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Summary

Hybridization between species is an important evolutionary phenomenon that has played an
influential role across the entire tree of life. Recent studies have documented it in a diverse range
of taxa, including mammals, birds, fish, fungi, and insects. However, it appears to have been
especially influential in the evolution of plants, with about 25% of them derived from
hybridization events. The evolutionary results of hybridization can vary widely. Hybridization
between recently formed species can hinder speciation and, therefore, diversification. However,
hybridization can also foster the formation of new species and increase biodiversity by facilitating
the introduction of new genetic variability in a different genetic background through
introgression. In addition, in many cases, hybridization events are associated with

polyploidization due to the fusion of the genomes of the two species.

Hybridization leaves detectable genomic footprints that may be characterized using
different approaches. However, the most widely used technique is arguably the reconstruction of
molecular phylogenies. For instance, phylogenetic hypotheses based on the internal transcribed
spacers (hereafter ITS) have been used to detect hybridization and polyploidization in many
species. The popularity of these markers derives partly from the easy amplification of these
regions by almost universal eukaryotic primers, but also from the fact that hybridization
signatures can often be detected as intragenomic nucleotide polymorphisms due to incomplete
concerted evolution. Organellar, especially plastidial, markers have been used as an alternative or
complementary approach to nuclear regions to determine hybridization patterns at a
phylogenetic/phylogeographic scale. The chloroplast genomes commonly have exclusive

maternal inheritance (i.e., uniparental inheritance). Thus, they generally have low effective



population size and stable structure, which makes them extremely useful for establishing

phylogenetic hypotheses not influenced by hybridization events.

With the advent of next-generation sequencing and the fast-growth of genomic tools,
scientists have begun to analyze the dynamics of hybridization at a genomic scale, using whole
genomes instead of single markers for phylogenetic reconstructions. Phylogenomic approaches
allow for the analysis of thousands of orthologous loci or even complete (organellar)
chromosomes, providing further insight into the influence of hybridization on evolution.
However, whole-genome analyses for plant species remains a demanding task, particularly in taxa
with large genomes. A workaround to this staggering complexity is to focus only on informative
subsets of the genome. For instance, phylogenomics using transcriptomic data, particularly RNA-
Seq, use only the transcribed sequences as regions of interest for phylogenomic studies.
Nevertheless, the interpretation of these phylogenomic reconstructions remains challenging,
especially when hybridization is expected to influence evolutionary patterns. Increasing the
number of markers across the genome also increases the likelihood of retrieving regions retaining

ancestral polymorphisms (i.e., deep coalescence or incomplete lineage sorting).

Erysimum L. is one of the most abundant genera of the Brassicaceae, comprising more
than 200 species. It has been described as a taxonomically complex genus in which molecular
evidence indicated a reticulated evolutionary history, with polyploidization events in some clades.
This genus is distributed mainly in Eurasia, with some species in North America and North
Africa. With more than a hundred species described in it, the Mediterranean region appears to be
a center of diversification of Erysimum spp. The group is particularly abundant in the Iberian
Peninsula, where twenty-one, or twenty-three, different species occur. Within this region, the
Baetic Mountains in the SE appear to host a significant amount of the group’s biodiversity, with
ten Erysimum species, seven of them endemic to this area. The Baetic Mountains are considered

one of the biggest glacial refugia in Europe and a significant hotspot of biodiversity. The isolation



(allopatry) during glacial maxima followed by post-glacial secondary contacts may have
facilitated interspecific gene flow and hybridization. Moreover, Erysimum spp. inhabiting the
Baetic Mountains show characteristics that may facilitate hybridization and interspecific gene-
flow, such as occasional sympatry and a generalist pollination system. Previous studies have
indicated that the evolution of corolla color in Iberian Erysimum might have been influenced by
hybridization, and also, some of the Erysimum species of this region have been described as
polyploid. These reticulated complex evolutionary dynamics are evident in phylogenetic

reconstructions of the group, which are conflicting and generally not well-resolved.

The principal objective of this Ph.D. thesis was to disentangle the role of hybridization
and polyploidization in the evolution of plants, using a set of Southern European Erysimum
species as a study case, namely, E. nevadense and E. baeticum, E. mediohispanicum and E.
bastetanum, E fitzii, and E. popovii. These species inhabit the Baetic Mountains, sometimes in
sympatry. Our central hypothesis was that hybridization and polyploidization might have had a
significant influence on the evolution of these species, leaving a signature in their genomes. This
study was addressed considering that these and other evolutionary processes take place at the
population level and that therefore intraspecific variability had to be explicitly incorporated in all
analyses. Additionally, we hypothesized that the hybridization signal might be more patent in
species with purple corollas, as this phenotype might have been favored by adaptive
introgression. First, we have studied to which degree ITS sequences were homogenized by
concerted evolution in this group (Chapter I). We found that these nuclear sequences were not
thoroughly homogenized, suggesting a recent hybridization signature for these Erysimum species.
Second, we assembled the chloroplast genomes of these species from RNA-Seq data,
demonstrating the reliability of this strategy to provide complete cpDNA genomes (Chapter IT).
Then, we provided new genomic resources for Erysimum spp., like de novo assembled and

annotated transcriptomes. Following this methodology, we assembled and annotated the



chloroplast genomes, reconstructing a time-calibrated phylogeny (Chapter III). Finally, we
studied the general hybridization scenario in the presence of ILS for these species by combining
nuclear and chloroplast data (Chapter IV). We found that introgression was ubiquitous in the
species studied here and that even diploid species showed a signature of introgression in their
genomes. These results provide insights into the importance of hybridization and polyploidization

for plant evolution in general and Erysimum in particular.



Resumen

La hibridacion ha desempefiado un papel muy influyente en la evoluciéon de muchas especies.
Estudios recientes han encontrado huellas de hibridacion en una diversa gama de taxones,
incluidos mamiferos, aves, peces, hongos e insectos. Parece haber sido especialmente influyente
en la evolucion de las plantas, ya que se estima que alrededor del 25 % de ellas derivan de
eventos de hibridacién. Las consecuencias evolutivas de los procesos de hibridacién pueden
variar ampliamente. La hibridacién entre especies recientes puede dificultar la especiacién y por
lo tanto la diversificacion. Sin embargo, puede actuar también fomentando la formacién de
nuevas especies y aumentando la diversidad bioldgica, al facilitar la introduccién de nueva
variabilidad genética mediante la introgresion. Ademés, en muchos casos, los eventos de
hibridacién estan asociados a la poliploidizacién debido a la fusién de los genomas de las dos

especies.

La hibridaciéon deja huellas gendémicas detectables que pueden caracterizarse
utilizando diferentes enfoques. La técnica mas utilizada es posiblemente la reconstruccién de
filogenias moleculares. En muchas especies se han utilizado hipétesis filogenéticas basadas en los
espaciadores transcritos internos (en adelante, ITS) para detectar tanto hibridaciéon como
poliploidizacién. La popularidad de estos marcadores se debe en parte a la facil amplificacion de
esas regiones, pero también al hecho de que las firmas de hibridacién pueden detectarse a menudo
como polimorfismos intragenémicos de nucledtidos, debido a una evolucién concertada
incompleta. Los marcadores provenientes de organulos, especialmente los cloroplastidiales, se
han utilizado como un enfoque alternativo, o complementario, de las regiones nucleares para

determinar las pautas de hibridaciéon a escala filogenética/filogeografica. Los genomas del



cloroplasto suelen tener una herencia materna (es decir uniparental), por lo general tienen un
tamario efectivo de poblacion bajo y una estructura estable lo que los hace sumamente titiles para

establecer hipdtesis filogenéticas no influidas por los acontecimientos de hibridacién.

Con la llegada de la secuenciacion masiva y el rapido crecimiento de las herramientas
genomicas, los cientificos han comenzado a analizar las dindmicas de la hibridacion a escala
genomica, utilizando genomas completos en lugar de marcadores tinicos para las reconstrucciones
filogenéticas. Los enfoques filogenémicos permiten el andlisis de miles de loci ort6logos o
incluso de cromosomas completos (organelas), lo que permite comprender mejor la influencia de
la hibridacién en la evolucién. Sin embargo, los andlisis de genomas completos para las especies
vegetales siguen siendo una tarea ardua, en particular en los taxones con genomas grandes. Una
solucion provisional a esta abrumadora complejidad consiste en centrarse solo en subconjuntos
informativos del genoma. Asi, la filogenémica que utiliza datos transcriptémicos, en particular el
ARN-Seq, utiliza solamente las secuencias transcritas como regiones de interés para los estudios
filogenémicos. No obstante, la interpretacion de estas reconstrucciones filogenémicas sigue
siendo dificil, especialmente cuando se espera que la hibridacién influya en las pautas evolutivas.
El aumento del nimero de marcadores en todo el genoma aumenta la probabilidad de recuperar
regiones que conservan polimorfismos ancestrales (es decir, la coalescencia profunda o la

clasificacién incompleta de linajes).

Erysimum L. es uno de los géneros mdas abundantes de la familia Brassicaceae, que
incluye a mas de 200 especies. Se ha descrito como un género taxondémicamente complejo en el
que las pruebas moleculares indican una historia evolutiva reticulada, con acontecimientos de
poliploidizacién en algunos clados. Se distribuye principalmente en Eurasia, con algunas especies
en Norteamérica y en el norte de Africa. Con més de un centenar de especies descritas, la regién
mediterrdnea parece ser un centro de diversificacibn de Erysimum spp. El grupo es

particularmente abundante en la Peninsula Ibérica, donde hay mas de veinte especies descritas.



Dentro de esta region, las cordilleras Béticas en el SE albergan una parte significativa de la

biodiversidad del grupo, con diez especies de Erysimum, siete de ellas endémicas de esta zona.

Las cordilleras Béticas estan consideradas como uno de los mayores refugios glaciares de
Europa y un importante punto caliente de biodiversidad. El aislamiento (alopatria) durante los
maximos glaciares, seguido de contactos secundarios postglaciares, puede haber facilitado el flujo
de genes interespecificos y la hibridacion. Ademas, las especies de Erysimum que habitan en
sistema Bético muestran caracteristicas que pueden facilitar la hibridacién y el flujo de genes
interespecificos, como la simpatria en algunas ocasiones y un sistema de polinizacién generalista.
Estudios previos han sugerido que la evolucion del color de la corola en estas especies ha podido
estar influenciado por la hibridacién, y ademas, algunas de las especies de Erysimum de esta
region han sido descritas como poliploides. Esta dinamica evolutiva reticulada es evidente en las
reconstrucciones filogenéticas del grupo, que son conflictivas y generalmente no estan bien

resueltas.

El objetivo principal de esta tesis doctoral ha sido desenmarafiar el papel de la
hibridacién y de la poliploidizacién en la evolucién de las plantas, utilizando como caso de
estudio a un conjunto de pares de especies de Erysimum del sur de Europa: E. nevadense y E.
baeticum; E. mediohispanicum y E. bastetanum; E fitzii y E. popovii. Estas especies habitan las
montafias a veces en simpatria. Nuestra hip6tesis central era que estos procesos podrian haber
tenido una influencia significativa en la evolucién de estas especies, dejando una firma en sus
genomas. Este estudio se abordé teniendo en cuenta que estos y otros procesos evolutivos tienen
lugar a nivel de poblacién, y que por ello la variabilidad intraespecifica debia incorporarse
explicitamente en todos los andlisis. Planteamos ademas la hipotesis de que la sefial de
hibridacién podria ser mas patente en las especies con corolas ptrpuras, ya que este fenotipo
podria haberse visto favorecido por la introgresion adaptativa. En primer lugar, hemos tratado de

dilucidar en qué medida las secuencias de ITS fueron homogeneizadas por la evolucién



concertada (Capitulo I). Encontramos que estas secuencias nucleares no fueron completamente
homogeneizadas, lo que sugiere una firma de hibridacion reciente para estas especies de
Erysimum. En segundo lugar, hemos reunido los genomas del cloroplasto de estas especies a
partir de los datos del ARN-Seq, demostrando la fiabilidad de esta estrategia para proporcionar
genomas completos de ADNcp (Capitulo II). Tras ello, hemos proporcionado nuevos recursos
genémicos para el estudio de las especies de Erysimum, como transcriptomas ensamblados y
anotados de novo. Siguiendo esta metodologia, hemos ensamblado y anotado los genomas del
cloroplasto, reconstruyendo una filogenia calibrada en el tiempo (Capitulo III). Finalmente,
hemos estudiado el escenario general de hibridacién en presencia de ILS para estas especies,
combinando datos nucleares y del cloroplasto (Capitulo IV). Nuestro trabajo indica que la
introgresién ha sido ubicua en las especies estudiadas, incluso las especies diploides mostraban
una firma de introgresion en sus genomas. Estos resultados inciden en la gran importancia de la
hibridacién y la poliploidizacién en la evolucién del mundo vegetal en general y del género

Erysimum en particular.



General Introduction



Hybridization in Ecology and Evolution

Hybridization among different species is an evolutionary phenomenon that has played a creative
role in many lineages (Rieseberg and Carney, 1998; Coyne and Orr, 2004; Arnold, 2006; Abbott
et al., 2013). Because of its pervasiveness, it has long been a subject of research (Stebbins, 1959;
Anderson, 1954; Arnold et al., 1999). Nevertheless, it has remained controversial and a matter of
debate among scientists. Thus, zoologists such as Mayr (1942) or Dobzhansky (1953) have
interpreted hybridization as a marginal phenomenon, as opposed to the point of view of many
botanists as Stebbins (1950) that considered hybridization as a widespread process (Yakimowski
and Rieseberg, 2014). Recently, however, with the advent of next-generation sequencing and the
fast development of genomic tools, scientists have begun to analyze the dynamics of
hybridization at a genomic scale, which has undoubtedly increased our understanding of the role
of hybridization in nature (Payseur and Rieseberg, 2016; Goulet et al., 2017; Taylor and Larson,
2019). Recent studies have documented hybridization in a diverse range of taxa, including
mammals (Liu et al., 2015; De Manuel et al., 2016; Cahill et al., 2016; Svardal et al., 2017; Jones
et al., 2018), birds (Toes et al., 2016; Lamichhaney et al., 2018; Runemark et al., 2018), fishes
(Seehausen et al., 2003; Meier et al., 2017), fungi (Neafsey et al., 2010; Keuler et al., 2020), and
insects (Fontaine et al., 2015; Larson et al., 2019). However, hybridization appears to have been
especially influential in the evolution of plants, and about 25% of angiosperms species derive

from hybridization events (Mallet, 2005; Soltis and Soltis, 2009; Abbott et al., 2013).

The evolutionary outcomes of hybridization may vary widely (Taylor and Larson, 2019).
A cross between different species or even between genetically distant populations of the same
species can result in the formation of a new hybrid species (Rieserberg and Willis, 2007; Soltis
and Soltis, 2009). However, in some instances, the new hybrid species could present lower fitness
than their parents. In these cases, hybridization might hinder speciation and, therefore,

diversification (Mayr, 1992; Schemske, 2000; Mallet, 2005; Saari and Faeth, 2012; Gémez et al.,



2015a). Under these circumstances, prezygotic reproductive barriers may evolve among the
parental taxa avoiding hybrid formation (in a process named reinforcement; Howard, 1993;
Servedio and Noor, 2003; Ortiz-Barrientos et al., 2009; Hopkins and Rausher, 2012; Hopkins and
Rausher, 2014; Lemmon et al., 2017; Calabrese and Pfennig, 2020). Nevertheless, hybridization
also may play a creative role, fostering the formation of new species that show significant
genotypic and phenotypic variation compared to their parent species (i.e., hybrid speciation;
Rieseberg et al., 2003; Stelkens and Seehausen, 2009). In some instances, hybridization may
produce novel extreme phenotypes exceeding the phenotypic range of parental lineages (i.e.,
transgressive segregation; Stelkens and Seehausen, 2009). One such example has been described
in Helianthus, where at least three diploid species have arisen by hybridization (namely, H.
anomalus, H. deserticola, and H. paradoxus; Rieseberg, 1991). The combination of alleles from
parental species in these hybrids has been posited to help them colonize extreme habitats (Lexer
et al., 2003). The contribution of both parental genomes to the hybrid is not necessarily uniform
since some genic regions of one of the parents might well be overrepresented relative to the other
parent, usually by continuous backcrossing between the hybrids and one of the parental species.
This process can produce taxa with the general gene pool of one of the parent species but with
some genetic material incorporated from the other one. This process is called “genetic
introgression” and can produce genetic variants with considerable evolutionary consequences

(Arnold, 2004; Abbot et al., 2013; HanuSova et al., 2014; Arnold and Kunte, 2017).

Introgressed regions might be instrumental in the acquisition of novel functional traits
and can mediate the response to new selective pressures, a process that is understood as “adaptive
introgression” (HanuSova et al., 2014; Arnold and Martin, 2009; Arnold and Kunte, 2017; Suarez-
Gonzalez et al., 2018). Adaptive introgression has been well documented in some plant systems
such as Senecio (Kim et al., 2008a), Helianthus (Kim and Rieseberg, 1999; Whitney et al., 2006;

Whitney et al.,, 2010), Iris (Martin et al., 2006), Phaseolus (Rendén-Anaya et al., 2017),



Arabidopsis (Arnold et al., 2016), or Populus (Suarez-Gonzalez et al., 2016; Suarez-Gonzalez,
2017). However, the analysis of adaptive introgression requires detailed ecological and genetic
knowledge of the natural system to demonstrate an adaptive function for the introgressed genic

regions, which is often challenging (Suarez-Gonzalez et al., 2018; Taylor and Larson, 2019).

After a hybridization event, the ploidy level of the hybrid species may change.
Hybridization can lead to the union of the two sets of chromosomes from both parentals, followed

by genome duplication, which results in polyploidization (i.e., allopolyploidization; Soltis and

t \

Species A l Species B

Species C

Soltis, 2009, Figure 1).

Figure 1. Formation of an allopolyploid (species C) after a hybridization event among species A and species B.

