPARACION ENTRE MARCADORES GENETICOS EN E. mediohis-

panicum

Esta Tesis Doctoral ha generado mdiltiples fuentes de informaciéon
genética que nos han permitido inferir las relaciones evolutivas entre
poblaciones de E. mediohispanicum, asi como testar a grandes rasgos
nuestro método. Para comparar los resultados obtenidos con cada
pareja de marcadores, hemos utilizado las secuencias comunes a los
mismos para calcular matrices de distancias bajo el modelo evolutivo
Kimura 2-pardmetros (Kimura, 1980) usando el paquete de R ape (Pa-
radis et al., 2004). A continuacién hemos usado dichas matrices de
distancia para testar la congruencia mediante CADM (Legendre and
Lapointe, 2004) también implementado en ape (Paradis et al., 2004).
El CADM es una extension del test de Mantel de correspondencia de
matrices (Mantel, 1967) y asume como hipétesis nula la incongruen-
cia completa entre matrices de distancias (Campbell et al., 2011). Para
comparar las topologias visualmente, hemos construido arboles NJ
de cada matriz de datos usando MEGA5 (Tamura et al., 2011).

En primer lugar, hemos encontrado una alta congruencia entre
marcadores nucleares y plastidiales (W=0.72; p=0.002; Tabla 7.2), aun-
que la representacién en forma de arbol permite ver algunas discre-
pancias (Fig.7.3). En general podemos ver que el arbol basado en mar-
cadores nucleares tiene mayor correspondencia con la distribucién
geografica que el plastidial (Fig.7.3). De acuerdo a los marcadores
nucleares, todas las poblaciones de E. mediohispanicum procedentes
de Sierra Nevada son monofiléticas y aparecen separadas de pobla-
ciones del norte de la Peninsula (Fig.5.5A). Sin embargo, de acuerdo
a los marcadores plastidiales, una rama larga separa las poblaciones
de Sierra Nevada en dos grupos (Fig.7.4C). En uno de esos dos cla-
dos podemos encontrar poblaciones del norte (Em31 y Emso) junto
con poblaciones que conforman el Médulo 4 en el anélisis de redes
del Capitulo 6 (Em18, Em25 y Em27; Fig.5.5C; Fig.6.5). Por lo tanto,
los marcadores plastidiales apoyan la relacién directa del Médulo 4
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N Y Xz p

nDNA vs cpDNA 27 0.7216 505 0.0018
trnF vs cpDNA 22 0.6724 309 0.0001
trnF vs nDNA 22 0.6380 293 0.0018
trnF vs nDNA vs cpDNA 22 0.4522 312 0.0005
trnF vs Dgst 32 07191 712 0.0002
Dst vs cpDNA 10 0.3678 32 0.9713
Dst vs nDNA 10 0.6780 60 0.1008
Dst vs nDNA vs cpDNA 10 0.3730 49 0.2825

Dst vs nDNA vs cpDNA vs trnF 10 0.3695 65 0.0306

Tabla 7.2: Resultados de la congruencia entre marcadores de acuerdo a tests

CADM. Para cada conjunto de matrices de distancia comparadas
se muestra el nimero de poblaciones incluidas por matriz (N), el
valor de la congruencia (coeficiente de concordancia de Kendall,
W), el valor de ji cuadrado (%) y la significacién (p). Los valo-
res en negrita indican la existencia de diferencias significativas
tras correccién de Bonferroni secuencial. Las matrices de distan-
cia fueron representadas por los siguientes abreviaturas: nDNA
= distancia basada en marcadores nucleares (ITS); cpDNA = dis-
tancia basada en marcadores plastidiales (ndhF, trnT-trnL); trnF
= distancia combinada de sustituciones e indels de la regién trnL-
trnF IGS; Dgt = distancia basada en microsatélites, estimada co-
mo DST-

Figura 7.3: Representaciones NJ de las matrices de distancias basadas en: A)
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marcadores nucleares; B) regién trnL-trnF IGS; C) marcadores
plastidiales. Los colores indican la especie o el origen geografico
de las poblaciones de E. mediohispanicum.
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7. Discusién general

con poblaciones del norte, lo que hemos atribuido a la existencia de
una via de colonizacién norte-sur (Capitulo 6). Otra diferencia entre
los arboles nuclear y plastidial (a pesar de la alta congruencia en-
contrada) viene dada por la agrupacién de las poblaciones de otras
especies en uno o varios clados, como ocurre con E. nevadense y E.
merxmuelleri (Fig.7.3).

Las diferencias entre resultados proporcionados por marcadores
plastidiales y nucleares pueden deberse a hibridacién o a separaciéon
incompleta de linajes, tal y como ya discutimos en el Capitulo 6. Ade-
mads de estos fenémenos, las sefiales evolutivas proporcionadas por
ambos marcadores pueden no ser idénticas debido a las diferencias
en flujo dispersivo existente entre polen y semillas. En E. mediohis-
panicum, la distancia de dispersién de semilla (unos 20 centimetros
segin Gémez, 2007) es mucho mds pequefia que la distancia a la que
pueden transportar polen los insectos (mds de un kilémetro segtin
Chifflet et al., 2011). Ademads, en el caso de angiospermas, la heren-
cia del cloroplasto se produce exclusivamente por via materna, por lo
que generalmente carece de recombinacién (Avise et al., 1987; Comes
and Kadereit, 1998). Por ello es esperable que los marcadores plasti-
diales reflejen mejor los procesos ocurridos durante la colonizacién,
mientras que la existencia de flujo genético via polen entre poblacio-
nes cercanas pero con diferentes historias de colonizacién, borrara
dicha huella (Avise, 2000; Kropf et al., 2006). Como consecuencia los
marcadores plastidiales tienden a mostrar patrones histéricos, mien-
tras los nucleares pueden mostrar una agrupaciéon mds coherente con

la disposicion geogréfica.

