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Introduccion general

Contexto general

Actualmente se calcula que existen en la Tierra mas de 308.000 plantas vasculares (Christenhusz &
Byng, 2016). Por desgracia, algunas publicaciones recientes nos advierten de su elevada tasa de
extincion, que seria de hasta 500 veces superior a lo que se esperaria que ocurriera sin la influencia
antropica (Humphreys et al., 2019). Por ello, urge destinar mas recursos economicos y esfuerzos
humanos a descubrir, estudiar y proteger la biodiversidad vegetal que habita en nuestro planeta. Muchos
cientificos del campo de la botanica recalcan la necesidad de continuar potenciando los estudios de
ciencia basica en este campo (Crisci et al., 2019, 2020), ya que para proteger resulta esencial conocer el
origen y la historia evolutiva de las especies.

Precisamente en ello se centra la sistematica, el area cientifica que trata de comprender cémo las
especies pueden clasificarse sobre la base de su parentesco evolutivo y similitudes morfoldgicas
(taxonomia) y qué patrones y procesos hay detras de su historia evolutiva (diversificaciéon o especiacion;
cf. Stuessy et al., 2014, Fig. 1).

PR Area de distribucion
P’
9(?0‘%(*”’ [ | -
"z il -

1/"
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. : — T 7 A
Caracter | mgp ' ' _‘//”J

Extincion
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Fig. 1. Representacion en tres dimensiones de la historia filogenética, distribucidn geogréfica y variabilidad morfolégica de un grupo a través
del tiempo. Modificado de Shyamal (2007).

Dentro de esta disciplina, los investigadores siempre han mostrado un gran interés en aquellos grupos
formados por numerosas especies o linajes, aparentemente originados en un corto periodo de tiempo.
Este proceso es comUnmente denominado radiacion evolutiva (Schluter, 2000). Las explosiones de
diversidad pueden deberse a factores geoldgicos como levantamientos de montafias o ser el resultado de
grandes cambios climaticos. Por ello, la diversidad en la Tierra no se distribuye de manera homogénea ni
al azar, sino que aquellos enclaves que han proporcionado un mayor numero de oportunidades
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Introduccion general

ecoldgicas son hoy en dia los mas diversos, los conocidos como hotspots de biodiversidad descritos
inicialmente por Myers et al. (2000). En la Figura 2 se resaltan las zonas de mayor diversidad vegetal
global estimados por Brummitt et al. (2021). El estudio de estas areas y especies que habitan en ellas es
clave para poder proteger estas zonas singulares del planeta. Muchas de estas regiones han sido
propuestas como puntos de origen de diversificacion de especies, donde persisten linajes antiguos, y a su
vez son zonas muy activas de especiacion in situ (conocidos como museum and cradle centers; Moreau &
Bell, 2013). Ademas, también son consideradas zonas que han actuado, y se prevé que actuaran en el
futuro, como refugios de biodiversidad, en las cuales las especies han sufrido en menor medida los
efectos de grandes cambios paleoclimaticos pasados (Keppel et al., 2012; Harrison & Noss, 2017).

4200

2282

I 1688

— 1388

— 1072

— 772

522

267

Fig. 2. Riqueza de especies reescalada utilizando la relacion especie-area para cada region geopolitica. Las regiones coloreadas en verde
muestran una baja riqueza de especies y las coloreadas en rojo una alta riqueza. Los valores de la escala representan el nimero de
especies estimado. Mapa extraido de Brummitt et al. (2021).

Presentacion de la tematica de la tesis

La presente tesis doctoral se centra en el estudio sistematico y macroevolutivo de dos géneros de la
familia de las Compuestas: Saussurea DC. y Jurinea Cass. (tribu Cardueae). Ambos géneros reunen
ciertas particularidades que los hacen un modelo ideal para abordar los grandes ejes de la sistematica: su
gran riqueza de especies (ca. 700 especies; Susanna & Garcia-Jacas, 2007, 2009) y su distribucion
geogréfica a lo largo del hemisferio norte: las regiones del Himalaya, la meseta del Qinghai-Tibet (QTP), y
en particular las montafias Hengduan, para Saussurea, y la regién iranoturania para Jurinea, son las
zonas de mayor diversidad. Estas dos areas principales de distribucion son consideradas como uno de los
mayores focos de biodiversidad del mundo, con tasas de endemicidad y riqueza de especies
excepcionales (Boufford & Van Dyck, 1999; Myers et al., 2000; Lépez-Pujol et al., 2006, 2011).

Sin embargo, hasta la fecha, estas areas han sido poco exploradas por los bidlogos evolutivos por
causas de diversa indole que han dificultado el estudio en profundidad de los procesos de diversificacion
que han originado las especies que habitan alli. Por un lado, la dificultad en si de recoleccién de material
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bioldgico, ya que gran parte de la diversidad se encuentra en zonas montafiosas de dificil acceso en las
que ademas puede haber conflictos geopoliticos. Por otro lado, las limitaciones metodolégicas de la
secuenciacion Sanger, practicamente la Unica herramienta disponible que existia hace una década para la
reconstruccion de filogenias moleculares. La diversificacion explosiva de gran cantidad de especies en un
corto periodo de tiempo deja una débil sefial filogenética en el nivel de diferenciacion interespecifico, por
lo que a mayor cantidad de marcadores empleados mayor seré la resolucion de la historia evolutiva de un
grupo y las relaciones entre sus especies. En el disefio de esta tesis doctoral se plante6 abordar dos de
los mayores retos actuales en la sistematica vegetal, que son la recoleccion de gran parte de las especies
conocidas de un grupo de gran tamafio y su exploracion filogenética con técnicas de secuenciacion de
alto rendimiento.

La revolucion de la técnica Hyb-Seq

El uso de las técnicas conocidas como de secuenciacion de alto rendimiento (high throughput
sequencing, HTS) en organismos no modelo ha tenido un aumento exponencial estos ultimos afios. Ya se
encuentran en marcha iniciativas para obtener genomas completos de diversos grupos como el “10KP”
que tiene como objetivo secuenciar el genoma completo de 10.000 plantas en un periodo de 5 afios
(2017-2022; https://db.cngb.org/10kp/). Los campos de la biologia evolutiva y la sistematica vegetal estan
experimentando una gran revolucién tras la aplicacion de estas nuevas técnicas, ayudando a resolver
numerosas incognitas que permanecian ocultas sobre la evolucién de las plantas. En comparacion con la
secuenciacion Sanger, las nuevas tecnologias y plataformas permiten la recuperacién de genomas
completos o miles de regiones especificas. Es precisamente el hecho de obtener gran cantidad de datos
lo que ha supuesto uno de los mayores retos de la era gendmica: cdmo ensamblar y anotar los genomas
(retos computacionales y analiticos) y dénde almacenarlos (retos de almacenamiento e infraestructura;
Andermann et al., 2020).

En el caso de las especies vegetales, la complejidad se multiplica debido a las caracteristicas de su
genoma como sus enormes tamafios, o a factores como los efectos de la poliploidia, hibridacion o
reorganizaciones cromosomicas (Soltis et al., 2015; Pellicer et al., 2018). Para estudios sistematicos con
un enfoque filogenético, un factor también a tener presente es el amplio muestreo de especies que se
debe utilizar. Ademas, hay que tener en cuenta que una de las fuentes principales de obtencion de
material vegetal son los herbarios. Estos testigos generalmente tienen el ADN muy fragmentado, e incluso
contaminado, lo que ha dificultado su uso para secuenciar con Sanger (Sarkinen et al., 2012) o para
nuevas técnicas de alto rendimiento pero basadas en la secuenciacién de largas moléculas enteras (p.ej.
PacBio, NanoPore).

En este sentido, una de las técnicas de secuenciacién masiva basada en fragmentos cortos (75—
300 bp) con mayores ventajas en cuanto al coste, alcance taxonoémico, complejidad computacional,
bajos niveles de datos faltantes (o que minimiza problemas de ortologia), entre otras (ver Tabla 1), es la
técnica llamada Hyb-Seq (Weitemier et al., 2014). Esta combina el genome skimming, conocida
también como shotgun sequencing que hace un barrido general de todo el genoma (Straub et al.,
2012), con el target enrichment, sequence/target/hybrid capture o bait hybridization que tiene como
objetivo la recuperacién de un conjunto de genes diana o fargets con una alta cobertura (Cronn et al.,
2012; Lemmon et al., 2012; Dodsworth et al., 2019).
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Tabla 1. Comparacion de las técnicas de muestreo genémico mas utilizadas en sistematica vegetal. Se detalla en escala de colores, de verde
a naranja en funcién de lo favorable o no que sea la técnica para el factor mencionado. Informacion extraida de Lemmon & Lemmon (2013) y
Dodsworth et al. (2019).*Para los casos de amplia aplicacion taxonémica, la técnica puede utilizarse para comparaciones a diversos niveles,
como familia, género, especies. Para los casos de reducida aplicacion taxondmica, la técnica es util para comparacion de especies cercanas
filogenéticamente o niveles por debajo de especie. **Depende; en caso de utilizar un panel o kit ya disefiado en una investigacion previa su
coste es reducido. Por el contrario, el disefio de un nuevo panel a partir de recursos genémicos o transcriptdmicos previos o a secuenciar de
nuevo encarece mucho el coste de esta fase.

Tipo Aleatorio Estratificado Mixto
Técnica s?(f;fn’:‘nz Rﬁg?s‘;q RNA-Seq Hyb-Seq
Rango taxonémico aplicable* Amplia Reducida Medio Amplia
Acepta muestras degradadas Si Medio No Si
Precisa investigacion gendmica previa No No (pero (til) No (pero dtil) Depende**

No No Si Si
Recupera genes nucleares de baja copia
(limitado) (SNPs) (miles) (variable)
Numero de datos faltantes Bajo Alto Medio Medio
Coste por muestra Medio Bajo Alto Bajo
Coste en computacion (analisis bioinformaticos) Medio Alto Alto Medio
Tiempo de recuperacion de secuencias Alto Bajo Medio Bajo

Esta técnica tiene la particularidad de recuperar regiones nucleares conservadas de baja copia (fargets
0 secuencias de genes enriquecidos) y a la vez permite recuperar gran parte del resto del genoma, como
el ADN de los plastomas, ribosomas o mitocondrias. Los genes diana o targets se obtienen mediante un
conjunto de sondas de ARN, disefiadas a partir de uno o varios transcriptomas de referencia, que se
hibridan con la regién de ADN complementaria de las muestras de estudio; posteriormente son
amplificadas por PCR y finalmente secuenciadas. Existen paneles disefiados para recuperar informacion
filogenética en maltiples niveles taxondmicos para un amplio rango de organismos, los llamados paneles
universales, como los 353 loci para Angiospermas (Johnson et al., 2019). También se disefian paneles
especificos para grupos taxondmicos concretos como por ejemplo las familias Cyperaceae Juss.
(Villaverde et al., 2020), Arecaceae Schultz Sch. (Harpe et al., 2019), o Compositae Giseke (Mandel et al.,
2014) como se describe con detalle mas adelante.

La técnica Hyb-Seq esta resultando muy dtil en los grupos en los que se esta aplicando, llegando a
resolver desde ramas profundas de los arboles filogenéticos (Buddenhagen et al., 2016; Léveillé-Bourret
et al., 2018) hasta relaciones de especies cercanas (Villaverde et al., 2018; Larridon et al., 2020; Shee et
al., 2020). Por ello se estd convirtiendo en uno de los métodos més populares para obtener grandes
cantidades de datos genéticos en estudios con un enfoque sistematico-filogenético, con un crecimiento
exponencial durante los Ultimos 5 afios (ver Fig. 3).
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Fig. 3. Estudios publicados segin WOS (Web os Science) que han utilizado la técnica Hyb-Seq. Datos extraidos de una bisqueda avanzada
en WOS en diciembre de 2020 bajo la siguiente féormula en la cual el periodo temporal varia: TS = (Hyb-Seq OR Hyb-

seq OR target enrichment AND phylogenomics AND sequencing) AND PY = (1991-1995). TS son los temas y PY es el periodo de
publicacion en afios.

El grupo de estudio

El siguiente apartado trata de contextualizar la posicion taxondémica del grupo de estudio de la
presente tesis doctoral. Se ofrece una descripcidon general en el nivel de familia (Compositae o
Asteraceae Berchtold & J.Presl), tribu (Cardueae Cass.), y complejo de géneros (Saussurea-Jurinea).
También se resumen cuales han sido los ultimos resultados obtenidos basados en los recientes avances
en secuenciacion de alto rendimiento y se abordan qué aspectos deberian desarrollarse para avanzar en
el conocimiento del grupo de estudio.

La familia Compositae

Se estima que la familia de las Compuestas comprende el 10% de todas las Angiospermas, con un
total de unas 25.000-35.000 especies repartidas entre 16 subfamilias, 50-51 tribus y 1600-1700
géneros (Bremer, 1994; Funk et al., 2009; Mandel et al., 2019; Susanna et al., 2020). En términos de
diversidad solo son equiparables las familias Orchidaceae Juss. (20.000 especies; Peakall, 2007; Chase
et al., 2015) y Fabaceae Lindley (ca. 19.500 species; Lewis et al., 2005). Su gran riqueza de especies
también se traduce en una alta variabilidad morfolégica y de formas vitales (Fig. 4), aunque
principalmente esta formada por hierbas perenes, subarbustos y arbustos; también se encuentran plantas
suculentas, bejucos e incluso formas arbéreas. La familia tiene una distribucién cosmopolita, con
representantes en todos los continentes, incluso en la Antértida (Lewis-Smith et al., 2011).
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Fig. 4. llustracion de la variabilidad morfologica de las Compuestas. En orden de izquierda-derecha y arriba-abajo: Werneria nubigena
Kunth, Chuquiraga jussieui J.F. Gmel., Helianthus annuus L., Trixis californica Kellogg, Helenium flexuosum Raf., Arctotis stoechadifolia
P.J. Bergius, Malacothrix glabrata A. Gray, Senecio auricula Bourg. ex Coss., Erigeron annuus (L.) Pers., Conoclinium greggii Small,
Dendrosenecio kilimanjari (Mildbr.) E.B. Knox, Psathyrotes ramosissima A. Gray. Las imagenes son de libre uso (CC BY-SA 2.0, CC-BY-
NC-SA-3.0) y han sido extraidas de Panero & Crozier (2012; The Tree of Life Web Project).
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Ecoldgicamente, se encuentran en cualquier tipo de héabitat terrestre y son especialmente abundantes en
estepas, praderas, zonas semiaridas y aridas y regiones de clima temperado, montano o mediterraneo.

Los investigadores especialistas en la familia sugieren que su éxito evolutivo y ecoldgico radica en sus
particulares estructuras florales (Bremer, 1994; Funk et al., 2005; Mandel et al., 2019). Todas las
Compuestas comparten un mismo rasgo distintivo que es el capitulo, caracterizado por la organizacion de
las flores en una estructura pseudoantial que se sustenta en un receptaculo, rodeado por bracteas
involucrales, donde se insieren las flores. El capitulo de las Compuestas también presenta numerosas
variaciones en el tamafio de la corola y color, grado de fusion de pétalos y la simetria (ver ejemplos en la
Fig. 4). Su variacion es atribuida a la adaptacion al medio en el que viven, sus potenciales polinizadores o
la transformacién de estructuras de defensa contra la herbivoria. Otra caracteristica de la familia es la
presencia de vilano, que es un conjunto de cerdas o0 escamas pilosas simples o plumosas que rodean las
flores y son posteriormente las encargadas de favorecer la dispersion de la semilla y evitar la herbivoria
(Stuessy & Garver, 1996). Se ha sugerido que la aparicién del vilano ha sido uno de los mayores
contribuyentes a la alta diversificaciéon de la familia y un factor evolutivo clave que habria facilitado la
dispersién transoceanica e intercontinental, propiciando la colonizacion de lugares remotos (Panero &
Crozier, 2016).

En el nivel taxonémico, su monofilia siempre ha sido clara y esta apoyada tanto por datos morfologicos
como moleculares (Panero & Funk, 2002, 2008; Panero & Crozier, 2016; Funk et al., 2005, 2009). Sin
embargo, las relaciones filogenéticas entre subfamilias y tribus han sido, y permanecen en la actualidad,
como uno de los puntos a resolver. Diversos factores han influido en la dificultad del estudio en el nivel
intrafamiliar como son las rapidas radiaciones de especies, las hibridaciones antiguas o la poliploidia
(Semple & Wantanabe, 2009; Huang et al., 2016). Las limitaciones de la secuenciaciéon Sanger y la falta
de muestreo de géneros clave son otros de los obstaculos que han impedido responder a como, cuando y
dénde se originaron o si su diversificacion fue constante a lo largo del tiempo.

Con la aparicién de las técnicas de secuenciacién masiva, un grupo de investigadores liderado por la
Dra. Jennifer Mandel desarrollaron un protocolo de laboratorio y bioinformatico que permitia la extraccion
de cientos de loci nucleares ortologos (llamados COS loci) que facilitaban la reconstruccion filogenética de
grupos de Compuestas (Mandel et al., 2014). Este panel de marcadores para ser secuenciados con la
técnica Hyb-Seq fue de los primeros en publicarse para grupos vegetales especificos, y el primero en
estar disponible comercialmente para su uso en laboratorios moleculares (distribuido por MyBaits, Arbor
Biosciences, USA). Los primeros resultados que se obtuvieron al aplicar este panel de marcadores y esta
nueva técnica en un muestreo de especies reducido (de 15 a 23 especies) fueron una revolucion para los
botanicos especialistas en esta familia. Se obtuvieron altos apoyos estadisticos para nodos de
Compuestas que no habian sido capaces de resolverse con tecnologias de secuenciacién Sanger
(Mandel et al., 2014, 2015).

Concretamente, se disefiaron sondas de captura de secuencia dirigidas a un conjunto de loci
ortélogos, unicos o de baja copia homéloga (COS loci), identificados a través de etiquetas de secuencia
expresada (expressed sequence tags; EST) previamente conocidos por su alto poder informativo en el
nivel filogenético dentro de la familia (Chapman et al., 2007). Los transcriptomas utilizados como
referencia para detectar los ESTs fueron: (1) Carthamus tinctorius L. (aprox. 20.000 ESTs); (2) Helianthus
annuus L. (aprox. 70.000 ESTs) y (3) Lactuca sativa L. (aprox. 70.000 ESTs). El conjunto de sondas
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incluyé un total de 9678 sondas dirigidas a un total de 1061 loci ortdlogos. Ademas, la gran ventaja que
presentaba el disefio del protocolo era la posibilidad de recuperar parcialmente el ADN plastidial
(cloroplastos y mitocondrias) a partir de las lecturas de secuencias no pertenecientes a los COS loci.

Tras la publicacion del método surgieron numerosas colaboraciones internacionales basadas en este
protocolo entre el equipo de la Dra. Mandel y otros especialistas en sistematica de Compuestas para
intentar esclarecer relaciones filogenéticas por resolver tanto en niveles taxonémicos elevados como
familia o subfamilia (Mandel et al., 2014, 2015, 2017, 2019; Susanna et al., 2020), tribu y subtribus
(Siniscalchi et al., 2019; Lichter-Marck et al., 2020; Watson et al., 2020), como bajos, género y especie
(Jones et al., 2019; Thapa et al., 2020). Los trabajos presentados en la presente tesis doctoral se
encuentran dentro de este grupo de estudios basados en la técnica Hyb-Seq y los COS loci.

Compositae tribes
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Fig. 5. Filogenia datada para las tribus y reconstruccién de areas ancestrales ilustradas en los nodos internos. Los cambios en la tasa de
diversificacion se indican mediante los cuadros numerados (1-9) coloreados en rojo en caso de aumentos de la tasa o en azul en caso de
disminucién de la tasa. El histograma de la derecha muestra el nimero de especies por tribu, en el cual se resalta la tribu Cardueae, a la que
pertenece el grupo de estudio. Figura adaptada de Mandel et al. (2019).

Basandose en datos gendmicos extraidos de los COS loci y 256 taxones de la familia, Mandel et al.
(2019) estimaron que tuvo su origen alrededor de 83 Ma (Cretacico tardio). La tasa de diversificacion de
las Compuestas se vio acelerada en el Eoceno, cuando numerosas radiaciones explosivas de especies
tuvieron lugar (Fig. 5). Se considera que los desencadenantes de esta elevada especiacion fueron el inicio
del enfriamiento del clima y la colonizacion desde la region de origen (Sudamérica) hacia el continente
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africano, donde la mayor parte de las tribus empezaron a divergir aprovechando nuevas oportunidades
ecoldgicas. Posteriormente, tuvieron lugar multiples dispersiones hacia América del Norte y luego hacia
Asia (Fig. 5).

La implementacion de los COS loci también ha supuesto nuevos avances en la clasificacion de las
Compuestas gracias a la obtencion de nuevas reconstrucciones filogenéticas con mayor resolucion.
Respecto a la propuesta mayormente aceptada y utilizada hasta la fecha por Funk et al. (2009), se ha
publicado recientemente una revision con los cambios realizados basados en las evidencias moleculares.
La nueva propuesta de Susanna et al. (2020) respecto a Funk et al (2009) sugiere el reconocimiento de
16 subfamilias en lugar de 12, y de 50 tribus en lugar de 43.