About 30%-70% of extant plant species have a polyploid origin, and the majority arose through
the combined effects of interspecific hybridization and polyploidy (Soltis and Soltis, 2009;
Moghe and Shiu, 2014). Nevertheless, different points of view exist about the role of
polyploidization in nature. Some authors have pointed out that polyploidy tends to be an

evolutionary dead-end, with few polyploid species surviving for long (Mayrose et al., 2011;



Arrigo and Baker, 2012; Mayrose et al., 2014). Several examples indicate that polyploidy can be
associated with lower vigor and reduced adaptive capacity (Comai, 2005). These deleterious
consequences are driven by a variety of effects on fundamental biological processes, including
changes in cellular architecture (Kondorosi et al., 2000), difficulties in meiosis and mitosis
(Bennett and Smith, 1972; Grandont et al., 2013; Pelé et al., 2018), regulatory changes in gene
expression (Cheng et al., 2018; Ramirez-Gonzalez et al., 2018) and epigenetic instability (Din
and Chen., 2018; Wendel et al., 2018) among others. In contrast, other authors argue that
polyploidy has been one of the most creative processes for the diversification and evolution of
plants (Stebbins, 1950; Wood et al., 2009; Chen, 2010; Mayfield et al., 2011; Soltis et al., 2014).
The increase of alleles for a given gene may buffer polyploids from deleterious mutations (Gu et
al., 2003), make polyploidy progeny more vigorous than their diploid progenitors (i.e., heterosis;
Comai, 2005; Chen et al., 2010; Birchler et al., 2010; Chen, 2013; Washburn et al., 2014; Sattler
et al., 2016), foster the neofunctionalization of genomic regions (Osborn et al., 2003; Adams and
Wendel., 2005) or the subfunctionalization of others (Lynch and Force., 2000; Van de Peer et al.,
2017). Some polyploids have been described as better adapted to extreme environments and more
tolerant to adverse conditions than their parents (Otto and Whitton, 2000; Coate et al., 2013),
which indicates that under some circumstances, polyploidization can facilitate niche expansion
(Moore and Purugganan, 2005). These novelties might be facilitated by introgression of specific
genomic regions of adaptive value. However, despite the close evolutionary link between
hybridization and polyploidization, there is limited knowledge on the interplay of adaptive

introgression and polyploidization (Chapman and Abbott, 2010).



Studying hybridization

Hybridization leaves detectable genomic footprints that may be characterized using different
approaches. For instance, hybrids might be distinguishable based on morphologic traits, cytologic
characteristics (Rieseberg et al.,1993; Bartish et al., 2000; Thérsson et al., 2001; Cronberg and
Natcheva, 2002; Radosavljevi¢ et al., 2019), and the distribution of haplotypes or allele
frequencies (Dobes et al., 2004; Palme et al., 2004; Zhang et al., 2013; Payseur and Rieseberg,
2016). However, the most widely used technique is arguably the reconstruction of molecular

phylogenies (Rieseberg and Soltis, 1991; Wissemann, 2007).

In particular, phylogenetic hypotheses based on the internal transcribed spacers (hereafter
ITS) have been used to detect hybridization and polyploidization in many species (Baldwin et al.,
1995; Alvarez and Wendel, 2003; Hughes et al., 2006). This popularity derives from the easy
amplification of these regions by almost universal eukaryotic primers (White et al., 1990) and the
fast rate of concerted evolution of ITS that tends to homogenize sequences in the hybrid genome
relatively quickly (Nieto-Feliner and Rosselld, 2007). However, sequence homogenization is not
uniform, and hybridization signatures can often be detected as intragenomic nucleotide
polymorphisms (Buckler and Holtsford, 1996; Mayol and Roselld, 2001; Alvarez and Wendel.,
2003; Bailey et al., 2003; Popp and Oxelman, 2004; Won and Renner, 2005; Harpke and
Peterson, 2006; Grimm and Denk, 2008; Zheng et al., 2008; Xiao et al. , 2010; Drabkova et al.,
2009; Soltis and Soltis, 2009). Nevertheless, as concerted evolution often occurs fast, ITS
polymorphism can be detected mostly in recently formed hybrids. Therefore, the use of ITS for
phylogenetic reconstruction may lead to erroneous interpretations in systems where ancient
hybridization events might have taken place (Alvarez and Wendel., 2003; Horandl et al., 2005;

Winkworth et al., 2005; Whitfield and Lockhart, 2007; Grimm and Denk, 2008).



Organellar, especially plastidial, markers have been used as an alternative or
complementary approach to nuclear regions to determine hybridization patterns at a
phylogenetic/phylogeographic scale. The chloroplast genomes commonly have a maternal
inheritance in most angiosperms (i.e., uniparental inheritance; Reboud and Zeyl, 1994). Thus,
they generally have low effective population size and stable structure, which makes them
extremely useful for establishing phylogenetic hypotheses not influenced by hybridization events
(Harris et al., 1991; Bernhardt et al., 2017). Many studies have used specific chloroplast genes in
combination with nuclear ones for phylogenetic reconstructions. Ideally, under a non-
hybridization scenario, both types of markers should render the same phylogenetic results.
However, when hybridization exists, a phylogenetic discordance appears among nuclear and
plastidial phylogenies (i.e., cytonuclear discordance; Wendel and Doyle, 1998; Sang and Zhong,
2000; Barber et al., 2007; Kim and Donoghue, 2008b; Fehrer et al., 2007; Sun et al., 2015; Tkach
et al., 2019). Unfortunately, the evolutionary rate of plant plastidial genomes is comparatively
slow. Consequently, phylogenetic studies using a few plastid regions are hindered by limited
resolution, and comparisons of poorly resolved phylogenetic trees may be uninformative and

ineffective to trace hybridization events.

The development of high-throughput sequencing technologies has made possible the use
of whole genomes instead of single markers for phylogenetic reconstructions (Ekblom and
Galindo, 2011; Straub et al., 2012; Hou et al., 2016). Phylogenomic approaches allow analyzing
thousands of orthologous loci or even complete (organellar) chromosomes, providing further
insight into the influence of hybridization on the evolution of many groups (Delsuc et al. 2005;
Ma et al., 2014; Ruhfel et al., 2014; Carbonell-Caballero et al., 2015; Guo et al., 2017; McKain et
al., 2018; Morales-Briones et al., 2018). Using a larger number of informative sites can make the
construction of better-resolved phylogenies possible. However, whole-genome analyses for plant

species remains a demanding task, particularly in taxa with large genomes. One possible



approach to overcome the inherent complexity of working with complete genomes is to focus
only on subsets of the genome a-priori deemed as informative. Phylogenomics using
transcriptomic data, particularly RNA-Seq, can provide a useful alternative to complete-genome
phylogenomics by using only the transcribed sequences as regions of interest for phylogenomic
studies (Timme et al., 2012; Wickett et al., 2012; Yang and Smith., 2013; Léveillé-Bourret et al.,
2017). However, the interpretation of these phylogenomic reconstructions remains challenging,
especially when hybridization is expected to influence evolutionary patterns (Willyard et al.,
2009; Shao et al., 2019). In fact, increasing the number of markers across the genome also
increases the likelihood of retrieving regions retaining ancestral polymorphisms (i.e., deep
coalescence or incomplete lineage sorting, hereafter ILS, Figure 2). Because these regions are
often plesiomorphic, they can be easily confused with hybridization signals (i.e., they are shared
among different taxa; Solis-Lemus and Ané, 2016; Elworth et al., 2019; Glémin et al., 2019).
Hybridization studies have long ignored ILS, mainly due to methodological limitations
(Maddison, 1997; Meng and Kubatko, 2009; Kubatko, 2009; Solis-Lemus et al. 2016) which
might have led to wrong estimations of the number of hybridization events in certain groups
(Mallet, 2005; Yu et al., 2013). This confusion is particularly problematic when studying closely-
related species, in which both ILS and hybridization are expected to be relatively frequent

(Gerard et al., 2011; Meng and Kubatko, 2009; Wang et al., 2018).

When the horizontal genetic transfer is frequent due to either complete hybridization
-with or without polyploidization- or introgression, the representation of phylogenetic
relationships as hierarchical trees might lead to a misleading interpretation of taxonomic
relationships (Holland et al., 2008; Yu et al., 2011; Elworth et al., 2019). In these situations,
evolutionary histories are best represented by phylogenetic networks, which extend the
phylogenetic tree model by allowing for horizontal connections. Furthermore, phylogenetic

network approaches can also incorporate ILS, and thus give a better picture of the cross-linking



events between taxa (Than et al.,, 2008; Solis-Lemus et al., 2017; Wen et al., 2018). These
approaches have been strengthened by the development of several genomic tools that can be used
to infer hybridization and introgression in the presence of ILS. For instance, the ABBA-BABA
test has been broadly used to detect ancient hybridization and introgression despite high levels of
ILS (Green et al., 2010; Durand et al., 2011; Dasmahapatra et al., 2012; Freedman et al., 2014;
Pease et al., 2016; Ru et al., 2016; Malinsky et al., 2018; Lin et al., 2019). The detection of
introgression events has also been dramatically improved by novel methodologies, like the f'd
statistic (Martin et al., 2015) and techniques to detect long haplotypes shared among species
(Staubach et al., 2012; Harris and Nielsen, 2013; Leitwein et al., 2020). However, each method
has shortcomings and requires caution in its application (Wagner et al., 2013; Wisecaver and
Hackett., 2014; Huber et al., 2015). Therefore, an accurate picture of hybridization and
introgression patterns requires using a combinational approach that incorporates several different

methodologies (Arnold, 2015).

AAA

Figure 2. The beige area represents the species tree. The green line represents a single gene genealogy. The star
represents a mutation changing the ancestral allele into the derived allele (purple line). (A) Gene genealogy congruent
with species tree; (B) ILS: the ancestral polymorphism is produced before the divergence between C from A and B and
maintained in B and C, so these share the novel, derived allele not present in A; (C) Introgression: B receives the allele
from C through gene flow. In the case of ILS and introgression, the gene genealogy is not consistent with the species
tree, but the two processes produce similar phylogenies, rendering discrimination of the two phenomena highly

complex.



Erysimum species as a study system

Erysimum L. is a plant genus of the family Brassicaceae, distributed mainly in Eurasia, with some
species in North America and North Africa (Warwick et al., 2006). Its members span a range of
different habitats (Koch and Al-Shehbaz, 2016), and have been used as model systems to study
plant-pollinator interactions (Gémez et al., 2008; Gémez et al., 2009; Ortigosa and Gomez, 2010;
Lay et al., 2011; Gomez et al., 2015b; Valverde et al., 2014; Valverde et al., 2016; Valverde et al.,
2019), responses to herbivory (Piippo et al., 2005; Lay et al., 2011), adaptation to alpine habitats
(Kim and Donohue, 2011a; Kim and Donohue, 2011b; Kim and Donohue, 2013; Lay et al.,
2013), drought resistance (Kim and Donohue, 2012), the evolution of chemical defenses (Ziist et
al., 2018; Ziist et al., 2020), or the evolution of floral shape (Gémez et al., 2006; Gémez et al.,
2008; Gémez and Perfectti, 2010; Savriama et al., 2012).

Erysimum is a taxonomically complex genus (Moazzeni et al., 2014), with between 150
(Al-Shehbaz and Al-Shammary, 1987; Al-Shehbaz, 2010) and 350 (Polatschek, 1986; Polatschek
and Snogerup, 2002) species described. The striking taxonomical discrepancy among the number
of species is mainly the result of the morphological similarities among them (Ancev and
Polatschek, 2006; Gomez et al., 2006; Gomez and Perfectti, 2010; Mutlu, 2010; Ghaempanah et
al., 2012; Ghaempanah et al., 2013; Abidkulova et al., 2017). For instance, cryptic species with
very similar morphology but isolated ecologically and/or geographically have been described
(Turner, 2006; Abdelaziz et al. 2011; Ouarmin et al., 2013; Lorite et al., 2015; Czarna et al.,
2016). These cryptic species may reflect rapid radiations, including recent or incomplete
speciation events (Beheregaray and Caccone, 2007; Bickford et al., 2007; Trontelj and FiSer,
2009; Nosil et al., 2009, Struck, et al., 2018). Therefore, molecular phylogenies of Erysimum spp.
are conflicting and generally not well-resolved, which has been taken as evidence for reticulate

evolution (Abdelaziz et al., 2014; Gomez et al. 2014; Moazzeni et al., 2014) and polyploidization



(Al-Shehbaz & Al-Shammary, 1987; Ancev and Polatschek, 2005; Ancev, 2006; Marhold &
Lihova, 2006; Turner, 2006; Abdelaziz et al., 2011; Abdelaziz et al.,, 2014). For instance,
Moazzeni et al. (2014) reconstructed a phylogeny, including 110 Erysimum species using ITS
markers, obtaining low resolution in some clades. This lack of resolution could be due to the
limitations of ITS as phylogenetic markers (as discussed above) or to the group's taxonomic
complexity; rapid radiations may not have allowed enough time for clearcutdivergence. However,
it could also be related to hybridization events, which may give a reticulated phylogenetic signal.

The Mediterranean region, with > 100 species, appears to be a center of diversification of
Erysimum spp. (Greuter et al., 1986). The group is particularly abundant in the Iberian Peninsula,
where twenty-one (Polatschek, 1978; Polatschek, 2014), or twenty-three (Nieto-Feliner, 2003;
Mateo et al., 1998), different species occur. Within this region, the Baetic Mountains in the SE
appear to host a significant amount of the group's biodiversity, harbouring ten Erysimum species,
seven of them endemic to this area (Blanca et al., 1992). The Baetic Mountains are considered
one of the biggest glacial refugia in Europe and a significant hot-spot of biodiversity (Médail and
Diadéma, 2009). Here, as in other refugia, isolation (allopatry) during glacial maxima followed
by post-glacial secondary contacts among species may have facilitated gene flow and
hybridization (Nieto-Feliner, 2011). Erysimum species inhabiting the Baetic Mountains show
characteristics that may facilitate hybridization and inter-specific gene-flow, such as occasional
sympatry and a generalist pollination system. Moreover, some of the Erysimum species of this
region have been described as polyploid (Nieto-Feliner, 2003). Therefore, phylogenies including
these species are usually reticulated with low support for some clades (Abdelaziz et al., 2014,
Gomez et al., 2014).

Furthermore, previous studies have indicated that the evolution of corolla color in Iberian
Erysimum might have been influenced by hybridization (Nieto-Feliner, 2003; Abdelaziz et al.,
2013; Abdelaziz et al., 2014). Most species are yellow, but some of them have purple corolla

color. In particular, some pairs of Erysimum species from the Baetic Mountains have a very



similar general phenotype but differ in corolla color, having purple and yellow corolla. Therefore,
there is a possibility that purple color has been transferred in the Iberian clade from a purple
parental species by hybridization and has been maintained by natural selection. Moreover, some
of these pairs of different corolla color species usually appear in phylogenies in the same clade as
sister species. Specifically, E. bastetanum and E. mediohispanicum (Figure 3; Abdelaziz, et al.,
2014; Gémez et al., 2014) and E. nevadense and E. baeticum (Figure 3, Abdelaziz, et al., 2014,
Gomez et al., 2014). Moreover, E. popovii and E. fitzii (Nieto-Feliner, 2003) have also been
described as species with similar morphology, but different corolla color (purple and yellow,
respectively) and phylogenetic reconstructions were not well resolved for them.

In summary, Baetic Erysimum species constitute a promising system to study the
influence of hybridization, polyploidization, and other genomic processes such as ILS on the
reticulate evolution of a group of species. Several authors have already posited the importance of
these processes in this plant group. However, clarifying these intricate evolutionary patterns will

require extensive and detailed genomic resources, which are mostly lacking.
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Figure 3. Phylogenetic tree depicting the lack of phylogenetic resolution (no species clustering) for some Erysimum

species, including the studied in this thesis. Modified from Abdelaziz, et al., 2014.



Goals and general structure of this Ph.D. thesis

The principal objective of this Ph.D. thesis is to disentangle the role of hybridization and

polyploidization in the evolution of several Southern European Erysimum species. Namely, E.

nevadense and E. baeticum, E. mediohispanicum and E. bastetanum, E fitzii and E. popovii.

These species inhabit the Baetic Mountains, and some of them are in sympatry. Our central

hypothesis is that these processes might have had a significant influence on the evolution of these

species, leaving a signature in their genomes. In some instances, these processes may have been

more relevant at the population level than at the species level. Additionally, we hypothesize that

the hybridization signal might be more apparent in species with purple corollas, as this phenotype

might have been favored by introgression.

To test these hypotheses, we addressed the following specific objectives:

To obtain phylogenetically informative genomic resources in the form of whole
chloroplast genomes and assembled transcriptomes.

To investigate the ploidy levels of the species studied here to infer if some have an
allopolyploid origin.

To analyze polymorphism in the ITS1 and ITS2 nuclear markers to infer whether recent
hybridization's footprint can be detected in them.

To reconstruct nuclear and chloroplast phylogenies and determine the existence of
cytonuclear discordance.

To build phylogenetic networks and infer ancient hybridization events.

To study the potential effect of ILS on phylogenetic and evolutionary patterns.

To investigate if the existence of introgression signatures in the anthocyanin pathway.



This Ph.D. dissertation has been structured in four chapters that address the objectives
mentioned above:

In Chapter I, we studied the concerted evolution pattern for seven Erysimum species that
span different ploidy levels, analyzing whether concerted evolution may have homogenized ITS1
and ITS2 sequences. We also examined whether there were differences in concerted evolution
rates between diploid and polyploid species, thereby providing insight into the consequences of
allopolyploidization for ITS evolution.

In Chapter II, we assembled chloroplast genomes for three Erysimum (Brassicaceae)
species using three RNA-Seq samples and one genomic library of each species. We compared
these assembled genomes, confirming that chloroplast genomes assembled from RNA-Seq data
were highly similar to each other and those obtained from genomic libraries in terms of the
overall structure, size, and sequence.

In Chapter III, we presented the 18 floral transcriptomes used here. These were
assembled de novo from total RNA-Seq libraries and annotated. We also include the chloroplast
genomes analyzed in Chapter II. We also presented a time-calibrated phylogeny of these species
constructed with the whole chloroplast genomes.

Finally, in Chapter IV, we studied the evolution of these sets of species considering ILS,
hybridization, and polyploidization, using multiple phylogenetic approaches. Furthermore, we

explored if anthocyanin genes exhibit signatures of introgression and positive selection.
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Materials and Methods



Study species: Erysimum spp.