Pero los marcadores nucleares y de organulos revelan diferentes
aspectos de la historia evolutiva de los organismos estudiados no
s6lo por sus diferencias en tipo de herencia, frecuencia de recombi-
nacion y tasa de dispersion, si no que también presentan diferentes
tasas de mutacién y ntiimero poblacional efectivo (Zhang and Hewitt,
2003). Debido al menor tamafio poblacional efectivo de los organu-
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los, atin cuando el resto de circunstancias permanezcan constantes,
la acciéon de la deriva genética hace que la divergencia entre poblacio-
nes sea menor cuando se mide con marcadores nucleares (Brito and
Edwards, 2009). Esto hace que la estructura observada en filogeogra-
fias construidas con marcadores nucleares sea menor que cuando se
han empleado marcadores de los organulos (Moore, 1995), tal y co-
mo observamos en nuestro estudio (Capitulos 5 y 6). Ademas, se ha
encontrado que los marcadores plastidiales estin mds estructurados
espacialmente por presentar la mayor parte de su varianza total entre
poblaciones en lugar de dentro de poblacién, como sucede con mar-
cadores como las isoenzimas y los microsatélites (Comes and Abbott,
1998; Oddou-Muratorio et al., 2001; Nybom, 2004). La tasa de muta-
cién del cloroplasto es aproximadamente la mitad de la observada en
el nicleo, que a su vez es tres veces mayor que la de la mitocondria
(Wolfe et al., 1987). Por todo, los organulos proporcionan una visién
excepcionalmente clara de la historia evolutiva de las poblaciones
(Brito and Edwards, 2009).

La informacién obtenida con el anélisis de la region trnL-trnF IGS
es congruente tanto con la obtenida con marcadores nucleares como
con plastidiales (tabla 7.2), presentando valores similares en ambos
casos (W=0.64; p=0.0018 y W=0.67; p=0.0001, respectivamente). En el
arbol NJ de dicha region (Fig.7.4B) aparecen caracteristicas ya comen-
tadas en la filogenia basada en marcadores plastidiales (Fig.7.4C) y
que no aparecen en el arbol nuclear (Fig.7.4A). Tal es el caso de las
poblaciones del Médulo 4 (Em18, Em25 y Em27) separadas del res-
to de Sierra Nevada o del origen no monofilético de las poblaciones
de E. merxmuelleri. Ademas de dichas correspondencias, el arbol ob-
tenido con la regién trnL-trnF IGS presenta caracteristicas del drbol
nuclear que no aparecen en el plastidial, como sucede con la rama
que relaciona las poblaciones Ero3, Em15 y Em50 o como el hecho
de que las dos poblaciones de E. nevadense no formen un clado pro-
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A) Marcadores microsatélites B) trnL-trnF IGS

&5
£
w

E. mediohispanicum
S. Cazorla
S. Nevada
S. Espuiia
Aragén

EEn

Figura 7.4: Representaciones NJ de las matrices de distancias basadas en: A) re-
gion trnL-trnF IGS de poblaciones diploides; B) distancias de Bruvo
inferidas de los genotipos individuales de las mismas poblaciones. Los
colores indican la especie o el origen geogréfico de las poblaciones de
E. mediohispanicum.

pio (Fig.7.3). La congruencia global de los tres marcadores, aunque
menor, sigue siendo significativa (W=0.45; p=0.0005; Tabla 7.2).

La comparacién de los drboles obtenidos a partir de la regién trnL-
trnF IGS y los microsatélites (Fig.7.4) deja patente la diferencia de
sefial comentada anteriormente entre marcadores nucleares y plasti-
diales. En el caso de los microsatélites s6lo se aprecia una sefial de
gran escala, con ramas por lo general muy cortas entre poblaciones
de Sierra Nevada, que aparecen como monofiléticas (Fig.7.4A). El
andlisis de las mismas poblaciones con el trnL-trnF IGS coincide en
asignar las ramas mads largas a las poblaciones de Cazorla, Aragén
y Sierra Espufia, aunque en esta ocasién algunas poblaciones de Sie-
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rra Nevada se agrupan con ellas (Fig.7.4B). A pesar de la diferente
resolucién, la informacién proporcionada por ambos marcadores es
congruente (tanto como lo son los marcadores nucleares y los plas-
tidiales entre si: W=0.72; p=0.0002; Tabla 7.2). Por el contrario, las
distancias entre poblaciones obtenidas usando los microsatélites son
incongruentes con las calculadas para los marcadores filogenéticos
tanto nucleares como plastidiales (Tabla 7.2). Como era de esperar,
la congruencia de los marcadores microsatélites, aunque no signifi-
cativa, es mayor con los marcadores nucleares (W=0.68; p=0.1) que
con los plastidiales (W=0.37; p=1.0) (Tabla 7.2). Debido a que para
cada anélisis de congruencia s6lo hemos comparado las poblaciones
comunes a los marcadores estudiados, los tamanos de muestra de
cada test de congruencia son diferentes (Tabla 7.2). En concreto, la
comparacion de micros con los marcadores filogenéticos se ha reali-
zado entre s6lo 10 poblaciones, lo que puede influir en que dichos
resultados sean no significativos.