A pesar de los recientes avances, aun quedan numerosas incognitas por resolver sobre la evolucidn
de las Compuestas. Dado que el panel especifico de los 1061 COS loci ha resultado altamente exitoso en
la resolucion de las relaciones filogenéticas del grupo, el gran reto al que se enfrentan los investigadores
durante los proximos afios es la recopilacion de las especies y su secuenciacion. Sin duda, se trata de un
gran desafio, dada la altisima diversidad de la familia y su amplia distribucion geografica y ecologica.

La tribu Cardueae

La tribu Cardueae, compuesta por cerca de 2500 especies y 72 géneros (Susanna & Garcia-Jacas,
2009), es una de las tribus mas diversas dentro la familia de las Compuestas (ver Fig. 5). Solo queda por
debajo de las tribus Senecioneae (3500 especies) y Astereae (3080 especies; Funk et al., 2009; Mandel
et al., 2019). Ademas, cabe destacar su elevado interés cientifico, ya que considerando las tribus mas
diversas (> 2000 especies), en la Ultima década aparece como la primera o segunda tribu mas citada (Fig.
6). Especialmente, se observa un crecimiento exponencial a partir de la década de los 2000 en adelante,
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Fig. 6. Estudios publicados segiin WOS (Web os Science) sobre las tribus con mayor diversidad de especies de la familia Compositae o
Asteraceae. Datos extraidos de una busqueda avanzada en WOS en diciembre de 2020 bajo la siguiente férmula en la cual el periodo
temporal y la tribu varian: TS = (Cardueae*) AND PY =(1991-1995). TS son los temas y PY es el periodo de publicacion en afios.
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coincidiendo con el surgimiento de las técnicas moleculares, que proporcionaron datos filogenéticos que
confirmaban o rechazaban las hipétesis taxondmicas previas basadas en estudios morfol6gicos.

La tribu Cardueae comparte subfamilia, llamada Carduoideae, con tres tribus mas, aunque éstas son
mucho menos diversas y con una distribucion restringida a Africa: Dicomeae (97 especies),
Tarchonantheae (13 especies) y Oldenburgieae (4 especies; Funk et al., 2009; Ortiz et al., 2009). La
subfamilia esta distribuida por todos los continentes excepto la Antartida (Susanna & Garcia-Jacas, 2009),
siendo el continente asiatico el que alberga mas del 75% de las especies (Fig. 7). Se considera una de las
subfamilias con mayor éxito evolutivo. Estudios de diversificacion recientes realizados por Panero &
Crozier (2016) estimaron que el linaje de Carduoideae tenia la segunda tasa de diversificacion mas alta
dentro de las Compuestas (0,32 especies/Ma). En las ultimas filogenias de la familia, las Carduoideae no
resultan ser un grupo monofilético (Mandel et al., 2019; Susanna et al., 2020). Sin embargo, la hipétesis
mas plausible sigue siendo que las Cardueae se originaron entre las tribus africanas Dicomeae,
Oldenburgieae y Tarchonantheae.

Fig. 7. Distribucion global de la riqueza de especies de la subfamilia Carduoideae por continente. Modificado de Panero & Crozier (2016).

En cuanto a formas vitales, la tribu Cardueae se compone principalmente de hierbas perennes,
bienales 0 monocarpicas, arbustos y subarbustos, a menudo espinosos; en menor grado, también se
encuentran hierbas anuales e incluso formas arboreas (Susanna & Garcia-Jacas, 2007).
Morfolégicamente, presentan una amplia variabilidad en cuanto a su capitulo (Fig. 8), pero todas ellas se
caracterizan por una arquitectura basica del estilo, el cual tiene un anillo de pelos debajo del punto de
division de los estigmas (Bremer, 1994; Susanna & Garcia-Jacas, 2009).
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Fig. 8. llustracion de la variabilidad morfoldgica del capitulo dentro de la tribu Cardueae. En orden de izquierda-derecha y arriba-abajo:
Echinops sphaerocephalus L., Carlina acaulis L., Carlina racemosa L., Cynara baetica (Spreng.) Pau, Atractylis cancellata L., Leuzea
rhaponticoides Graells, Centaurea americana Nutt., Carthamus lanatus L., Cirsium vulgare (Savi) Petr. Las imagenes son de libre uso (CC
BY-SA 2.0, CC-BY-NC-SA-3.0) y han sido extraidas de Panero & Crozier (2012) y The Tree of Life Web Project.

En cuanto a su distribucién, las Cardueae representan un elemento paisajistico clave de las regiones
iranoturania y mediterranea (Quézel, 1978; Takhtajan, 1986). EI mayor foco de diversidad se concentra en
Asia Central (Susanna & Garcia-Jacas, 2007). Se hallan especies en una amplia variedad de habitats
(estepas, areas semiaridas, desiertos, acantilados costeros, praderas alpinas, sabanas tropicales, etc.) y
en un rango altitudinal muy amplio (desde nivel del mar hasta méas de 5.000 m; Susanna & Garcia-Jacas,
2009).

Numerosas especies de Cardueae presentan un gran interés socio-econdémico, desafortunadamente,
con connotaciones negativas debido a comportarse como “malas hierbas” extremadamente perjudiciales
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(p.€j. Carduus L., Cirsium Mill. y Picnomon Adans.; Susanna & Garcia-Jacas 2009). Otras han ampliado
su rango de distribucion fuera de su area autoctona y causan numerosos problemas donde se establecen
con un fuerte caracter invasor (Centaurea stoebe L. es invasora en EEUU y Canada; Blair & Hufbauer,
2010). Por otro lado, también tienen aplicaciones beneficiosas en distintas ramas, como la alimentacién
(Cynara L. y Carthamus L.), la industria farmacéutica (Carthamus tinctorius L. como fuente de compuestos
secundarios), la medicina popular (Silybum marianum Adans., Cirsium ehrenbergii Sch. Bip.) 0 su uso
como ornamentales (Centaurea cineraria L.; Ellis, 1999). Algunas especies del género Cousinia Cass. son
formadoras de paisaje y definen ecosistemas singulares a escala global (Djamali et al., 2012a).

En las ultimas dos décadas ha habido importantes avances cientificos en la exploracion de
la sistematica de Cardueae. En el aspecto taxonomico, la llegada de las técnicas de
secuenciacion molecular ayudd a definir la division subtribal mayormente aceptada hasta la fecha,
extensamente descrita en Susanna & Garcia-Jacas (2007, 2009) basandose en los resultados
publicados por Garcia-Jacas et al. (2002) y Susanna et al. (2006). Cinco grupos naturales resultaron bien
definidos y apoyados filogenéticamente: Cardopatiinae, Carduinae, Carlininae, Centaureinae vy
Echinopsinae. Sin embargo, los autores ya resaltaron una de las limitaciones que tenia la clasificacion
presentada, la cual residia en las Carduinae, la subtribu mas diversa (1700 especies, mas del 70% de la
diversidad de la tribu). Este grupo taxonomico englobaba todos aquellos géneros que no encajaban
morfolégicamente dentro de las otras subtribus, pero a su vez entre ellos eran altamente variables y de
incierta relacion filogenética dadas las limitaciones que presentaba la secuenciacion Sanger.

En el aspecto biogeogréfico, el descubrimiento de nuevos registros fosiles en Compositae y Cardueae,
sumado al avance de los métodos para datar filogenias y reconstruir sus areas ancestrales, supuso la
publicacién del primer trabajo donde se recopilaban las fechas de divergencia entre las subtribus y sus
principales rutas de dispersion (Barres et al., 2013). Se infirid que la tribu podria haberse originado en el
Eoceno medio en Asia occidental, una zona que también se estima como area ancestral para la mayoria
de las subtribus. Los grandes eventos de diversificacion de la tribu se asociaron a movimientos geoldgicos
que tuvieron lugar entre el Oligoceno-Mioceno, como los ciclos continuos de conexidn y divisién entre la
microplaca de Anatolia y la cuenca Mediterranea occidental o el levantamiento de la cordillera del
Himalaya. Posteriormente, durante el Plioceno-Pleistoceno se sugiere que el enfriamiento global propicid
la expansion de las Cardueas hacia, por ejemplo, el Nuevo Mundo y Africa.

A pesar de todos estos significativos avances, aun no se ha explorado el alcance que tendria la
secuenciacion de alto rendimiento y la aplicacién de los COS loci especialmente para resolver la posicién
y divisién de la subtribu Carduinae y la actualizacién del marco de evolucion espaciotemporal de la tribu
en base a una filogenia bien resuelta.

El complejo Saussurea-Jurinea

A pesar de la riqueza de especies de la tribu Cardueae, ésta no esta homogéneamente repartida entre
los géneros que la componen (ver Fig. 9). Existen dos géneros hiperdiversos (> 500 especies) que son
Cousinia y Saussurea. Luego, con entre 100-200 especies le siguen los géneros Cirsium, Centaurea,
Jurinea y Echinops. Todos ellos ya representan alrededor del 80% de especies de la tribu. En cuanto a los
antecedentes, han sido considerablemente explorados en el campo de la sistematica molecular,
filogenética y biogeografia, en mayor o menor grado los siguientes: Centaurea L. (Garcia-Jacas et al.,
2000, 2001, 2006; Font et al., 2002, 2009; Hilpold et al., 2014); Cousinia (Mehregan, 2008; Lépez-
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Vinyallonga et al., 2009, 2011; Mehregan & Kadereit, 2009; Minaeifar et al., 2016); Echinops (Garnatje et
al., 2005; Sanchez-Jiménez et al., 2010, 2012; Montazerolghaem et al., 2017) y Cirsium (Kelch & Baldwin,
2003; Slotta et al., 2012; Ackerfield et al., 2020a, 2020b). Sin embargo, Saussurea y Jurinea siguen
siendo los géneros menos explorados en el conjunto de las Cardueas a pesar de su alta diversidad, entre
400-500 y 200 especies, respectivamente (Lipschitz, 1979; Susanna & Garcia-Jacas, 2007, 2009; Shi &
Raab-Straube, 2011; Chen, 2015; Raab-Straube, 2017).
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Staehelina =
Amberboa
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Fig. 9. Distribucion del nimero de especies por género de la tribu Cardueae en orden ascendente. En rojo se resaltan los géneros sujetos a
un estudio evolutivo en profundidad en esta tesis.
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Morfologicamente, el complejo Saussurea-Jurinea es un grupo natural bien definido y comunmente
aceptado (Susanna et al., 2006; Susanna & Garcia-Jacas, 2007, 2009; Shi & Raab-Straube, 2011). Esta
compuesto por hierbas perenes o subarbustos (ver Figs. 10 y 11), raramente bienales o anuales. Sus
hojas son por lo general glabras en la cara superior y blanco-plateadas en la cara inferior. Los capitulos
son cilindricos o globosos, a menudo con una disposicion en tipo panicula, homégamos y con un vilano
de paleas muy largas, vistosas y plumosas, agrupadas en una base formando un anillo (Susanna &
Garcia-Jacas, 2007). Aunque ambos géneros exhiben una gran variabilidad morfolégica, es
especialmente resefiable la morfologia que han adquirido algunas especies de Saussurea adaptadas a
condiciones extremas de alta montafia (Shi & Raab-Straube, 2011; Chen, 2015), como las llamadas
snowball plants del subgénero Eriocoryne con una densa cobertura de un indumento lanudo grueso o el
tipo greenhouse plants del subgénero Amphilaena, en el cual la inflorescencia esta oculta por bracteas
semitransparentes de color blanco-amarillento o morado (ver ejemplos en la Fig. 10).

En lo tocante a la distribucion general, se encuentran especies de Saussurea y Jurinea a lo largo de
todo el hemisferio norte, siendo los habitats de media montafia de Asia Central y Oriental los lugares con
mayor diversidad. El género Saussurea ha especiado de manera notable en la region de la meseta del
Qinghai-Tibet (QTP) y sus areas adyacentes, la cordillera del Himalaya y las montafias Hengduan, que
albergan cerca del 63% de endemismos en contraposicion con el resto de Asia, y especialmente Europa
(8 especies) y el continente Americano (6 especies; Lipschitz, 1976; Chen, 2015). En cuanto a las
preferencias ecoldgicas, pueden encontrarse especies de Saussurea en una gran diversidad de habitats:
prados alpinos y sub-alpinos, estepas, bosques humedos, zonas rupicolas o pedregales, etc (Fig. 12). Por
otro lado, el mayor foco de especiacion de Jurinea se sitia en la regidn iranoturania. Especialmente, las
montafias de Asia Central, Pamir-Alai y Tian Shan (Kazakhstan, Kyrgyzstan, Tajikistan, Turkmenistan,
Uzbekistan) albergan cerca de 98 especies, y la zona sur de Asia occidental (Caucaso, Irén,
Turkmenistan y Afganistan) unas 50 especies (Cherneva & Tsukervanik, 1993; Rechinger & Wagenitz,
1979; Chemeva, 2008). Muchas especies de Jurinea son consideradas elementos esteparios (Szukala et
al., 2019), aunque también hay especies alpinas e incluso adaptadas a sistemas dunares o acantilados
costeros (Fig. 13).

Aunque la recopilacion de los estudios realizados hasta la fecha en el grupo Saussurea-Jurinea pueda
sugerir que ambos géneros han estado bien estudiados (ver Tabla 2), estos trabajos previos sobre
sistematica muestran dos remarcables deficiencias o limitaciones a la hora de extraer conclusiones
solidas: (1) el muestreo incompleto, ya que ninguno de ellos es exhaustivo en el total de especies
incluidas; ni por lo que respecta a area de distribucion ni por la representacion de los principales grupos; y
(2) los marcadores moleculares utilizados para la reconstruccién filogenética, en todos los casos un bajo
numero de marcadores basados en la secuenciacion Sanger (principalmente el espaciador interno
transcrito o ITS), lo que ha resultado en relaciones o agrupaciones de clados no respaldadas
estadisticamente.
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Fig. 10. llustracion de la variabilidad morfolégica de Saussurea. En orden de izquierda-derecha y arriba-abajo: Saussurea alpina DC.,
Saussurea pygmaea Spreng., Saussurea gossypiphora D. Don, Saussurea wellbyi Hemsl., Saussurea obvallata Wall., Saussurea
gnaphalodes Ostenf., Saussurea stella Maxim., Saussurea medusa Maxim., Saussurea pygmaea Spreng., Saussurea costus (Falc.) Lipsch.,
Saussurea americana Eaton, Saussurea angustifolia (L.) DC. Las imagenes son de libre uso (CCO, CC BY-SA 4.0, CC-BY-NC-SA-3.0) y han
sido extraidas de Flora of China.
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Fig. 11. llustracién de la variabilidad morfoldgica de Jurinea. En orden de izquierda-derecha y arriba-abajo: Jurinea roegneri K. Koch, Jurinea
cyanoides (L.) DC., Jurinea longifolia DC., Jurinea moschus (Hablitz) Bobrov, Jurinea mongolica Maxim., Jurinea humilis (Desf.) DC., Jurinea
ledebourii Bunge, Jurinea ruprechtii Boiss. Las imagenes son de libre uso (CC-BY-NC-SA-3.0, 4.0) y han sido extraidas de GBIF Secretariat

(2021a).
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Fig. 12. Representacion de los habitats de Saussurea. Las imagenes son de libre uso (CC-BY-NC-SA-3.0, 4.0) y han sido extraidas de GBIF
Secretariat (2021b).
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Fig. 13. Habitats de Jurinea. Las imagenes son de libre uso (CC-BY-NC-SA-3.0, 4.0) y han sido extraidas de GBIF Secretariat (2021a).
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Una inspeccion general de los antecedentes por tipos de publicaciones de ambos géneros nos indica
que hasta 2016 han predominado los articulos sobre descripcion de nuevas especies o taxones, por
detras de las revisiones taxondmicas (ver Tabla 2). Este ultimo hecho se explica por la larga y complicada
historia taxonémica que tiene el complejo Saussurea-Jurinea, en el cual se han llegado a segregar hasta
15 géneros (ver Fig. 14). Hasta la fecha, no se ha podido llegar a un consenso solido de cuantos géneros
realmente alberga el complejo. Algunos de los factores que han dificultado su clasificacion son: (1) la falta
de muestreo en estudios filogenéticos, cuyos arboles resultantes en los estudios con mejor muestreo no
superaban el 10% del total de especies de Saussurea (Raab-Straube, 2003; Wang et al., 2009) y 9% de
Jurinea (Dogan et al., 2010a); (2) las adaptaciones morfolégicas que presentan algunos téxones a
condiciones extremas en zonas de montafia de gran elevacion, los cuales han llevado a clasificaciones
artificiales basadas en caracteres resultantes de la convergencia evolutiva (Wang et al., 2009); (3)
clasificaciones basadas casi exclusivamente en el aquenio, propenso a presentar accesorios como
surcos, picos, estrias o protuberancias (Haffner, 2000) que pueden haber sido interpretados
erroneamente como caracteres taxondmicos verdaderamente informativos; y (4) la aceptacidn como
agrupaciones vélidas de grupos polifiléticos resultantes de analisis filogenéticos (p.ej. Raab-Straube,
2003; Kita et al., 2004; Wang et al., 2013). Por lo tanto, resulta urgente la exploracién de todos estos
géneros para clarificar los limites genéricos del complejo basados en nuevas filogenias bien resultas que
podrian proporcionar las técnicas de secuenciacion masiva.

Aegopordon
Polytaxis (3) Ana((:g)n tha
Pilostemon Aucklandia
@ (1
Outreya (1) Dipla?giotilon
Saussurea
Modestia (3) J u r ’ n ea DoI&rg;’aea
Lipsc(féi)tzieﬂa Frolovia (8)

Jurinella (9) Hemiﬁteptia

Himalaiella Hyalochaete

(16) (1)

Fig. 14. Géneros satélite descritos y considerados en los tratamientos taxonémicos mas recientes del complejo Saussurea-Jurinea. Entre
paréntesis se especifican el nimero de especies descritas para cada género.
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Uno de los indicadores que muestra el elevado interés que estos géneros estan suscitando en los
ultimos afos es el gran nimero de estudios que han sido publicados sobre ellos durante el transcurso de
la presente tesis doctoral, 26 en el caso de Saussurea y 5 en Jurinea. Para el género Saussurea su
aumento ha sido espectacular, probablemente debido al interés creciente del estudio de las radiaciones
de especies, y en particular, en la region QTP (ver revision por Wen et al., 2014). Desde 2016, la continua
publicacién de articulos de revision taxondmica, asi como la descripcion de nuevas especies (11 en
Saussurea 'y 2 en Jurinea), ponen de relieve que ain queda un largo recorrido para conocer mas acerca
de su historia evolutiva, asi como la dificultad de establecer limites genéricos e infragenéricos en el grupo.
También es destacable en Saussurea la aparicion de trabajos basados en técnicas de secuenciacion
masiva, principalmente estudios centrados en la presentacion de cloroplastos enteros para determinadas

especies.

Tabla 2. Resumen de las publicaciones en el campo de la sistematica sobre los géneros Saussurea y Jurinea. Abreviatura: ref = referencias.

Saussurea Jurinea
MPOCREAT Antes de la tesis Durante la tesis Antes de la tesis Durante la tesis
(<2016) (2016-2021) (<2016) (2016-2021)
6 4 3 1
(Narits et al., 2000; (Raab-Straube, 2017; (Conti, 1998; (Kasana et al., 2019)

N° revisiones taxondmicas

(ref)

N° estudios de filogenia y/o
filogeografia (ref)

N° articulos de descripcion de
nuevas especies (ref)

N° articulos de distribucion y
ecologia (ref)

N° articulos de secuenciacion
de cloroplastos (ref)

Fujikawa et al., 2007;
Fujikawa, 2010; Ghimire
etal., 2016; Raab-
Straube, 2011; Yuan et
al., 2015)

6

(Raab-Straube, 2003;
Kita et al., 2004; Wang &
Liu, 2004; Wang et al.,
2007, 2009; Gailite &
Rungis, 2012)

8

(Fujikawa & Ohba, 2002;
Raab-Straube, 2009; Xu
etal., 2013; Chen, 2014;
Chen & Yuan, 2014,
2015; Wang et al., 2005,
2014)

4

(Faju et al., 1999; Oh et
al., 2002; Butola &
Samant, 2010; Wen et
al.,, 2014)

Smirnov et al., 2018;
Kasana et al., 2018, 2020)

5

(Xing & Ree, 2017; Chen
etal., 2019; Xu et al.,
2019; Zhang et al., 2019,
en revision)

9

(Kadota, 2017; Chen &
Wang, 2018; Rana et al.,
2018; Chen, 2020; Xu et
al., 2020; Zhang et al.,
2019; Chen & Xu, 2020;
Pyak et al., 2020; Ri et al.,
2020)

4

(Kou et al., 2017;
Shurupova et al., 2017;
Peng et al., 2019; Norris et
al., 2020)

7

(Cheon, et al., 2017; Xie et
al., 2017; Yun et al., 2017;
Peng et al., 2019; Wang et
al., 2020a, 2020b; Wang
etal., 2021)

Sennikov & Lazkov,
2013; Altinordu &
Crespo, 2016)

3

(Dogan et al., 2007,
2009, 2010a)

6

(Dogan et al., 2010b,
2010c; 2011, 2014;
Mirtadzadini et al.,
2011; Stevanovic et
al., 2010)

2

(Dogan & Duran,
2009; Balos & Akan,
2015)

1

(Szukala et al.,
2019)

2

(Mirtadzadini &
Joharchi, 2017;
Aksoy et al., 2018)

1
(Ahmed et al., 2020)
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La historia biogeografica y evolutiva de Jurinea es practicamente desconocida. Unicamente, Dogan et
al. (2010a) reconstruyo un arbol filogenético a partir de marcadores ITS con 18 especies, pero sin una
representacion amplia de su area de distribucion global. Para Saussurea, la filogenia que presentaron
Wang et al. (2009), también basada en la regién ITS, reveld que el género habria sufrido una radiacién de
tipo insular en ambientes alpinos de la regién QTP hace unos 14-7 Ma, coincidiendo con los eventos de
levantamientos geoldgicos de QTP.