Erysimum L. comprises more than 200 species, being one of the largest genera of the plant family
Brassicaceae. This genus is distributed mainly in Eurasia, but some species occur in North
America and North Africa (Warwick et al., 2006). Notably, more than a hundred species have
been described in the Mediterranean region (Greuter et al., 1986). Erysimum spp. are particularly
abundant in the Iberian Peninsula, where, depending on the author, between twenty-one and
twenty-three species can be identified (Polatschek 1979, 2014; Nieto-Feliner, 2003; Mateo et al.,
1998). The Baetic Mountains in SE Iberia are particularly rich in Erysimum diversity, and ten
species have been described, eight of them endemic species of this area (Blanca et al., 2009;

Morales-Torres 2011).

We have focused our study in the following Erysimum species:

E. nevadense (Reut, 1855)

Biennial or perennial, monocarpic, or polycarpic herb with yellow
corolla. E. nevadense grows mainly in xeroacanthic formations at
high altitude, on schist and limestone. It is a diploid species with
2n=14 inhabiting the Sierra Nevada (Granada, Spain) and Sierra de

Gédor (Almeria, Spain), 1700-2800 m.a.s.l. (Nieto-Feliner 2003).




E. mediohispanicum (Polatschek, 1979)

Biennial or perennial plant, usually monocarpic. Yellow corolla.
Hipotetraploid (2n=26, 28) in the Iberian Plateau but usually
diploid (2n=14) in the Baetic populations (Nieto-Feliner 2003).
Cleared shrublands and fallow, moorlands, mainly on limestone.

Submontane bands of the Iberian Peninsula 600-1700 m.a.s.].

E. fitzii (Polatschek, 1979) = Erysimum nevadense subsp. fitzii
(Polatschek) P.W.Ball.
Perennial, polycarpic with yellow corolla.

Most often found in shrublands on limestone substrates.

Microendemism inhabiting the Sierra de la Pandera (Jaén, Spain).

fi

1200-1800 m.a.s.l. Diploid with 2n=14 (Nieto-Feliner, 2003).

E. baeticum (Heywood, 1979)

Biennial or perennial herb, usually monocarpic with purple corolla.
It usually occurs in high-mountain shrublands and perennial
subalpine grasslands. It is restricted to metamorphic substrates
(mica schists and quartzites). Narrow endemism of the eastern part

of the Sierra Nevada (Granada and Almeria provinces).

1500-2600 m.a.s.l. 2n=28, 56 (Nieto-Feliner, 2003).



E. bastetanum (Blanca et al., 1992),

(Lorite, Perfectti & Gomez comb. & stat. Nov, 2015)
Biennial herb, usually monocarpic with purple corolla. E.
bastetanum inhabits gaps of holm-oak, mixed pine forests,

and shrublands, mainly on limestones (rarely on mica schists

and quartzites). It is distributed across the eastern part of
Baetic mountains (Sierra de Baza, Sierra de Filabres, Mencal, Sierra de Maria-Orce, Sierra
Jurefia). 800-2200 ma.s.l. Until 2015, it was considered a subspecies of E. baeticum (Lorite et al.

2015).

E. popovii (Rothm, 1940)

Perennial, polycarpic herb with purple corolla. It inhabits

shrublands on limestone substrates. Distributed across the
Baetic Mountains (Jaén, west of Granada and southeast of
Coérdoba: Sierra Mégina, Jabalcuz, Sierra Harana, and

Horconera). 500-2000 m.a.s.l. 2n=42 (Nieto-Feliner, 2003).

E. lagascae (Rivas Goday and Bellot, 1942)
Biennial or perennial monocarpic herb with purple corolla.
It grows mainly on steep, rocky slopes and rock cracks,

generally on siliceous sandy soils. South-west of the Iberian

Peninsula. 400-1350 m.a.s.l. 2n=14 (Nieto-Feliner, 2003).




Study area

Our main study area was the Baetic Ranges, one of the main glacial refugia in Europe, located in
the South of the Iberian Peninsula (Médail and Diadema, 2009). Across this region, we sampled
three different populations of E. baeticum, E. bastetanum, E. mediohispanicum, E. nevadense,
and E. popovii, and one population of E. fitzii. Also, we sampled one population of E. lagascae,
which occurs outside of this refugium region (Table 1, Figure 1). Some species population pairs
occur in sympatry (Figure 2). Specifically: E. nevadense (En12) with E. baeticum (Ebb10), E.
bastetanum (Ebt13) with E. mediohispanicum (Em71), and E. popovii (Ep20) with E.

mediohispanicum (Em39).



<

E. baeticum (Ebb)
E. bastetanum (Ebt)
E. fitzii (Ef)

E. lagascae (Ela)
E. mediohispanicum (Em)
E. nevadense (En)

E. popovii (Ep)

Em21 Eni0 En0S [Ebb07| Eni2 [Ebbio| [Ebbiz]

Figure 1. Map of the Iberian Peninsula showing the location of the sampled populations. The insert shows a more detailed map of the Baetic mountains. The populations Ebt13 — Em71,

Ebb10 — En12, and Em39 — Ep27 represents population pairs located in sympatry.
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Species Population Location Elevation Geographical coordinates Flower color Sympatry with
E. baeticum Ebb07 Sierra Nevada, Almeria, Spain 2128 37°05'46"N, 3°01'01"W purple
Ebb10 Sierra Nevada, Almeria, Spain 2140 37°05'32"N, 3°00'40"W purple Enl2
Ebb12 Sierra Nevada, Almeria, Spain 2264 37°05'51"N, 2°58'06"W purple
E. bastetanum Ebt01 Sierra de Baza, Granada, Spain 1990 37°22'52"N, 2°51'49"W purple
Ebt12 Sierra de Marfa, Almerfa, Spain 1528 37°41'03"N, 2°10'51"W purple
Ebt13 Sierra Jurefia, Granada, Spain 1352 37°57'10"N, 2°29'24"W purple Em71
E. fitzii Ef01 Sierra de la Pandera, Jaén, Spain 1804 37°37'56"N, 3°46'46"W yellow
E. lagascae Ela07 Sierra San Vicente, Toledo, Spain 516 44°05'49"N, 4°40'40"W purple
E. mediohispanicum Em21 Sierra Nevada, Granada, Spain 1723 37°08'04"N, 3°25'43"W yellow
Em39 Sierra de Huétor, Granada, Spain 1272 37°19'08"N, 3°33'11"W yellow Ep20
Em71 Sierra Jurefia, Granada, Spain 1352 37°57'10"N, 2°29'24"W yellow Ebt13
E. nevadense En05 Sierra Nevada, Granada, Spain 2074 37°06'35"N, 3°01'32"W yellow
Enl0 Sierra Nevada, Granada, Spain 2321 37°06'37"N, 3°24'18"W yellow
Enl2 Sierra Nevada, Granada, Spain 2255 37°05'37"N, 2°56'19"W yellow Ebb10
E. popovii Epl6 Jabalcuz, Jaén, Spain 796 37°45'26"N, 3°51'02"W purple
Ep20 Sierra de Huétor, Granada, Spain 1272 37°19'08"N, 3°33'11"W purple Em39
Ep27 Llanos del Purche, Granada, Spain 1470 37°07'46"N, 3°28'48"W purple

Table 1. Population code, location, and details of sympatry status for all of the populations sampled.
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Biological samples

Fresh leaves

In the spring of 2015, we visited each population and collected fresh leaf tissue, about ten leaves,
from five individuals. The samples were dried and preserved in silica gel until DNA extraction.
Floral buds

In the Spring of 2015, we sampled no less than five pre-anthesis flower buds from one individual
per population, making sure they were at a similar development stage (based on the size and
development of the buds). The buds were immediately submerged in liquid nitrogen and, after
arriving to the laboratory, maintained in an ultra freezer (-80 C) until RNA extraction.

Plant rosettes

We sampled five rosettes per population during the fall of 2016. We maintained the plants in a

common garden (Science Faculty facilities, Universidad de Granada).
Laboratory procedures

DNA and RNA extraction

DNA extraction

We carried out two rounds of DNA extraction from leaf samples. First, we extracted DNA for E.
baeticum, E. nevadense, and E. mediohispanicum using an individual sample for each species to
sequence total genomic DNA. Second, we extracted DNA from five individuals of three different
populations of E. baeticum, E. bastetanum, E. mediohispanicum, E. nevadense, and E. popovii,
and five individuals of one population of E. fitzii and E. lagascae, amounting a total of 85
samples.

For each sample, we disrupted ~ 60 mg of leaves using a Beadbug microtube

homogenizer (Benchmark Scientific, Edison, NJ) with 2 mm steel beads. We used the GenElute
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Plant Genomic DNA Miniprep kit (Sigma-Aldrich, St. Louis, MO) for total genomic DNA
isolation, following the manufacturer's protocol. The quantity and the quality of the obtained
DNA were checked using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific,
Wilmington, DE, United States). The integrity of the extracted genomic DNA was checked on
agarose gel electrophoresis.

RINA extraction

We extracted RNA from the floral samples. The buds were snap-frozen in liquid nitrogen and
ground with mortar and pestle. Total RNA was isolated using the Qiagen RNeasy Plant Mini Kit
following the manufacturer's protocol. The RNA obtained's quality and quantity were checked
using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, United

States) and analyzed with the Agilent 2100 Bioanalyzer system (Agilent Technologies Inc).
Library preparation and sequencing

Genomic DNA

We sent the isolated DNA to Macrogen (Macrogen Inc., Seoul, South Korea). Library preparation
for deep sequencing was carried out using the TruSeq Nano DNA Library Preparation Kit (350 bp
insert size). The sequencing of the E. mediohispanicum, E. nevadense, and E. baeticum libraries
was performed using the Illumina HiSeq X platform and following the paired-end 150 bp
strategy.

ITS1 and ITS2

We amplified by PCR the ITS1 and the ITS2 regions of the 45S genomic rDNA from the
extracted DNA of the 85 samples. We used our own custom-tailored long primers that target the
conserved flanking rDNA and show a 5’ leading sequence complementary with the adapter
sequence of the Nextera XT DNA index primers to amplify these regions. See Chapter I for

primer sequences and PCR details. We purified the amplified fragments using spin columns
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(GenElute TM PCR Clean-Up Kit, Sigma-Aldrich) and checked their quality on agarose gel
electrophoresis. Finally, we quantified the starting DNA using the Infinite M200 PRO NanoQuant
spectrophotometer (TECAN, Ménnedorf, Switzerland).

We constructed independent libraries for ITS1 and ITS2 amplicons using the Nextera XT
DNA Sample Preparation Kit. We tagged individual amplicons by adding a unique combination
of adapter labels to the 3’ and 5’ ends of the DNA sequence using nine cycles of PCR (See
Chapter I for PCR details). We purified the tagged amplicons to remove short fragments. Lastly,
we quantified each amplicon's final concentration, made them equimolar, and mix in only one
library per ITS region.

Sequencing of ITS1 and ITS2 libraries was carried out at the Novogene Bioinformatics
Technology Co., Ltd, with an Illumina MiSeq platform (Illumina, USA) using a paired-end 150
bp sequence read run. We obtained an unexpected low sequencing output for E. mediohispanicum
libraries. Therefore, we sequenced these libraries twice. The second sequencing was done in the
Basic biology service of the “Centro de Instrumentacién Cientifica” of the University of Granada
(Spain), using the same Illumina Miseq platform and paired-end chemistry.

Transcriptomes

The 17 transcriptomic libraries of floral tissue and subsequent RNA sequencing were conducted
at Macrogen Inc. (Seoul, Korea). Library preparation was performed using the TruSeq Stranded
Total RNA LT Sample Preparation Kit (Plant). An rRNA-depletion (Ribo-Zero) step was used for
mRNA enrichment and to avoid sequencing rRNAs. The 17 libraries' sequencing was carried out
using the Hiseq 3000-4000 sequencing protocol and TruSeq 3000-4000 SBS Kit v3 reagent,

following a paired-end 150 bp strategy on the Tllumina HiSeq 4000 platform.
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Data analyses

Read quality analyses

We analyzed the read quality of each raw library with FastQC v0.11.5 (Andrews, 2010). Then, we
performed a two-step trimming analysis first trimming the adapters and then trimming the reads
based on their quality. For this purpose, we used cutadapt v1.15 (Martin, 2011) and Sickle v1.33
(Joshi and Fass, 2011). Then, we checked the trimming efficiency analyzing the raw reads again

with FastQC v0.11.5. See Chapters from I to IV for details.
ITS1 and ITS2 analyses

For ITS analyses, we paired and merged the ITS1 and ITS2 forward and reverse reads using
Geneious R.11 (Kearse et al. 2012) and BBMerge v37.64 (Bushnell et al., 2017). Then, we did a
cluster analysis using cd-hit v4.6 (Li and Godzik, 2006) merging sequences that were 99% similar
to reduce redundancy and discard low-represented haplotypes as sequencing errors or tag

switching events.

We studied the degree of sequence polymorphism for each ITS1 and ITS2 samples:

-First, we aligned the ITS1 and ITS2 sequences from each sample using MAFFT v7.450 (Katoh
et al.,, 2014) with default parameters, generating one alignment per species/marker. Then, we
trimmed the alignments using trimAl v1.2 (Capella-Gutiérrez et al., 2009), removing gaps with

the "gappyout" method.

-To estimate nucleotide and haplotype diversity, we used the R package PEGAS v0.1 (Paradis,
2010). We used the "nuc.div" function to calculate nucleotide diversity (m) and the "hap.div"

function to estimated haplotype diversity (Hd).

-We then used the "haplotype" and "haploNet" functions to calculate the total number of

haplotypes and the haplotype frequencies distribution.
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-Lastly, we used the "amova" function from the R package PEGAS v0.1 (Paradis, 2010) to

perform a hierarchical analysis of molecular variance (AMOVA; Excoffier, 1992).

Transcriptome assembly and annotations

We followed a de novo assembly approach using Trinity v2.8.4 (Grabherr et al., 2011; Haas et al.,
2013). First, to validate and reduce the number of reads, we normalized the libraries in silico
before assembly, using the “insilico_read_normalization.pl” function of Trinity v2.8.4. Then, to
eliminate single-occurrence k-mers that could be heavily enriched in sequencing errors, we used
the parameter ‘min_kmer_cov 2’, following the approach of Haas et al. (2013). Thus, only k-mers

that occur more than once were considered for contigs.

We used TransDecoder v5.2.0 (Haas et al. 2013) to predict and translate candidate open
reading frames (ORFs) within transcript sequences. Then, we performed functional annotation of
those Trinity transcripts with ORFs using Trinotate v3.0.1 (Haas, 2015). Sequences were
examined against UniProt (UniProt Consortium, 2014), using SwissProt databases (Bairoch and
Apweiler, 2000) with BLASTX and BLASTP searching and an e-value cutoff of 10. We then used
the Pfam database (Bateman et al., 2004) to annotate protein domains for each predicted protein
sequence. We also annotated the transcripts using the databases eggnog (Jensen et al., 2007), GO
(Gene Ontology Consortium, 2004), and Kegg (Kanehisa and Goto, 2000). We used BUSCO v2.0
(Waterhouse, 2018) to validate the quality of all the assemblies, using the plant database

brassicales_0db10.2019-11-20.

66



Chloroplast genome analyses

Chloroplast assembly
Assembly chloroplast genomes from DNA genomic libraries:

We used the NOVOPlasty pipeline v6.2.3 (Dierckxsens et al., 2017) to assemble de novo the
chloroplast genomes of E. mediohispanicum, E. nevadense, and E. baeticum. In brief, this
pipeline assembles a chloroplast genome from whole-genome sequencing data, starting from a
related single reference sequence iteratively and bidirectionally until the circular genome is
obtained. We used Arabidopsis thaliana chloroplast genome sequence (NC_000932.1) as a
reference, and the untrimmed genomic reads as assembly elements as recommended by
Dierckxsens et al., (2017). We specified the following parameters: ‘automatic insert size
detection’, a ‘genome range’ from 120000 to 200000, a ‘K-mer value’ of 39, and an ‘insert range’

of 1.6, a ‘strict insert range’ of 1.2, and the ‘paired-end reads’ option.
Assembly chloroplast genomes from RNA-Seq libraries:

We used a read-mapping approach, using the RNA-Seq trimmed reads and the E.
mediohispanicum chloroplast genome previously assembled from the genomic libraries. We used
the read mapper of Geneious R.11 (Kearse et al. 2012) with the highest sensitivity and default
parameters. We validated the results obtained with Geneious R.11 by performing a mapping of

reads with BWA v0.7.17 (Li and Durbin, 2009).

Chloroplast genome annotation

We annotated the chloroplast genomes using the program cpGAVAS (Liu et al., 2012). The
annotations were manually curated using Geneious R.11 (Kearse et al. 2012). All transfer RNA
sequences (tRNA) encoded in the cp genomes were verified using tRNAscan-SE v2.0 (Lowe and

Chan, 2016) with the default search settings.
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Comparative analysis among chloroplast genomes and cross-validation of the

methodology

To evaluate whether the chloroplast genomes assembled from RNA-Seq libraries were similar to

those obtained from DNA libraries, we performed the following analyses:

1- We compared the chloroplast genomes assembled from DNA and RNA-Seq libraries.
First, we used the mVISTA software (Frazer et al., 2004), which compares the sequences from
different species by pairwise alignment and allows for the visualization of these alignments with
annotations. We used A. thaliana cpDNA as a reference (NC_000932.1) and selected a
RankVISTA probability threshold of 0.5, and the Shuffle-LAGAN mode for finding

rearrangements (inversions, transpositions, and some duplications).

2- We investigated the degree of within-genome variation of the assembled chloroplast
genomes obtained from RNA-Seq and DNA libraries. In particular, we performed a reference-
guided assembly in which we remapped the quality-trimmed reads to each assembled genome
using the Geneious R.11 (Kearse et al. 2012) mapper with medium-low sensitivity and default

parameters. Later, we estimated the percentage of pairwise identity of each assembly.

3- We explored the degree of overall sequence variation found within the three replicas of
RNA-Seq assembled genomes and the genome assembled from DNA libraries. We aligned the
chloroplast genomes using MAFFT v7.450 (Katoh and Standley, 2014) with the following
parameters: FFT-NS-2 fast progressive method algorithm, a scoring matrix of 200PAM/k=2, gap
open penalty of 1.53, and an offset value of 0.123. Then, we estimated the nucleotide diversity

using VariScan v2.0.3 (Vilella et al., 2005).