En resumen, la informacién proporcionada por el andlisis de la
region trnL-trnF IGS siguiendo el método propuesto en esta Tesis
Doctoral es congruente con todos los demds marcadores, aunque en-
tre ellos presenten incongruencias. La mayor parte de las diferencias
encontradas entre los marcadores pueden atribuirse a las diferentes
naturalezas de los marcadores nucleares y plastidiales. En base a to-
dos los resultados obtenidos hemos podido extraer la informacién
filogeografica recogida a continuacién.

FILOGEOGRAFIA

De acuerdo a la region trnL-trnF IGS, las poblaciones pertenecien-
tes a las especies del complejo nevadense de Erysimum pueden agru-
parse en cuatro linajes (médulos segtn la representacién de redes,
Fig. 6.5 en la pagina 264), cada uno con una composicién caracte-
ristica de haplogrupos y con diferente distribucién geografica. El
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moédulo 1 (compuesto sobre todo por secuencias clasificadas dentro
del Haplogrupo I) se encuentra mayoritariamente en Sierra Nevada,
mientras que el médulo 2 (Haplogrupo II) se distribuye por la cos-
ta levantina y el noreste de la Peninsula (Capitulo 6). El médulo 3
(compuesto mayoritariamente por los Haplogrupos III y IV) aparece
en dreas del interior de la Peninsula Ibérica (entre Jaén y Soria) y pre-
senta indicios de una diferenciacién incipiente entre las poblaciones
de las sierras del sur y del norte (como indica la existencia de dife-
rentes haplogrupos muy emparentados en ambas regiones; Capitulo
6). Finalmente, el médulo 4 (Haplogrupo V) se restringe a la costa
sureste (Provincias de Murcia, Almeria y Granada; Capitulo 6).

La distribucién de esos cuatro grupos coincide con las principales
unidades biogeogréficas descritas por Rivas-Martinez (1973) (Fig.7.5).
Dicho estudio se basa en las caracteristicas geologias, climatolégicas,
edaficas y botanicas del territorio para clasificarlo en unidades je-
rarquicas denominadas reinos, regiones, superprovincias, provincias,
sectores y subsectores. Toda la Peninsula Ibérica pertenece al reino
Holartico y estd dividida en dos regiones, la Euro-siberiana (que se
extiende por las regiones costeras del norte peninsular) y la Medi-
terrdnea (que ocupa el resto del territorio; Fig.7.5). Cada regién, a
su vez, estd dividida en dos superprovincias (Rivas-Martinez, 1973).
Las poblaciones de Erysimum estudiadas se encuentran todas en la
region Mediterranea, perteneciendo las poblaciones de los médulos 1
y 3 a la Ibero-atlantica y los médulos 2 y 4 a la superprovincia Ibero-
levantina (Fig.7.5). De hecho el médulo 4 se localiza en una tnica pro-
vincia (denominada murciano-almeriense por Rivas-Martinez, 1973).
Por lo tanto, los resultados obtenidos con nuestro método parecen
coherentes no sélo con otros resultados genéticos (métodos filogené-
ticos tradicionales aplicados a otros marcadores), si no también con

los estudios corolégicos.

También hemos podido determinar que las especies que, junto a
E. mediohispanicum, conforman el denominado complejo nevadense
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= Regién
— Superprovincia
- - Provincia

Médulo 1
® Moédulo 2
Médulo 3
O Médulo 4

Figura 7.5: Superposicién de las principales unidades biogeograficas descritas por
Rivas-Martinez (1973) y la distribucién geografica de los cuatro lina-
jes (médulos de la red de percolacion, Capitulo 6) encontrados en E.
mediohispanicum. Los tipos de linea representan la jerarquia de las uni-
dades biogeogréficas y los puntos en escala de grises representan los
linajes.

no aparecen como linajes independientes, si no que se agrupan con
otras poblaciones de acuerdo a su proximidad geografica (Fig. 6.5 en
la pagina 264). Esto nos ha llevado a proponer que dichas especies
pueden derivar de E. mediohispanicum (con un area de distribucién
mucho mayor que el resto de especies del complejo), vinculadas a
distintos sistemas montafiosos, en las que algunas poblaciones per-
manecieron aisladas durante determinadas etapas geolégicas. Alter-
nativamente, el patrén observado puede haber sido producido por
la hibridacién de E. mediohispanicum con especies de Erysimum pre-
viamente establecidas en dichos sistemas montafiosos (Capitulo 6).
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Todas las interpretaciones de los distintos datos genéticos obteni-
dos apuntan a mecanismos de dispersién como los que més proba-
blemente subyacen a la distribucién actual de linajes en las especies
del complejo nevadense (Capitulo 6). Mayor incertidumbre tenemos
a la hora de asignar las rutas de colonizacién. El caracter adpreso
de los frutos sugiere que las plantas poliploides del norte provie-
nen de las diploides del sur, ya que dicho rasgo es compartido por
distintas especies de las cordilleras béticas pero es exclusivo de E. me-
diohispanicum en el norte (Nieto-Feliner, 1993). Ademas, si utilizamos
el namero de haplotipos por haplogrupo (Capitulo 4) como indica-
dor de la antigiiedad de los mismos, obtenemos que el Haplogrupo I
(distribuido principalmente en Sierra Nevada 6.5 en la pagina 264) es
el més antiguo, seguido del Haplogrupo II (Levante y noreste). Las
mismas conclusiones se ven apoyadas por el hecho de que ambos ha-
plogrupos sean los tinicos que mostraron variacion en la regiéon mas
conservada del alineamiento (motivos T22-T28 previos a W1; Fig. 4.7B
en la pagina 141). Ademds, esos mismos haplogrupos mostraron un
mayor ntimero de conexiones por nodo (Capitulo 4).