Las radiaciones evolutivas

Conceptos generales

Una de las ramas de la sistematica vegetal que mas estd creciendo en los ultimos afios con la
aplicacién de datos filogendmicos es el estudio de las radiaciones evolutivas o historia de la
diversificacion de las especies (Fig. 15), especialmente en comparacién con los estudios con un enfoque
mas taxonémico-nomenclatural. Cominmente, se define como radiacién el aumento significativo en la
tasa de diversificacion y/o disparidad comparado con las tasas de diversificacion globales del grupo de
estudio y que tiene consecuencias a escala macroevolutiva (Schluter, 2000; Donoghue & Sanderson,
2015; Nurk et al., 2019).
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Fig 15. Estudios publicados segiin WOS (Web of Science) sobre radiaciones evolutivas. Datos extraidos de una busqueda avanzada en
WOS en diciembre de 2020 bajo la siguiente formula en la cual el periodo temporal varia: SU = Plant Science AND TS = (Evolutionary
radiation OR Radiation OR Diversification OR Speciation AND phylogen* AND Sequencing) AND PY = (1991-1995). SU es el campo de
estudio, TS son los temas y PY es el periodo de publicacion en afios.
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Las radiaciones se clasifican cominmente entre radiaciones adaptativas y no adaptativas. Por un lado, las
adaptativas consisten la proliferacion de especies que divergen por la adaptacion a diversos recursos
disponibles que proporciona el entorno, dando lugar a una amplia diversidad morfolégica y ecoldgica
(Schluter, 2000; Rundell & Price, 2009; Givnish, 2015). La aceleracion en las tasas de diversificacion se
ve potenciada en este caso, y principalmente, por factores bioticos, dando lugar a especiaciones de tipo
simpatrico (Simdes et al., 2016). Por otro lado, las radiaciones no adaptativas, llamadas también
geogréficas o climaticas, consisten en la proliferacion de especies Unicamente por causas de aislamiento
reproductivo por barreras geogréficas, dando lugar a modos de especiacion de tipo alopatrico (Czekanski-
Moir & Rundell, 2019). También pueden darse radiaciones evolutivas simplemente por disminuciones de
la tasa de extincion en vez de aumentos de la especiacion per se, llamadas pseudorradiaciones (Simdes
etal., 2016).

Preguntas clave para el estudio de las radiaciones

Generalmente, los estudios sobre radiaciones evolutivas abordan tres grandes cuestiones: (1) la
historia espacio-temporal de la evolucion del grupo; (2) el tempo o ritmo que ha tenido la radiacion; y (3)
los impulsores o factores que han desencadenado la radiacion. Segun los resultados obtenidos, se suele
atribuir uno o varios epitetos que describen qué tipo de radiacion mas probable ha experimentado el
grupo de estudio (ver detalles en Tabla 3). Por ejemplo, aparte de los adjetivos mas comunes como
radiacion adaptativa, geografica, o ecolégica, también se suelen describir los impulsores especificos de su
diversidad como por ejemplo radiacion alpina, si la radiacion ha tenido lugar principalmente en regiones
montafiosas y una parte importante de las especies se ha adaptado a las condiciones del piso alpino.

En relaciéon a los tres principales ejes, el primer punto se centra en la identificacién de grupos
monofiléticos, la estimacién de tiempos de divergencia entre linajes, la reconstruccion de area ancestral y
sus rutas de dispersion. El segundo punto tiene como objetivo la exploracion de la dindmica de las tasas
de diversificacion, como localizar en qué puntos de la filogenia se producen cambios significativos en
estas tasas, en qué momento en el tiempo, o si hay varios puntos de cambios de tasa. El ultimo punto es
sin duda uno de los aspectos que plantean mas desafios hasta la fecha (Bouchenak-Khelladi et al., 2015):
encontrar o hipotetizar qué factores han promovido o impulsado la diversificacion de las especies. Se
intenta relacionar el marco de diversificacién con eventos o factores que actuaron como "fondo"
(presentes antes del inicio de una radiacién), "desencadenantes" (contemporaneos a una radiacion) o
"moduladores” (que surgen después de una radiacion; Donoghue & Sanderson 2015). Tradicionalmente,
han sido reconocidos dos tipos de factores o condiciones que promueven la especiacion (Simpson, 1953;
Bouchenak-Khelladi et al., 2015): (1) los extrinsecos, como la elevacion de montafias, oscilaciones del
nivel del mar, aparicion de islas oceanicas, cambios climaticos, fragmentacién del paisaje, colonizacién de
nuevos territorios, reordenamientos de ecosistemas, extinciones masivas, cambios en la presion de
depredacion; y (2) los rasgos intrinsecos, como adaptaciones morfolégicas, por ejemplo, fruto de la
coevolucion con polinizadores, ventajas fisioldgicas, cambios en la estrategia del ciclo vital, cambios en el
modo de dispersién, poliploidia, hibridacion, etc. Ambos tipos de factores, extrinsecos e intrinsecos, y
varios dentro de cada categoria, pueden actuar a la vez e interactuar sinérgicamente (hipotesis de la
confluencia; Donoghue & Sanderson, 2015), o dejar sefiales de mezclas complejas de oportunidades
extrinsecas e innovaciones intrinsecas en las radiaciones de especies (Bouchenak-Khelladi et al., 2015).
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Tabla 3. Categorizacion de las radiaciones evolutivas en plantas segun los atributos comunes que se encuentran en la literatura sobre
diversificacion de especies. Aqui, usamos el término "radiacion” bajo la circunscripcion mas general, equivalente a "divergencia de especies”,
es decir, un proceso de aumento de la diversidad en un linaje (Linder, 2008), en lugar de una asociacion estricta con un aumento de la tasa
de diversificacion (“especiacion explosiva”) y/o diversificacion de roles ecoldgicos (Givnish, 2015). Referencias: 'Whitfield & Lockhart (2007);
2Linder (2008); 3Knope et al. (2012); “Givnish (2015).

Atributos
Cuestiones clave Factores adscritos a las Breve descripcion
radiaciones
Unica Episodio Unico de cambio en la tasa de diversificacion dentro de un
, . rupo
NUmero de cambios en grup
la tasa de diversificacion . . PR .
Maltiple Varias subradiaciones (pulsos de diversificacion acelerada o cambios)
dentro del grupo
. Varias subradiaciones comienzan a divergir en diferentes rangos
Independiente
temporales
Historias evolutivas
Paralela Varias subradiaciones comienzan a divergir al mismo tiempo
(1) Historia
espacio-temporal Largo tiempo transcurrido desde la divergencia del grupo,
del grupo Antigua correspondiente aproximadamente desde el Jurasico tardio al
Tiempo desde la Paledgeno!
divergencia . . . ) .
9 . Corto tiempo transcurrido desde la divergencia del grupo, del Nedgeno
Reciente -
al Cuaternario
. Diversificacion a macroescala en vastos territorios, areas de
Amplia AT . ) 2
. distribucién continentales o en todo el mundo (ejemplos 3)
Escala geogréfica
(especies/area) L . . o
Estrecha Diversificacion a microescala con un rango geografico restringido, p.
ej. archipiélagos oceanicos?
. Divergencia de especies no asociada a un cambio en la tasa de
No explosiva I
. diversificacion
Cambio en la tasa de
(2) Tempo NI
diversificacion Co P -
... Aumento significativo de la tasa de diversificacidn neta (especiacion -
Explosiva, rapida TV
extincion)* dentro de un grupo
Elevacion o deformaciones de montafias, oscilaciones del nivel del
Condiciones mar, aparicion de islas oceanicas, cambios climaticos, fragmentacion
extrinsecas del paisaje, reordenamientos de ecosistemas, extinciones masivas,
Factores de fondo, cambios en la presion de depredacion, expansiones geograficas,
(3) Impulsores desencadenantes o colonizaciones o eventos de dispersion a larga distancia
moduladores

Innovaciones, sinnovaciones, adaptaciones morfoldgicas, ventajas
Rasgos intrinsecos fisiologicas, cambios en los rasgos del ciclo de vida, cambios en el
modo de dispersién, poliploidia, hibridacion

Retos actuales en el estudio de las radiaciones

Por lo general, se sigue un flujo de trabajo comun en los estudios de radiacion de especies, que
comienza con la reconstruccion de la historia filogenética fechada para el grupo de interés. Este primer
paso es crucial, ya que representa la base para dibujar hipdtesis evolutivas sélidas y rastrear factores
potenciales que dieron forma a la historia evolutiva del grupo. Tener esta buena base depende de poder
superar varios factores que han resultado y siguen resultando hoy en dia unos grandes desafios: (1) un
muestreo de especies casi completo, o incluso un muestreo denso en el nivel intraespecifico. Esto es
debido a que un muestreo incompleto pude hacer variar sustancialmente las edades estimadas de la
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filogenia (Linder et al., 2005), ademas de ocasionar resultados sesgados en las reconstrucciones de area
ancestral si no se incluyen todos los posibles linajes hermanos (Bacon et al., 2016); (2) un apoyo robusto
de los principales clados, es decir, filogenias estadisticamente respaldadas; (3) la disponibilidad de
registros fosiles relacionados o un uso preciso de puntos de calibracién secundarios previamente
publicados; (4) una base de datos por especie con informacion sobre rasgos morfolégicos, fisiologicos o
cualquier caracter con potencial evolutivo; y (5) registros geograficos a escala fina para realizar anélisis
ambientales y basados en el espacio de nicho ocupado, tanto presente como pasado (referencias en
Donoghue & Sanderson, 2015; Hughes et al., 2015).

En relacion con el primer punto (1), ciertamente, una de las principales criticas que reciben los
estudios de radiacion es la baja cobertura de muestreo o representacion del total de su diversidad (Heath
et al., 2008). Es cuestionable como se pueden proponer conclusiones sobre la diversificacion de un grupo
si no se incluyen todas sus especies conocidas. En estos ultimos afios se estan realizando grandes
esfuerzos para aumentar los muestreos en los trabajos sobre radiaciones evolutivas, por ejemplo, la
inclusion de un 60% de las 300 especies de Saxifraga L. (Ebersbach et al., 2017), un 60% de 200
especies en Hypericum L. (NUrk et al., 2018), 60% de 800 especies en Erica L. (Pirie et al., 2019), un 66%
de 2000 especies en Carex L. (Martin-Bravo et al., 2019) o un 75% de 400 especies de la tribu
Antirrhineae (Fernandez-Mazuecos et al., 2019). Las colecciones depositadas en los herbarios estan
siendo una fuente indispensable de material que puede ser secuenciado, especialmente en el caso de
grupos con muchas especies o para aquellos distribuidos en areas remotas o politicamente inestables
(Villaverde et al., 2018; Brewer et al., 2019).

Relacionado con el segundo punto (2), las técnicas moleculares de alto rendimiento estan ofreciendo,
en general, apoyos estadisticos de ramas mas altos que con las técnicas tradicionales para grupos que
previamente no podian resolverse y solo se conseguian obtener politomias no resueltas con grandes
ensamblajes de especie (Parks et al., 2009). Con respecto al tercer punto (3), los nuevos descubrimientos
de fésiles (p.ej. para Compuestas; Barreda et al., 2010) o los métodos de datacion molecular revisados
estdn mejorando las estimaciones de divergencia temporal (Clarke et al., 2011). Ademas, para fechar
filogenias se estan utilizando algoritmos mejorados basados en verosimilitud penalizada (Smith &
O’Meara, 2012; Maurin, 2020), que reducen los tiempos de computacion para fechar filogenias derivadas
de la secuenciacion masiva, los cuales parten directamente de la topologia base de la filogenia (p.gj.
Stubbs et al., 2018).

Para la generacion de bases de datos de rasgos morfolégicos y funcionales (punto 4),
desafortunadamente no se observan grandes avances en su aplicacion para el estudio de las radiaciones,
mas alla de los métodos desarrollados para verificar su influencia en la especiaciéon o extincién de los
grupos estudiados (modelos SSE; Ng & Smith, 2014; Rabosky & Goldberg, 2017; Harvey & Rabosky,
2018; Han et al., 2020). Probablemente este hecho sea debido a la disminucion del interés cientifico de la
disciplina mas puramente taxonoémica (Hopkins & Freckleton, 2002; Joppa et al., 2011). Esto puede
afectar colateralmente a la investigacién de las radiaciones, como por ejemplo: (a) obviando caracteres
micro 0 macro morfoldgicos clave en la evolucion de las especies; (b) no descubriendo especies cripticas;
o (c) trabajando con un grupo de estudio para el que el tratamiento taxonémico consenso es insuficiente o
inexistente (Hughes & Atchison, 2015).

El aumento de muchas fuentes disponibles para recopilar datos espaciales de biodiversidad (Jetz et
al., 2012) esta facilitando la incorporacién de conjuntos de datos ambientales estructurados
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geograficamente en un contexto filogeografico (punto 5). Se estan publicando resultados sorprendentes,
como la radiacién dependiente de la temperatura paleoclimatica de las campanillas (Campanulaceae:
Lobelioideae) neotropicales en los Andes, cuyas tasas de extincidon fueron mas bajas durante los
intervalos pasados mas frios y la colonizacion de los bosques nubosos de altura media fue posible gracias
a los linajes preadaptados al frio (Lagomarsino et al., 2016). Otro interesante ejemplo es la integracion de
tendencias de diversificacién con datos de nicho ecoldgico y evolucion fenotipica en la radiacion global de
plantas de Saxifragales realizado por Folk et al. (2019). Los autores destacaron un importante cambio de
nicho en las especies coincidiendo con la proliferacion de habitats mas frios y secos a partir de los 5 Ma
en adelante. Aunque recientemente estan surgiendo resultados prometedores después de integrar datos
ecologicos-paleoclimaticos con la historia filogeogréfica de las especies, son aun muchos los grupos para
los que se desconoce el papel que ha podido jugar la ecologia y los eventos de cambio climatico en la
historia de su diversificacion.

Regiones biogeograficas diversas y poco exploradas

Existen ciertos enclaves geograficos que resultan altamente atractivos para el estudio de las
radiaciones evolutivas de plantas, como los sistemas alpinos o insulares oceanicos. El atractivo de su
estudio reside en sus caracteristicas intrinsecas como su tamario limitado, aislamiento y gran diversidad
de macro y micro habitats debido a su acusada influencia de la tercera dimensién, la altitud (Seehausen,
2015). La colonizacion de estos enclaves por parte de linajes ancestrales pudo conducir a numerosas
radiaciones de especies que se adaptaron a la gran multitud de nichos ecoldgicos distintos disponibles,
como por ejemplo, en las Islas Galapagos las margaritas arborescentes de Darwin del género Scalesia
Arn. (Fernandez-Mazuecos et al., 2020), o la diversificacion alpina de Lupinus L. en los Andes
(Drummond, 2008; Hughes & Eastwood, 2006; Drummond et al., 2012).

En particular, los estudios de radiaciones en plantas se han centrado en estos ultimos afios en
explorar la historia evolutiva de los grupos en determinados enclaves geograficos, como las zonas
montafiosas de los Andes y el Himalaya o la regién del Cabo y la cuenca Mediterranea (Fig. 16). Por el
contrario, dos areas altamente diversas, pero aun poco investigadas, son las montafias Hengduan y la
region iranoturania, que justamente son dos de los principales focos de diversificacion de Saussurea y
Jurinea, respectivamente. Dado que ambos géneros son elementos caracteristicos de estas areas y
presentan una alta diversidad morfolégica, funcional y ecolégica, los dos representan casos de estudio
ideales para investigar como llegaron a diversificarse en estas zonas y como se expandieron a sus areas
adyacentes llegando a tener representantes repartidos por practicamente todo el hemisferio norte. La
exploracién de su historia biogeografica puede servir para entender los procesos de especiacion y los
factores que han dado lugar a la diversidad que actualmente se encuentra en estas regiones. A
continuacion, se hace una breve descripcion de las caracteristicas y particularidades que presentan estas
areas y pueden influir en la historia evolutiva de su biota.
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Fig. 16. Estudios publicados segiin WOS (Web os Science) sobre radiaciones evolutivas en algunos de las areas mas diversas en cuanto a
especies vegetales. Datos extraidos de una busqueda avanzada en WOS en diciembre de 2020 bajo la siguiente férmula en la cual la region
y el periodo temporal varian: SU = Plant Science AND TS = (Diversification OR Evolution OR Phylogeny AND Mediterranean) AND PY =
(1991-1995). SU es el campo de estudio, TS son los temas y PY es el periodo de publicacion en afios.

La region iranoturania

La region iranoturania es el principal foco de radiacion de especies de Jurinea, albergando mas del
70% de su riqueza total. Esta region floristica es también una de las mas biodiversas y mas extensas de
toda Eurasia (Takhtajan, 1986), extendiéndose a lo largo de 16.000.000 km2 (30% de Eurasia;
Manafzadeh et al., 2017). Esta ubicada en Asia central-occidental, en la zona tradicionalmente conocida
como Oriente Medio. Limita con la region circumboreal al norte, con la mediterranea oriental en el oeste,
la peninsula Arabiga en el sur y Asia oriental en el este. La region iranoturania se distingue principalmente
de sus areas adyacentes (Mediterranea, Saharoarabiga y Euro-Siberiana) por el clima, caracterizado por
una marcada continentalidad, estacionalidad de sus precipitaciones, temperaturas frias durante el invierno
y veranos muy cdlidos (Djamali et al., 2012b). La delimitaciéon geografica de la region ha generado una
larga y controvertida historia de distintas divisiones. La reciente revision realizada por Manafzadeh et al.
(2017) propone la division de la region en dos areas principales: iranoturania occidental (W-IT) e
iranoturania oriental (E-IT; ver Fig. 17). La diversidad de plantas no esta repartida equitativamente entre
las dos &reas, ya que se estiman unas 27.000 especies para la region W-IT y unas 5000 para la E-IT
(Manafzadeh et al., 2017).
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Fig. 17. Propuesta de los limites geograficos de la regién floristica iranoturania, basada en la delimitacion de Takhtajan (1986) para las
fronteras norte y este, y por Léonard (1988-1989) para las sur y oeste. Mapa extraido de Manafzadeh et al. (2017).

La caracteristica principal de la regidn iranoturania es la gran representacion de especies xerofitas
adaptadas a ambientes aridos donde la precipitacion y la disponibilidad de agua es escasa, por ejemplo
elementos esteparios o plantas con metabolismo tipo C4 (Lauterbach et al., 2019). Son varias las teorias
que se han postulado sobre cuando se originaron estos elementos xeréfitos caracteristicos de la region.
Las hipotesis mas antiguas apuntaban a un origen en el Cretacico (145-66 Ma; Takhtajan, 1969) o
durante la desecacion del mar Tethys en el Neogeno (34 Ma; Zohary, 1973). Sin embargo, los estudios
filogeograficos recientes sobre flora iranoturania estan mostrando que el origen de estos elementos es
mucho mas reciente de los que se creia, a partir del Mioceno en delante (Manafzadeh et al., 2014; Wu et
al., 2015; Lauterbach et al., 2019), y especialmente en el Plioceno-Pleistoceno (Moharrek et al., 2019;
Mahmoudi Shamsabad et al., 2020). Este ultimo marco temporal de origen tiene mayores coincidencias
con eventos geoldgicos relevantes, como la segunda colision de la placa Africana y Arabiga contra la
Eurasiatica (13 Ma, Mioceno medio) que origind el levantamiento de la meseta irani, o las posteriores
deformaciones durante 15-5 Ma a lo largo de las montafias Zagros, Alborz, Kopeth Dagh y Céucaso
(Mouthereau, 2011). Ademas, también ocurrieron grandes cambios climaticos, como la aridificacién de
Asia central (Zhang et al., 2014) o el inicio de las oscilaciones térmicas del cuaternario (Zachos et al.,
2001).