4- We studied the degree of sequence variation of some relevant chloroplast genes within
only the three replicas of RNA-Seq and, after that, including the same genes assembled from

DNA libraries. Thus, we extracted and assembled all the chloroplast genes using the HybPiper
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pipeline v1.2 (Johnson et al., 2016). This pipeline uses BWA (Li and Durbin, 2009) to align reads
to target sequences, and SPAdes (Bankevich et al., 2012) to assemble these reads into contigs.
Once cpDNA genes were obtained, we selected 12 genes out of the total: rbcl, psaA, psbA, ndhK,
atpA, atpH (with an important function in the photosynthesis process), rpoA, rps3, rrn16S, trnH
(as self-replication genes), yfc2 (the largest plastid gene in angiosperms), and matK (the only
maturase of higher plants and widely used in angiosperm systematics). Then, we aligned these
genes using MAFFT v7.450 (Katoh and Standley, 2014) and calculated the percentage of pairwise
identity between the genes obtained from the three RNA-Seq replicas, and the same but including

those from genomic libraries.

5- We identified the size and location of repeat sequences —including palindromic,
reverse, and direct repeats— and compared them between chloroplast genomes obtained from
RNA-Seq and DNA libraries. We used the software REPuter (Kurtz, S., and Schleiermacher,
1999; Kurtz et al., 2001) with the following settings: Hamming distance of 3; 90% or greater
sequence identity; and minimum repeat size of 30 bp. Also, simple sequence repeat (SSR)
elements were detected using the Perl script MISA (Beier et al., 2017) by setting the minimum
number of repeats to 10, 5, 4, 3, 3, and 3 for mono-, di-, tri-, tetra-, penta- and hexanucleotides,

respectively.

6- We analyzed the impact that sequencing depth has on the assemblage of a complete
chloroplast genome from RNA-Seq data. We subsampled the transcriptome reads of E. nevadense
at five levels of sequencing depths (1 M, 5 M, 10 M, 20 M, and 30 M), producing four different
sets of transcriptomic reads for each level. These reads were processed and mapped to the cpDNA
of E. mediohispanicum using Geneious R.11 mapper (Kearse et al. 2012) with medium-low
sensitivity and default parameters as previously done. We calculated several mapping-quality
indexes (coverage of bases, expected errors, mean confidence, and % of Q 40 positions) with

Geneious R.11 (Kearse et al. 2012) and plotted them against the subsampling depth levels.
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7- To estimate whether our proposed pipeline allowed for the recovery of complete
cpDNA chromosomes from RNA-Seq libraries in other plant species, we downloaded five
transcriptomes from the Sequence Read Archive website and processed them with our workflow.
We downloaded two A. thaliana (SRR6757372; SRR6676021), one E. cheiri (SRR5195368), one
Moricandia suffruticosa (SRR4296233), one M. arvensis (SRR4296231), one Oriza sativa
(SRR7079258), and one Zea mays (ERR1407273) transcriptome. These libraries were trimmed
and quality filtered using cutadapt v1.15 (Martin, 2011) and Sickle v1.33 (Joshi and Fass, 2011)
with the same parameters described above and mapped using Geneious R.11 (Kearse et al. 2012)
to cp genomes of the same species (or the closest relative available): Genbank accession
NC_000932 for A. thaliana, our E. mediohispanicum cp genome for the E. cheiri sample,
Brassica napus GQ861354 for the Moricandia samples, Oriza sativa NC_001320 for O. Sativa,

and Z. mays NC_001666 for Z. mays.

Hybridization and introgression analyses

We used different approaches to study the general hybridization scenario for the Erysimum

species and if there were signatures of introgression in their genomes.

Orthology inference

First, we clustered the translated sequences to reduce redundancy (the ORFs previously obtained
with Transdecoder v5.2.0, see above “transcriptome assembly and annotation section) using cd-
hit v4.6 (Li and Godzik, 2006) following the steps of the pipeline described in Yang and Smith
(2014). We inferred orthologs using only the CDS (we excluded UTRs and non-coding
transcripts), thus limiting the possibility of including sequencing errors (Yang and Smith, 2014).
Then, we identified ortholog genes using the OrthoFinder v2.3.3 pipeline (Emms and Kelly,
2015). In brief, this pipeline first searches the orthogroups (a set of protein genes descended from

a single gene in the last common ancestor of all the species sampled), making a BLASTp analysis
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with the protein sequences as input. In a second step, it clusters and aligns the orthologous
sequences using MAFFT v7.450 (Katoh and Standley, 2013) with default parameters. Finally, we
obtained a maximum-likelihood phylogenetic gene tree for each orthogroups using IQ-Tree
v1.6.1 (Nguyen et al., 2014) and estimated a species tree with all of them using STAG v1.0.0
(Emms and Kelly, 2018). This consensus evolutionary hypothesis was inferred using all the
orthogroups that included all species. The resulting species tree was compared with the gene trees
obtained using DLCpar v1.1 (Wu et al., 2014), which considered gene duplication, losses, and

incomplete lineage sorting (ILS) as potential causes of discordance among the trees.

Phylogenetic reconstructions
Time-calibrated phylogeny reconstruction:

We reconstructed a time-calibrated phylogeny for whole chloroplast genomes (Chapter IIT). We
used Beast v2.0 (Drummond and Rambaut, 2007) using the substitution rate for non-codifying
plastidial DNA (1.2-1.7 x 10 substitutions/site/year; Graur and Li, 2000). We conducted the
Bayesian search for tree topologies and node ages during 20,000,000 generations using a strict
clock model and a Yule process as prior. The MCMC was sampled every 1,000 generations,
discarding a burn-in of 10%. We ascertained chain convergence by checking the MCMC traces

with Tracer v1.6.1 (Rambaut et al., 2014).
Coalescent species tree:

We reconstructed a coalescent species tree using ASTRAL v5.6.3 (Mirarab et al., 2014), with
default parameters. We used the unrooted gene trees from the orthologous genes previously
obtained (see “Orthology inference”). To visualize and edit the species tree, we used FigTree

v1.4.0 (Rambaut and Drummond, 2012).
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Detecting cytonuclear discordance:

We compared the species tree based on nuclear orthologous genes with the phylogeny obtained
with Beast using the whole chloroplast genomes. Statistical comparisons between the two
phylogenetic hypotheses were based on the Shimodaira-Hasegawa Test (SH-Test) (Shimodaira
and Hasegawa, 1999) from the phangorn v2.5.5 R package (Schliep, 2011). Both phylogenies
were also compared visually, plotting them as mirror images with the function cophyloplot, using

the R package ape v5.4 (Paradis et al. 2004).

Population structure analyses: Discriminant Analysis of Principal Components

To estimate the degree to which our sampling populations and taxa represented natural groups,
we conducted a series of statistical population genetic analyses. First, we run a variant calling
analysis, using the assembled transcriptome of E. lagascae as a reference because it represents
the a priori most distant species of this group. We indexed the E. lagascae transcriptome using
BWA v0.7.17 (Li and Durbin, 2009), and then we mapped all the trimmed raw reads against it
using the BWA v0.7.17 “mem” option. We used SAMtools v1.7 (Li et al., 2009) to convert SAM
to BAM files and sort the alignment files. Then, we identified the SNP positions within the
aligned reads comparing with the reference transcriptome using the SAMtools “mpileup”
command, which transposes the mapped data into a sorted BAM file. Lastly, we used bcftools
v1.9 to filter the SNPs (Narasimhan et al., 2016), running the SAMtools v1.7 Perl script
“vcfutils.pl VarFilter” with default parameters to filter down the candidate variants and to
eliminate false positives. Then, we conducted a Discriminant Analysis of Principal Components
(Jombart et al.,, 2010) for the SNP data, using the R package adegenet v2.1.3 (Jombart and
Ahmed, 2011) that identifies and describes clusters of genetically related individuals. We set a
range of K values from two to seven because K=7 is the number of different species in our

dataset. To identify the optimal K number, we selected the model with the lowest BIC.
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Introgression analyses

Phylogenetic species networks

We inferred phylogenetic species networks using the software PhyloNet v3.6.9 (Than et al., 2008;
Wen et al., 2018), which accounts for incomplete lineage sorting inferring a specified number of
hybridization events. To generate the input for PhyloNet, we ultrametricized the trees obtained
previously with IQ-Tree v1.6.1 (see Othology inference section), using the "nnls" method in the
"force.ultrametric" function within the R package phytools v0.6-99 (Revell, 2012). We inferred
the species networks using a maximum pseudo-likelihood method (MPL; Yu and Nakhleh, 2015).
We performed the search five times and estimated optimal networks considering a range from 0
to 15 introgression events. We then calculated the best log-likelihood of all the networks by
computing the Akaike's Information Criterion (AIC) (Bozdogan, 1987) with the generic function
for AIC in the R package stats v3.6.1. We also estimated the more optimal network by slope
heuristic of log-likelihood values. The optimal network was then visualized with Dendroscope

v3.5.10 (Huson and Scornavacca, 2019).
ABBA-BABA and Fbranches statistic

We evaluated the gene flow between species calculating the D-statistic, also known as the ABBA-
BABA statistic (Durand et al., 2011) with the software Dsuite v0.1 (Malinsky, 2019) that allows
the assessment of gene flow across large genomic datasets using a standard block-jackknife
procedure (as in Green et al., 2010, and Durand et al., 2011). We estimated the statistic "Dmin",
which gives the lowest D-statistic value in a given trio, and plotted the introgression among pairs

of samples using the ruby script "plot_d.rb".

We also computed the Fbranch statistic implemented in Dsuite v0.1 (Mallinsky et al.,
2018; Mallinsky et al., 2019), which allows identifying gene flow events into specific internal

branches of a phylogeny. We used the whole chloroplast genomes phylogeny in newick format
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specifying which species should be treated as sister taxa (i.e., as P1 and P2) and E. lagascae as

outgroup.

Introgression in the anthocyanin biosynthetic pathway genes (ABP genes)

To verify whether introgression might have facilitated shifts in corolla color in Erysimum, we
explored if any of the genes in the anthocyanin biosynthetic pathway (ABP) exhibited significant
introgression signals. As a first step, we download the Arabidopsis thaliana ABP genes from
TAIR (Lamesch et al., 2011): CHI (AT3G55120), CHS (AT5G13930), F3H (AT3G51240), DFR
(AT5G42800), ANS (AT4G22880), and UF3GT (AT5G54060). Then, we mapped the trimmed
transcriptome raw reads from all samples to the A. thaliana genes as a reference using BWA
v0.7.17 (Li and Durbin, 2009). We imported the mapping reads to Geneious R.11 (Kearse et al.,
2012), and assembled them de novo using the Geneious assembler with the highest sensitivity. To
eliminate poorly mapped sequences, we clustered the assembled reads using cd-hit v4.6 (with
parameter -c = 0.99) (Li and Godzik, 2006) and aligned the cluster reads for each sample using
MAFFT v7.450 with default parameters (Katoh and Standley, 2013). We estimated the consensus
sequence for each sample in Geneious R.11 using the strict threshold option (bases matching at
least 50 % of the sequences) and aligned them using MAFFT v7.450, getting a single alignment
per gene. We confirmed the annotations using BLAST (Johnson et al., 2008). Finally, we double-
checked manually that the candidate genes appeared in the transcriptome annotations of all the

taxa studied.

We estimated the f°d statistics using the R package HybridCheck v1.0 (Ward and
Oosterhout, 2016) for the ABP genes. This statistic is suitable for small genomic regions and
proceeds by comparing the observed difference in the number of ABBA and BABA patterns to
what would be expected in the event of complete introgression (Martin et al., 2014, Pfeifer and

Kapan, 2019). We considered E. lagascae as the archaic population (P3), thus acting as the
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possible introgression donor. Then, we estimated the f°d for each purple species (P2) and every

possible combination as P1.

Signatures of selection in ABP genes

To determine if selection was favoring genomic variants caused by introgression, we estimated
the pairwise ratios of synonymous and non-synonymous sites (dN/dS) in each ABP gene in which
we found signatures of introgression, using the “dnds” function from the ape v5.4 package in R
(Paradis et al., 2004). We also estimated the MacDonald-Kreitman test (MKT; Egea et al., 2008)
for each ABP gene, dividing our samples into two groups per gene (purple vs. yellow corollas).
We used the A. thaliana sequence of each gene as a putatively neutral outgroup (white flowers).
We computed the standard MKT with Jukes Cantor’s correction using the MKT website

(http://mkt.uab.es/mkt/help_mkt.asp; Egea et al., 2008).

Prezygotic barriers study

Pollen tube growth

We collected plant rosettes of E. mediohispanicum, E. bastetanum, and E. popovii from natural
populations. We cultivated these plants in a common garden (University of Granada facilities),
and before blooming, we excluded them from pollinators, placing them inside a greenhouse. We

hand-pollinated the flowers performing four different treatments:

1- Hybrid crosses: We tipped the anther of a flower with a small stick removing the pollen, and
we placed it on the stigma of a flower from a different species previously emasculated.

2- Intra-specific crosses: We removed the pollen and placed it on an emasculated flower of the
same species but from an individual coming from a different population.

3- Forced selfing crosses: Within a single individual, we emasculated some flowers and hand-
pollinated them with pollen from the same individual.

4- Spontaneous selfing crosses: Some flowers were not manipulated and left to self-pollinate.
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We collected the Erysimum pistils after 72 hours and conserved them in ethanol at 4C
until pollen-tube staining. Tube staining was conducted according to the Mori et al. (2006)
protocol:
- Each pistil was cleaned in 70% EtOH for 10 minutes, and then rinsed sequentially with 50% and
30% EtOH, and finally distilled water.
- Samples were softened by placing them in a small petri dish with 8 M NaOH for one hour at
room temperature (as recommended in Kearns and Inouye, 1993).
- Then, the pistils were rinsed with distilled water for ten minutes, and afterward, the stigmas

were incubated with 0.1 % aniline blue in phosphate buffer (pH 8.3) for two hours.

- The final slide preparations were examined under a fluorescence microscope with blue light

(410 nm) to observe the pollen tube formation.

Ploidy determination

We used flow cytometry to assess genome size and to estimate DNA ploidy levels. Following
Galbraith et al. (1983), we isolated the nuclei from fresh leaf tissues by chopping simultaneously
with a razor blade 0.5 cm® of leaf and 0.5 cm? of an internal reference standard. As an internal
reference standard, we used Solanum lycopersicum L. ‘Stupické’ with 2C = 1.96 pg or Raphanus
sativus L. with 2C = 1.11 pg (DoleZel et al., 1992). The nuclei extraction was made on a Petri
dish containing 1 ml of WPB buffer (Loureiro et al., 2007). Then, we filtered the nuclear
suspension using a 50 pm nylon mesh and stained the DNA 50 pg ml™ of propidium iodide (PI,
Fluka, Buchs, Switzerland). We also added 50 pg ml™" of RNAse (Fluka, Buchs, Switzerland) to
degrade dsRNA. After 5 min incubation, the samples were analyzed in a Partec CyFlow Space
flow cytometer (532 nm green solid-state laser, operating at 30 mW,; Partec GmbH., Gorlitz,
Germany). We used the Partec FloMax software v2.4d (Partec GmbH, Miinster, Germany) to
acquire the results in the form of four graphics: histogram of fluorescence pulse integral in linear

scale (FL); forward light scatter (FS) vs. side light scatter (SS), both in logarithmic (log) scale; FL
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vs. time; and FL vs. SS in log scale. To remove the effect of debris, the FL histogram was gated
using a polygonal region defined in the FL vs. SS histogram. At least 5,000 particles were
analyzed per sample. Only CV values of 2C peak of each sample below 5% were accepted;
otherwise, a new sample was prepared and analyzed until quality standards were achieved
(Greilhuber et al., 2007). In a few cases, samples produced poorer quality histograms even after
repetition due to cytosolic compounds' presence. Thus, it was impossible to estimate the ploidy

level and/or genome size for some individuals.

Genome size in mass units (2C in pg; sensu Greilhuber et al., 2005) was obtained using
the formula: sample 2C nuclear DNA content (pg) = (sample G1 peak mean / reference standard
G1 peak mean) * genome size of the reference standard. The ploidy levels were inferred for each
sample based on previous chromosome counts and genome size estimates obtained in the species

and genus.

Ploidy determination was performed in the laboratory of Dr. Loureiro (Centre for

Functional Ecology, Department of Life Sciences, University of Coimbra, Coimbra, Portugal
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Figure 2. A summary of the materials and methods used in this thesis.
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Chapter 1

Lack of ITS sequence homogenization in Erysimum

species with a varying ploidy level



Abstract

The ribosomal DNA internal transcribed spacers have been described as having fast concerted
evolution rates, which tend to homogenize their sequences. However, in some cases, such as
species of hybrid origin and/or polyploids, sequence homogenization is not complete across ITS
copies. Here, we studied the concerted evolution pattern for seven species of the genus Erysimum
(Brassicaceae), spanning ploidy levels from 2x to 10x. We sampled 85 individuals from different
populations of each species and estimated concerted evolution separately in ITS1 and ITS2. Also,
we examined if concerted evolution rates varied with ploidy. Our results showed a lack of
sequence homogenization, especially for polyploid samples, indicating a lack of concerted
evolution in these species. Lack of homogenization was more remarkable for ITS1 than for ITS2,
suggesting that concerted evolution is operating more efficiently on the latter. Furthermore, the
high haplotype diversity and lack of dominant haplotypes in polyploid and diploid species point

to a recent hybrid origin for several Erysimum species.
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Introduction

Concerted evolution is an evolutionary process by which sequences from the same gene family
show higher sequence similarity to each other than to orthologous genes in related species (Elder,
1995; Wendel, 2003; Liao, 2004; Xu et al., 2017). Hence, genes that evolve in a concerted
manner present low polymorphism in their sequences, i.e., their sequences are homogenized.
Concerted evolution is particularly notable in multicopy nuclear genes, where homogenization is
mainly achieved by unequal crossing over and gene conversion (Dover, 1994; Ganley and
Kobayashi, 2007). One of the multicopy gene families is the 45S nuclear ribosomal DNA
(nrDNA). It appears arranged as tandemly repeated units with hundreds to thousands of copies in
one or several loci per genome. These units are composed of the 18S rDNA, internal transcribed
spacer 1 (ITS1), 5.8 S rDNA, internal transcribed spacer 2 (ITS2), and 26S rDNA, separated by
longer non-transcribed intergenic spacers (Sone et al. 1999). Among all these units, the internal
transcribed spacers (ITS1 and ITS2) are the best-characterized nrDNA sequences (Long and
Dawid, 1980), partly because ITS sequences show characteristics advantageous for phylogenetic
studies, such as biparental inheritance, short length, and high evolution rate (Baldwin et al., 1995;

Alvarez and Wendel, 2003; Ganley and Kobayashi, 2007).