En base a los resultados obtenidos en el Capitulo 6, hemos pro-
puesto dos rutas alternativas de colonizacién. En ambas (y de acuer-
do con los marcadores plastidiales, Fig. 7.4C en la pagina 311) el
linaje del litoral murciano-almeriense (médulo 4) deriva de las po-
blaciones de Levante (médulo 2), tras una migracién norte-sur a la
que siguid una segunda ruta por el centro de la peninsula que pudo
ser sur-norte (derivando el médulo 3 del médulo 4) o norte-sur (en
cuyo caso el médulo 3 se originé a partir del médulo 2; Fig. 6.8 en
la pagina 278). Ambas rutas de colonizacién derivan de la interpre-
taciéon en forma de red de las matrices de distancias (Fig. 6.5 en la
pégina 264). Hemos preferido dicha representacion a la de arbol por-
que en ella se recogen mejor las relaciones complejas existentes entre
poblaciones, que no siempre estan conectadas por procesos de bifur-
cacién, como suponen los drboles (Morrison, 2005; Mardulyn, 2012).
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Ademads, hemos preferido la representacién de red de la matriz de
distancias genéticas basada en la region trnL-trnF IGS ya que el &r-
bol (Fig.7.6) muestra algunos aspectos dificiles de explicar a la luz
de otros datos obtenidos, como la asignacién bayesiana del ntimero
de poblaciones (Fig. 5.4 en la pagina 202) o las regiones geograficas
donde se localizan las principales barreras entre poblaciones (Fig. 6.2

en la pagina 260).

Dicho arbol coincide en mostrar una cierta separacioén entre las
poblaciones que pertenecen a distintos médulos en la red, aparecien-
do las poblaciones de Sierra Nevada en ramas centrales del arbol y
los médulos del interior y Levante en los extremos (Fig.7.6). Si vol-
vemos a asumir que las poblaciones de Sierra Nevada son las maés
antiguas, esta topologia implicaria dos colonizaciones independien-
tes sur-norte, lo que probablemente llevaria al establecimiento de la
barrera genética méds importante entre dos sistemas montafiosos del
norte de la Peninsula Ibérica (Fig.7.7A), que deberian representar dos
linajes genéticos diferenciados. Este escenario contrasta con el patrén
observado, en el que la barrera genética més importante se encuentra
entre las poblaciones de Sierra Nevada y las de Cazorla y los linajes
genéticos separan Sierra Nevada del resto de la Peninsula (Fig. 6.2

en la pagina 260).

Ademas, la topologia del drbol requiere la existencia de multiples
eventos independientes de poliploidizacién para explicar que las po-
blaciones poliploides ocupen posiciones tan distantes en el arbol y
que aparezcan poblaciones diploides y poliploides en las mismas
ramas (Fig.7.6). A pesar de que la aparicion recurrente de taxones
poliploides es algo habitual en las representaciones filogenéticas en
forma de arbol (por ejemplo, Van Dijk and Bakx-Schotman, 1997; Se-
graves et al., 1999; Halverson et al., 2008; Soltis et al., 2010), hemos
preferido mantener la representacién como red por ser méas parsimo-
niosa, ya que poblaciones de ploidia similar aparecen conectadas de
manera directa (Fig.7.1B) y son necesarios menos eventos de poliploi-
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Figura 7.6: Representaciéon como arbol NJ de la matriz de distancia combi-
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nada de sustituciones e indels de la regién trnL-trnF IGS (Capi-
tulo 6). La procedencia geografica de cada poblacién se repre-
senta en diferentes colores y la pertenencia a médulos de la red
(Fig. 6.5 en la pagina 264) mediante formas geométricas. Las li-
neas rojas representan ramas que originan poblaciones poliploi-
des.
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Figura 7.7: Representacion de
las rutas dispersivas
que se deducen de la
matriz de distancia
combinada de susti-
tuciones e indels de
la region trnL-trnF
IGS A) de acuerdo al
arbol NJ; B) segtn la
red de percolacién,
asumiendo dispersiéon
sur-norte; B) seglun
la red de percolacion,
asumiendo dispersion
norte-sur. Las lineas
discontinuas  repre-
sentan las principales

barreras genéticas
esperables bajo cada
escenario.
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dizacién. Por todo, hemos obviado cualquier referencia anterior a la
representaciéon como drbol y hemos utilizado tnicamente la de red,

mads conservadora y coherente con otros resultados obtenidos.