Otra de las caracteristicas resefiables de la region iranoturania es su papel como “donante” de flora a
las &reas adyacentes en periodos anteriores. En este sentido, ha sido especialmente documentada su
contribucion a la flora mediterranea actual (Jabbour & Renner, 2011; Manafzadeh et al., 2014; Peterson et
al. 2019), la cual recibi6 a través de corredores terrestres, como el de la zona de Anatolia, linajes
ancestrales con una pre-adaptacion a climas aridos y semi-aridos que pudieron diversificarse con éxito en
la cuenca Mediterranea.
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Las Montaiias Hengduan

Las Montafias Hengduan es el area que alberga una mayor concentracion de especies de Saussurea,
acogiendo cerca del 26% de su riqueza total (119 especies en Hengduan de las 400-500 totales; Zhang
et al., 2009a). También son uno de los 34 hotspots mundiales de biodiversidad (“Mts. Of Southwest
China”; Mittermeier et al., 2011), contando un total de 12.800 especies vegetales (Sun et al., 2017), de las
cuales 3500 son endémicas (29,2%; Lopez-Pujol et al., 2011) y es el principal hotspot de gimnospermas
del mundo (20 son endémicas; Mutke & Barthlott, 2005). Su elevada diversidad se explica, en gran parte,
por su compleja orografia, su amplia diversidad climatica y de habitats y su reciente formacién geolégica
(es actualmente una zona con riesgo sismico; Hubbard & Shaw, 2009). Ademas, son consideradas como
uno de los principales refugios glaciares de China (Wen et al., 2016), lo cual pudo frenar la extincién
masiva 0 migracién de especies. Se estima que los glaciares del Cuaternario durante el Gltimo maximo
glacial (LGM) no llegaron a cubrir grandes extensiones, especialmente en la region sur de las Hengduan
(29°N; Zhang et al., 2009b). Desafortunadamente, es una region botanicamente poco muestreada, lo que
hace pensar que su exploracion durante los proximos afios puede incrementar sus valores de riqueza de
especies (Yang et al., 2014).

Las Hengduan se encuentran en la parte mas oriental del QTP (Fig. 18), con una extension de 500.000
km2 y una elevacion media de 4.000 m. Estan formadas por siete principales cadenas montafiosas con
una orientacion Norte-Sur. El pico mas elevado es el Gongga Shan (7556 m). Forman parte de la zona
geoldégicamente mas joven del QTP, pues se estima que su origen y deformaciones posteriores
empezaron hace unos 15 Ma y siguieron durante el periodo Mioceno-Plioceno-Pleistoceno (Favre et al.,
2015). Su particular topografia hace que existan unos gradientes altitudinales enormes, donde en tan solo
20 Km de distancia se pasa de un fondo de valle a 1500 m de altitud a un pico de 7000 m (ver ejemplo en
Fig. 19). Desde un punto de vista biolégico, este hecho proporciona una heterogeneidad de habitats
elevada en un espacio reducido. Por lo tanto, las Montafias Hengduan constituyen un escenario ideal para
estudiar los procesos de diversificacion en las regiones montafiosas.

anghai-Tibgfan Plateau
“" TR A . 3 &

Hengduan
%»’gMountain‘s :
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Fig. 18. Delimitacion geografica de las Montafias Hengduan respecto al Himalayas y la meseta del Qinghai-Tibet (QTP). Mapa extraido de
Xing & Ree (2017).
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Fig. 19. Ejemplo del gradiente altitudinal que existe en las montafias Hengduan (Jade Dragon Snow Mountain desde el sur). Imagen extraida
de Neeltje (2017).
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Objetivos

Los objetivos del presente proyecto de tesis son los siguientes:

= Obtener una muestra lo mas completa posible del complejo Jurinea y Saussurea,
especialmente centrada, respectivamente, en los dos nucleos de radiacion, la region iranoturania
y las montafias Hengduan, incluyendo también a ser posible otros centros menores de
especiacion;

=  Generar filogenias bien resueltas de ambos géneros y esclarecer su posicion dentro de la
tribu y sus limites genéricos, mediante analisis de concatenacion y coalescencia a partir de
datos de secuenciacion masiva obtenidos por Hyb-Seq;

= Sobre la base de las nuevas filogenias y los analisis de inferencia biogeografica, datacion,
diversificacion y nicho ecolégico, analizar las radiaciones de los dos géneros para responder a
las siguientes preguntas:

;Cuando se separaron los dos géneros de sus grupos hermanos y empezaron a
diversificarse?

¢ Qué grupos monofiléticos existen y cuando y donde empezaron a diversificarse?

. Cual es el area geografica ancestral mas plausible de Saussurea y Jurinea y cuales
habrian sido sus rutas de dispersion?

¢ Constituyen las especies de Saussurea y Jurinea clados con tasas de diversificacion
constantes a lo largo del tiempo o ha habido algin cambio significativo en esta tasa a lo
largo de su evolucion?

En caso de detectarse un cambio significativo en la tasa de diversificacion, ;puede este
cambio coincidir en el tiempo y relacionarse con algun evento geolégico o climatico?

¢ Qué factores (intrinsecos y/o extrinsecos) habrian sido los impulsores de estas
radiaciones?

¢ Como han podido influir las oscilaciones paleoclimaticas en la diversificacion de ambos
géneros? ;Son las regiones climaticamente estables las mas ricas en especies?
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Estructura de la tesis doctoral

La presente tesis doctoral estd estructurada en un total de seis CAPITULOS con tematicas
independientes, pero relacionadas entre si y ordenados cronolégicamente. Los CAPITULOS estan
disefiados con el formato de articulo cientifico, tres de ellos ya publicados: en la revista Molecular
Phylogenetics and Evolution (Herrando-Moraira et al., 2018, CAPITULO 1; Herrando-Moraira et al., 2019,
CAPITULO 2) y Taxon (Herrando-Moraira et al., 2020, CAPITULO 3). Los CAPITULOS 4 y 5 han sido
enviados para su revision a las revistas Scientific Data y Systematic Biology, respectivamente. El
CAPITULO 6 se encuentra en fase de preparacion para la revista National Science Review.

El CAPITULO 1 es un estudio con un enfoque basicamente metodoldgico y exploratorio de la
técnica, los analisis y su aplicabilidad/resultado en el grupo de estudio. Utilizando datos Hyb-Seq,
con el panel de 1061 COS loci, trata de esclarecer las relaciones taxonomicas del complejo
Saussurea-Jurinea con su grupo hermano Arctium-Cousinia (muestreo de 76 especies), unas
relaciones que eran confusas en filogenias previas con secuencias Sanger. También son
comparados varios métodos (extraccion de secuencias, técnicas de filtrado e inferencia
filogenética) para determinar si nuestras elecciones metodoldgicas afectan significativamente a los
resultados filogenéticos obtenidos.

El CAPITULO 2 aborda la clasificacion subtribal dentro de la tribu Cardueae. Con un muestreo
representativo de todos los grupos de la tribu y sus grupos hermanos mas cercanos (86 especies)
aplicando el panel de los COS loci y extrayendo también las secuencias del ADN del cloroplasto,
se propone un nuevo marco filogenético y taxonémico con 12 subtribus. Del total de subtribus
reconocidas, seis son nuevas y una de ellas es la formada por el complejo Saussurea-Jurinea,
ahora llamada subtribu Saussureinae. La nueva filogenia también se ha datado. La metodologia y
resultados obtenidos de la datacion sirven como fundamentos en los analisis de tiempos de
divergencia en capitulos posteriores (5 y 6).

El CAPITULO 3 trata de esclarecer los limites genéricos dentro de la subtribu Saussureinae
basandonos en un nuevo marco filogenético realizado con el panel de los COS loci y, por primera
vez, con representantes de los 17 géneros descritos (167 especies). La nueva delimitacion queda
reducida a tres géneros y sirve para definir en qué rama del arbol de la subtribu Saussureinae
empiezan las diversificaciones de los dos géneros principales, Saussurea y Jurinea.

El CAPITULO 4 es un articulo en formato Data paper donde es presentado a escala global un
indice de estabilidad climatica mediante mapas de alta resolucion (2,5 arc-min). Se exponen dos
rangos temporales distintos: por un lado, el conjunto pasado-presente, que abarca desde el
Plioceno (3,3 Ma) hasta la actualidad; y por otro lado, presente-futuro, que llega hasta el afio 2100
bajo diferentes escenarios de cambio climatico. El indice presentado puede ser Util para
numerosos campos cientificos como la filogeografia, las ciencias de la tierra, la sociologia, efc.

Los CAPITULOS 5 y 6 tienen un enfoque muy similar, ambos son estudios sobre las
radiaciones evolutivas de Jurinea (con 187 especies incluidas) y Saussurea (con 324). Usando
COS loci, se reconstruye su historia filogenética en el espacio y el tiempo, y se formulan y verifican
hipétesis sobre cémo, cuando y qué factores han promovido la diversificacion de las especies.
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Abstract

Target enrichment is a cost-effective sequencing technique that holds promise for elucidating evolutionary relationships in
fast-evolving lineages. However, potential biases and impact of bioinformatic sequence treatments in phylogenetic inference
have not been thoroughly explored yet. Here, we investigate this issue with an ultimate goal to shed light into a highly
diversified group of Compositae (Asteraceae) constituted by four main genera: Arctium, Cousinia, Saussurea, and Jurinea.
Specifically, we compared sequence data extraction methods implemented in two easy-to-use workflows, PHYLUCE and
HybPiper, and assessed the impact of two filtering practices intended to reduce phylogenetic noise. In addition, we
compared two phylogenetic inference methods: 1) the concatenation approach, in which all loci were concatenated in a
supermatrix; and 2) the coalescence approach, in which gene trees were produced independently and then used to construct
a species tree under coalescence assumptions. Here we confirm the usefulness of the set of 1061 COS targets (a nuclear
conserved orthology loci set developed for the Compositae) across a variety of taxonomic levels. Intergeneric relationships
were completely resolved: there are two sister groups, Arctium-Cousinia and Saussurea-Jurinea, which are in agreement
with a morphological hypothesis. Intrageneric relationships among species of Arctium, Cousinia, and Saussurea are also well
defined. Conversely, conflicting species relationships remain for Jurinea. Methodological choices significantly affected
phylogenies in terms of topology, branch length, and support. Across all analyses, the phylogeny obtained using HybPiper
and the strictest scheme of removing fast-evolving sites was estimated as the optimal. Regarding methodological choices,
we conclude that: 1) trees obtained under the coalescence approach are topologically more congruent between them than
those inferred using the concatenation approach; 2) refining treatments only improved support values under the
concatenation approach; and 3) branch support values are maximized when fast-evolving sites are removed in the
concatenation approach, and when a higher number of loci is analyzed in the coalescence approach.

Keywords

Asteraceae

COS targets

HybPiper

NGS filtering strategies
Phylogenetic noise
PHYLUCE
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1. Introduction

1.1. Target enrichment strategies

The advent of the —target/hybrid enrichment” or -sequence
capture” method has emerged in the last years as one of the most
useful techniques in the field of phylogenomics and evolutionary
studies (Cronn et al., 2012; Grover et al., 2012; Mamanova et al.,
2009). This approach has provided significant advances, shedding
light on previously unresolved evolutionary lineages analyzed
using Sanger sequencing (Nicholls et al., 2015). This next
generation sequencing (NGS) tool allows the recovery of
hundreds to thousands of genetic markers from specific regions
of the genome, even from degraded and ancient samples (Cronn
et al., 2012). Remarkable advantages of this technique are: its
reasonable sequencing cost, its power to resolve relationships at
different taxonomic levels, and its reduced bioinformatic
complexity compared to whole genome sequencing (Lemmon
and Lemmon, 2013). The target DNA regions are enriched using
probes or -baits”. These can be specifically designed for the
group of study via a known genome or transcriptome of a closely
related species (e.g. Folk et al., 2015; Garcia et al., 2017;
Schmickl et al., 2016; Syring et al, 2016), or universally
conserved loci (e.g., anchored hybrid enrichment, AHE) as for
vertebrates (Lemmon et al., 2012) or angiosperms (Buddenhagen
etal., 2016).

Concerning the Compositae or Asteraceae (both terms used to
refer to the sunflower family; hereafter Compositae), Mandel et
al. (2014) recently developed a target enrichment method, which
uses the Hyb-Seq (sequence capture) approach (Weitemier et al.,
2014), comprising a probe set of 9678 baits targeting a total of
1061 conserved orthology loci (hereafter COS) in this family.
These COS loci were identified from thousands of expressed
sequence tags (EST) across three available genomes of the family
(see Mandel et al., 2014). This method has already proven useful
at varied taxonomical scales, from deep Compositac nodes to
shallower ones (Mandel et al., 2014, 2015, 2017; Siniscalchi et
al., in prep.). In addition, the method allows the recovery of
plastome data captured from off-target sequenced reads (Mandel
et al., 2015). Nevertheless, the analytical power of this approach
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to resolve species relationships of recently and rapidly radiated
genera in the family remains untested. In addition, the above cited
previous works using the Compositaec COS targets (Mandel et al.,
2014, 2015, 2017) were performed following only one
bioinformatics workflow for target sequences extraction, called
PHYLUCE (Faircloth, 2015).

The last point seems crucial, since it has not been thoroughly
investigated yet whether different bioinformatics extraction
approaches yield congruent phylogenetic results, and whether
these methodological choices could lead to bias in phylogenetic
reconstruction. In recent years, a great number of easy-to-use
workflows and automated pipelines are emerging to be used as
target extraction procedures. The pipeline PHYLUCE (Faircloth,
2015) was initially designed for ultra-conserved elements (UCEs,
Faircloth et al., 2012) and applied to a wide range of animal
groups: birds (Hosner et al., 2015; Moyle et al., 2016), skinks
(Bryson et al., 2017), ants (JeSovnik et al., 2017) and fishes
(Burress et al., 2017; Longo et al., 2017). A bioinformatic
approach for AHE was proposed in Prum et al. (2015) and used
in several plant studies (Buddenhagen et al., 2016; Fragoso-
Martinez et al., 2017; Mitchell et al., 2017; Wanke et al., 2017).
Another method, HybPiper (Johnson et al., 2016) was designed
specifically for Hyb-Seq data, implementing the ability to target
exons and introns separately. The HybPiper workflow also offers
the option to identify and separate paralogous copies. HybPiper
has already been successfully applied to analyse data from
captured target loci in plants (e.g. Crowl et al., 2017; Landis et
al., 2017; Chau et al., 2018; Gernandt et al., 2018; Kates et al.,
2018; Medina et al., 2018; Stubbs et al., 2018; Vatanparast et al.,
2018). Other new and promising tools are aTRAM (Allen et al.,
2015, 2017), HybPhyloMarker (Fér and Schmickly, 2018), and
SECAPR (Andermann et al., 2018). From these published
pipelines, we selected for this study two of the most commonly
used approaches, PHYLUCE and HybPiper, to explore the
technical differences between them and asses the consequences in
inferred phylogenies of choosing one or another.

1.2. Parsing phylogenetic signal from noise in
NGS studies

Despite the large amount of DNA sequence characters
generated with NGS, the true gene genealogy can be obscured by
various kinds of —phylogenetic noise” (Straub et al., 2014;
Townsend et al., 2012). Potential sources of noise in nucleotide
sequences include unusually fast-evolving sites, rich-indel
regions, and ambiguous sequence calls, which may lead to
substitution saturation, i.e. convergence in nucleotide states
(homoplasy) that contradicts the real phylogenetic signal, and
bias the ancestry character-state reconstructions (Rokas and
Carroll, 2006). Additional noise may accumulate in all study
phases due to sequencing errors, inaccurate assembly, or incorrect
orthology assignment. Another possible source of error that
should be taken into account with NGS data is the incorrect allele
phasing in polyploid systems (Eriksson et al., 2018), in which
phylogenetic trees can be often reconstructed from consensus
sequences or chimeric consensus sequences rather than real allele
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sequences (Kates et al., 2018). Consequences of ignoring possible
phylogenetic noise are well documented (Kostka et al., 2008;
Straub et al., 2014; Townsend et al., 2012), and may lead to long-
branch attraction artifacts, topological differences among
alternative reconstructions, or high support values for erroneous
relationships (Dornburg et al., 2014; Jeffroy et al., 2006; Salichos
and Rokas, 2013).

Part of this phylogenetic noise can be reduced with standard
practices such as cleaning raw reads by filtering based on quality
scores and alignment trimming (i.e. removal of ambiguously
aligned and indel-rich positions). However, final trimmed
alignments commonly used to perform phylogenetic inferences
may still contain considerable levels of noise. Currently, standard
procedures to deal with this issue are not well established, and we
still lack a widely applicable refining metric to minimize the
negative effects of phylogenetic noise and maximize the
likelihood of an accurate phylogenetic reconstruction. Many
recent studies based on target enrichment incorporate diverse
filtering strategies at different components of data matrices, such
as species, positions, or even entire sets of loci (see Table 1).
Among all these practices, the most commonly used is the
exclusion of loci recovered for a low number of species, which
aims to reduce the effects of missing data and systematic bias on
tree inference (see Hosner et al., 2015 for further details on
potential impacts of missing data).

1.3. Resolving radiations and the case of the
groups Arctium-Cousinia and Jurinea-Saussurea
(tribe Cardueae)

Explosive diversification events (referred here as radiations)
represent events in which many species or lineages evolved from
a common ancestor in a short time period (Wen et al., 2013,
2014), caused by geographic isolation, dispersal barriers, sexual
selection, or in some cases by ecological divergence or
acquisition of novel key traits (Givnish, 2015). These events may
leave few genomic traces, yielding few nucleotide differences
among species derived from a common radiation, and thus
hindering the reconstruction of phylogenetic relationships among
them. As a consequence, unresolved phylogenies with short
internal branches or large polytomies have been often recovered
with traditional Sanger sequenced markers in recently diverged
genera, hampering the in-depth study of radiations. With the
emergence of NGS techniques, research focused on plant
radiations are significantly increasing (Heuchera L., Folk et al.,
2015; Inga Mill., Nicholls et al., 2015; Cariceae-Dulichieae-
Scirpeae clade in Cyperaceae Juss., Léveillé-Bourret et al. 2016;
order Zingiberales Griseb., Sass et al., 2016; Salvia L. subgenus
Calosphace (Benth.) Epling, Fragoso-Martinez et al., 2017;
Protea L., Mitchell et al., 2017; Aristolochia L., Wanke et al.,
2017; —Adenocalymma-Neojobertia” clade from Bignoniaceae
Juss., Fonseca and Lohmann, 2018; lochrominae clade from
Solanaceae Juss., Gates et al., 2018; Pinus subsection Australes
Loudon Gernandt et al., 2018). Most of these studies obtained
well resolved phylogenies, but they sampled only a small
proportion of their study group. However, such first step of
method testing is essential before performing studies with more
complete species sampling, a type of research that will probably
rise in coming years.

The tribe Cardueae (Compositae) is one of the most species-
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rich of the family with more than 2500 species, which accounts
for one tenth of Compositaec (Susanna and Garcia-Jacas, 2007,
2009). Three of the complexes described within the Cardueae
rank among the largest radiations in the family: the Arctium-
Cousinia group, with 600 species; the Saussurea-Jurinea group,
involving ca. 550 species; and the Carduus-Cirsium group, with
350 species (Susanna and Garcia-Jacas, 2007). Saussurea DC.
and Jurinea Cass. are especially interesting because they
constitute two paradigmatic cases of mountain radiations.
Previous molecular phylogenies of these genera resulted in large
and undefined polytomies (Saussurea, Kita et al., 2004; Wang et
al.,, 2009), as is usually the case with radiations. Another
difficulty associated with the study of the radiations of Saussurea
and Jurinea is the high number of satellite genera (up to 16)
described within the complex (Susanna and Garcia-Jacas, 2009),
considered at some point either Saussurea or Jurinea. A complete
phylogenetic reconstruction of the whole group has never been
performed and the taxonomic validity of the described genera
remains unexplored with molecular data. In addition, species of
both Saussurea and Jurinea always appeared entangled with the
genera Arctium L. and Cousinia Cass. (Barres et al., 2013;
Garcia-Jacas et al., 2002; Susanna et al., 2006). Thus, generic
delimitation among these four genera is also unclear. Therefore, it
is essential to obtain a well resolved phylogeny of these groups as
a first step towards the improvement of the knowledge on the
evolutionary processes that led to such diversified lineages.

Accordingly, we gathered for this study a representative
sample of the four genera Arctium, Cousinia, Saussurea, and
Jurinea together with several species of the tribe Cardueae and
used the COS target enrichment approach with three main aims:
1) to evaluate the potential of COS loci for resolving relationships
at inter- and intrageneric level of recently radiated genera in tribe
Cardueae; 2) to elucidate the relationships among the genera
Arctium, Cousinia, Saussurea, and Jurinea; 3) to test the
differences between two extraction methods of target enriched
data (PHYLUCE and HybPiper); and 4) to evaluate the effects of
different filtering strategies on phylogenetic reconstruction and
determine whether a widely applicable approach exists as a
refining metric.