ITS sequences usually show fast concerted evolution that leads to low levels of intra-
genomic sequence variation. Therefore, these regions have usually been considered to show very
few polymorphic positions (Xu et al., 2017; Nieto-Feliner and Rossell, 2007). However, in some
animals (e.g., Teruel et al., 2014) and especially in plants (Buckler and Holtsford, 1996; Mayol
and Rosellé, 2001; Popp and Oxelman, 2004; Harpke and Peterson, 2006; Grimm and Denk,
2008; Xiao et al.,, 2010), full sequence homogenization can remain incomplete across ITS

sequences, resulting in a relatively high intra-genomic polymorphism. In some instances, the
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polymorphic positions found among ITS sequences have been attributed to hybridization events
(Alvarez and Wendel, 2003; Bailey et al.,, 2003; Won and Renner, 2005; Zheng et al. 2008;
Drébkova et al., 2009). After a hybridization event, different ITS sequences meet and may
become homogenized after a time, although this homogenization may not be consistent among
descendant lineages (Okuyama et al., 2004). As concerted evolution tends to homogenize
sequences rapidly (Alvarez and Wendel., 2003), evidence of non-concerted evolution is mainly
found in recently-formed hybrid species, where both parental ITS sequences may still be present.
This phenomenon is particularly conspicuous in allopolyploid species, where the occurrence of
different ITS sequences located in distinct chromosomes tends to retard this homogenization
(Soltis and Soltis, 2009). The level of genetic variation in these sequences will involve a balance
between all those processes that homogenize the sequences, including purifying selection and the
non-selective processes commonly known under the generic term of molecular impulse (Dover
1982), and, on the other hand, those other events that introduce variation, mainly mutation and
hybridization. Therefore, ascertaining the variation of these sequences is crucial to understand
what processes are driving concerted evolution in lineages with complex evolution and to know

the evolutionary history of these lineages.

Erysimum (Brassicaceae) is a genus of more than 200 species, widely distributed in the
N. Hemisphere (Al-Shehbaz, 2012). The Baetic Mountains (SE Iberia), one of the most important
glacial refugia in Europe, constitute a hotspot for this group, with ten Erysimum species occurring
in this small area (Nieto-Feliner, 1993; Médail and Diadema, 2009). Previous studies have
suggested that several of these species have a hybrid origin (Abdelaziz, 2013; Pajares, 2013).
Furthermore, it has been described that in some instances, ploidy levels vary across these species
(Nieto-Feliner, 1993), suggesting that the evolution of this group requires a detailed understating
of hybridization and allopolyploidization. However, the effects of hybridization and

polyploidization on the genomes of these species have never been elucidated.
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In this study, we explored the homogenization degree of ITS1 and ITS2 for seven
Erysimum species analyzing the polymorphism at the intra-species, intra-population, and intra-
individual level, by sequencing both markers by NGS, attempting to recover all ITS copies
(Rauscher et al., 2002; Nieto-Feliner and Rosell6, 2007). Our objectives were 1) to infer the
degree of sequence homogenization on ITS1 and ITS2 for Erysimum at the individual,
population, and species-level; 2) determine the evolutionary outcome of concerted evolution
operating in hybrid and polyploid Erysimum spp., thereby providing insight into the
consequences of hybridization and polyploidy, and that of the concomitant allopolyploidization,

for ITS evolution.

Materials and methods

Taxon sampling

We collected fresh leaves from five individuals of three different populations of E. baeticum, E.
bastetanum, E. mediohispanicum, E. nevadense, and E. popovii, and five individuals of one
population of the microendemic E. fitzii. Also, we sampled five individuals of E. lagascae, a
species inhabiting the central Iberian Peninsula. A total of 85 samples were dried and preserved in
silica gel until DNA extraction. Table 1 shows the code, location, and ploidy levels of all the

samples.

DNA extraction

We used at least 60 mg of dry plant material for each sample. We disrupted the tissues using a
mortar and pestle. Then, total genomic DNA was isolated using the GenElute Plant Genomic
DNA Miniprep kit (Sigma-Aldrich, St. Louis, MO) following the manufacturer's protocol. The
quantity and the quality of the obtained DNA were checked using a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, United States), and the integrity

of the extracted DNA was checked on agarose gel electrophoresis.
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Taxon Population Location Elevation Geographical Ploidy level
coordinates
E. baeticum Ebb07 Sierra Nevada, Almeria, Spain 2128 37°05'46"N, 3°01'01"W  8x
Ebb10 Sierra Nevada, Almeria, Spain 2140 37°05'32"N, 3°00'40"W  8x
Ebb12 Sierra Nevada, Almeria, Spain 2264 37°05'51"N, 2°58'06"W  8x
E. bastetanum EbtO1 Sierra de Baza, Granada, Spain 1990 37°22'52"N, 2°51'49"W  4x
Ebt12 Sierra de Maria, Almeria, Spain 1528 37°41'03"N, 2°10'51"W  4x
Ebt13 Sierra Jurefia, Granada, Spain 1352 37°57'10"N, 2°29'24"W  8x
E. fitzii Ef01 Sierra de la Pandera, Jaén, Spain 1804 37°37'56"N, 3°46'46"W  2x
E. lagascae Ela07 Sierra de San Vicente, Toledo, Spain 516 44°05'49"N, 4°40'40"W  2x
E. mediohispanicum Em21 Sierra Nevada, Granada, Spain 1723 37°08'04"N, 3°25'43"W  2x
Em39 Sierra de Huétor, Granada, Spain 1272 37°19'08"N, 3°33'11"W  2x
Em71 Sierra Jurefia, Granada, Spain 1352 37°57'10"N, 2°29'24"W 4x
E. nevadense En0O5 Sierra Nevada, Granada, Spain 2074 37°06'35"N, 3°01'32"W  2x
Enl10 Sierra Nevada, Granada, Spain 2321 37°06'37"N, 3°24'18"W  2x
En12 Sierra Nevada, Granada, Spain 2255 37°05'37"N, 2°56'19"W  2x
E. popovii Epl6 Jabalcuz, Jaén, Spain 796 37°45'26"N, 3°51'02"W  4x
Ep20 Sierra de Huétor, Granada, Spain 1272 37°19'08"N, 3°33'11"W 10x
Ep27 Llanos del Purche, Granada, Spain 1470 37°07'46"N, 3°28'48"W  4x

Table 1. Taxonomic assignment, population code, location, and ploidy level for all of the Erysimum spp. populations

sampled.
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ITS1 and ITS2 amplification

We independently amplified ITS1 and ITS2 in each of the 85 samples. The ITS PCR reactions
were performed in a total volume of 25 pl with the following composition: 5 pL. 5% buffer
containing MgCl, at 1.5 mmol/L. (New England), 0.1 mmol/L each dNTP, 0.2 pmol/L each
primer, and 0.02 U Taq high fidelity DNA-polymerase (Q5 New England). We used a set of long
primers developed to have a 5' flanking sequence complementary to the Nextera XT DNA index
to facilitate adaptor ligation during library construction:

>ITS1-Flabel

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTCCGTAGGTGAACCTGCGG

>ITS2-Rlabel

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGCTGCGTTCTTCATCGATGC

>ITS3-Flabel

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGCATCGATGAAGAACGCAGC

>ITS4-Rlabel

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTCCTCCGCTTATTGATATGC.

Reactions included 30 cycles, and the thermocycling conditions were 94°C during 15 s, 60°C for
30 s, and 72°C for 30 s. Amplified fragments were purified using spin columns (GenElute TM
PCR Clean-Up Kit, Sigma-Aldrich), and were checked on agarose gel electrophoresis. Finally, we
quantified the starting DNA using the Infinite M200 PRO NanoQuant spectrophotometer
(TECAN, Mainnedorf, Switzerland).

Libraries construction

We constructed two libraries, one for ITS1 amplicons and one for ITS2 amplicons. The libraries
were prepared using the Nextera XT DNA Sample Preparation Kit. In brief, the DNA was tagged
by adding a unique adapter label combination to the 3' and 5' ends of the DNA sequence. Then,

the DNA was amplified via a nine cycle PCR. The total volume reaction was 25 pl with the
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following composition: 5 pL 10x buffer at 1.0 mmol/L (New England BioLabs), 0.1 mmol/L each
dNTP, 0.2 pmol/L each Nextera primer, 0.02 U Taq high fidelity DNA-polymerase (Q5 New
England), and 5X Q5 High GC Enhancer (New England BioLabs). PCR thermocycling
conditions were 98°C during 5s, 55°C for 10 s, and 72°C for 10 s. After that, we purified both
libraries using the GenElute PCR Clean-Up Kit (Sigma) to remove short library fragments.
Finally, we generated equal volumes of the libraries to prepared equimolar libraries for
sequencing, and the final concentration of each library was quantified using the Infinite M200

PRO NanoQuant spectrophotometer (TECAN, Méannedorf, Switzerland).

Library sequencing

ITS1 and ITS2 library sequencing was carried out by Novogene Bioinformatics Technology Co.,
Ltd, with an Illumina MiSeq platform (Illumina, USA) using a paired-end 150 bp sequence read
run. The ITS libraries of E. mediohispanicum were sequenced twice due to an unexpected low
sequencing output. This sequencing was done using the Illumina Miseq platform and paired-end

chemistry in the Scientific Instrumentation Center of the University of Granada, Spain.

Data analysis

FASTQ files were demultiplexed, and read quality was checked in FastQC v0.11.5 (Andrews,
2010). Then, we did a trimming analysis using first cutadapt v1.15 (Martin, 2011) to trim the
adapters, followed by a quality trimming using Sickle v1.33 (Joshi and Fass, 2011). Forward and
reverse reads were paired in Geneious R.11 (Kearse et al. 2012). Using the function "Set pair
read" with default parameters for Illumina paired-end read technology. Then the paired reads
were merged using BBMerge v37.64 (Bushnell et al., 2017) with Low Merge rate to decrease
false positives. Then, to reduce redundancy and reduce the noise caused by sequencing errors and
tag switching events, we did a cluster analysis using "cd hit" (Li and Godzik, 2006). We clustered
the sequences from each sample using an identity threshold of 0.99 (i.e., we merged sequences

with similarity > 99%) and discarded the clusters that included < 5 % of the total reads (Esling et
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al. 2015). This step reduced the contribution of sequencing errors to the reported sequence
diversity.

Then, we aligned the sequences from each sample using MAFFT v7.450 (Katoh et al.,
2002) with default parameters, generating one alignment per species and marker. We trimmed the
alignments using trimAl v1.2 (Capella-Gutiérrez et al., 2009), removing gaps with the "gappyout"
method. Then, we used the R package PEGAS v0.1 (Paradis, 2010) to estimate population genetic
parameters at intra-species, intra-population, and intra-individual level. We used the "nuc.div"
function to calculate nucleotide diversity (m), estimated as the average number of nucleotide
differences per site between two sequences (Nei and Li, 1979; Nei and Jin, 1989), and the
"hap.div" function to estimated haplotype diversity (Hd), as the probability that two randomly
chosen haplotypes from a given population were different. We then used the "haplotype" and
"haploNet" functions to calculate the total number of haplotypes and the haplotype frequency
distribution for each species, population, and individuals. We studied the normality of our data
using the Shapiro-Wilk’s method, and then as a non-normal distribution was found, we studied
the distribution of them using the Mann-Whitney-Wilcoxon test. Additionally, we studied whether
a correlation exists among ploidy levels and haplotype and nucleotide diversity, for ITS1, and
ITS2 samples. All statistical analyses were done in R using the package stats v3.6.1 (Team, R. C,,
2013). Also, as these species were described as frequently hybridizing, we studied if there were
shared haplotypes among different populations from the same species and also among different
species. To study that, we estimated the total number of haplotypes and their frequencies in ITS1
and ITS2 samples.

We analyzed the genetic structure of ITS1 and ITS2 samples performing a hierarchical
analysis of molecular variance (AMOVA; Excoffier, 1992). We used the "amova" function from
the R package PEGAS v0.1 (Paradis, 2010). Thus, we explored the genetic variation explained by
populations (i.e., at the population level), among individuals within populations (i.e., at the

individual level), and within individuals (i.e., at the intra-individual level). Moreover, we
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analyzed the amount of genetic variation that could be explained by differences among species
for ITS1 and ITS2, partitioning the variance in three levels: among species, among populations

within species, and within populations (i.e., among individuals).

Results

We obtained a total of 84 samples for ITS1, and 81 samples for ITS2, as some samples were not
well-sequenced (Table S1). The final number of sequences obtained after the quality trimming
and the cd-hit clustering for each ITS1 and ITS2 samples were presented in Table S1. A mean of
10156 + 1233 sequences per individual was obtained for ITS1 and 49428 + 7678 sequences per

individual for ITS2.

Polyploid species (E. baeticum, E. bastetanum, E. popovii) presented higher nucleotide
diversities (mean m + SE; 0.012 + 0.007 for ITS1; 0.003 + 0.004 for ITS2) than diploid species
(0.004 + 0.006 for ITS1; 0.002 + 0.003 for ITS2), for both ITS1 and ITS2 samples (Figure 1). We
have found a significant positive correlation between ploidy level and nucleotide diversity for
ITS1 (Spearman’s rho: 0.48, p-value: 2.10°), but a non-significant positive correlation for ITS2

(Spearman’s rho: 0.20, p-value: 0.06) (Figure 2).

Accordingly, the polyploid population of E. mediohispanicum (Em71, 4X) showed higher
nucleotide diversity for both ITS1 (mean t = 0.011 + 0.006) and ITS2 (mean nt = 0.003 + 0.002)
than the two diploid populations of this species (Em39: mean m = 0.006 + 0.007 for ITS1; mean 1
= 0.0003 + 0.001 for ITS2; and Em21: mean m = 0.0004 + 0.001 for ITS1; mean m = 0.001 +

0.002 for ITS2) (Figure S1).
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Figure 1. Boxplot depicting the nucleotide diversity (m) for ITS1 and ITS2 samples. Nucleotide polymorphism was
estimated for each Erysimum individual as the average number of nucleotide differences per site between two
sequences (Nei and Li, 1979). E. baeticum, E. bastetanum, E. popovii, and one population of E. mediohispanicum are

polyploids.
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Figure 2. Boxplot depicting the nucleotide diversities (m) for ITS1 and ITS2, estimated for each individual sample.

Haplotype diversity showed a pattern similar to that of the nucleotide diversities, with
higher haplotype diversity for polyploid species (mean Hd = 0.89 + 0.38 for ITS1; mean Hd =
0.50 + 0.49 for ITS2) than diploid species (mean Hd = 0.39 + 0.49 for ITS1; mean Hd = 0.28 +
0.45 for ITS2). Furthermore, we have found a significant positive correlation between ploidy
level and haplotype diversity for ITS1 (Spearman’s rho: 0.43, p-value: 2.96 for ITS1) and a non-
significant positive correlation for ITS2 (Spearman’s rho: 0.18, p-value: 0.09 for ITS2).
Moreover, polyploid species showed a significant higher number of haplotypes than diploid
species for ITS1 samples (Wilcoxon test = 343, p-value: 2.16), but not significant for ITS2
samples (Wilcoxon test = 632.5, p-value = 0.059) (Figure S2). Haplotype absolute frequencies

for all samples and at the three levels analyzed are presented in Tables S9-S15.

Furthermore, ITS2 presented significantly lower nucleotide diversities than ITS1 (Figure
2; Wilcoxon test = 5165.5, p-value: 3.337). Moreover, we have found no polymorphism for ITS2

in 49 individuals (Table S2-S8), indicating the presence of only a single haplotype. This pattern
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was less usual for ITS1, where only 30 individuals showed no nucleotide diversity (Table S2-S8).
Also, ITS2 presented lower haplotype diversities when compared with ITS1 samples (Wilcoxon
test = 4458, p-value 0.002; Table 2). Haplotype and nucleotide diversity values for ITS1 and
ITS2 at the three levels analyzed for all the species studied are shown in the supplementary

material (Tables S2-S8).

Erysimum species

ITS1

ITS2

E. baeticum

E. bastetanum

E. fitzii

E. lagascae

E. mediohispanicum

E. nevadense

E. popovii

0.983 (max: 1.000; min: 0.963)

0.983 (max: 1.000; min: 0.969)

0.944 (max: 1.000; min: 0)

1.000 (max: 1.000; min: 0)

0.969 (max: 1.000; min: 0.400)

0.938 (max: 1.000; min: 0.785)

0.984 (max: 1.000; min: 0.888)

0.897 (max: 1.000; min: 0.933)

0.893 (max: 1.000; min: 0.666)

0.872 (max: 1.000; min: 0)

0.733 (max: 1.000; min: 0)

0.805 (max: 1.000; min: 0.866)

0.941 (max: 1.000; min: 0.833)

0.943 (max: 1.000; min: 0.866)

Table 2. Average haplotype diversity (Hp) per species, estimated for ITS1 and ITS2 samples. Maximum and minimum

values refer to individual samples.
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For ITS1, several haplotypes were shared among different species, particularly among
some populations of E. bastetanum, E. fitzii, E. mediohispanicum, and E. nevadense (see
supplementary materials Tables S10, S11, S13, and S14). Specifically, we have found that the
three populations of E. bastetanum studied here shared haplotypes with two E. mediohispanicum
populations (Em39, Em71) and with the three populations of E. nevadense. In addition, E.
bastetanum populations and one population of E. nevadense (En05) also shared haplotypes with
the E. fitzii population included in the analyses.