Una de las dos rutas compatibles con la representacién de red
(Fig. 6.8 en la pagina 278) asume una migracién sur-norte, lo que
vuelve a ubicar una de las principales barreras genéticas entre pobla-
ciones del norte, aunque también es previsible la aparicién de una
segunda barrera en el sur, separando las poblaciones de Sierra Ne-
vada de las de Sierra de Cazorla y las pertenecientes del Mdédulo
4 (Fig.7.7B). La segunda ruta alternativa propuesta seria compatible
con la aparicion de las principales barreras genéticas tinicamente en
la regioén sur, separando Sierra Nevada de Cazorla y las poblaciones
del Médulo 4 (Fig.7.7C). Este dltimo patrén se corresponde exacta-
mente con la localizacién de barreras genéticas estimadas a partir de
la matriz de distancias de la region trnL-trnF IGS (Fig. 6.2 en la pa-
gina 260). El mismo flujo de dispersién se ve apoyado también por
las distancias de microsatélites y por la asignaciéon bayesiana del na-
mero de poblaciones genéticamente diferentes (Capitulo 5). En todos
los casos, las mayores diferencias aparecen entre poblaciones de Sie-
rra Nevada y de Cazorla, indicando que, antes de ese flujo norte-sur,
el drea de distribucion de la especie debi6é quedar reducida a dos na-
cleos, uno en el noreste y otro en Sierra Nevada, con el consiguiente

aislamiento de los linajes genéticos de estas dos regiones.

Dicho aislamiento entre linajes genéticos suele vincularse a la su-
pervivencia en distintos refugios glaciales durante el Pleistoceno (Coo-
per and Hewitt, 1993). Cada vez son mds numerosas las evidencias
de que en la Peninsula Ibérica existieron multiples refugios, algunos
en regiones del norte (Olalde et al., 2002; Gémez and Lunt, 2007; Fe-
liner, 2011), tal y como parece haber sucedido en E. mediohispanicum.
En concreto podriamos identificar el drea del refugio norte con el
foco aparentemente aislado de poblaciones diploides en Aragén (Ca-
pitulo 5; Fig.7.8), si aceptamos la hip6tesis que sugiere que los orga-
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nismos diploides se encuentran tipicamente en dreas que formaron
parte de refugios, mientras que los poliploides son mas abundantes
en dreas que estuvieron bajo condiciones de glaciacion (Ehrendorfer
and Lewis, 1980; Parisod et al., 2010). Por lo tanto, se nos muestra un
escenario en el que las plantas diploides de Sierra Nevada se disper-
saron hacia el norte hasta Aragén (Fig.7.8). La duplicacién del mate-
rial genético que originé los poliploides del norte debié producirse
después de la primera migraciéon norte-sur (que originé el médulo
4, diploide), o durante la dispersién de la especie desde Aragén ha-
cia Lérida (por el este) y Guadalajara (por el oeste; Fig.7.8). De esta
manera, la distribucién de ploidias parece apoyar también la ruta de
colonizacién segtin la cual las poblaciones del interior de la penin-
sula se originaron a partir de un flujo norte-sur desde las regiones
poliploides del norte (Fig.7.8).

Uno de los aspectos més dificiles de interpretar en la filogeogra-
fia de E. mediohispanicum es el encontrado en las Sierras de Cazorla,
Segura y La Guillimona, donde poblaciones diploides y poliploides
estdn separadas por pequefias distancias (Fig.5.1). Parece improbable
que las poblaciones diploides de esta region se relacionen con la exis-
tencia de un refugio glacial y las poliploides con posteriores eventos
de duplicacién, ya que todas las representaciones de distancias (tan-
to los arboles, Fig.7.6, como las redes, Fig.6.5) apuntan a que dichas
poblaciones son los nodos més terminales, estrechamente emparenta-
dos con las poblaciones poliploides de Soria y Guadalajara. El patrén
observado podria explicarse también mediante una mezcla de linajes
poliploides procedentes del norte y diploides emparentados con po-
blaciones del médulo 4 (o que mantendria las grandes distancias con
Sierra Nevada). Sin embargo, tanto las poblaciones diploides como
las poliploides de los sistemas montafiosos adyacentes a Cazorla pre-
sentan el mismo Haplogrupo mayoritario (el IV), lo que indica que
comparten ancestria por via materna a pesar de las diferencias en
ploidia. Otra hipétesis que explicaria la distribuciéon de ploidias sin
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Figura 7.8: Representacion de las rutas dispersivas mejor soportada por los
datos obtenidos en los distintos capitulos de esta Tesis Doctoral.
Dichos datos incluyen la distribucién geografica de los médulos
de la red, la ploidia y la composicién haplotipica de cada terri-
torio geografico muestreado, asi como las principales barreras
genéticas encontradas, todos ellos recogidos en esta figura.

los inconvenientes anteriores serfa la diploidizacién, uno de los pro-
cesos mas desconocidos de la evolucién genémica (Wolfe, 2001). Este
mecanismo lleva a una especie poliploide a tener un comportamien-
to meiotico similar a las especies diploides, produciéndose ademas
pérdida de material genético y reagrupaciones cromosémicas (Grant,
1981; Wolfe, 2001; Levy and Feldman, 2002; Chen, 2007; Doyle et al.,
2008; Parisod et al., 2010; Mandakova et al., 2010). Debido a que es
un proceso paulatino, seria de esperar en este caso que las poblacio-
nes catalogadas como poliploides en las sierras adyacentes a Cazorla
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presentaran cantidades de ADN menores a las poliploides de Soria
y Guadalajara.