2. Materials and methods

2.1. Sampling strategy

In order to evaluate the usefulness of COS target enrichment
methodology to resolve generic radiations in the Compositae, we
included several representatives of the four genera of interest: 11
species of Arctium, 22 species of Cousinia, 19 species of
Saussurea, 24 species of Jurinea, and four species described
under different genera within the Saussurea-Jurinea complex
depending on the taxonomical treatment (see section 4.1 for
details). On the basis of previous phylogenetic studies of the tribe
Cardueae (Barres et al., 2013; Garcia-Jacas et al., 2002; Susanna
and Garcia-Jacas, 2007, 2009; Susanna et al., 2006), the
following taxa were also added: Alfredia acantholepis Kar. &
Kir., Carduus pycnocephalus L., Cirsium sairamense O. Fedtsch.
& B. Fedtsch., Olgaea petriprimi B. A. Sharipova, and Cynara



Table 1. Strategies of filtering target enrichment sequencing data before phylogenetic analyses.

o . Software that Examples of studies applyin:
CLEE G HE can be used the ﬁl:’ering method pPYINE
FILTERING SPECIES
Exclusion of quickly evolving or unstable species PHYLUCE' Salichos and Rokas (2013)

HybPhyloMarker” Jesovnik et al. (2017)
Streicher et al. (2018)
Gates et al. (2018)
FILTERING POSITIONS
Exclusion of sites with high substitution rates PhyDesign’ Dornburg et al. (2017)
ov* Fragoso-Martinez et al. (2017)
TIGER® Wanke et al. (2017)
Streicher et al. (2018)
Exclusion of sites containing gaps trimAL® Salichos and Rokas (2013)
Inclusion of sites with high substitution rates TIGER® Streicher et al. (2018)

Inclusion of positions with high read coverage
FILTERING LOCI

Custom scripts and ape’

Grover et al. (2015)

Exclusion of loci recovered in a low number of taxa HybPhyloMarker” Borowiec et al. (2015)
PHYLUCE? Hosner et al. (2015)
Streicher et al. (2016)
JeSovnik et al. (2017)
Longo et al. (2017)
Mitchell et al. (2017)
Streicher et al. (2018)
Gernandt et al. (2018)
Exclusion of loci detected as potential paralogs HybPiper’ Crowl et al. (2017)
Chau et al. (2018)
Gernandt et al. (2018)
Vatanparast et al. (2018)
Exclusion of loci of short length Geneious'” Gernandt et al. (2018)
Exclusion of highly variable loci Geneious'® Gernandt et al. (2018)
Exclusion of loci with high number of missing data Geneious' Gernandt et al. (2018)
Exclusion of poorly aligned loci Not specified Salichos and Rokas (2013)
Exclusion of loci with low long-branch score from long-branched species HybPhyloMarker’ Borowiec et al. (2015)
TreSpEx'!
R script'?
Inclusion of loci with strong phylogenetic signal (based on gene-trees with high mean HybPhyloMarker” Salichos and Rokas (2013)
bootstrap values) TreSpEx'! Bossert et al. (2017)
R script'? Branstetter et al. (2017)

Newick utilities'

JeSovnik et al. (2017)
Ward and Branstetter (2017)

Inclusion of the most informative loci (high informative characters or parsimony HybPhyloMarker’ Hosner et al. (2015)
informative sites) PhyDesign® Léveillé-Bourret et al. (2016)
AMAS" Meiklejohn et al. (2016)
Phyloch" Longo et al. (2017)
Inclusion of slowly evolving loci (based on the smallest mean branch length) HybPhyloMarker” Salichos and Rokas (2013)
TreSpEx ' Borowiec et al. (2015)
R script'?
Inclusion of less saturated loci R script? Borowiec et al. (2015)
Inclusion of the most informative loci scored by some of the previous metrics HybPhyloMarker” Borowiec et al. (2015)
HybPiper’ Gernandt et al. (2018)
Geneious'
TreSpEx'!
R script'?

'PHYLUCE (Faircloth, 2015) script PHYLUCE _align_extract_taxa_from_alignments.py”.
*HybPhyloMarker pipeline package (Fér and Schmickly, 2018).

*PhyDesign online application (Lopez-Girdldez and Townsend, 201 1; http://phydesign.townsend.yale.edu/).
40V (observed variability) algorithm (Goremykin et al. 2010).

TIGER software (Cummins and Mclnerey, 2011).

StrimAL program (Capella-Gutiérrez et al., 2009).

'R package —ape” (Paradis et al., 2004) and custom scripts (Grover et al., 2015) available at https://github.com/Wendellab/phylogenetics.
SPHYLUCE (Faircloth, 2015) script —get_only loci_with min_taxa.py”.

HybPiper pipeline (Johnson et al., 2016), script paralog_investigator.py”.

Geneious software (Kearse et al., 2012).

"TreSpEx pipeline package (Struck, 2014).

"R script —gene_stats.R—Borowiec et al. 2015).

BNewick utilities package (Junier and Zdobnov, 2010), function -aw_ed”.

“AMAS software (Borowiec, 2016).

'R package —phyloch” (Heibl, 2008), function pis.
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cardunculus L. For the last species, we directly incorporated the
raw reads from Mandel et al. (2017) into our bioinformatics
workflow. The information of location and voucher specimens of
the 85 sampled species is summarized in Appendix, Table S1.

2.2. DNA extraction, library preparation, target
enrichment, and sequencing

Dried leaf tissue was weighed to obtain a total amount of 200
mg per sample, which was later homogenized using Mixer Mill
MM 301 (Retsch®, Haan, Germany). Genomic DNA was
extracted using the DNeasy plant mini kit (Qiagen, Valencia, CA,
USA) following manufacturer's specifications. The quantity of
each extraction was checked with Qubit™ 3.0 Fluorometer
(Thermo Scientific, Waltham, MA, USA). In order to obtain an
average fragment size of 400-500 bp, approximately 1 pg in 70
pl per sample was sheared using a Q800R2 Sonicator® machine
(QSonica, Newtown, CT, USA). The sonication step was
conducted with the following parameters: 3 min (with 10 s pulse
on, and 10 s pulse off), and the amplitude set at 20%. To ensure
that genomic DNA was sheared at approximately the selected
fragment size, all samples were checked and evaluated on a 1.2%
(w/v) agarose gel. After shearing, we prepared the barcoded
sequencing libraries using the NEBNext Ultra II DNA Library
Prep kit for [llumina (New England Biolabs, Ipswich, MA, USA),
following the standard protocol provided by the manufacturer.
We added 25 pl of AMPure XP beads (Beckman Coulter, La
Brea, CA, USA) for the first step of size selection, and 10 pl for
the second step. The PCR amplification was performed using 15
cycles and each library was barcoded employing a unique index
primer using NEBNext Multiplex Oligos for Illumina.j Library
quantities were checked using the Qubit Fluorometer and then
pooled in groups of four samples, aiming for a quantity of 500 ng
per group. Pools were evaporated in a speed vacuum centrifuge,
and then were resuspended in 7 pl of dH20. For sequence
capture, we used MyBaits COS 1Kvl (MYcroarray, Ann Arbor,
MI, USA; http://www.mycroarray.com/mybaits/mybaits-
UCEs.html). We followed the specifications in the
manufacturer’s protocol with slight modifications, such as the
time and temperature to allow baits to hybridize to their targets
(40 h at 65°C). A post-capture PCR reaction of 16 cycles was
performed using KAPA® HiFi HotStart ReadyMix (Kapa
Biosystems, USA) and —reamp” primers described in Meyer and
Kircher (2010). To avoid adapter dimers problems, we added a
supplementary cleanup magnetic bead-based step after the post-
capture PCR reaction as specified in the NEBNext manual.
Finally, target-enriched library pools were sent for sequencing to
the DNA Sequencing Core CGRC/ICBR of the University of
Florida or to Macrogen Co. (Seoul, South Korea) on one lane on
a HiSeq 3000 sequencing platform (Illumina, USA) using 100 bp
paired-end reads.

2.3. Raw data processing

A first quality control of raw sequence reads demultiplexed
by sequencing cores in FastQC v.0.10.1
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/).
Raw FASTQ data were then cleaned using ILUMIPROCESSOR
(Faircloth, 2013),

was conducted

a wrapper program which incorporates
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Trimmomatic v.0.36 (Bolger et al., 2014) to remove Illumina
adapters and to trim low-quality nucleotides of the reads. A
trimming step was conducted with a sliding-window set to 5:20,
cutting the start or the end of a read when the average of five
terminal positions falls below 20 of the quality Phred+33 score.
Cleaned reads finally retained were those with a minimum length
of 36 bp and with both corresponding forward and reverse pair.

2.4. Extraction of target enrichment data:
PHYLUCE and HybPiper pipelines

Two different orthology-detection methods were followed to
extract and identify the sequence data that matched the 1061
target COS loci: the PHYLUCE pipeline package v.1.5
(Faircloth, 2015) and the HybPiper pipeline v.1.1 (Johnson et al.,
2016). The main difference between both procedures is that the
PHYLUCE pipeline begins with a de novo assembly of reads into
contigs followed by a mapping step, aligning contigs back to the
reference sequences. HybPiper first maps the reads against each
target separately, and then assembles de novo the mapped reads
into contigs, which are later mapped to targets (Fig. 1).

For the PHYLUCE method (Fig. 1), the trimmed reads were
de novo assembled into contigs using the software SPAdes
v.3.9.0 (Bankevich et al., 2012) testing several k-mer lengths: 21,
33, 55 and 77. Then, we mapped resultant contigs to the COS
target sequences using LASTZ (Harris, 2007) with the python
script -assembly match contigs to probes.py”. This program
ensures that matches are 80% identical in 80% of the total length,
and also removes potential paralogs. These potential paralogs are
identified as assembled contigs that match multiple loci, or
different contigs that match the same COS locus. After COS
identification, the —get match counts.py” script was used to
generate a relational list of contig names, generated by the
assembler, with the names of each COS target across taxa
indicated in a —taxon-set” file. This relational database was used
for the script —get fastas from match_counts.py” to generate a
monolithic FASTA-formatted file containing all loci recovered
for all taxa specified. Separate files for each locus were obtained
running -assembly explode get fastas file.py”. For the final
step of dataset creation, used
-align remove locus name from nexus lines.py” to remove
locus name from the FASTA header line to only retain the taxon
name as is required for downstream analyses. The majority of
raw extracted sequences were longer than the target length
because reads were first assembled into contigs and then contigs
were mapped to the reference targets. Therefore, extracted

we

sequences could encompass part of non-coding regions outside
the targets, which are derived from exonic regions.

For the HybPiper method, we used three sets of input files:
the cleaned pair-end reads, a text-formatted list with the species
names, and the target file that contains one or several orthologous
sequences for each locus (see Mandel et al., 2014). We executed
the entire pipeline with the script —eads_first.py” which, in a first
phase, maps the reads to each target locus using the BWA mapper
(Li and Durbin, 2009), selecting the best target sequence as a
reference according to a mapping score. Secondly, reads mapped
for each locus were de novo assembled into contigs with the best
k-mer automatically detected by SPAdes assembler. In a third
phase, —exonerate.py” was used to extract a unique longest contig
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Fig. 1. Workflow representation of bioinformatic and phylogenetic analyses. The process followed consists of two alternative methods of target sequence
extraction, PHYLUCE (Faircloth, 2015) and HybPiper (Johnson et al., 2016), and two approaches of sequence data refining applied to each: filtering by
positions (Fragoso-Martinez et al., 2017) and filtering by loci (Borowiec et al., 2015). Squares in red and blue represent all the datasets analyzed (see Table
3 for details), in red showing analyses performed under the concatenation approach and in blue under the coalescence approach. The main programs used

for the analyses are shown in brackets.

that aligned to the reference sequence. If multiple equally long
contigs coexisted for the same locus (potential paralogs), the
contig with greater coverage depth (10 times more) or the one
with greater similarity to the target was retained (for details see
Johnson et al., 2016). As a rule, we extracted exons because our
target set comes from EST (expressed sequence tags), but some
contigs may contain an extension of flanking non-coding regions.
In these cases, contigs are usually longer than the target sequence.
Finally, to retrieve sequences recovered for each species in a
multi-fasta file for each gene, the —retrieve sequences.py” script
was executed.

In order to show the differences in recovery efficiency
between the PHYLUCE and HybPiper pipelines,
—get_seq_lengths.py” from HybPiper package was applied with
slight modifications to the individual unaligned loci.

2.5. Alignment, alignment trimming, loci
concatenation, and summary statistics

For both PHYLUCE and HybPiper methods, the multi-fasta
files generated were aligned, for each locus separately, using the
auto setting of MAFFT v.7.266 (Katoh and Standley, 2013). The
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resulting alignments were trimmed with trimAl v.14 (applying
the automatedl flag) with the aim of removing positions
ambiguously aligned (Capella-Gutiérrez et al., 2009). For
subsequent phylogenetic inference based on supermatrix analysis
(concatenation approach), gene alignments were concatenated
with FASconCAT-G v.1.02 (Kiick and Longo, 2014), which also
provides the necessary information of gene partitions for
subsequent steps. Finally, summary statistics of concatenated
matrices were computed with AMAS (Borowiec, 2016).

2.6. Phylogenetic analyses without filtering step

The phylogenetic reconstruction analyses were conducted
twice: first, under the concatenation approach using a supermatrix
for tree estimation (hereafter concatenation approach), and
second, under coalescence assumptions, in which species tree is
estimated based on individual gene trees resulting from
phylogenetic analyses of each locus separately (hereafter
coalescence approach).

Concerning the concatenation approach, we ran Maximum
Likelihood (ML) analyses with the software RAXML v.8.2.9
(Stamatakis, 2014) implemented on XSEDE in the CIPRES
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Science Gateway v.3.1 (Miller et al., 2010). Specifically, we ran a
simultaneous rapid bootstrapping and best ML tree search
(Stamatakis et al., 2008), with 10 randomized maximum
parsimony starting trees and a bootstrap resampling of 500
replicates to assess branch support values. We considered that
only branches with bootstrap (BS) support values > 70% were
statistically supported (Hillis and Bull, 1993). In the RAXML
analysis, each locus was treated as a unit partition, and the
GTRGAMMA evolution model was applied as recommended in
Stamatakis (2006). Resulting trees were visualized in FigTree
v.1.4.3 (Rambaut, 2016).

Regarding the coalescence approach, we first searched for
individual gene trees with RAXML applying the same search
options specified above but running 200-bootstrap replicates.
Species tree inference under the coalescence approach was then
performed using ASTRAL (Mirarab et al, 2014), which
estimates the species tree that maximizes the number of quartets
from a given input of unrooted gene trees under the assumption
that all of them are correct. Branch support values were inferred
through local posterior probabilities (LPP; Sayyari and Mirarab,
2016) calculated in ASTRAL-III v.5.5.3 (Zhang et al., 2018). The
use of LPP as branch support metric has been proved to be more
precise than multi-locus bootstrapping, especially when the error
in estimating gene trees is low (Sayyari and Mirarab, 2016).
Values of LPP > 0.95 were considered as strong branch support
with very high precision, although lower values (LPP = 0.7-0.9)
also give high precision (Sayyari and Mirarab, 2016).

2.7. Phylogenetic informativeness and position
filtering

As a filtering step recently recommended by Fragoso-
Martinez et al. (2017), we evaluated the effect of eliminating the
"phantom" spike positions (ambiguous, indel-rich positions, or
positions with high substitution rates) that can add phylogenetic
noise and bias phylogenetic reconstructions. To identify these
fast-evolving sites in our alignments, a first Phylogenetic
Informativeness (PI) analysis and net PI profiles were performed
in the web application PhyDesign (Lopez-Girdldez and
Townsend, 2011), specifically calculating the substitution rates
per site with the implemented program HyPhy (Kosakovsky Pond
et al., 2005). For the rate calculations, we used two inputs: 1) the
partitioned concatenated matrices, from both the PHYLUCE and
HybPiper methods; and 2) their respective ML trees, that were
transformed to ultrametric with TreeEdit v.1.0a10 (Rambaut,
2002), applying the non-parametric rate smoothing algorithm
(Sanderson, 1997) and scaled to a total height of 1.

To detect which positions exceeded the substitution rate (SR)
values higher than three arbitrary pre-defined cut-off thresholds
(5, 2.5, and 1), we imported the rate files per locus from
PhyDesign to the R script -mmc3.R” developed by Fragoso-
Martinez et al. (2017) and ran it in R v.3.1.2 (R Core Team,
2014) three times for the PHYLUCE and HybPiper datasets. The
resulting spreadsheet of each analysis contained specific positions
to remove from each locus (spreadsheet available in Appendix
A). The final filtered matrices were generated in RAXML with
the command —E, using the lists of positions to be removed,
original matrices, and partition information. Next, ML and PI
analyses were performed with the six filtered matrices. We used
the AMAS software to separate each locus and re-ran RAXxML
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per gene to later perform the coalescence analysis with ASTRAL-
III.

2.8. Selection of the most informative loci

In order to reduce phylogenetic noise, another filtering
strategy based on the selection of the most informative loci
according to several parameters was implemented as suggested
by Borowiec et al. (2015). We used the script —gene stats.R—
(available in Borowiec et al.,, 2015) for the loci selection
procedure. As input, we used the individual ML gene trees and
the trimmed alignments corresponding to both the PHYLUCE
and the HybPiper unfiltered datasets. Then, the loci were scored
for each of the following parameters: 1) the number of species
recovered (accounting for taxon occupancy and missing data); 2)
the average BS support value of the ML gene tree obtained
(depicting information content); 3) the R? of mutational saturation
regression curves (Philippe and Forterre, 1999), obtained from
the inferred substitution values based on ML gene tree branch
lengths against the number of observed differences in sequences
for a given pair of species (representing saturation); and 4)
average branch length of the ML gene tree calculated from the
division of total tree length by total tree nodes (characterizing the
rate of molecular evolution).

For each parameter, we scored each locus with 0 or 1 point,
depending on whether it exceeded the arbitrary thresholds defined
here (0 for parameter value below the threshold and 1 above the
threshold). The thresholds selected were the following for each
parameter. For taxon occupancy, the loci recovered for at least
50% of taxa (43 species) in the PHYLUCE dataset, and 95% of
taxa (81 species) in the HybPiper dataset, were scored with 1
point. For the average BS value, the loci that yielded a tree with
at least 60% mean BS in the PHYLUCE dataset, and 40% in the
HybPiper dataset, were scored with 1 point. For saturation, the
25% of loci with the highest R2 of saturation curves were scored
with 1 point. Finally, for evolution rates, the 25% of loci with
lowest average branch length were scored with 1 point.
Accordingly, a binary matrix with 0 and 1 points for each locus
and each parameter was obtained. Finally, the selection of the
best informative loci was performed in two steps: first, we
calculated the points obtained for each locus, which ranged from
0 to 4, considering the four parameters together. And second, we
selected those loci that obtained at least 2 points. Note that the
four parameters were equally weighted, without any additional
ponderation step, and that threshold values can be modified by
the user depending on the parameter scores or the characteristics
of the dataset analyzed.

The spreadsheets with parameters and scores are provided in
Appendix A. After applying this locus filtering strategy, new
datasets that only contained the selected loci were created
accordingly, one comprising the supermatrix that was analyzed
under the concatenation approach, and the other with each locus
in a separate file, analyzed under the coalescence approach (both
approaches described in g).

2.9. Topological comparisons

Differences in topology among all trees generated (unfiltered
and filtered matrices, and in each case under the concatenation
and coalescence approaches) were estimated with the Robinson-
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Foulds distance (RF; Robinson and Foulds, 1981). First, we
computed pairwise RF distances using PAUP v.4.0a (Swofford,
2003) and adjusted RF (RFadj) manually, which was estimated
from RFajd = RF/(2n—6) being n the number of tree nodes
(Mitchell et al., 2017; Steel and Penny, 1993), and ranging from 0
(same topology) to 1 (completely discordant topology). Secondly,
the RF distances were exported as a tree distance matrix in R to
compare all trees in the same tree space using the
multidimensional scaling approach (Hillis et al., 2005)
implemented in the R function —emdscale” from the R package
-stats”.

3. Results

3.1. Target capture sequencing and efficiency

The average of raw pair-end reads was 4,263,196 per species.
The outgroup Carduus pycnocephalus was the species sequenced
here with the lowest number of reads (741,845), whereas
Saussurea davurica had the highest number of reads (11,202,023).