The hierarchical AMOVAs showed that species level was a significant source of variation
for both ITS sequences (Table 3). This level explained 52.63 % and 73.50 % of the variance for
ITS1 (p-value < 0.001, @ = 0.48) and ITS2 (p-value < 0.001, ® = 0.70) respectively, implying
ample genetic divergence between species. This analysis also showed a high value of divergence

among populations (high ® values; Table 3) although without reaching statistical significance.

Sequence Source of variation df Variance % Variance @ statistics  p-value
(sigma?)

ITS1 Species 6 1.96 x 10° 52.63 0.48 <0.01
Populations within species 10 2.23x 10° 6.00 0.55 0.58
Within populations 197 1.54 x 10° 41.36 -

1TS2 Species 6 1.10 x 10 73.50 0.7 <0.01
Populations within species 10 1.32x10° 8.84 0.8 0.99
Within populations 128 2.64 17.64 -

Table 3. Hierarchical AMOVA results for ITS1 and ITS2 regions.
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When the genetic structure was separately analyzed for each species, we found a more

complex results, with the bigger part of the variance (44.96 % — 100 % for ITS1; 29.12 % — 100

% for ITS2) resided at the within individuals levels (see Table 4 for ITS1, and Table 5 for ITS2).

The among populations component (i.e., at the population level) varied from 0 % to 48.07 % for

ITS and from 0 % to 70.87 % for ITS2. Then, the differentiation among populations was

significant in E. mediohispanicum, E. nevadense, and E. popovii for ITS1 (Table 4) and only in

E. bastetanum for ITS2 (Table 5).

Species Source of variation df Variance % Variance D p-value
(sigma®) statistics
E. baeticum Populations 2 1.48 x 10° 8.93 0.11 0.09
Individuals within populations 12 0 0 0 0.99
Within individuals 24 1.51 x 10* 91.06 - -
E. bastetanum Populations 2 0 0 0 0.96
Individuals within populations 12 0 0 0 0.61
Within individuals 31 2.33x10* 100 - -
E. fitzii Individuals within populations 4 8.37x10° 55.03 0 0.14
Within individuals 4 6.48 x 10° 44.96 - -
E. lagascae Individuals within populations 4 6.50 x 10 0.07 0 0.55
Within individuals 2 8.48 x 10° 99.92 - -
E. mediohispanicum  Populations 2 4.58 x 10° 48.07 0.5 <0.01
Individuals within populations 12 0 0 0.45 0.69
Within individuals 42 4.95x10° 51.92 - -
E. nevadense Populations 2 1.67 x 10° 18.29 0.25 <0.01
Individuals within populations 11 0 0 0 0.8
Within individuals 7 7.47 x 10° 81.7 - -
E. popovii Populations 2 3.13x 10° 19.01 0.2 0.02
Individuals within populations 12 0 0 0.13 0.72
Within individuals 20 1.33x10* 80.98 - -

Table 4. ITS1 hierarchical AMOVA results for E. baeticum, E. bastetanum, E. fitzii, E.lagascae, E. mediohispanicum,

E. nevadense, and E. popovii.
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Species Source of variation df Variance % Variance () p-value

(sigma?) statistics
E. baeticum Populations 2 1.38 x 107 0.3 0.01 0.46
Individuals within populations 12 0 0 0 0.99
Within individuals 2 4.46 x 10° 99.69 - -
E. bastetanum Populations 2 8.05x 10° 70.87 0.75 <0.01
Individuals within populations 10 0 0 0.69 0.99
Within individuals 29 3.30x 10° 29.12 - -
E. fitzii Individuals within populations 3 0 0 0 0.9
Within individuals 5 6.08 x 10° 100 - -
E. lagascae Individuals within populations 4 0 0 0 0.94
Within individuals 4 0.06 100 - -
E. mediohispanicum Populations 2 0 0 0 0.97
Individuals within populations 12 0 0 0 0.28
Within individuals 10 5.08 x 10° 100 - -
E. nevadense Populations 2 0 0 0 0.99
Individuals within populations 11 0 0 0 0.88
Within individuals 3 5.12x 10® 100 - -
E. popovii Populations 2 1.15x 10° 7.73 0.09 0.56
Individuals within populations 12 0 0 0 0.41
Within individuals 12 0.01 92.26 - -

Table 5. ITS2 hierarchical AMOVA results for E. baeticum, E. bastetanum, E. fitzii, E.lagascae, E. mediohispanicum,

E. nevadense, and E. popovii.
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Discussion

We have found a deficit of concerted evolution for the 45S rDNA regions in the Erysimum
species studied here, manifested by a general lack of homogenization of the ITS sequences. Here,
we analyzed samples taken from 85 individuals from 17 populations and 7 species, in which we
have studied the degree of sequence homogenization at the individual, population, and species
level. Our analyses were based on a very stringent trimming to avoid false polymorphisms due to
sequencing errors. However, despite being so restrictive, we have found general high nucleotide
and haplotype diversities and some genetic structure.

We have found that polyploid Erysimum species presented lower ITS homogenization
levels than diploid species. Specifically, polyploid species presented higher genetic and
haplotypic diversity and a higher number of haplotypes. A pattern that agrees with the hypothesis
that polyploids harbor greater genetic diversity (Otto and Whitton, 2000). This lack of concerted
evolution in polyploid species has been previously described in several study systems in which
the lack of sequence homogenization is related with recent hybrid origin (Rauscher et al., 2002;
Koch et al., 2003; Kovarick et al., 2004; Lunerova et al., 2017; Morales-Briones et al., 2019). The
expected higher number of rDNA loci, usually located on different chromosomes, in polyploids
than in diploids might have made homogenization very difficult in the polyploids. We unknown
the number of rDNA loci and chromosomic locations in these Erysimum species. In the genome
of the diploid E. cheiranthoides (Ziist et al., 2020), the rDNA appears in eight locations in
chromosomes 3, 6, 7, and 8. In polyploids, the number of rDNA loci is expected to vary with the
age of polyploid formation (Weiss-Schneeweiss et al., 2013): The number of rDNA loci will
coincide with the sum of those of its parents in young allopolyploids, but it will be more variable
in older polyploids, where some loci are usually lost (Clarkson et al., 2005; Chester et al., 2012;

Rebening et al., 2012; Weiss-Schneeweiss et al., 2013). Therefore, a higher number of rDNA loci



in polyploids than diploids probably has contributed to the lower sequence homogenization in
these Erysimum species. Moreover, recent hybridization events may have contributed to the
observed pattern of lack of ITS homogenization, since we have also found this lack of
homogenization in the diploid species, that also showed high nucleotide and haplotype
diversities.

Our results suggest a complex evolutionary history for these Erysimum species. Polyploid
species show the sequence non-homogenization expected for young polyploids. Diploid species
might show signatures of past hybridization events or even an ancient polyploid origin (and
posterior diploidization), which might hinder concerted evolution in their genomes. However, the
similar DNA content of these diploid species (our unpublished data, see Chapter 4) does not
support an ancient polyploid origin and posterior diploidization. We think it is more plausible the
hypothesis of past and recent hybridization events for these Erysimum species in which concerted
evolution did not have time to thoroughly homogenize the ITS copies presented across
chromosomes in diploid and polyploid species. The high molecular variance at the intraindividual
level (Tables 4 and 5), which shows this level as the main reservoir of ITS variation, supports
this hypothesis. The significant molecular variance among populations for some species (i.e., E.
mediohispanicum, E. nevadense, E. popovii for ITS1) indicates some degree of genetic
differentiation among populations that could be explained by the presence of different ITS copies
arriving via introgression from other species.

Our results supported the lack of homogenization was more remarkable for the ITS1 than
ITS2, suggesting that concerted evolution is operating more efficiently on the latter than on the
former. This result was in concordance with previous studies that have shown that ITS1 is, on
average more variable than ITS2, which has been described as a very conserved marker
(Hershkovitz and Zimmer, 1996; Coleman, 2003; Chen et al., 2010; Buchheim et al., 2011; Wang

et al., 2014; Yang et al., 2018). The AMOVA results (Table 3) suggest that species differences



explain a large and significant amount of genetic variance and that these markers, specially ITS2
that show a higher @ statistics, could be useful to identify species despite the elevated
intragenomic variation in the ITS sequences.

ITS sequences, specially ITS2, have for a long time been used as phylogenetic markers
and barcodes in plants (Baldwin et al., 1995; Hughes et al., 2006; Wang et al., 2014; Mishra et al.,
2016; Cheng et al., 2016). However, many studies have pointed out the drawbacks of using ITS
for these purposes, especially in species where sequence homogenization is lacking due to
hybridization or other genome rearrangement events (Alvarez and Wendel, 2003; Nieto-Feliner
and Rosselld, 2007). This might be the case in our study system, where population differentiation
was significant for some species (see Table 4 and 5). Therefore, the phylogenetic relationship of
Erysimum cannot be resolved entirely based on ITS results alone. In this sense, the published
phylogenies based on ITS sequences (Abdelaziz et al., 2014; Gémez et al., 2014; Moazzeni et al.,
2014) showed a variable degree of phylogenetic incongruences, possibly because the presence of
hybridization events has led to a lack of ITS sequences homogenization in the genus (Abdelaziz
et al.,, 2014; Moazzeni et al., 2014). Therefore, our results indicate that caution is recommended
when using ITS for phylogenetic studies without prior knowledge of the haplotype distribution,
even for diploid species, where hybridization is generally assumed not to occur.

ITS markers have been used in several studies to identify the parental contributors of
hybrid species (Koch et al., 2003; Sun et al., 2003; Nieto-Feliner et al., 2004; Grimm and Denk,
2008; Hodac et al., 2014). In our study, we have found shared haplotypes among diploid and
polyploid species (specifically among E. bastetanum (polyploid) and the diploid species E. fitzii,
E. mediohispanicum, and E. nevadense), which could be the results of incomplete lineage sorting
or the effect of recent or ancient hybridization events. Unfortunately, we have not found clear
evidence of whether these diploid species could be considered as parental species of the

polyploidy taxa. Therefore, in light of our results, we think that hybridization occurring in



different populations of the same species, with multiple backcrossing events, may have resulted
in a complex hybridization scenario that hides the parental species. Thus, future studies
measuring the introgression among these species would bring light for these species’ probable
reticulated history. Moreover, studies identifying the alleles that are co-located on the same
chromosome through phased haplotypes (Browning and Browning, 2011) would be ideal for
identifying the parental species and trace back the hybridization events for these Erysimum

species.
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Supplementary Material

Figure S1. Boxplot depicting the nucleotide diversities (m) estimated for the ITS1 and ITS2 Erysimum

mediohispanicum samples.

Figure S2. Haplotype distribution for ITS1 (A) and ITS2 samples (B), represented as the total number of
haplotypes (x-axis), and the total frequency of each haplotype (y-axis), estimated as the
percentage of sequences of each individual haplotype in the total sequence pool. C) Boxplot
depicting the number of ITS1 haplotypes per sample for diploid and polyploid species, D)

Number of ITS2 haplotypes per sample for diploid and polyploid species.
Table S1. Number of sequences after quality trimming and after cd-hit clustering for all the samples.

Table S2. Nucleotide and haplotype diversity for E. baeticum, ITS1 and ITS2 samples, at the three-level

analyzed.

Table S3. Nucleotide and haplotype diversity for E. bastetanum, ITS1 and ITS2 samples, at the three-level

analyzed.

Table S4. Nucleotide and haplotype diversity for E. fitzii, ITS1 and ITS2 samples, at the three-level

analyzed.

Table S5. Nucleotide and haplotype diversity for E. lagascae, ITS1 and ITS2 samples, at the three-level

analyzed.

Table S6. Nucleotide and haplotype diversity for E. mediohispanicum, ITS1 and ITS2 samples, at the

three-level analyzed.

Table S7. Nucleotide and haplotype diversity for E. nevadense, ITS1 and ITS2 samples, at the three-level

analyzed.
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Table S8. Nucleotide and haplotype diversity for E. popovii, ITS1 and ITS2 samples, at the three-level

analyzed.

Table S9. Number of total haplotypes, frequency of each haplotype (based on the total of sequences after
cd-hit analysis), number of haplotypes shared among different populations from the same
species, and number of haplotypes shared among E. baeticum and other Erysimum species

studied here.

Table S10. Number of total haplotypes, frequency of each haplotype (based on the total of sequences after
cd-hit analysis), number of haplotypes shared among different populations from the same
species, and number of haplotypes shared among E. bastetanum and other Erysimum species

studied here.

Table S11. Number of total haplotypes, frequency of each haplotype (based on the total of sequences after
cd-hit analysis), number of haplotypes shared among different populations from the same
species, and number of haplotypes shared among E. fitzii and other Erysimum species studied

here.

Table S12. Number of total haplotypes, frequency of each haplotype (based on the total of sequences after
cd-hit analysis), number of haplotypes shared among different populations from the same
species, and number of haplotypes shared among E. lagascae and other Erysimum species

studied here.

Table S13. Number of total haplotypes, frequency of each haplotype (based on the total of sequences after
cd-hit analysis), number of haplotypes shared among different populations from the same
species, and number of haplotypes shared among E. mediohispanicum and other Erysimum

species studied here.

Table S14. Number of total haplotypes, frequency of each haplotype (based on the total of sequences after
cd-hit analysis), number of haplotypes shared among different populations from the same
species, and number of haplotypes shared among E. nevadense and other Erysimum species

studied here.
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Table S15. Number of total haplotypes, frequency of each haplotype (based on the total of sequences after
cd-hit analysis), number of haplotypes shared among different populations from the same
species, and number of haplotypes shared among E. popovii and other Erysimum species studied

here.
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Figure S2. Haplotype distribution for ITS1 (A) and ITS2 samples (B), represented as the total number of
haplotypes (x-axis), and the total frequency of each haplotype (y-axis), estimated as the percentage of
sequences of each individual haplotype in the total sequence pool. C) Boxplot depicting the number of

ITS1 haplotypes per sample for diploid and polyploid species, D) Number of ITS2 haplotypes per sample
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Taxon Sample Number of sequences after quality Number of sequences
trimming
after clustering
ITS1 ITS2 ITS1 ITS2

E. baeticum Ebb07_1 9323 194745 7122 191686
Ebb07_2 7358 25941 6539 25311
Ebb07_3 5852 45680 5274 18641
Ebb07_4 5198 334388 3731 132263
Ebb07_5 6092 403632 5063 128485
Ebb10_1 7090 608256 5289 247990
Ebb10_2 9843 181762 9171 65007
Ebb10_3 6710 181726 6155 109565
Ebb10_4 9468 352662 8618 152423
Ebb10_5 10847 381902 9190 160503
Ebb12_1 9820 452562 8586 172469
Ebb12_2 6487 600370 5328 262497
Ebb12_3 6706 441938 5727 167879
Ebb12_4 6013 493274 5403 201674
Ebb12_5 8379 71674 6784 29745

E. bastetanum Ebt01_1 6673 147372 5469 140547
Ebt01_2 4309 19851 3581 18981
Ebt01_3 6389 136348 5869 133498
Ebt01_4 10349 10913 9876 10627
Ebt01_5 2407 25871 1916 25497
Ebt12_1 9387 74828 8459 73287
Ebt12_2 3417 77159 2575 70854
Ebt12_3 6613 31839 4897 30580
Ebt12_4 7133 0 5651 0
Ebt12_5 4648 0 4306 0
Ebt13_1 5007 37 4460 52
Ebt13_2 6116 127 5061 95
Ebt13_3 6075 518 5443 356
Ebt13_4 4898 180 4279 90
Ebt13_5 7209 412 6616 311

E. fitzii Ef01_1 2459 1144 504 666
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E. lagascae

E. mediohispanicum

E. nevadense

Ef01_2
Ef01_3
Ef01_4
Ef01_5
Ela07_1
Ela07_2
Ela07_3
Ela07_4
Ela07_5
Em21_1
Em21_2
Em21_3
Em21 4
Em21_5
Em39_1
Em39_2
Em39_3
Em39_4
Em39_5
Em71_1
Em71_2
Em71_3
Em71_4
Em71_5
En05_1
En05_2
En05_3
En05_4
En05_5
Enl10_1
En10_2
En10_3
En10_4
Enl10_5
En12_1
Enl12_2

Enl12_3

36284

20575

21007

24480

46652

28675

43375

37367

21787

1057

1517

1500

1061

2460

740

3860

4184

6317

1542

3372

3152

5526

1817

3824

19550

33125

20691

72945

101

17010

15650

21251

32198

19828

14249

15973

18005

120

3208

12272

3040

7949

25037

44502

26642

68778

46

23

37

54

31

10

36

48

61

12

324

92

253

260

52

3660

3361

38519

9749

6507

3031

70323

62475

66797

182495

101910

100528

6829

27977

18112

19382

21220

38755

26098

43522

34303

18544

1027

1470

1454

1013

1801

580

355

297

401

156

310

281

418

215

387

22540

29703

19623

65114

72

15179

13255

17700

30531

17403

13363

13990

16465

2992

11221

2819

7498

23325

40688

23085

49696

38

17

34

47

27

36

39

59

11

259

68

187

165

23

3260

3222

36417

8588

5839

2734

65241

60745

63176

175659

100098

97509

6298



Enl2_5
E. popovii Epl6_1
Epl6_2
Ep16_3
Epl6_4
Ep16_5
Ep20_1
Ep20_2
Ep20_3
Ep20_4
Ep20_5
Ep27_1
Ep27_2
Ep27_3
Ep27_4

Ep27_5

29274

10691

2753

5647

6081

6922

19099

11313

4570

5056

5861

7621

6239

15831

6207

25310

291336
32788
26133
26132
18519
14860
55464
15011
7092
6522
25346
58789
44639
12787
38248

24543

26163

8965

2590

5300

4967

6381

13841

10034

4108

3753

5119

5962

5227

14370

5147

21224

287162

27961

15418

25074

17651

13983

48638

13546

5309

3234

22381

53469

36287

11745

35449

236

Table S1. Number of sequences after quality trimming and after cd-hit clustering for all the samples.
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E. baeticum Sample code ITS1 ITS2

T Hd T Hd
Species level Ebb 0.013 0.983 0.006 0.897
Population level Ebb07 0.015 1.000 0.009 0.933
Ebb10 0.012 0.963 0.004 1.000
Ebb12 0.015 1.000 0.008 0.933
Individual level Ebb07 1 0.022 1.000 0 0
Ebb07 2 0.011 1.000 0 0
Ebb07 3 0 0 0.010 1.00
Ebb07 4 0.012 1.000 0 0
Ebb07 5 0.018 1.000 0 0
Ebb10 1 0.018 1.000 0 0
Ebb10 2 0 0 0 0
Ebb10 3 0.011 1.000 0 0
Ebb10 4 0 0 0 0
Ebb10 5 0.017 1.000 0 0
Ebb12 1 0.009 1.000 0 0
Ebb12 2 0.011 1.000 0.008 1.000
Ebb12 3 0 0 0 0
Ebb12 4 0.015 1.000 0 0
Ebb12 5 0.011 1.000 0 0

Table S2. Nucleotide and haplotype diversity for E. baeticum, ITS1 and ITS2 samples, at the three-level analyzed.
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E. bastetanum Sample code ITS1 ITS2

T Hd n Hd
Species level Ebt 0.013 0.983 0.006 0.893
Population level Ebt01 0.013 0.969 0.005 0.694
Ebt12 0.012 0.991 0.008 0.900
Ebt13 0.013 0.975 0.005 0.916
Individual level Ebt01 1 0.013 1.000 0.005 0.694
Ebt01 2 0.014 1.000 0 0
Ebt01 3 0.020 1.000 0.008 1.000
Ebt01 4 0.019 1.000 0.021 1.000
Ebt01 5 0.017 1.000 0.005 0.666
Ebt12 1 0.015 1.000 0.010 1.000
Ebt12 2 0.015 1.000 0 0
Ebt12 3 0.015 1.000 0 0
Ebt12 4 0.013 1.000 0 0
Ebt12 5 0.011 1.000 0 0
Ebt13 1 0.013 1.000 0.004 1.000
Ebt13 2 0.018 1.000 0.004 1.000
Ebt13 3 0.017 1.000 0.006 1.000
Ebt13 4 0.013 1.000 0.005 1.000
Ebt13 5 0.030 1.000 0.006 1.000

Table S3. Nucleotide and haplotype diversity for E. bastetanum, ITS1 and ITS2 samples, at the three-level analyzed.
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E. fitzii Sample code ITS1 ITS2

T Hd n Hd
Species level Ef 0.011 0.944 0.009 0.972
Individual level Ef011 0 0 0.012 1.000
Ef01 2 0 0 0.010 1.000
Ef013 0.008 1.000 0.008 1.000
Ef01 4 0 0 0.010 1.000
Ef015 0.019 1.000 0 0

Table S4. Nucleotide and haplotype diversity for E. fitzii, ITS1 and ITS2 samples, at the three-level analyzed.