En resumen, la historia evolutiva de las especies estudiadas mues-
tra un flujo dispersivo desde Sierra Nevada hasta el norte de la Pe-
ninsula, llegando hasta Aragén. Tras un periodo de aislamiento en
dos focos, tuvieron lugar dos flujos dispersivos norte-sur, uno lle-
gando hasta las costas almeriense y granadina y otro, por el centro
de la Peninsula Ibérica, hasta Cazorla (Fig.7.8). Estos movimientos
dispersivos parecen explicar la estrecha relacion existente entre las
especies del complejo nevadense, como consecuencia de peroiodos
de aislamiento geografico e la hibridacién. Para dilucidar la impor-
tancia relativa que cada uno de estos procesos han jugado en la evo-
lucién del complejo son necesarios estudios especificos de las zonas

de contacto.

RELACIONES ENTRE DATOS POBLACIONALES: FENOTIPO,
PARENTESCO GENI:]TICO, POLINIZADORES Y GEOGRAFIA

Mediante modelos de ecuaciones estructurales hemos encontrado
que la diversidad genética de las poblaciones diploides de E. mediohis-
panicum se relaciona tanto con la diversidad fenotipica como con la
diversidad en el gremio de polinizadores, siendo la morfologia floral
el rasgo que juega un papel més destacado en la interaccién planta-
polinizador (Capitulo 5). En este apartado exploraremos la existencia
de relaciones entre fenotipo, polinizadores y parentesco de las pobla-
ciones estudiadas, minimizando el efecto de la distancia geogréfica
en dicha relacién. Para ello hemos obtenido matrices de distancia
para cada uno de los conjuntos de variables mencionados usando el
paquete de R vegan (Oksanen et al., 2012), y las hemos comparado
mediante tests de Mantel (Mantel, 1967). Como distancia genética
hemos utilizado la matriz de distancias poblacionales (combinando
indels y sustituciones con igual peso) calculada en el Capitulo 6. La
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diferencia en el gremio de polinizadores fue calculada como la dis-
tancia de Bray-Curtis (Bray and Curtis, 1957) aplicada al ntimero de
visitas de cada grupo funcional, para lo que hemos considerado s6-
lo poblaciones con mds de 100 visitas. Por dltimo, obtuvimos una
matriz de distancias euclideas que incluye todas las variables fenoti-
picas medidas (Capitulo 5), asi como otras tres matrices fenotipicas
en las que incluimos, respectivamente, las variables relacionadas con
el tamafno de la planta (didmetro y altura del escapo y ntimero de
flores), con el tamafio de la flor (didmetro de la corola y anchura y
longitud del tubo de corola) y con la forma de la corola (los cuatro
primeros componentes en forma: RW1-RWy).

La primera cuestion que nos planteamos es la existencia de patro-
nes espaciales en cada una de las matrices mencionadas. Para ello tes-
tamos las correlaciones entre cada matriz de distancia descrita arriba
y la matriz de distancia geografica. La distancia geografica entre ca-
da pareja de poblaciones fue calculada como la distancia euclidea
de sus coordenadas UTM. De acuerdo a los resultados de los tests
de Mantel (Tabla 7.3) podemos concluir que no existe un patrén de
variacién geogréfica en la identidad de los visitantes florales en las
39 poblaciones estudiadas con censos de mds de 100 visitas (r=-0.08;
p=0.80; Tabla 5.7A).

Al contrario que con los polinizadores, hemos encontrado auto-
correlacién espacial positiva tanto en las distancias genéticas (r=0.28;
p=0.001) como en las fenotipicas (r=0.16; p=0.005; Tabla 5.7A). Al des-
glosar la variacion fenotipica en las tres componentes descritas ante-
riormente, encontramos también una autocorrelacién espacial signi-
ficativa y positiva para la forma de la corola (r=0.24; p=0.001), pero
no significativa para el tamafio de la planta (r=0.07; p=0.15). En el ca-
so del tamafio floral encontramos una significaciéon marginal (r=0.14;
p=0.018), ya que desaparece después de aplicar la correccion de Bon-

ferroni secuencial (Tabla 5.7A).
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A) p Mantel N
Polinizadores 0.801 -0.080 39
Genética 0.001  0.282 56
Fenotipo 0.005 0.159 56
Tamarfio de planta 0.153  0.067 56
Tamafio de flor 0.018 0.142 56
Forma de corola 0.001  0.244 56

B) p Mantel N
Genetica-Fenotipo 0.951 -0.090 56
Genética-Forma corola 0.006 0.164 56
Genética-Tamafio planta 0.475 0.001 56
Genética-Tamano flor 0.921 -0.082 56
Genética-Polinizadores 0.0592 0.089 39
Fenotipo-Polinizadores 0.5694 -0.015 39
Forma corola-Polinizadores  0.0004 0.232 39
Tamafio planta-Polinizadores 0.309 0.035 39
Tamario flor-Polinizadores 0.6425 -0.028 39

Tabla 7.3: A) Resultados de los tests de Mantel comparando las distancias
geogréficas con las obtenidas para cada matriz de datos. B) Re-
sultados de los tests de Mantel parciales realizados comparando
las parejas de matrices indicadas y controlando por las distancias
geogréficas. Para cada andlisis se muestra la significacién (p), el
valor de la correlacién (r) y el nimero de poblaciones incluidas

en cada analisis (N)
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En base a estos resultados podemos concluir que poblaciones mas
distantes no presentan mayores diferencias en gremio de polinizado-
res, pero que poblaciones mas alejadas geograficamente estdn signifi-
cativamente maés alejadas genética y fenotipicamente, especialmente
en cuanto a forma floral. Este patrén geogréfico es coherente con el
obtenido en el Capitulo 5, donde ademas demostramos la influencia
de la altitud poblacional en la altura media de las plantas, asi como
en la diversidad genética de las poblaciones (Tabla 5.6).