From the 1061 targeted loci, we recovered a total of 675 loci
(63.6%) with the PHYLUCE method and a total of 1055 loci
(99.4%) with the HybPiper method (Table 2). Per species, the
mean of on-target loci was 341 with the PHYLUCE method (the
lowest number of loci recovered for a species = 208, the highest
number of loci recovered for a species = 424), and 991 (510-
1018) with the HybPiper method. In addition to this remarkable
difference in the percentage of captured targets, our results show
that the recovered loci per species are not equally distributed
across the matrix in the PHYLUCE method (Fig. 2A-B). We
pruned 48 loci recovered with PHYLUCE and four loci recovered
with HybPiper because they were captured only in one or two
species. Consequently, the final set of loci comprised 627 loci
(59.1%) with the PHYLUCE method and 1051 loci (99.1%) with
the HybPiper method. Only 9.2% of the loci selected with

PHYLUCE were captured in 90% or more of the species
sampled. In contrast, the taxa recovery was greater with
HybPiper, with 89.6% of the selected loci captured in 90% or
more of the sampled species. Despite these differences in missing
data, the mean alignment length per locus was higher with the
PHYLUCE method (823 bp; 139-3134 bp) than with the
HybPiper method (317 bp; 63—1475 bp). Regarding the length of
the captured loci in relation to the length of the respective
reference target, we found that, in the case of PHYLUCE,
77.18% of the loci recovered were longer than the corresponding
target (Fig. 2C); whereas with HybPiper, only 15.2% of the loci
recovered were longer (Fig. 2D). The final aligned and trimmed
concatenated matrices were composed by 515,875 bp with the
PHYLUCE method and 333,614 bp with the HybPiper method,
with 48% and 36% of variable sites, respectively (Table 2).

3.2. Phylogeny estimation

The capture probes designed for Compositae targeting 1061
COS loci have been useful to elucidate relationships among
Arctium, Cousinia, Saussurea, and Jurinea, their generic
delimitation, and also many of the relationships among closely
related species. All the inferred phylogenies across the total 10
evaluated approximations (Fig. 1 and Table 3) support the
monophyly of the four main genera (Supplementary Figs. S1—
S4). The relationships as sister groups between Arctium-Cousinia
and Saussurea-Jurinea were fully resolved with maximum
support values also in all datasets analyzed (BS = 100 and LPP =
1). At lower taxonomical levels, shallow relationships were
generally reconstructed with high support values for Arctium,
Cousinia, and Saussurea, with only slight differences between
analyses. In contrast, species relationships within Jurinea were
not clearly outlined, presenting low-moderate support values
(Supplementary Figs. S1-S4).

Across all the analyses under the concatenation approach, the
best-resolved tree was that obtained with the HybPiper method

Table 2. Extraction performance of the 1061 COS targets (Mandel et al., 2014) and creation of the unfiltered datasets with the two methods compared,
PHYLUCE (Faircloth, 2015) and HybPiper (Johnson et al., 2016). The evaluated parameters from 3 to 10 were calculated based on the dataset specified in
the parameter 2. (i.e. from the total recovered loci, removing those loci captured only in one or two species). Abbreviations used: bp = base pairs; max =

maximum; min = minimum; N° = number; sd = standard deviation.

Evaluated parameters PHYLUCE unfiltered HybPiper
dataset unfiltered dataset

1. Total N° of recovered loci (%) 675 (63.3) 1055 (99.4)

2. Total N° recovered loci removing those captured only in one or two species (%) 627 (59.1) 1051 (99.1)

3. N° of captured loci in > 90% of the species (%) 58(9.2) 942 (89.6)

4

. Average of recovered loci per species (sd; min—max)

W

. Average of species recovered per loci (sd; min—max)
. Mean alignment length per locus in bp (sd; min—max)
. N° of loci longer than respective target length (%)

. Length of the final concatenated matrix in bp

O 0 3 N

. Proportion of missing data in the final concatenated matrix (%)

10. Proportion of variable sites in the final concatenated matrix (%)

340 (37; 208-410)
46 (24.3; 4-84)

823 (450; 139-3134)
521 (77.2)

515,875

57.1

48

989 (68.2; 510-1061)
80 (12; 4-85)

317 (185; 63-1475)
161 (15.2)

333,614

9.5

36
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(A) Matrix obtained with
the PHYLUCE method

Average of target
loci per species

I Recovered = 341
T Missing =334

(B) Matrix obtained with
the HybPiper method

Average of target
loci per species

I Recovered = 991
[7] Missing =64

(C) Recovered loci with
the PHYLUCE method

I Loci shorter than the corresponding target (154)
I Loci longer than the corresponding target (521)

(D) Recovered loci with
the HybPiper method

I Loci shorter than the corresponding target (894)
I Loci longer than the corresponding target (161)
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Fig. 2. Recovery efficiency of the 1061 COS loci using two target extraction methods: (A) PHYLUCE (Faircloth, 2015), and (B) HybPiper (Johnson et al.,
2016). Columns represent each target locus and rows represent the 85 sampled species. The cells of the heat map in black represent loci on-target, and
missing loci are showed in grey. Differences in length in base pairs (bp) between the reference target and the captured sequence (not aligned and trimmed)
are represented for the PHYLUCE dataset (C) and for the HybPiper dataset (D). Blue bars represent loci shorter than the corresponding target and red bars
represent loci that exceed the corresponding target in length. When the target length is equal to the captured locus length, the value of y-axis is zero.

and removing positions with SR > 1, with an average of 93.4% of
BS support value and only five branches with BS <70% (Fig. 3A
and Table 3). The individual gene trees showed low average BS
support values for both target extraction methods, although the
values obtained with the PHYLUCE method (BS = 58.5) were
considerably higher than the ones obtained with HybPiper (BS =
32.2), probably due to the longer loci and a few number of
recovered species per locus (Table 2). A positive correlation was
detected when the length of locus alignments and average BS
support values of gene trees were compared for the PHYLUCE
unfiltered dataset (Pearson's » = 0.54, p < 0.0001) and the
HybPiper unfiltered dataset (Pearson’s » = 0.60, p < 0.0001)
methods. We also found another correlation, this time negative,
between the number of taxa recovered and the average BS
support value per locus obtained with the PHYLUCE unfiltered
dataset (Pearson’s r = -0.616, p < 0.0001) and the HybPiper
unfiltered dataset (Pearson's r = -0.161, p < 0.0001). This
indicated that gene trees obtained with those loci with a lower

number of taxa recovered tended to be more supported. The lack
of support in individual gene trees or the incongruence among
them was reflected in short internal branches in coalescence units
in the trees inferred under the coalescence approach (Fig. 3 and
Supplementary Figs. S1-S4). Also, support values of coalescence
trees were lower than those of the trees inferred with the
concatenation approach (Table 3).

3.3. Phylogenetic informativeness and position
filtering results

The amount of positions selected as —fast-evolving” sites (and
thus removed from the alignments) varied considerably
depending on the target extraction method. For all thresholds
tested, a greater number of fast-evolving sites were removed from
the PHYLUCE dataset, which were distributed in a greater
number of loci than in the HybPiper dataset (see Table 3 for more
details). For example, for a given filtering scenario (SR > 1) the
positions trimmed were 9244 in the PHYLUCE dataset and 1885
in the HybPiper dataset. When these values were corrected for the
matrix length, the number of positions filtered in the PHYLUCE
dataset remained higher than in the HybPiper dataset,
representing 1.8% of the PHYLUCE dataset and 0.6% of the
HybPiper dataset.

The net phylogenetic informativeness (PI) mean value was
markedly higher for the unfiltered PHYLUCE dataset (193.55)
than for the unfiltered HybPiper dataset (26.20). The maximum
PI value, which is related to the presence of -phantom spikes”,
was also higher for the unfiltered PHYLUCE dataset (7832.29)
than for the HybPiper dataset (370.51). Overall, the highest PI
values were coincident with the divergence of the four genera and
their respective subsequent lineages, approximately at the time of
0.2-0.7 (PHYLUCE; Fig. 4A) and 0.3-0.8 (HybPiper; Fig. 4C).
At earlier timing range (0-0.2), coincident with the main
diversification of Jurinea and Saussurea, the PI profiles showed
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Table 3. Characteristics of the datasets obtained with the two target extraction methods (PHYLUCE and HybPiper) under different filtering strategies:
positions and loci. All concatenated matrices are included in the Supplementary Material. Abbreviations used: bp = base pairs; BS = bootstrap; coalesc =
coalescence approach; concat = concatenation approach; LPP = local posterior probability; N° = number; SR = substitution rate.

N° of Alignment Missin Variable Support N° of unsupported
Dataset name loci length data (og) sites in bp  mean (BS nodes Description of data filtering
(bp) 4 (%) / LPP) (concat / coalesc)
PHYLUCE 627 627 515,875 57.1 247,320 872/ 17/28 Unfiltered
(48) 0.88
245.905 870/ Filtering positions with SR > 5:
PHYLUCE 675 5 627 514,460 57.0 ( 4,8) 0 .89 16 /28 removing 1415 (0.3%) characters from
' 93 (14.8%) loci
244.944 86.0/ Filtering positions with SR > 2.5:
PHYLUCE 675 2.5 627 513,490 57.0 e y 16/28 removing 2385 (0.5%) characters from
(48) 0.88 o .
131 (20%) loci
238.076 947/ Filtering positions with SR > 1:
PHYLUCE 675 1 627 506,631 56.7 ( 4’7) 0 '88 71/26 removing 9244 (1.8%) characters from
’ 252 (40.2%) loci
103.947 48% of the original loci scoring best in
PHYLUCE 304 304 234,118 52.6 ( 4’4) 90.0 /0.85 9/33 taxon occupancy, mean bootstrap,
saturation and evolution rate
. 118,542 91.2/
HybPiper 1051 1051 333,614 9.5 (36) 087 11/28 Unfiltered
118.504 916/ Filtering positions with SR > 5:
HybPiper 1051 5 1051 333,576 9.5 y . 10/28 removing 38 (0.01%) characters from 9
(36) 0.88 o .
(0.9%) loci
118.484 914/ Filtering positions with SR > 2.5:
HybPiper 1051 2.5 1051 333,556 9.5 y ) 12/28 removing 58 (0.02%) characters from
(36) 0.87 o N
18 (1.7%) loci
116.657 934/ Filtering positions with SR > 1:
HybPiper 1051 1 1051 331,729 9.4 (3’5) 0 '88 5/29 removing 1885 (0.6%) characters from
’ 213 (20.3%) loci
70.774 9.6/ 54% of the original loci scoring best in
HybPiper 570 570 200,632 7.5 (,;, 5) 0 8 5 8/31 taxon occupancy, mean bootstrap,

saturation and evolution rate

several peaks of loci visualized as -phantom spikes” that
represent fast-evolving sites.

The removal of positions with substitution rates higher than 5
or 2.5 from unfiltered alignments did not improve the BS support
values of trees (Supplementary Figs. S5 and S6). In contrast, with
the strictest filtering scheme (SR > 1) of fast evolving sites
removal, the number of resolved nodes in the concatenation
approach notably increased (Fig. 4), and the curves were
completely softened in the case of the HybPiper dataset (Fig. 4D).
However, for the PHYLUCE dataset, some peaks close to zero,
i.e. towards the present and the shallowest clades, appeared in all
three filtering schemes (Fig. 4B). This could indicate that a
stricter threshold would probably be needed to remove very fast-
evolving positions and produce more refined PI profiles in the
case of the PHYLUCE dataset.

3.4. Selection of the most informative loci

In the loci filtering strategy (using measures of taxon
sampling, information content, saturation, and rate of evolution),
we finally retained 304 loci (48% of the loci initially recovered;
234,118 bp) in the PHYLUCE dataset, and 570 loci (54% of the
loci initially recovered; 200,632 bp) in the HybPiper dataset,
which accounted for the highest phylogenetic signal (Table 3).

In the concatenation approach, the selection of the most
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informative loci resulted in significantly higher BS support
values, decreasing the number of unsupported nodes from 17 to 9
in PHYLUCE and from 11 to 8 in HybPiper. In the coalescence
approach, the selection of the best loci was not effective in terms
of improving the LPP support values or the number of
unsupported nodes, both values of these two metrics were even
lower than the ones obtained with the corresponding unfiltered
alignments (Figs. 5 and 6, and Table 3).

3.5. Comparison of tree topologies

Varied tree topologies were recovered in the global tree space
among the approaches of concatenation/coalescence and the non-
filtering/filtering strategies (Fig. 7). Discordant topologies
between the concatenation and the coalescence approaches are
well illustrated in the distant position that they occupy in the
bidimensional tree space along both first and second dimensions
(Fig. 7). On average, the RFadj between all the trees under
concatenation vs. all the trees under coalescence was relatively
high, with a 0.44 value (0.33-0.59; Supplementary Table S3).
When topologies were compared among all those obtained under
the concatenation approach and among all those obtained under
the coalescence approach, we found that the topologies obtained
with the coalescence approach were more similar between them
(RFadj 0.26) than the topologies obtained with the
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Fig. 3. Phylogenetic trees drawn opposite to each other (tanglegram) inferred from: (A) the concatenation approach from the HybPiper dataset, filtering
positions with substitution rates (SR) > 1, and (B) the coalescence approach from the unfiltered HybPiper dataset. Only bootstrap (BS) support values < 70
and local posterior probabilities (LPP) < 0.95 are shown over branches. Continuous lines that link the species represent congruent positions between both
trees and dashed lines represent incongruent positions. The section where each species belongs is specified in brackets, except for Jurinea (see text for
details). Taxonomic treatments followed are Lopez-Vinyallonga et al. (2011) for Arctium, Tscherneva (1997) for Cousinia, and Lipschitz (1979) for
Saussurea. The species with a superscript were originally described under a different genus within the Saussurea-Jurinea complex: 'Saussurea leptophylla
= Jurinea ancistrophylla; *Saussurea carduicephala = Jurinea ceratocarpa = Lipschitziella; *Jurinea carduiformis = Outreya carduiformis; *Modestia

darwasica = Cirsium darwasicum.

concatenation approach (RFadj = 0.31).

In relation to the impact of filtering, in general the softest
filtering strategies of fast-evolving sites removal (SR > 5 and 2.5)
did not significantly alter the tree topologies with respect to those
obtained with the corresponding unfiltered alignments, both in
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the PHYLUCE and the HybPiper methods, under concatenation
(RFadj = 0-0.01) or under coalescence (RFadj = 0-0.15). In
contrast, for the strictest threshold scheme (SR > 1), topologies
were more variable between unfiltered and filtered (SR > 1)
datasets (Fig. 7). This effect was especially evident for the trees
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(A) Concatenation approach with the (B) Concatenation approach with the
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Fig. 4. Phylogenetic informativeness (PI) analyses showing the ultrametric trees scaled to an arbitrary scale of 1 (at the root) to 0 (at the tips) obtained
with maximum likelihood analyses using the concatenation approach, and net phylogenetic informativeness profiles displaying curves for each locus in
different colors. In this figure, we show the PI analyses performed to the PHYLUCE dataset, in particular (A) to the unfiltered alignments and (B) to the
same alignments after filtering positions with substitution rates (SR) > 1, and to the HybPiper dataset, in particular (C) to the unfiltered alignments, and (D)
to the same alignments after filtering positions with SR > 1. For a threshold of SR > 5 and SR > 2.5 see Supplementary Figs. S5 and S6. Branches with low
bootstrap (BS) support values (BS < 70) are marked and highlighted in red. The number of unsupported nodes is specified for each genus at the right of
the tree to see the differences between unfiltered datasets and the best positions filtering scheme (SR > 1) datasets.
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inferred under concatenation, when the unfiltered PHYLUCE
dataset was compared to the filtered (SR > 1) scheme (RFadj =
0.26). The selection of the most informative loci was the filtering
strategy that resulted in the most discordant topologies when
compared to the unfiltered datasets (Fig. 7 and Supplementary
Table S3). In particular, the tree based on the best loci selected
from the PHYLUCE dataset and under concatenation resulted in
highly incongruent topologies compared to all the rest (mean of
RFadj = 0.54), i.e. this dataset yielded the trees more distantly
related to the other tree topologies inferred.

4. Discussion

4.1. COS loci resolve previously obscure generic
relationships in Cardueae

The COS probe targets tested for deep nodes in Compositae
(Mandel et al., 2014, 2015, 2017) are also useful to resolve close
relationships at intergeneric levels. This evidence adds to
previous studies (Mandel et al., 2014, 2015, 2017) and confirms
the wide taxonomic range of COS loci applicability for
phylogenomic and evolutionary studies on the largest family of
flowering plants (Stebbins, 1970). For the first time, we were able
to recover almost the entire set of target loci (99%, 1051 from
1061) using the novel pipeline HybPiper. Conversely, the
pipeline PHYLUCE (the one used in previous studies using the
COS loci set) captured only 627 loci (59%), a similar amount to
those obtained in other studies for shallow species range (694 in
Siniscalchi et al., in prep.) and higher taxonomical levels (763
and 795 in Mandel et al., 2014, 2015, respectively).

Here, we confidently resolved the historically obscure
relationships among Arctium, Cousinia, Saussurea, and Jurinea.
All phylogenies inferred in this study supported the sister
relationships between Arctium-Cousinia and Saussurea-Jurinea,
forming two separate complexes, a result that is congruent with
the morphological hypothesis proposed by Susanna and Garcia-
Jacas (2007, 2009). None of the preceding phylogenies built on
Sanger sequencing data had been able to resolve the evolutionary
relationships between these four genera with statistical support
(Barres et al., 2013; Garcia-Jacas et al., 2002; Kita et al., 2004;
Raab-Straube, 2003; Wang et al., 2007, 2013). In some cases, the
genera were correctly nested but without support (Lopez-
Vinyallonga et al., 2009; Susanna et al., 2003, 2006; Susanna and
Garcia-Jacas, 2009; Wang et al., 2009). Our study illustrates that
plant complexes with cryptic backbone
relationships can be resolved with NGS target enriched data.

controversial

Indeed, this NGS approach represents one of the most promising
methodologies to date in the field of systematics and evolutionary
biology (Buddenhagen et al., 2016), allowing the disentangling of
both deep and shallow relationships of complex plant groups (e.g.
Nicholls et al., 2015).

Certainly, the generic delimitation obtained here represents
the first step toward increasing our knowledge of the evolution of
highly diversified genera of the tribe Cardueae. The infrageneric
relationships of the Arctium-Cousinia complex have been
extensively explored with Sanger sequencing (see Lopez-
Vinyallonga et al., 2009, 2011; Susanna et al., 2003), but a
complete phylogenetic assessment of Saussurea-Jurinea including
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all of the 16 small satellite genera described is still missing.
Despite our reduced sampling, we have been able to clarify four
possible cases of problematic classifications in the Saussurea-
Jurinea complex. The first case concerns Saussurea leptophylla
Hemsl., which is here sampled for the first time in a phylogenetic
tree. This species had been considered either as belonging to
Saussurea (Lipschitz, 1979) or Jurinea (as Jurinea ancistrophylla
Boiss., cf. Boissier, 1888). Phylogenies inferred in the present
study indicate that the species should be placed in Jurinea (Fig.
3). Second, the satellite genus Lipschitziella R. Kam. (included
here under Jurinea), was described to accommodate Saussurea
carduicephala and Jurinea ceratocarpa (Raab-Straube, 2003).
Our results show that Lipschitziella groups with Jurinea (Fig. 3),
matching previous phylogenies (Kita et al., 2004; Raab-Straube,
2003; Susanna et al., 2006; Wang et al. 2009). Third, we confirm
that the monotypic genus Outreya Jaub. & Spach [included here
as Jurinea carduiformis (Jaub. & Spach) Boiss., according to
Garcia-Jacas et al., 2002] belongs to the Jurinea clade, as it had
been shown previously (Garcia-Jacas et al., 2002; Susanna et al.,
2006; Wang et al., 2013). Thus, its distinction as a separate genus
is not supported with the present data (Fig. 3). The last case
concerns Modestia darwasica (C. Winkl.) Kharadze &
Tamamsch., which has been treated as a different genus within
the complex. However, we found that this species was clearly
nested in the Jurinea clade, as previously reported by Susanna et
al. (2006). Despite these results, a more completely sampled
phylogeny of the Saussurea-Jurinea complex should be
conducted to confirm generic boundaries within the complex.

4.2. COS loci resolve species relationships within
the radiated genera Arctium, Cousinia and
Saussurea

Our study shows that COS loci are able to resolve the
relationships among species at shallow taxonomic levels for the
genera Arctium, Cousinia, and Saussurea. Previous studies on
these genera based on chloroplast and nuclear conventional
markers (e.g. for Arctium-Cousinia in Lopez-Vinyallonga et al.,
2009; for Saussurea in Wang et al., 2009) retrieved large
polytomies, which hindered the phylogenetic assessment of
subgeneric classifications. With the target enrichment technique,
we have been able to recover dichotomous relationships highly
supported in most clades, especially under the concatenation
approach.