E. lagascae Sample code ITS1 ITS2
T Hd T Hd
Species level Ela 0.011 1.00 0.005 0.733
Individual level Ela07 1 0 0 0 0
Ela07 2 0.008 1.00 0 0
Ela07 3 0 0 0 0
Ela07 4 0 0 0.007 1.000
Ela07 5 0.019 1.00 0 0

Table S5. Nucleotide and haplotype diversity for E. lagascae, ITS1 and ITS2 samples, at the three-level analyzed.
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E. mediohispanicum Sample code ITS1 ITS2

n Hd n Hd
Species level Em 0.300 0.969 0.003 0.805
Population level Em21 0.001 0.400 0.002 0.750
Em39 0.001 0.955 0.001 0.333
Em71 0.003 0.963 0.003 0.847
Individual level Em211 0.004 0.812 0.005 1.000
Em212 0 0 0.002 1.000
Em213 0 0 0.002 1.000
Em21 4 0 0 0 0
Em215 0 0 0 0
Em39 1 0.014 1.000 0.003 1.000
Em39 2 0 0 0 0
Em39 3 0 0 0 0
Em39 4 0.005 1.000 0 0
Em39 5 0.014 1.000 0 0
Em711 0.014 1.000 0.007 1.000
Em712 0.014 1.000 0.003 1.000
Em713 0 0 0.003 1.000
Em71 4 0.014 1.000 0.001 1.000
Em715 0.015 1.000 0.003 1.000

Table S6. Nucleotide and haplotype diversity for E. mediohispanicum, ITS1 and ITS2 samples, at the three-level

analyzed.
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E. nevadense Sample code ITS1 ITS2

n Hd n Hd
Species level En 0.010 0.938 0.006 0.941
Population level En05 0.008 0.785 0.010 0.933
Enl10 0.004 0.800 0.007 1.000
En12 0.009 0.952 0.003 0.833
Individual level En05 1 0.008 1.000 0.007 1.000
En05 2 0 0 0 0
En05 3 0 0 0 0
En05 4 0.008 1.000 0 0
En05 5 0.011 1.000 0 0
Enl01 0 0 0 0
Enl0 2 0 0 0 0
En103 0 0 0 0
En10 4 0 0 0 0
Enl105 0.008 1.000 0 0
Enl21 0 0 0 0
Enl22 0.014 1.000 0 0
Enl2 3 0.011 1.000 0 0
Enl2 4 0 0 0 0
Enl25 0 0 0 0

Table S7. Nucleotide and haplotype diversity for E. nevadense, ITS1 and ITS2 samples, at the three-level analyzed.
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E. popovii Sample code ITS1 ITS2
T Hd T Hd

Species level Ep 0.015 0.984 0.007 0.943

Population level Epl16 0.013 0.977 0.007 0.977
Ep20 0.016 1.000 0.008 0.944
Ep27 0.004 0.888 0.004 0.866

Individual level Epl61 0 0 0.010 1.000
Ep162 0.014 1.000 0.011 1.000
Ep16 3 0.011 1.000 0 0
Epl6 4 0.019 1.000 0.005 1.000
Ep165 0.022 1.000 0.008 1.000
Ep201 0.019 1.000 0.010 1.000
Ep202 0.017 1.000 0.010 1.000
Ep20 3 0.014 1.000 0.005 1.000
Ep20 4 0.011 1.000 0.010 1.000
Ep20 5 0.018 1.000 0 0
Ep27 1 0 0 0 0
Ep27 2 0 0 0 0
Ep273 0.005 1.000 0 0
Ep27 4 0 0 0.008 1.000
Ep27 5 0.002 1.000 0 0

Table S8. Nucleotide and haplotype diversity for E. popovii, ITS1 and ITS2 samples, at the three-level analyzed.
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E. baeticum ITS1 I1TS2

Sample Number of Relative abundance = Hap. shared Hap. shared Number of Relative Hap. shared Hap. shared with
haplotypes haplotypes abundance other spp
with other spp
Species level ~ EDD 31 H1:10,25% 3 0 9 H1:29,41% 4 0
H2: 7,69 % H2-H5: 11,76 %
H3-H5: 5,12 % H6-H9: 5,88 %
H6-H31: 2,56 %
Population level EDbO7 13 H1-H13: 7,69 % H1: Ebb12 4 H1-H2:33,33% H1: Ebb12
H3-H4: 16,66 % H2: Ebb10, Ebb12
Ebb10 9 H1: 33,33 % H1: Ebb12 4 H1: 40 % H2: Ebb07, Ebb12
H2-H9: 8,33 % H2-H4: 20 % H3: Ebb12
H6: Ebb12
Ebb12 11 H1-H3: 14,28 % H2: Ebb07, 4 H1: 50 % H1: Ebb07
H4-H11: 7,14 % H3: Ebb10 H2-H4: 16,66 % H2: Ebb12, Ebb07
H3: Ebb10
H4: Ebb10
Individual level EDPO7_1 2 H1: 64,55 % 1 H1: 98,42 %
H2: 11,84 %
Ebb07_2 3 H1: 51,38 % 2 H1: 64,67 %
H2: 24,58 % H2: 32,90 %
H3: 12,89 %
Ebb07_3 1 H1:90,12 % 1 H1: 40,41 %
Ebb07_4 3 H1: 31,89 % 1 H1: 39,55 %
H2: 27,79 %
H3: 12,08 %
Ebb07_5 4 H1: 54,89 % 1 H1: 31,83 %
H2: 16,00 %
H3: 6,18 %
H4: 6,02 %
Ebb10_1 5 H1: 31,01 % 1 H1: 40,77 %
H2: 18,22 %
H3: 10,23 %
H4: 8,29 %
H5: 6,82 %
Ebb10_2 1 H1: 93,17 % 1 H1: 35,76 %
Ebb10_3 2 H1: 80,78 % 1 H1: 60,29 %
H2: 10,93 %
Ebb10_4 1 H1: 91,02 % 1 H1: 43,22 %
Ebb10_5 3 H1: 61,98 % 1 H1: 40,02 %
H2: 17,56 %
H3:5,18 %
Ebb12_1 3 H1: 55,44 % 2 H1: 22,50 %
H2: 19,68 % H2: 15,69 %
H3: 12,30 %
Ebb12_2 3 H1: 61,30 % 1 H1: 43,72 %
H2: 11,94 %
H3: 8,87 %
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Ebb12_3 1 H1: 85,40 % 1 H1: 37,98 %
Ebb12_4 5 H1: 38,78 % 1 H1: 40,88 %
H2: 15,61 %
H3: 15,20 %
H4: 12,68 %
H5: 7,56 %
Ebb12_5 2 H1: 42,54 % 1 H1: 41,50 %
H2: 38,41 %

Table S9. Number of total haplotypes, frequency of each haplotype (based on the total of sequences after cd-hit analysis), number of haplotypes shared among different populations from the same species, and

number of haplotypes shared among E. baeticum and other Erysimum species studied here.
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E. bastetanum

ITS1

ITS2

Sample code Number of Relative Hap. shared with Hap. shared with other =~ Number of Relative Hap. shared with  Hap. shared with
haplotypes abundance Ebt populations spp haplotypes abundance Ebt populations other spp
Species level Ebt 38 H1: 10,86 % () 2 5 17 H1:27,5% 2
H2: 6,52 % H2: 15 %
H3: 4,34 % H3-H4: 10 %
H4-H38: 2,17 % H5-H6: 5 %
H7-H17: 2,5 %
Population level Ebt01 9 H1: 25 % H1:Ebt12, Ebt13 H1: Em71 4 H1: 55,55 % H1: Ebt12
H2: 16,6 % H2: Ebt13 H2: Em39, En05, En12 H2: 22,22 %
H3-H9: 8,33 % H3: Em71 H3-H4: 11,11 %
H4: Em71
H5: En05
Ebt12 15 H1:12,5% H1: Ebt01, Ebt13 H1: Em71 4 H1: 40 % H1: Ebt01
H2: 6,25 % H2: Em39, En05, H2-H4: 20 % H2: Ebt13
H3-H15: 6,25 % Enl2
H5: En05
Ebt13 13 H1:5,55% H1: Ebt01,Ebt12 H1: Em71 4 H1: 60,25 % H2: Ebt12
H2-H13:5,55%  H2: Ebt01 H2: Em39, En05, En12 H2: 17,32 %
H3: Em71 H3: 15,94 %
H4: Em71 H4: 3,82 %
Individual level Ebt01_1 3 H1: 43,75 % 1 H1: 95,36 %
H2: 28,68 %
H3:9,5%
Ebt01_2 2 H1: 59,43 % 1 H1: 95,61 %
H2: 23,67 %
Ebt01_3 2 H1: 61,91 % 2 H1: 83,54 %
H2: 29,94 % H2: 14,36 %
Ebt01_4 2 H1: 74,73 % 2 H1: 91,87 %
H2: 20,69 % H2:5,51 %
Ebt01_5 3 H1: 46,94 % 2 H1: 86,81 %
H2: 22,18 % H2: 11,74 %
H3: 10,46 %
Ebt12_1 3 H1: 75,14 % 3 H1: 59,53 %
H2:9,05 % H2: 31,10 %
H3: 5,91 % H3:7,31 %
Ebt12_2 3 H1: 41,94 % 1 H1:91,82 %
H2: 21,94 %
H3: 11,91 %
Ebt12_3 4 H1: 33,87 % 1 H1: 96,04 %
H2:17,93 %
H3: 11,81 %
H4: 10,43 %
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Ebt12_4 4 H1: 33,38 % 0 0

H2: 25,34 %
H3: 15,49 %
H4:5%
Ebt12_5 2 H1: 84,18 % 0 0
H2: 8,45 %
Ebt13_1 3 H1: 55,78 % 5 H1:30 %
H2: 23,92 % H2: 27,27 %
H3: 9,36 % H3: 21,21 %
H4: 15,15 %
H5:6 %
Ebt13_2 5 H1: 38,84 % 4 H1: 46 %
H2: 20,40 % H2: 22,10 %
H3: 9,66 % H3:18,94 %
H4: 7,66 % H4: 12,63 %
H5: 6,16 %
Ebt13_3 2 H1: 53,444 % 3 H1: 57,02 %
H2: 36,14 % H2: 26,40 %
H3: 16,57 %
Ebt13_4 3 H1: 34,01 % 3 H1: 63,33 %
H2: 27,41 % H2: 24,44 %
H3: 25,92 % H3:12,22 %
Ebt13_5 5 H1: 37,57 % 3 H1:72,34 %
H2: 31,77 % H2: 14,14 %
H3: 10,75 % H3:9,6 %
H4:5.85 %
H5: 5,81 %

Table S10. Number of total haplotypes, frequency of each haplotype (based on the total of sequences after cd-hit analysis), number of haplotypes shared among different populations from

the same species, and number of haplotypes shared among E. bastetanum and other Erysimum species studied here.
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E. fitzii ITS1 ITS2

Sample code Number of Relative abundance Hap. shared with Number of Relative abundance Hap. shared with other
haplotypes other spp haplotypes spp
. Ef01 6 H1-H3: 22,22 % 0 7 HI1-H7: 14,27 % 0
Population level H4-H6. 1111 %
Individual level EfOl_l 1 H1: 20 % 1 H1: 83,07 %
Ef01_2 4 H1: 27,42 % 1 H1: 91,01 %
H2: 24,04 %
H3: 20,34 %
H4: 5,27 %
Ef01_3 1 H1: 88,02 % 2 H1: 57,63 %
H2: 42,97 %
Ef01_4 1 H1: 92,26 % 2 H1: 81,30 %
H2: 10,50 %
Ef01_5 2 H1: 58,84 % 1 H1: 85,16 %
H2: 27,83 %

Table S11. Number of total haplotypes, frequency of each haplotype (based on the total of sequences after cd-hit analysis), number of haplotypes shared among different populations from

the same species, and number of haplotypes shared among E. fitzii and other Erysimum species studied here.
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E. lagascae ITS1 ITS2

Sample code Number of Relative abundance Hap. shared with Number of Relative abundance Hap. shared with other
haplotypes other spp haplotypes spp

Population level Ela07 7 H1-H7: 14,27 % 0 2 H1: 74,98 % 0
pulati v H2: 19,34 %
Individual level Ela07_1 1 H1: 83,07 % 1 H1: 93,16 %
Ela07_2 1 H1: 91,01 % 1 H1:91,42 %
Ela07_3 2 H1:57,63 % 1 H1: 97,55 %

H2: 42,97 %

Ela07_4 2 H1: 81,30 % 2 H1: 46,94 %
H2:10,50 % H2: 25,31 %
Ela07_5 1 H1: 85,16 % 1 H1:94,5 %

Table S12. Number of total haplotypes, frequency of each haplotype (based on the total of sequences after cd-hit analysis), number of haplotypes shared among different populations from

the same species, and number of haplotypes shared among E. lagascae and other Erysimum species studied here.
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E. mediohispanicum

ITS2

Sample code Number of  Relative abundance Hap. shared with  Hap. shared with Relative abundance Hap. shared with  Hap. shared
haplotypes En populations other spp En populations  with other spp
Species level Em 10 H1: 23,67 % 5 13 H1: 37,70 % 0 0
H2: 22,79 % H2: 18,80 %
H3: 20,25 % H3: 16,07 %
H4:12,54 % H4: 10,19 %
H5: 9,92 % H5: 4 %
H6:2,92% H6: 4,14 %
H7:2,41 % H7:1,98 %
H8-H10: 1,5 % H8: 1,73 %
H9-H13:1 %
Population level Em21 2 H1: 63,79 % 4 H1: 44,85 %
H2: 36,20 % H2: 36,02 %
H3: 11,74 %
H4:5,14 %
Em39 3 H1:19 % H1: Em71, Ebtl2,1 H1: 96,64 %
H2:14 % Ebt13, Ebt01, En12
H3:14 % H5: En10
Em71 5 H1-H3: 10 % H1: Em39, Ebtl2,5 H1: 25,92 %
H4-H5: 7 % Ebt13, Ebt01, En12 H2: 19,65 %
H2: Ebt01. Ebtl2, H3: 18,66 %
Ebt13 H4: 17,52 %
H3: Ebt13 H5: 7,12 %
H4: Ebt13
Individual level Em21_1 1 H1: 97,16 % 4 H1: 39,47 %
H2: 31,57 %
H3: 21,05 %
H4: 7,89 %
Em21 2 1 H1: 96,90 % 2 H1: 70,58 %
H2: 29,41 %
Em21_3 1 H1: 96,93 % 3 H1: 58,82 %
H2: 32,35 %
H3: 8,82 %
Em21_4 2 H1: 65,97 % 4 H1: 63,82 %
H2: 29,50 % H2: 19,14 %
H3: 8,51 %
H4: 8,51 %
Em21 5 1 H1: 73,21 % 1 H1: 100 %
Em39_1 3 H1: 51,03 % 2 H1: 55,55 %
H2: 39,31 % H2: 44,44 %
H3: 9,65 %
Em39_2 5 H1: 33,34 % 2 H1: 57,14 %
H2: 28,14 % H2: 42,85 %
H3:17,51 %
H4: 12,45 %
H5: 8,51 %
Em39_3 2 H1: 85,52 % 8 H1: 80,55 %
H2: 14,47 % H2-H8: 2,77 %
Em39_4 1 H1: 100 % 1 H1: 100 %
Em39_5 4 H1: 48,44 % 1 H1: 100 %
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H2: 25,77 %