A continuacioén, para cada matriz que mostré correlacién espacial
significativa, hemos testado la existencia de correlacién con una ter-
cera matriz mediante tests de Mantel parciales, condicionados a la
matriz de distancias geogréficas (Tabla 5.7B). De esta manera conse-
guimos informacién sobre la correlacion entre dos matrices substra-
yendo el efecto que tenga la localizacién geogréfica de las poblacio-
nes sobre dicha correlacion.

Existen dos correlaciones significativas tras la correcciéon de Bonfe-
rroni secuencial: entre genética y forma de la corola (r=0.16; p=0.006)
y entre forma de la corola y gremio de polinizadores (r=0.23; p=0.0004),
aunque también es marginalmente significativa la encontrada entre
genética y polinizadores (p=0.038) (Tabla 5.7B). A pesar de lo rudi-
mentario que puede resultar este andlisis para trazar sobre la filogeo-
grafia de la especie otro tipo de informacién, nos permite observar
que la morfologia floral media de las poblaciones de E. mediohispani-
cum varia de acuerdo a un patrén coherente tanto con la filogeografia
de la especie como con la abundancia de grupos funcionales que en-
contramos en cada poblacién.

LINEAS FUTURAS

Los resultados de esta Tesis doctoral resuelven algunos aspectos
de la historia evolutiva y las interacciones ecoldgicas de E. mediohis-
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panicum, pero abren también nuevos interrogantes que mereceria la

pena estudiar con més detalle en futuras lineas de investigacion.

Las Sierras de Cazorla, Segura y la Guillimona se postulan como
una regién interesante para hacer un muestreo mas exhaustivo, ya
que es Unico territorio estudiado en el que se encuentran poblaciones
diploides y poliploides a muy poca distancia. El objetivo de dicho
estudio serfa desentrafiar el origen de cada citotipo. Concretamente,
las hipotesis que se contrastarian contemplan las posibilidades de
que las poblaciones diploides deriven de las poliploides mediante
procesos como la diploidizacién, sean el resultado de procesos de
hibridacién entre individuos de diferente ploidia, o sean el citotipo
ancestral a partir del que aparecieron las poliploides de esa region
mediante eventos de poliploidizacién independientes a los ocurridos
en el norte de la Peninsula. Para distinguir entre estos escenarios
podrian compararse las cantidades de ADN de individuos de las
distintas poblaciones (estimadas mediante citometria de flujo) con
sus relaciones de parentesco (estimadas mediante la regién trnL-trnF,
el uso de microsatélites localizados en los organulos o el andlisis de
genomas plastidiales completos).

Una metodologia similar podria emplearse en la comunidad de
Aragon, donde se encuentran las tinicas poblaciones aparentemente
diploides del norte de la Peninsula. El objetivo de este estudio se-
ria testar las rutas de dispersion propuestas, que apuntan a Aragén
como el primer destino de E. mediohispanicum en el norte de la Pe-
ninsula, a partir del que se originaron el resto de linajes, excepto el
mads abundante en Sierra Nevada. La descripcion de la ploidia en un
mayor ntimero de poblaciones de dicha regién podria aportar infor-
macién acerca de si las plantas diploides de Lérida y Guadalajara
derivan de un mismo evento de diploidizacién en Aragén o si son
consecuencia de dos eventos independientes.
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Otro aspecto que también debe ser estudiado con detalle es el efec-
to de la ploidia sobre el gremio de visitantes florales. Para ello po-
dria disefiarse un experimento en el que plantas de diferente ploidia
crecidas en macetas sean dispuestas aleatoriamente en un lugar ac-
cesible a los polinizadores habituales de la especie. Tanto el recuento
de las visitas a cada citotipo como los patrones de forrajeo pueden
proporcionar una idea mds precisa de cuanto influye la ploidia en
las interacciones planta-polinizador en E. mediohispanicum.

Debido a que la especie focal de este estudio ha sido E. mediohispa-
nicum, las relaciones evolutivas de otras especies emparentadas fue-
ron obtenidas con un nidmero de poblaciones mucho menor, lo que
puede justificarse también por la diferencia en las superficies que
ocupan las distribuciones de cada especie. Sin embargo, los resulta-
dos basados en el trnL-trnF IGS apenas mostraron diferencias entre
las poblaciones de las distintas especies del complejo nevadense, por
lo que seria deseable un estudio més detallado en el que se inclu-
yan mds poblaciones de dichas especies, poniendo especial atenciéon
a las zonas de contacto. Ademds, resultados recientes (Abdelaziz,
2013) apuntan a que especies que se suponian relativamente alejadas
del complejo nevadense (por ejemplo, E. baeticum, E. penyalarense, E.
popovi, E. cazorlense,...) no lo estdn tanto, por lo que seria interesante
abordar el estudio de las relaciones entre ellas desde una perspectiva
filogeogréfica.