In general, species from the same section grouped together,
which reflects congruence between molecular and morphological
assemblies. It should be noted that the topology obtained with the
coalescence approach matched the morphological sections in a
higher number of cases than the tree inferred with the
concatenation approach (Fig. 3). For example, the three species of
sect. Hypacanthodes clustered together in the
coalescence tree, whereas this section was paraphyletic in the
concatenation based one. This was also the case for Cousinia and
the two taxa of sect. Alpinae (Fig. 3). This fact highlights the
usefulness of exploring both concatenation and coalescence

Arctium

approaches in phylogenetic reconstructions as currently
recommended for phylogenomic data.
The comparison of Arctium and Cousinia species

relationships obtained here (Fig. 3) with previously published
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Fig. 5. Variation in support values across 50% of the less supported nodes, ranked from the minimum support to the maximum support obtained,
according to different filtering treatments: unfiltered alignments, filtered alignments removing positions with substitution rates (SR) > 5, 2.5 and 1, and loci
filtered alignments selecting the most informative loci. Support values were extracted from trees obtained with the concatenation approach, using (A) the
dataset obtained with the PHYLUCE extracting method and (B) the dataset obtained with the HybPiper extracting method, and from species trees obtained
with the coalescence approach, using (C) the dataset obtained with the PHYLUCE extracting method and (D) the dataset obtained with the
HybPiper extracting method. Abbreviations used: BS = bootstrap; LPP = local posterior probability.

ones (Lopez-Vinyallonga et al., 2009, 2011; Mehregan and
Assadi, 2016; Mehregan and Kadereit, 2009; Susanna et al.,
2003) shows that they are congruent except for a few cases. The
phylogenies here presented provide the following new findings:
1) Arctium grandifolium (sect. Amberbopsis) and A. eriophorum
(sect. Schmalhausenia) are not nested within sect. Arctium as
previously recovered with ITS and rpS4-trnT-trnL markers; 2)
Cousinia tenella (sect. Tenellae) groups with other Cousinia
species, in contrast with the unusual grouping at the base of the
whole Arctium-Cousinia complex retrieved in previous papers;
and 3) after the divergence of C. tenella, the clade composed by
C. pusilla and C. polytimetica (both from sect. Dichotomae) is
sister to the rest of Cousinia. The last two points are very
interesting since it is observed that the annual species of Cousinia
(C. tenella, C. pusilla, and C. polytimetica) are in separate
lineages from all the other species (usually monocarpic and often
biennial), which are grouped together in a different and much
more diversified clade. These results suggest that a life strategy
shift from annual to perennial would have allowed Cousinia to
expand into new habitats, triggering higher diversification rates in
a similar way to that reported for Lupinus L. in montane habitats
(Drummond, 2008). In the case of Cousinia, we observed that
when the monocarpic clade begins to diverge, individual gene
trees became fairly incongruent and the resultant coalescence
species tree, at this part, was poorly-moderately supported (Fig.
3B). This pattern of incongruent gene trees could be caused by an
ancient hybridization event or polyploidization (Folk et al.,
2018), but given that these processes are very rare in Cousinia
(Mehregan and Kadereit, 2009; Watanabe, 2002), incomplete
lineage sorting (ILS) may be more likely. However, this
hypothesis needs further confirmation given that our taxon
sampling is limited.
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Concerning Saussurea, the high support values found for all
the clades analyzed holds promise for future resolution of this
radiation with a higher taxa sampling. Previous phylogenies, also
with a reduced taxa sampling, retrieved poor-moderate resolution
at the species level (Kita et al., 2004; Raab-Straube, 2003; Wang
et al., 2009). Species relationships within sect. Saussurea were
different in the trees obtained with the concatenation and the
coalescence approaches (Fig. 3), causing a topological
incongruence (see 4.3. for possible methodological tools to
explore causes of incongruence). These differences could derive
from fast and island-like radiation events in the major diversity
center of Saussurea located in China (Wang et al., 2009; Wen et
al., 2014), where more than 150 endemic species of the sect.
Saussurea are found (Shi et al., 2011).

4.3. Conflicting species relationships within
Jurinea

Compared to the other genera, the branch support values of
interspecific relationships within Jurinea was surprisingly low.
Specifically, relationships and topologies recovered were highly
variable among the different phylogenomic approaches
(concatenation/coalescence, among target extraction methods,
and among posterior filtering treatments; Supplementary Figs.
S1-S4). Whereas the optimal phylogenetic tree inferred with the
concatenation approach resulted in moderate-high supported
branches (only 16.7% of the internodes were unsupported; Fig.
3A),
unsupported (93.8%; Fig. 3B), revealing high incongruence

almost all branches of the coalescence tree were

among gene trees. In addition, branch lengths of the Jurinea
group were shorter than the branches of the other genera. Overall,
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this topological structure could indicate: 1) ILS (persistence of
ancestral polymorphisms of genes after species splitting), which
could be common in cases of rapid radiations (Oliver, 2013;
Rokas and Caroll, 2006; Whitfield and Lockhart, 2007); or 2)
introgression phenomena or hybrid speciation, in which gene tree
histories are discordant due to events of genetic admixture with
other lineages (Folk et al., 2018). The limited taxon sampling of
the present and previous studies on Jurinea (14—18 species with
ISSR or ITS in Dogan et al., 2007, 2010; Salmeron-Sanchez et
al., 2015) does not allow to discriminate between these two
hypotheses. The high gene tree discordance found here for this
group could indicate one of most common ILS effects, which is
the occurrence of the inferred species tree in the —anomaly zone”
(Degnan and Rosenberg, 2006; Linkem et al., 2016). This term
was described to refer to a tree space area where the most likely
gene tree topologies do not reflect the true species tree topology.
In these cases, phylogenetic inference methods fail to reconstruct
the true species tree, especially when a concatenation approach is
used (Mendes and Hahn, 2018). In future investigations, the
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relative influence of ILS and hybridization could be tested
through multiple approaches recently proposed for Hyb-Seq data
(see Garcia et al., 2017; Kamneva et al., 2017; Mitchell et al.,
2017; Simmons et al., 2016). The evolutionary role of polyploidy
could also be explored as suggested by Crowl et al. (2017),
Eriksson et al. (2018), or Grover et al. (2015). Although COS loci
have been designed from low-copy nuclear genes, several
possible paralog copies have been detected (Mandel et al., 2015)
as we found here (see section 4.4.), and as had been reported for
AHE data (Buddenhagen et al., 2016). However, polyploidy
seems to be as rare in Jurinea as it is in Cousinia (Watanabe,
2002).

Several strategies may be followed to shed light into the
evolutionary history of rapidly diversified genera (e.g. Helianthus
L., Stephens et al., 2015) in which gene tree discordance prevails,
and is even magnified, with phylogenomic data. Certainly, the
first step to improve branch support values is to obtain a complete
sampling of species, which is essential for reconstructing well
resolved phylogenies (Lecointre et al., 1993; Philippe et al.,
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RFadj = 0 or RFadj = 0.01 are, for the coalescence approach, between the
PHYLUCE unfiltered alignments and filtered alignments removing
positions with substitution rates (SR) > 5 and 2.5 and, for the
concatenation approach, for the two pipelines PHYLUCE and HybPiper,
between unfiltered alignments and filtered alignments removing positions
SR> 5 and 2.5.

2011). We included here a very small representation of Jurinea
(26 out of the 200 described species; Susanna and Garcia-Jacas,
2007), so a broader representation is crucial to extract solid
conclusions about its evolution. In agreement, we found that the
position of species that are unique representatives of a section
were the most variable cases in different phylogenetic analyses
(Fig. 3). Another possible improvement in relation to sampling is
the addition of several individuals per species (Kubatko and
Degnan, 2007; Maddison and Knowles, 2006; McCormack et al.,
2009), particularly for the coalescence approach when
considerable levels of gene tree heterogeneity exist in the clade of
interest.

Another option would be to increase gene alignment length
by concatenating compatible loci through methods like naive or
statistical binning (Bayzid and Warnow, 2013; Bayzid et al.,
2015; Mirarab et al., 2014). In this way, the possible effect to
incorporate gene trees derived from short alignments with a weak
phylogenetic signal, which could lead to a poorly resolved
species tree under the coalescence approach, would be
minimized. However, disparate results have been found when
applying binning procedures, recovering well resolved
coalescence trees in some cases (Blaimer et al., 2016) and poorly
resolved phylogenies in others (Streicher et al., 2018). Another
alternative in study cases with low ILS effect, which seems not
appropriate for Jurinea, would be to recover a higher number of
variable positions such as those located in introns or flanking
regions of conserved probes set. Indeed, several studies have

showed that wvariability in the alignments increases with
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increasing distance from the center of UCE anchored loci
(Bossert et al., 2017; Faircloth et al., 2012; Gilbert et al., 2015;
Van Dam et al., 2017). In plants, this strategy has proved useful
to resolve species divergence in the genus Heuchera (Folk et al.,
2015).

Finally, other variants of high throughput sequencing, like
restriction-site associated sequencing (RAD-seq; Baird et al.,
2008), could help to clarify evolutionary relationships in rapidly
diversified lineages, as it has been successfully achieved for other
radiations (e.g. Darwell et al., 2016; Tripp et al., 2017; Wagner et
al., 2013). Nevertheless, important drawbacks should be
considered for this method: the short length of the loci captured
(< 300 bp; Andrews et al., 2016), an increase of uncertain
homology in relation to time since species divergence (Wagner et
al., 2013), the difficulties to link data from different studies, and
the problems already detected to resolve short internal branches
(Leaché et al., 2015).

4.4. Evaluating differences between target
extraction methods: PHYLUCE and HybPiper
pipelines

This study represents the first evaluation of the impact in
phylogenies of two target extraction methods implemented in the
automated pipelines PHYLUCE (Faircloth, 2015) and HybPiper
(Johnson et al., 2016). One of the notable differences observed
between the two approaches is the length of the final matrix
recovered: the PHYLUCE matrix was 35.3% longer than the
HybPiper one (see Table 2 for details). At first sight, this result is
quite surprising given that the total number of loci found was
lower with PHYLUCE (627) than with HybPiper (1051).
However, this is likely due to the fact that with PHYLUCE the
reads are assembled into contigs before being mapped to the
targets, which results in contigs that are longer than the targets
themselves (Fig. 2C). In contrast, with HybPiper the reads are
assembled after being mapped to the targets and thus the resulting
contigs cannot be much longer than the targets, and actually tend
to be shorter (Fig. 2D). This is also reflected in length differences
of the individual locus alignments (on average, 823 bp per locus
with PHYLUCE and 317 bp per locus with HybPiper).

Despite the fact that longer alignments are desirable for gene
tree reconstructions, regions outside the core of the COS targets
(identified from EST; Mandel et al., 2014) might include non-
coding regions and, consequently, a high number of positions
could have abnormally high substitution rates. Thus, in this non-
coding regions saturation and multiple hits effects may tend to be
high and, accordingly, the positional homology would be
questionable. To this point, the phylogenetic informativeness
analysis detected great amounts of —phantom spikes” in the
PHYLUCE matrix, and even in the strictest scheme of fast-
evolving positions removal (SR > 1, 9244 bp removed; Table 3)
the curves of locus profiles were not smoothed sufficiently (Fig.
4B). However, this result could be due not only to the recovery of
highly variable regions outside the conservative core of the EST
regions, it could also be related to the lack of a target reference
sequence to map the non-target sequences, thus resulting in
poorly aligned regions with considerable homoplasy problems.
Overall, the conservative core of the EST regions (i.e. the COS
targets) showed enough variation to infer robust phylogenetic
relationships, as shown by the HybPiper dataset. Therefore,
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highly variable sites located outside the target length could be
decreasing phylogenetic signal-to-noise ratio instead of adding
valuable phylogenetic information. However, it should be tested
for recently diversified lineages with low ILS with other
bioinformatics methods if the inclusion of the COS flanking
regions with great amounts of variation would provide valuable
information to resolve entangled phylogenetic histories.

Another notable difference between the two methods is the
different treatment of sequence variants (potentially paralogous
copies or alleles; see section 2.4. for methodological details).
Briefly, in PHYLUCE only the single copy loci are retained; in
contrast, HybPiper retrieves multiple-copy loci, but only one of
the copies (potential paralogs) is retained in the dataset, based on
the criteria described before (see section 2.4). In our sequence
dataset, between 0 and 167 (144 on average) loci were flagged
with paralog warnings in the HybPiper method, from a total of
1051 target loci. Such multiple copies could originate from
different sources: real paralog coexistence, recent polyploidy,
contamination, sequencing errors, or allelic variants. Altogether,
the species analyzed do not seem to be strongly affected by
potential paralogs. However, flagged loci with paralog warnings
detected with HybPiper should be further evaluated or removed
from downstream analyses in a conservative framework given
that small-scale duplications (segmental, tandem, and retro-
duplications) have been shown to occur commonly in plant
genomes (Hudson et al., 2011; Rensing, 2014).

In sum, how reads are assembled into contigs is probably the
factor that contributes most to differences in the number of
targets recovered between both analysis packages, rather than
paralog treatment. This is evident from the fact that, with
HybPiper, an average of 144 potential paralogs was detected, a
number that is much lower than the difference in the number of
loci retrieved by PHYLUCE (675) and HybPiper (1055). In other
extraction pipelines like aTRAM (Allen et al., 2015, 2017) or the
recently published HybPyloMarker (Fér and Schmickly, 2018),
the predominant procedure, and probably the best strategy to
recover the target loci, is to perform assembly after the reads are
mapped to the targets (see Table 2 in Fér and Schmickly, 2018).

Concerning their influence on phylogenetic results, we found
that both reference-based extraction methods were successful in
the resolution of backbone relationships among the evaluated
genera. The high amounts of missing data per loci retrieved with
PHYLUCE (only 9.2% of genes were recovered in 90% or more
of the species) did not affect the branch support values of
intergeneric relationships. This is in agreement with Hosner et al.
(2015), who reported that missing positions in alignments could
be more problematic than entire missing sequences of a given
locus. At shallow taxonomic levels, both packages were also able
to detect gene tree discordances in the same proportion,
independently of the data analysis pipeline used (Fig. 6).
However, topologies built under the concatenation approach and
under coalescence with the PHYLUCE dataset were more
different between them than the ones obtained under the two
approaches with the HybPiper dataset (Fig. 7). Nonetheless, in
the concatenation approach analyses, considerable differences
between the two extraction methods were found at species
relationships level. The PHYLUCE method failed to estimate
with confidence species relationships in Jurinea, resulting in an
entangled topology with fairly low branch support values
compared to the results found with HybPiper (Supplementary
Figs. S1A, S2A). A possible explanation could be that the high
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number of missing loci for some species in the concatenated
dataset hindered ancestry state reconstructions in resampled data
matrices when bootstrap replicates were calculated under the
concatenation approach.

As observed here and as Garcia et al. (2017) reported with
other extracting methods, the use of different procedures of target
extraction can lead to different estimates of topology and branch
lengths of tree reconstructions. Thus, it is evident that the choice
of a given bioinformatic workflow can have a critical impact on
the results obtained. In summary, the PHYLUCE method seems
to present more limitations and introduces more phylogenetic
noise than the HybPiper method. However, in taxonomical
groups with low-moderate degrees of ILS, hybridization and
polyploidy, PHYLUCE is more conservative in terms of avoiding
potential paralog copies, more efficient in computational time
demanded, memory used, and number of files produced,
compared to HybPiper.

4.5. The coalescence approach yields higher
topological robustness of phylogenetic trees

High throughput sequencing has provided extensive genome-
scale datasets and has been useful to resolve many prior uncertain
branches of the tree of life. However, incongruence between
nuclear, mitochondrial or chloroplast based phylogenies, and
conflicting gene tree histories persist across phylogenetic
reconstructions (Jeffroy et al., 2006). This incongruence could be
masked when gene sequences recovered are concatenated as a
single supergene unit (supermatrix or concatenation approach).
However, this analytical practice is currently under discussion in
phylogenomics since it tends to produce maximum bootstrap
support values and completely resolved phylogenies even when
biological factors (like ILS, hybridization, horizontal gene
transfer, recombination, and gene duplication/loss), random
biases, or systematic errors (compositional heterogeneity, long-
branch attraction, gene-tree discordances, and missing sequence
data) are present in the input data (Kubatko and Degnan, 2007;
Liu et al., 2015b; Salichos and Rokas, 2013). In our study, we
obtained higher support values and almost fully resolved
phylogenies applying the concatenation approach (Supplementary
Figs. S1 and S2), but the resulting trees showed considerable
conflicting topologies among the different extraction and filtering
procedures (Fig. 7). These results support the claim of previous
researchers (Kubatko and Degnan, 2007; Salichos and Rokas
2013), who suggested avoiding the use of traditional bootstrap
values as a metric to quantify tree certainty in the concatenation
approach.

Alternatively, analyzing sequence data under the coalescence
assumptions may aid in avoiding reconstruction artifacts, detect
possible gene incongruences, and better integrate different gene
histories (see review in Liu et al., 2015b). Here, it has been
confirmed that our study group presents high gene-tree
heterogeneity, which is reflected in the weakly supported internal
branches of the coalescence tree (Fig. 3B). Causes of
incongruence may be derived from several factors. One is the
relatively short length of our gene alignments (average of 823 bp
in PHYLUCE and 317 bp in HybPiper), which could result in
insufficient phylogenetic signal yielding poorly resolved gene
trees (average of bootstrap 58.7 in PHYLUCE and 32.2 in
HybPiper). Indeed, we found positive correlations between loci
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lengths and mean BS support values in gene trees. In light of this
observation, future studies should consider using a limited
number of naive bins or a statistical binning approach (Mirarab et
al., 2014) in order to improve gene trees reconciliation. It has also
been proposed that high levels of missing data (missing locus per
species) could lead to low support and accuracy of coalescence
trees (Gatesy and Springer, 2014). However, our phylogenetic
analyses were resilient to the effects of this type of missing data,
since no remarkable differences were observed between tree
topologies obtained with the PHYLUCE and the HybPiper
methods (Fig. 5) despite their significantly distinct proportion of
missing data (Fig. 2A and 2B). Such resilience was also shown in
the simulation study by Hovmoller et al. (2013). It is well
documented that the coalescence approach can consistently yield
trees closer to the correct species tree as the number of loci
increases (Liu et al., 2015a). Concordantly, we observed that
phylogenies estimated with a reduced loci dataset showed lower
branch support values in our coalescence approach (see section
4.6. for details).

Despite the incongruence detected across coalescence trees
(Supplementary Figs. S3 and S4) and their lower support values
with respect to concatenation trees (Fig. 5 and Table 3), we
detected that coalescence tree topologies obtained with
alternative extraction and refining methods were more congruent
or similar among them than those obtained under the same
conditions using the concatenation approach (Fig. 7). This pattern
is in agreement with results reported by other researchers
(Buddenhagen et al., 2016; Edwards et al., 2016; Mitchell et al.,
2017), which highlighted the topological robustness of
coalescence methods.

4.6. Impact of filtering target-enriched data

Recent target-enriched studies have added an additional step
of sequence refining to minimize the impact of phylogenetic
noise (Table 1). We explored the effectiveness of two types of
dataset filtration: on the one hand removing positions with
unusually high substitution rates (fast-evolving sites; Fragoso-
Martinez et al., 2017), and on the other selecting and analysing
only the most informative loci under different criteria (Borowiec
etal., 2015).

First, it should be noted that all coalescence analyses were
unaffected by the application of any filtering scheme, indicating
that gene-tree discordances cannot be attributed to phylogenetic
noise derived from fast-evolving sites or the addition of
uninformative loci (see section 4.5 for possible sources of gene
trees incongruence). In contrast, in the case of the concatenation
approach, both strategies of filtering initial matrices before
phylogenetic inference were in general effective (Table 3). This
result is in agreement with similar findings reported by Xi et al.
(2014), which showed that coalescence approaches were more
robust in the presence of positions with high substitution rates
compared to concatenation approaches.

The first strategy of position filtering proved to be more
useful when the strictest threshold was applied (SR > 1),
improving the bootstrap support values (Fig. 5) and increasing the
number of supported nodes (Fig. 6) for the two different target
extraction pipelines. Previous works (Goremykin et al., 2010;
Parks et al., 2012; Straub et al., 2014; Xi et al., 2014) and the first
studies applying this filtering workflow (Fragoso-Martinez et al.,
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2017; Wanke et al., 2017) already suggested its benefits to reduce
phylogenetic noise and saturation. In particular, the noise in our
study was especially mitigated in Jurinea, in which the filtering
strategies employed here resulted in resolving initially
unsupported nodes, for instance varying from 13 to 3 in the
PHYLUCE method (Figs. 4A and 4B). However, as previously
highlighted, removing too many positions may lead to an
inappropriate of phylogenetically informative
characters and consequently to the loss of robustly supported
clades (Drew et al., 2014; Streicher et al., 2018). This occurred in
Arctium, for which node resolution decreased in greatest refining
scenarios (filtering by positions SR > 1 in PHYLUCE; Fig. 6).
For this reason, it would be desirable to test several thresholds of
filtering positions and see which one fits better the entire tree or
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the particular clade of interest. Additionally, less restrictive cut-
offs for position filtering can result in an increase of unresolved
nodes, as we observed in HybPiper dataset for Cousinia and
scheme SR > 2.5 (green square in Fig. 6).