También mereceria la pena explorar mediante métodos méas poten-
tes que los tests de Mantel la existencia de relaciones entre la filogeo-
grafia y las variables fenotipicas y de polinizadores. Una posibilidad
seria utilizar andlisis comparados, que no se basan en matrices de
distancias si no en los valores medidos de las diferentes variables
por poblacién. Siguiendo esta metodologia hemos explorado la exis-
tencia de asociaciones entre el fenotipo, el gremio de polinizadores
y las relaciones evolutivas de las poblaciones de E. mediohispanicum
descritas en esta Tesis Doctoral (Gémez et al., 2013). Dichas relacio-
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nes evolutivas han sido representadas mediante topologia de arboles
en ese andlisis debido a que los andlisis comparados para reded no

han sido desarrollados aun.

En un &mbito mads tedrico, el desarrollo de un programa que si-
mule la evolucién de secuencias de acuerdo a los mecanismos que
operan en la region trnL-trnF IGS, permitiria testar la precision del
método de reconstruccién evolutiva descrito en los Capituos 3, 4 y 6.
Dichos mecanismos involucran (ademas de sustituciones) deleciones
y duplicaciones de fragmentos relativamente constantes en cuanto a
longitud. También seria deseable que dicho programa simule indivi-
duos dentro de poblacién y permita eventos de migracion entre ellas,
con lo que se podria testar también el método bajo un enfoque més
tilogeogréfico.

Una aportacién muy importante al paquete de R descrito seria una
herramienta que permita alinear secuencias con un alto ntimero de
indels siguiendo la metodologia propuesta en el Capitulo4. SIDIER
también podria hacerse mas completo incluyendo métodos adiciona-
les de obtencién de distancias de secuencias basadas en indels, tales
como el CIC y el SIC (Simmons and Ochoterena, 2000).

Los datos poblacionales obtenidos pueden arrojar mds informa-
cién sobre la historia evolutiva de E. mediohispanicum, por ejemplo,
la determinacién de las tasas de migracién entre poblaciones, las
fluctuaciones en tamarfios poblacionales o los tiempo de coalescen-
cia puede llevarse acabo usando métodos de computaciéon bayesiana
aproximada (ABC; Wegmann et al., 2009). Esta metodologia fue ya
aplicada a un subconjunto de las poblaciones presentadas pero no
obtuvimos resultados satisfactorios debido a que tnicos datos gené-
ticos disponibles en ese momento (polimorfismos de amplificacién
aleatoria del ADN o RAPD) no permitian distinguir la dosis de los
alelos por individuo, problema que queda subsanado con la aplica-

cion de los marcadores microsatélites.
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CONCLUSIONES

1. Los marcadores microsatélites que hemos desarrollado y opti-
mizado en la presente Tesis Doctoral han permitido la caracte-
rizacién genética de las poblaciones de Erysimum mediohispani-
cum. Estos marcadores estan en equilibrio Hardy-Weinberg en
la mayoria de las poblaciones estudiadas y amplifican con éxito
en otras especies de Erysimum.

2. Hemos desarrollado un nuevo procedimiento asociado a un
paquete del lenguaje de programacion R para extraer informa-
cién filogeogréfica a partir de regiones con alta frecuencia de
inserciones y deleciones (indels). La historia evolutiva inferida
para Erysimum mediohispanicum con esta metodologia fue con-
sistente con los resultados obtenidos usando otros marcadores
moleculares con metodologias convencionales.

3. Las poblaciones de Erysimum mediohispanicum estudiadas fue-
ron extremadamente diversas, tanto fenotipica como genética-
mente, y mostraron patrones de variacién espacial latitudinales
y altitudinales.

4. A pesar de que Erysimum mediohispanicum es una planta ge-
neralista en términos de polinizacién, hemos demostrado que
existe una relacién significativa entre la variacién fenotipica y

genética de sus poblaciones.
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Al contrario de lo que sucede para los rasgos relacionados con
el tamafio de la planta, la forma y el tamafio de la flor mos-
traron efectos significativos en las interacciones entre planta y
polinizador, siendo la influencia de la forma de la corola espe-

cialmente influyente en dicha interaccion.

Genéticamente, Erysimum mediohispanicum estd constituido por
cuatro linajes principales, que muestran distribuciones disjun-
tas localizadas en el interior, el este, el sur y el extremo sureste
de la Peninsula Ibérica.

La distribucién actual de Erysimum mediohispanicum es el resul-
tado de madltiples eventos de dispersiéon y de la existencia de
multiples refugios aislados durante ciertos periodos de tiempo.
Las rutas de colonizacién que mejor explican las propiedades
genéticas de la especie incluyen un evento dispersivo desde el
sur hacia el norte de la Peninsula Ibérica seguido de dos even-
tos de dispersion independientes desde el norte hacia el sur.

Durante los movimientos de colonizacién mencionados se su-
cedieron varios periodos de aislamiento y contacto de linajes,
lo que explica la complejidad taxonémica observada entre las
especies de Erysimum de la Peninsula Ibérica.
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