Currently, one of the main questions in phylogenomics is
how many loci are needed to produce robust phylogenies. The
answer is complex, and there is an increasing number of studies
evaluating the effects of prioritizing the quality (information-rich
loci or loci recovered in high number of taxa) or the quantity (as
many loci as possible) (e.g. Borowiec et al., 2015; Hosner et al.,
2015; Misof et al., 2013; Salichos and Rokas, 2013; Streicher et
al., 2016). Here we observed that, in the concatenation approach,
the use of a lower number of loci but those with the highest
phylogenetic signal increased the resolution of entangled clades
(Fig. 6), a trend observed in other works (Borowiec et al., 2015;
Salichos and Rokas, 2013). However, in the coalescence
approach, the retention of only the most informative loci
(approximately half of them) resulted in low LPP support values
and low phylogenetic resolution (Figs. 5 and 6 and Table 3).
Moreover, incongruence between gene trees persisted and former
unsupported branches in coalescence trees remained unsupported
after locus filtering, in agreement with Longo et al. (2017).
Therefore, our outcomes suggest that in coalescence approaches
it seems preferable to keep all loci, rather than keeping only the
most informative ones, as outlined by Liu et al. (2015a, b) and
Streicher et al. (2016). Nonetheless, the strategy of eliminating
relatively uninformative gene trees was successful in Hosner et
al. (2015).

In sum, filtering by positions (in our case at threshold SR > 1)
was the best refining strategy given the notable increase of tree
resolution and the minimum topological differences in respect to
the topologies recovered with unfiltered sequences (Fig. 7 and
Supplementary Table 3). However, generalizing for future
investigations, an optimal comprehensive filtration metric may
not exist, given the different impacts of each filtering strategy
depending on the clade of interest. The described methodologies
of performing a heat map (Buddenhagen et al., 2016) and
calculating internode certainty (Salichos and Rokas, 2013) could
help to detect the most highly confident reconstructed clades and
the more sensitive groups to particular data treatments.
Additionally, trees inferred under concatenation and coalescence
approaches benefit differently from sampling, filtering and post-
processing strategies. In our case, it would be preferable to give
priority to loci quality (removing fast-evolving positions or using
the most informative ones) in the concatenation approach, and to
maximize the number of loci in the coalescence approach.
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8. Supplementary material

Table S1. Species sampled, authority and collection information.

Species Authority Location and voucher
Alfredia acantholepis Kar. & Kir. Kazakhstan: Almatinskaya oblast, Alatau mt. above Almaty, Susanna 2092 et al. (BC)
(Kult. ex
Tscherneva) S.
Arctium abolinii Ili(())lr)r:sz:h Kyrgyzstan: SW, Jalal Abad Oblast, Kara Saj Tal, Aksy Rayan, Lazkov s.n. (LE)
Susanna & N.
Garcia
Aretium arctioides (Schrenk.) Kazakhstan: Dzhezkazganskaya reg., Turgajskaya lowland, 49 km to SW from Dzhezkazgana, Kamelin 6434
Kuntze (LE)
Arctium aureum %{Cu.n\t??enkl.) Tajikistan: Schtut, road to Penjikent, Susanna 2514 et al. (BC)
(Juz.) S. Lopez
Arctium egregium » Romasch., Uzbekistan: Angren valley, rise to Kamchik pass, Kamelin 420 (LE)
Susanna & N. ’ ’ ’
Garcia
(Regel &
Arctium eriophorum Schmalh.) Kazakhstan: Almatinskaya oblast, Alatau mt., above Almaty, Susanna 2088 et al. (BC)
Kuntze
(Bornm.) S.
Arctium Lopez,
Romasch., Tajikistan: Romaschenko 632 & Susanna (BC)
fedtschenkoanum
Susanna & N.
Garcia
(Kult.) S.
Lopez,
Arctium grandifolium Romasch., Kazakhstan: Zambylskaya oblast, Talaski Alatau, 6 km W from Il Tai, Susanna 2181 et al. (BC)
Susanna & N.
Garcia
(Regel &
Arctium karatavicum Schmalh.) Tadjikistan: Romaschenko 607 & Susanna (BC)
Kuntze
. . Juz. & Ye. V. .
Arctium leiospermum S Kazakhstan: Zambylskaya oblast, Kurdai pass, Susanna 2154 et al. (BC)
Arctium minus (Hill) Bernh. (S]}B)él)n Barcelona, Dosrius, Canyamars, dry riverbed of Canyamars, Vilatersana 1100 & Lopez-Vinyallonga
Arctium umbrosum Kuntze Kazakhstan: Almatinskaya oblast, Alatau mt. above Almaty, Susanna 2100 et al. (BC)
Carduus L. Spain: Barcelona, Montjuic, near the Botanic Institute of Barcelona, Garnatje & Susanna 1827 (BC)
pycnocephalus
Cirsium sairamense g E:g::z;l = Tadjikistan: Maijora canyon near Ziddi, Susanna 2468 et al. (BC)
Cousinia . e . .
. C. Winkl Tadjikistan: Tujuntau mountains, west of Shaaftuz, Botschantzev 166 (LE)
albertoregelia
Cousinia armena Takht. Armenia: Kotayk, Abovian, Vitek 03-07458 et al. (BC)
Cousinia badghysi Kult. Turkmenistan: Badghys, Eroylanduz lake, SE -sopki” Kazan, Kamelin 360 (LE)
Cousinia brachyptera DC. Armenia: Shirak province, Talin district, Arteni mountain, Tamanian s.n. (ERE)
Cousinia coerulea 1l§ult. & Tajikistan: Vorzov canyon, Susanna 2459 et al. (BC)
scherneva
Cousinia fetissowii C. Winkl. Kyrgyzstan: Kirghizia, Kyrgyz Ala-Too, upper reaches of Nyldy River, Sudnitsyna & Gorbunova s.n. (FRU)
Cousinia franchetii C. Winkl. Tadjikistan: near kishlag Zimargh, Susanna 2498 et al. (BC)
Cousinia knorringiae Bornm. Kyrgyzstan: Bozbu-Too, 21.V.1970, Sudnitsyna s.n. (FRU, LE)
Cousinia macroptera ECA Mey. ex Armenia: Ararat province, Ashtarak distr., Kahtsrashen village, Tamanian s.n. (ERE)
Cousinia ninae Juz. Kyrgyzstan: Oshskaya, Torgulsky reg., Oitaya area north from Shoporovo vil., Sultanova s.n. (LE)
Cousmm. . Ledeb. Iran: Tehran, between Firuzkuh and Semnan, Susanna 1637 et al. (BC)
onopordioides
Cousinia polytimetica Tscherneva Uzbekistan: Bukharskaya reg., Zeravshan river, to SE from Uzlishkent vil., Kryakin s.n. (LE)
Cousinia pusilla C. Winkl. Tajikistan: S Tajikistan, from Besharcha mts. to Babatag range, Botschantzev 117 (LE)
Cousinia schischkinii Juz. Kyrgyzstan: Kara-Suu Lake, Nura River, 17.V1.1973, Aydarova et al. s.n. (FRU)
Cousinia C. Winkl. Tajikistan: Voru, Susanna 2516 et al. (BC)
serawschanica
Cousinia sewertzowii Regel Kazakhstan: Aksu-Dzabagly reservation, Susanna 2178 et al. (BC)
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Cousinia sogdiana Bornm. Uzbekistan: Karakalpakstan, 27 km from Nukus, Kalibernova 5262 et al. (LE)
Cousinia splendida C. Winkl. Tadjikistan: Fan mountains, road above Iskandar-Kul, Susanna 2507 et al. (BC)
Cousinia spryginii Kult. Uzbekistan: Kashkadarbinskaya reg., low mountains to SE of vil. Dekhanabad, Botschantzev 46 (LE)
Cousinia Tschern. & e . .
el Vved. Kyrgyzstan: Kirghizia, Qurama Range, Kayyndy-Say River, Aydarova & Chypaev s.n. (FRU)
Cousinia tenella ;}i‘;h’ &C A Iran: Golestan Nat. Park, between Sharlegh and Cheshmeh Khan, Akhani 243 (MJG)
Cousinia tianschanica ~ Kult. Kazakhstan: Shimkientskaya oblast, Aksu Dzabagly reservation, Aksu canyon, Susanna 2191 et al. (BC)
United States of America: Greenhouse grown seed, collected UW Medicinal Plant Garden, Mandel s.n. (GA
Cynara cardunculus L. 135)
Jurinea abramowii Engér& Tadjikistan: Hissar Mt., Smirnova 224 et al. (DUSH)
Jurinea alata (Desf.) Cass. Culta in Horto Botanico Barcinonense (BC)
Jurinea algida Tljin Kyrgyzstan: Kok-Suu River, 16.VIIL.2006, Lazkov s.n. (FRU)
Jurinea atropurpurea Iclj'ir\l)vmkl' & Tadjikistan: sine loc, Kotehkariova & Zhogolieva 16094 (DUSH)
Jurinea baldschuanica ~ C. Winkl. Tadjikistan: mountains above Kara-Chuiraa, Susanna 2561 et al. (BC)
Jurinea bucarica C. Winkl. Sine loc., 22.1V.1975, sine col. 10387 (DUSH)
Jurinea caespitans Tljin Kyrgyzstan: north of Kara-Jygach village, 09.VIL.2016, Sennikov s.n. (H)
Jurinea capusii Franch. Kyrgyzstan: Chapchyma-Say, 14.VIL.2016, Sennikov s.n. (H)
Jurinea carduiformis (L, & . Iran: Tehran, near Sorkhehesar, Susanna 1631 et al. (BC)
Spach) Boiss.
Jurinea ferganica (Iljin) Iljin Kyrgyzstan: near Kadamzhay village, 18.VIL2016, Sennikov s.n. (H)
Jurinea fontqueri Cuatrec. Spain: Jaén, cerro Carceles, Magina, Martinez Lirola s.n. (GDA 44615)
Jurinea kokanica Iljin Kyrgyzstan: 15 km E of Kosh-Bulak village, 09.V.2007, Ganybaeva s.n. (FRU)
Jurinea kyzylkyrensis ?:th;gle\i Kyrgyzstan: left side of Naryn River, Kyzyl-Kyr, 12.VII1.1979, Botschantzev et al. s.n. (FRU)
Jurinea lanipes Rupr. Kyrgyzstan: Boom ravine, Sennikov 428a (H) [locus classicus of Jurinea abolinii 1ljin]
Jurinea leptoloba DC. Iran: 30 km N from Tabriz, Susanna 1654 et al. (BC)
Jurinea macrocephala  DC. Iran: 20 Km N of Qarabchaman, Susanna 1650 et al. (BC)
. . Kamelin & . . .
Jurinea narynensis Tscherneva Kyrgyzstan: 8 km from Tash-Kumyr to Jangi-Jol, Lazkov & Omuralieva 11 (FRU)
Jurinea olgae Ragel & Tadjikistan: slopes over kishlag Voru, Susanna 2517 et al. (BC)
Schmalh.
Jurinea orientalis (Iljin) Iljin Kyrgyzstan: near Shekoftar village, 13.VIL.2016, Sennikov s.n. (H)
. . Morocco: Meknés-Tafilalt, Middle-Atlas, from Midelt to Timahdite, col du Zad, Calleja & Hipold 20103091
Jurinea pinnata DC. (BC)
Jurinea popovii Iljin Tadjikistan: sine loc., Chukavina et al. 163(86) (DUSH)
Jurinea .. L ;
schachimardanica Iljin Kyrgyzstan: sine loc., 2016, Sennikov s.n. (H)
Jurinea stenophylla Iljin Kyrgyzstan: Kasan-Say River near Terek-Say village, 14.V1.1996, Pimenov et al. s.n. (FRU)
Jurinea stoechadifolia (M. Bieb.) DC.  Ukraine: Crimea, Romo 10321 et al. (BC)
Jurinea suffruticosa Regel Kyrgyzstan: Kasan-Say River, 14.VIL.2016, Sennikov s.n. (H)
Jurinea thianschanica [S{:l%;la‘lg; Kyrgyzstan: between Kochkor and Ottuk, near Orto-Tokoy village, 03.VIL2016, Sennikov s.n. (H)
Jurinea Regel & o ) T .
P . Schmalh. Tadjikistan: sine loc., Ovczinnikov 16305 & Zaprjagaeva (DUSH)
Jurinea winkleri Iljin Kyrgyzstan: east of Uch-Korgon village, 16.VIL.2016, Sennikov s.n. (H)
(C. Winkl.)
Modestia darwasica Kharadze & Kyrgyzstan: 20 km NW of Samarkandyk, Kyzyl-Suu, 10.V.1978, didarova & Ubukeeva s.n. (FRU)
Tamamsch.
Jurinea Iljin Kyrgyzstan: near Uch-Korgon village, 16.VI1.2016, Sennikov s.n. (H)
xeranthemoides J yrey ’ & £¢, 16. VAL ’ o
L B. A. o .
Olgaea petriprimi o Tadjikistan: Kishlag Selandi, Susanna 2539 et al. (BC)
Saussurea [, R R
carduicephala (Iljin) Iljin Tajikistan: Gorno-Badakhshan, Shughnon, Shughnonskii Ridge, Semakov & Dengubenko s.n. (LE 8428)
Saussurea controversa  DC. Russia: Krasnoyarsk Krai, Sharypovsky, village Bolshoe ozero, Cazzolla Gatti 10005 et al. (TK t-01-2016)
Saussurea davurica Adams gélfg;a: Altai, Kosh-Agachsky, Kuraiskiy Ridge, village Chagan-Usun, 4. Pyak & E. Pyak 11049 (TK a-067-
Saussurea elegans Ledeb. Tadjikistan: Iskandar valley, Fan mountains, Susanna 2505 et al. (BC)
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Saussurea foliosa Ledeb. Russia: Khakassia, Tashtypsky, Sayanskii Mountain Pass, Cazzolla Gatti 10025 et al. (TK t-30-2016)
Saussurea glacialis Herder Russia: Altai, Kosh-Agachsky, Kuraiskiy Ridge, 4. Pyak & E. Pyak 11021 (TK a-043-2016)
Saussurea jadrinzevii Krylov Russia: Altai, Ongudaysky, the Mount Belyy Bom, A. Pyak & E. Pyak 11005 (TK a-023-2016)
Saussurea krvlovii Schischk. & Russia: Altai, Kosh-Agachsky, Juzhno-Chuysky Ridge, the Jazator River Valley, 4. Pyak & E. Pyak 11079
& "y Serg. (TK a-108-2016)
Saussurea larionowii C. Winkl. Kyrgyzstan: sine loc., Ovczinnikov 16 (DUSH)
Saussurea latifolia Ledeb. Russia: Krasnoyarsk Krai, Yermakovsky, Ergaki Ridge, 4. Pyak & E. Pyak 10009 (TK t-02-2016)
Saussurea leptophylla Hemsl. Afghanistan: Kapisa, Podlech 12500 (W)
S larendyle St Russia: Altai, Kosh-Agachsky, northern spurs of the Mount Tjepliy Kljuch, A. Pyak & E. Pyak 11073 (TK a-
102-2016)
Saussurea manshurica  Kom. Russia: Amur province, 02.VIIL.1979, Boyko & Starchenko s.n. (LE)
. Khanm. & Russia: Altai, Kosh-Agachsky, Kuraiskiy Ridge, the Kokorja River Valley, A. Pyak & E. Pyak 11083 (TK a-
Saussurea orgaadayi
Krasnob. 119-2016)

Russia: Altai, Kosh-Agachsky, Kuraiskiy Ridge, village Chagan-Usun, near Lake Balhash, A. Pyak & E. Pyak

Saussurea sp. N. D. Simpson 11044 (TK 2-065-2016)

Saussurea Simps Russia: Altai, Kosh-Agachsky, Kuraiskiy Ridge, the Ortolyk River, 4. Pyak & E. Pyak 11032 (TK a-048-

pseudoalpina PS- 2016)

Saussurea salicifolia (L)DC. 122(;11521)21: Tyva, Kaa-Khemsky, the Mount Ondum, the Kaa-Khem River, A. Pyak & E. Pyak 10014 (TK t-12-

(Pall. ex Pall.) . . .

Saussurea salsa . Russia: Altai, Kosh-Agachsky, Chuya Steppe, village Aktal, 4. Pyak & E. Pyak 11087 (TK a-120-2016)

Saussurea Fisch. ex Russia: Khakassia, Tashtypsky, Sayanskii Ridge, Sayanskii Mountain Pass, 4. Pyak & E. Pyak 10057 (TK t-

schanginiana Herder 24-2016)

Saussurea Russia: Tyva, Barun-Khemchiksky, Sayanskii Ridge, Ak-sug River Valley, 4. Pyak & E. Pyak 10057 (TK t-
" Herder

stubendorffii 24-2016)

Saussurea subacaulis (Ledeb.) Serg.  Russia: Altai, Kosh-Agachsky, Kuraiskiy Ridge, Ortolyk River, A. Pyak & E. Pyak 11026 (TK a-046-2016)

Table S2. Species sampled and their corresponding number of raw reads, and number of informative and missing loci recovered with the
PHYLUCE and the HybPiper target extraction methods.

PHYLUCE method HybPiper method
Species N° of raw reads N° of recovefred N° of missi.ng N° of recoveired N° of missi‘ng
COS loci COS loci COS loci COS loci
Alfredia acantholepis 8,217,881 337 338 510 545
Arctium abolinii 1,853,731 300 375 1003 52
Arctium arctioides 4,754,092 350 325 1006 49
Arctium aureum 4,565,685 294 381 1018 37
Arctium egregium 1,570,769 342 333 1008 47
Arctium eriophorum 2,984,349 327 348 1008 47
Arctium fedtschenkoanum 3,550,984 289 386 1006 49
Arctium grandifolium 2,300,488 324 351 1004 51
Arctium karatavicum 2,976,529 276 399 1010 45
Arctium leiospermum 3,462,345 336 339 1006 49
Arctium minus 10,007,019 350 325 1008 47
Arctium umbrosum 4,663,613 324 351 1012 43
Carduus pycnocephalus 741,845 336 339 667 388
Cirsium sairamense 5,389,901 370 305 988 67
Cousinia albertoregelia 2,524,381 305 370 999 56
Cousinia armena 2,341,432 307 368 1003 52
Cousinia badghysi 2,650,319 208 467 1017 38
Cousinia brachyptera 2,620,531 310 365 1007 48
Cousinia coerulea 2,171,772 336 339 1004 51
Cousinia fetissowii 6,097,776 332 343 1009 46
Cousinia franchetii 3,678,564 303 372 1008 47
Cousinia knorringiae 3,129,866 338 337 1007 48
Cousinia macroptera 2,298,897 295 380 1013 42
Cousinia ninae 3,280,858 303 372 1006 49
Cousinia onopordioides 2,369,328 243 432 1008 47
Cousinia polytimetica 2,905,323 246 429 1002 53
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Cousinia pusilla 3,383,791 264 411 1008 47
Cousinia schischkinii 2,694,939 296 379 1013 42
Cousinia serawschanica 4,345,972 266 409 1016 39
Cousinia sewertzowii 4,077,710 327 348 1006 49
Cousinia sogdiana 3,949,050 315 360 1000 55
Cousinia splendida 3,595,227 310 365 1013 42
Cousinia spryginii 3,305,209 337 338 1007 48
Cousinia strobilocephala 4,105,769 325 350 1014 41
Cousinia tenella 5,279,465 412 263 1005 50
Cousinia tianschanica 2,113,147 342 333 1003 52
Cynara cardunculus 454,885 424 251 796 259
Jurinea abramowii 4,803,672 381 294 993 62
Jurinea alata 5,069,639 386 289 1002 53
Jurinea algida 3,743,171 375 300 991 64
Jurinea atropurpurea 4,316,866 354 321 1002 53
Jurinea baldschuanica 5,113,980 351 324 999 56
Jurinea caespitans 4,407,313 351 324 992 63
Jurinea capusii 4,726,638 374 301 991 64
Jurinea carduiformis 5,200,789 383 292 983 72
Jurinea ferganica 5,170,117 348 327 999 56
Jurinea fontqueri 5,240,423 386 289 993 62
Jurinea kokanica 4,531,178 376 299 992 63
Jurinea kyzylkyrensis 5,561,006 362 313 998 57
Jurinea lanipes 4,601,775 375 300 995 60
Jurinea leptoloba 5,487,798 378 297 996 59
Jurinea macrocephala 4,093,061 374 301 985 70
Jurinea narynensis 4,564,064 374 301 989 66
Jurinea olgae 4,941,133 369 306 992 63
Jurinea orientalis 3,155,790 361 314 990 65
Jurinea pinnata 2,996,426 368 307 996 59
Jurinea popovii 3,304,462 367 308 999 56
Jurinea schachimardanica 3,568,519 368 307 994 61
Jurinea stenophylla 3,240,161 370 305 999 56
Jurinea stoechadifolia 4,403,856 323 352 1002 53
Jurinea suffruticosa 2,658,663 362 313 1000 55
Jurinea trautvetteriana 2,087,532 377 298 993 62
Modestia darwasica 5,083,617 380 295 993 62
Olgaea petriprimi 5,310,933 339 336 1001 54
Saussurea carduicephala 7,948,211 348 327 1016 39
Saussurea controversa 8,091,449 349 326 1013 42
Saussurea davurica 11,202,023 376 299 994 61
Saussurea elegans 2,784,084 359 316 997 58
Saussurea foliosa 4,089,960 340 335 1014 41
Saussurea glacialis 4,072,633 368 307 1006 49
Saussurea jadrinzevii 9,091,105 351 324 1010 45
Saussurea krylovii 3,576,809 356 319 1006 49
Saussurea larionowii 4,7