H3: 16,14 %
H4: 9,62 %
Em71_1 4 H1:52,22 % 1 H1: 100 %
H2: 36,75 %
H3: 5,55 %
H4: 5,54 %
Em71_2 4 H1: 48,06 % 4 H1: 38,61 %
H2: 24,11 % H2: 31,27 %
H3: 18,49 % H3: 18,91 %
H4:9,32 % H4: 11,19 %
Em71_3 3 H1: 46,24 % 3 H1: 52,94 %
H2: 39,33 % H2: 29,41 %
H3: 13,77 % H3: 17,64 %
Em71_4 2 H1: 74 % 5 H1: 25,66 %
H2:26 % H2: 23,52 %
H3: 20,32 %
H4: 17,64 %
H5: 12,83 %
Em71_5 3 H1: 44,27 % 4 H1: 49,69 %
H2: 41,42 % H2: 23,63 %
H3: 14,30 % H3: 13,93 %
H4:12,72 %

Table S13. Number of total haplotypes, frequency of each haplotype (based on the total of sequences after cd-hit analysis), number of haplotypes shared among different populations from

the same species, and number of haplotypes shared among E. mediohispanicum and other Erysimum species studied here.
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E. nevadense

ITS1

ITS2

Sample code Number of  Relative abundance Hap. shared with  Hap. shared with  Number of Relative Hap. shared with  Hap. shared with
haplotypes En populations other spp haplotypes abundance En populations other spp
Species level En 15 H1: 23,80 % 4 H1: Ebt, Em 12 H1-H2: 16,66 % 4
H2: 14,28 % H47: Ebt H3-H4: 11,11 %
H3.H15: 4,7 % H66: Ef H5-H12: 5,55 %
H81: Em
Population level En05 5 H1: 50 % H1, H2: En10 H1: Ebt12 6 H1: 28,57 % H1: Enl0
H2:12,5% H3: En12 H2: Ef H2-H6: 14,28 % H2: Enl2
H3:12.5% H4: Enl12, Em71, H4: En12
Em39, Ebt13, Ebt12,
H4:12,5% Ebt01
H5: 12,5 %
Enl10 4 H1: 50 % H1, H2: En05 H3: Em39 7 H1-H7: 14,28 % H1: En05
H2: 16,66 % H4: En12 H3: En12
H3: 16,66 %
H4: 16,66 %
En12 7 H1-H7: 14,28 % H4: En10 H4: En05, Em71,3 H1: 50 % H2: En05
Em39, Ebtl13, Ebt12,
H3: En05 Ebt01 H2-H3: 25 % H4: En05
Individual level En05_1 1 H1: 86,73 % 2 H1: 77,20 % H5, H10
H2: 11,88 %
En05_2 2 H1: 76,73 % 1 H1:91,81 %
H2: 12,93 %
En05_3 1 H1: 93,09 % 1 H1: 94,54 %
En05_4 2 H1: 59,24 % 1 H1: 95,78 %
H2: 30,02 %
En05_5 2 H1: 58,41 % 1 H1: 89,73 %
H2: 12,87 %
Enl10_1 1 H1: 89,23 % 2 H1: 78,78 %
H2: 11,41 %
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En10_2 1 H1: 84,69 % 1 H1:92,77 %

En10_3 1 H1: 83,29 % 1 H1:97,23 %
En10_4 1 H1: 94,82 % 1 H1: 94,57 %
En10_5 2 H1: 53,33 % 2 H1: 61,68 %
H2: 34,43 % H2: 34,57 %
Enl12_1 1 H1: 93,78 % 1 H1: 98,22 %
Enl12_2 2 H1: 76,02 % 1 H1: 96,99 %
H2:11,55%
Enl2_3 3 H1: 39,48 % 1 H1: 92,22 %
H2: 26,18 %
H3: 25,77 %
Enl2_4
Enl12_5 1 H1: 89,37 % 1 H1: 98,56 %

Table S14. Number of total haplotypes, frequency of each haplotype (based on the total of sequences after cd-hit analysis), number of haplotypes shared among different populations from

the same species, and number of haplotypes shared among E. nevadense and other Erysimum species studied here.
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E. popovii ITS1 ITS2
Sample code Number of  Relative abundance Hap. shared with  Hap. shared with ~ Number of Relative Hap. shared with  Hap. shared with
haplotypes Ep populations other spp haplotypes abundance Ep populations other spp
Species level Ep 30 H1:8,5% 1 0 19 H1: 18,51 % 1
H2:8,5% H2: 14,81 %
H3:5,7 % H3-H19: 3,70 %
H4-H30: 2,85
Population level Epl6 12 H1-H12: 8,33 % 9 H1: 20 % H1
H2-H9: 10 %
Ep20 12 H1: 15,38 % H1: Ep27 9 H1-H2: 18,18 % H1
H2-H12: 7,69 % H3-H9: 9 %
Ep27 7 H1:30 % H1: Ep20 4 H1-H2:33,33% H1
H2:20 % H3-H4: 16,66 %
H3-H7: 10 %
Individual level Epl6_1 2 H1: 65,55 % 4 H1: 42,33 %
H2:18,30 % H2:18,43 %
H3: 16,87 %
H4: 7,64 %
Epl6_2 2 H1: 61,09 % 3 H1: 25,23 %
H2: 32,98 % H2:21,94 %
H3: 11,82 %
Ep16_3 2 H1: 62,93 % 1 H1: 95,95 %
H2:30,91 %
Epl6_4 2 H1: 75,46 % 2 H1: 85,98 %
H2:6,21 % H2:9,33 %
Ep16_5 4 H1:32,72 % 2 H1:87,94 %
H2:27,70 % H2: 6,15 %
H3: 26,19 %
H4: 5,56 %
Ep20_1 2 H1: 44,87 % 2 H1: 78,89 %
H2: 27,59 % H2:8,79 %
Ep20_2 3 H1: 72,67 % 2 H1:78,82 %
H2: 8,49 % H2: 11,41 %
H3:7,52 %
Ep20_3 2 H1: 80,70 % 2 H1: 67,72 %
H2:9,19 % H2: 7,13 %
Ep20_4 3 H1: 48,23 % 2 H1: 61,34 %
H2: 20,90 % H2: 28,57 %
H3: 5,08 %
Ep20_5 3 H1: 61,28 % 1 H1: 88,30 %
H2:14,43 %
H3: 11,61 %
Ep27_1 1 H1: 78,23 % 1 H1: 90,95 %
Ep27_2 2 H1: 78,36 % 2 H1: 41,02 %
H2:5,41 % H2: 40,26 %
Ep27_3 3 H1: 49,91 % 2 H1: 67,41 %
H2:27,51 % H2: 24,43 %
H3:13,34 %
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Ep27_4 2 H1: 75,88 % 2 H1: 84,08 %

H2: 7,04 % H2: 8,59 %
Ep27_5 2 H1: 69,96 % 2 H1: 90,20 %
H2: 13,89 % H2:6,19 %

Table S15. Number of total haplotypes, frequency of each haplotype (based on the total of sequences after cd-hit analysis), number of haplotypes shared among different populations from

the same species, and number of haplotypes shared among E. popovii and other Erysimum species studied here.
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Chapter I1

Comparative assessment shows the reliability of

chloroplast genome assembly using RNA-Seq
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Abstract

Chloroplast genomes (cp genomes) were widely used in comparative genomics, population
genetics, and phylogenetic studies. Obtaining chloroplast genomes from RNA-Seq data seems
feasible due to the almost full transcription of cpDNA. However, the reliability of chloroplast
genomes assembled from RNA-Seq instead of genomic DNA libraries remains thorough. In this
study, we assembled chloroplast genomes for three Erysimum (Brassicaceae) species from three
RNA-Seq replicas and one genomic library of each species, using a streamlined bioinformatics
protocol. We compared these assembled genomes, confirming that assembled cp genomes from
RNA-Seq data were highly similar to each other and to those from genomic libraries in terms of
the overall structure, size, and composition. Although post-transcriptional modifications, such as
RNA-editing, may introduce variations in the RNA-Seq data, the assembly of cp genomes from
RNA-Seq appeared to be reliable. Moreover, RNA-Seq assembly was less sensitive to sources of
error, such as the recovery of nuclear plastid DNAs (NUPTs). Although some precautions should
be taken when producing reference genomes in non-model plants, we conclude that assembling

cp genomes from RNA-Seq data is a fast, accurate, and reliable strategy.

Published in Scientific reports, 8 (1), 1-12
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Introduction

Chloroplast genomes are an informative and valuable resource for comparative genome
evolution, population genetics, and phylogenetic studies (Huang et al., 2014; Du et al., 2017; Guo
et al., 2017). Their uni-parental inheritance, low effective population size, and stable structure
make them extremely useful for studying plant evolution at different taxonomic levels (Henry,
2005; Petit et al., 2005; Daniell et al., 2016; Dierckxsens et al., 2017; Asaf et al., 2017; Zhang et
al., 2014). Most plant species have a stable chloroplast genome size ranging from 120 kb to 160
kb (Zhang et al., 2014) with a highly conserved structure and gene content (Jasen et al., 2012;
Twyford and Ness, 2017; Jennings, 2016). The typical chloroplast genome structure is
quadripartite, comprising two inverted repeats (IRs) separated by a single small copy (SSC) and a
single large copy (LSC) region (Palmer, 1985; Wicke et al., 2011; Wang et al., 2015; Sablok et al.,
2016; Guo et al., 2017). Most chloroplast genomes contain 110-130 genes (Du et al., 2017), most
of which encode proteins involved in translation and photosynthesis (Zhang et al., 2014). Several
chloroplast genes exhibit conserved flanking regions, but internal variability (e.g., matK and
rbcL.18) and have become basic tools in plant phylogeny and phylogeography (Clegg et al., 1994;

Shaw et al., 2005; Asaf et al., 2017; Jansen et al., 2017).

The development of high-throughput sequencing technologies has led to a rapid increase
in the availability of chloroplast genomes (Martin et al., 2005; Yap et al., 2015; William et al.,
2015; Sablok et al., 2016) making possible the use of complete molecules in phylogenomic
analyses (Zhang et al.,, 2017; Ruhfel et al., 2014; Ma et al., 2014; Carbonell-Caballero et al.,
2015). At present, more than 2,500 complete chloroplast genomes are available (Benson et al.,
2018). However, complete genome sequencing to obtain reliable chloroplast genomes also poses

some caveats and remains relatively expensive. Transcriptome sequencing (RNA-Seq) is
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comparatively less complex because it yields only the sections of the genome that are transcribed
into RNA, providing a relatively cheap and fast method to obtain large amounts of functional
genomic data (Timme et al., 2012; Wickett et al., 2014; Yang and Smith, 2013; Léveillé-Bourret
et al., 2017). Accordingly, global initiatives such as the 1,000 plants (1KP) project have generated
a wealth of transcriptomic data for over 1,000 plant species (Matasci et al., 2014). Since the
chloroplast genome appears to be fully transcribed, RNA-Seq data could be used to obtain the
complete chloroplast genome (Shi et al., 2016). However, the reliability of assembling chloroplast

genomes from transcriptomic versus genomic data has not been thoroughly evaluated.

In this study, we compared the reliability of RNA-Seq to genomic DNA libraries to
obtain cpDNA complete sequence. For this purpose, we assembled for the first time the complete
chloroplast genome of three Erysimum (Brassicaceae) species: Erysimum mediohispanicum, E.
nevadense, and E. baeticum from genomic libraries. Erysimum constitutes an interesting case
study because it is a genus that encompasses wide diversity attained through rapid and complex
evolutionary processes (Ancev, 2006; Marhold and Lihova, 2006; Moazzeni et al., 2014) while
being evolutionarily close enough to Arabidopsis thaliana to render the use of genomic and
transcriptomic references from this model species relatively easy. We assembled the chloroplast
genomes of these three species using different computational approaches and compared several
genetic features (gene content, presence of repeats, microsatellites ~SSRs—, etc.) across genomes
obtained RNA-Seq or genomic DNA. Based on these results, we assessed a) the characteristics of
the chloroplast genomes of Erysimum spp.; b) the genomic coverage provided by RNA-Seq
across species and c) a bioinformatic approach to ensure reliable chloroplast genome assembly
from transcriptomic data. In the light of these results, we propose a pipeline-like methodology for

processing RNA-Seq reads into high-quality cp genomes.
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Material and Methods

Plant materials

Fresh leaves and flower buds of Erysimum mediohispanicum, E. nevadense, and E.
baeticum were collected from several populations located in the Baetic Mountains, in the
Southern region of Spain (Table 1 shows the code and location of all populations). L.eaves were
dried and preserved in silica gel until DNA extraction. Pre-opening flower buds at the same

development stage were stored in liquid nitrogen for RNA extraction.

Taxon Population  Sample Location Elevation Geographical coordinates
E. baeticum Ebb09 Leaves Sierra Nevada, Almeria, 2128 37°05'46" N 3°01' 01" W
Spain
Ebb07 Buds Sierra Nevada, Almeria, 2128 37°05'46" N 3°01' 01" W
Spain
Ebb10 Buds Sierra Nevada, Almeria, 2140 37°05'32" N 3°00' 40" W
Spain
Ebb12 Buds Sierra Nevada, Almeria, 2264 37°5'51.23" N 2°58'5.88" W
Spain
E. mediohispanicum Em21 Leave and Sierra Nevada, Granada, 1723 37°8.07"N 3°25.71'W
buds Spain
Em71 Buds Sierra de Huétor, Granada, 1352 37°57.164' N 2° 29.393' W
Spain
Em39 Buds Sierra Jurefia, Granada, 1272 37°19.14' N 3° 33.177'W
Spain
E. nevadense Enl4 Leaves Nigiielas, Granada, Spain 2314 37°01.451' N 3° 28.141 W
Enl2 Buds Sierra Nevada, Granada, 2255 37°05.615' N 2°56.313' W
Spain
Enl0 Buds Sierra Nevada, Granada, 2321 37°06.615' N 3° 24.306' W
Spain
En05 Buds Sierra Nevada, Granada, 2074 37°06'35'N 3°01' 32" W
Spain

Table 1. Details of the plant populations sampled: Taxon, population code, sampled tissue, location, and geographical

coordinates.
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We used an individual sample for each species (Table 1). For each sample, at least 60 mg
of leaves were disrupted using a Beadbug microtube homogenizer (Benchmark Scientific, Edison,
NJ) with 2 mm steel beads. Total genomic DNA was isolated using the GenElute Plant Genomic
DNA Miniprep kit (Sigma-Aldrich, St. Louis, MO) following the manufacturer’s protocol. The
quantity and the quality of the obtained DNA were checked using a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, United States), and the integrity
of the extracted genomic DNA was checked using agarose gel electrophoresis. Isolated DNA was
sent to Macrogen (Macrogen Inc., Seoul, South Korea) to perform library preparation and
sequencing. Library preparation for deep sequencing was carried out using the TruSeq Nano DNA
Library Preparation Kit (350 bp insert size). The sequencing of the three ¢cDNA libraries
(E.mediohispanicum, E.nevadense, and E.baeticum) was carried out using the Illumina HiSeq X
platform and following the paired-end 150 bp strategy. A summary of sequencing statistics is

shown in Table S1 (Supporting Information).

RNA extraction and sequencing

For each population, three replicas consisting of one pre-anthesis bud each were used.
They were snap-frozen in liquid nitrogen and disrupted with mortar and pestle. Total RNA was
isolated using the Qiagen RNeasy Plant Mini Kit following the manufacturer's protocol. The
quality and quantity of the RNA obtained was checked using a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, United States), and analyzed with
the Agilent 2100 Bioanalyzer system (Agilent Technologies Inc). The RNA was sent to Macrogen
(Macrogen Inc., Seoul, South Korea) for library preparation and sequencing. We used a rRNA-
depletion protocol (Ribo-Zero; Sooknanan et al., 2010) to perform a mRNA enrichment and to
avoid sequencing rRNAs. Library preparation was performed using the TruSeq Stranded Total
RNA LT Sample Preparation Kit (Plant). The nine libraries' sequencing was carried out using the

Hiseq 3000—4000 sequencing protocol and TruSeq 3000-4000 SBS Kit v3 reagent, following a
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paired-end 150 bp strategy on the Illumina HiSeq 4000 platform. A summary of sequencing

statistics is shown in Table S1 (Supporting Information).

Chloroplast genome assembly and annotation

We assembled de novo the chloroplast genomes of E. mediohispanicum, E. nevadense,
and E. baeticum using the NOVOPlasty pipeline v6.2.3 (Dierckxsens et al., 2017) (Figure 1).
Basically, through this pipeline, a cp genome is assembled from whole-genome sequencing
(WGS) data, starting from a related single seed sequence iteratively extended bidirectionally until
the circular genome is obtained. We used untrimmed reads as recommended by Dierckxsens et
al., 2017 and Arabidopsis thaliana cpDNA sequence (NC_000932.1) as the seed since Erysimum
is a close relative of Arabidopsis (Price et al., 2008). We specified the following parameters:
automatic insert size detection, a genome range from 120000 to 200000, a K-mer value of 39, an
insert range of 1.6, a strict insert range of 1.2, and the paired-end reads option.

After assembling the full chloroplast genome of E. medihospanicum, we proceeded to
assemble the cp genomes from the RNA-Seq data by using this chloroplast genome as a
reference. From the RNA-Seq libraries, we first trimmed the adapters in the raw reads using
cutadapt v1.15 (Martin., 2011). For trimming adapters in 5' and 3' direction, we used the “-b”
option, and only used the prefix of the adapter sequence that is common to all “TruSeq Indexed
Adapter” sequences (AGATCGGAAGAGCACACGTCTGAACTCCAGTCAQ). In addition, we
used the “-n” option to search repeatedly for the adapter sequences (28 iterations). This option
ensures that the correct adapters are detected by searching in loops until any adapter match is
found or until the specified number of rounds is reached. Then, we quality-filtered the reads using
Sickle v1.33 (Joshi and Fass, 2011), a trimming software that uses sliding-window analyses along
with quality and length thresholds to cut and discard the reads which do not fit the selected
threshold values. We specified the “pe” option for paired-end reads and the “-t” to use Illumina

quality values (see https://github.com/najoshi/sickle). After filtering, we used the read mapper of
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Geneious R.11 (Kearse et al., 2012) with the highest sensitivity and default parameters
(http://www.geneious.com) (Kearse et al., 2012) for a reference-guided assembly of the trimmed
reads using the E. mediohispanicum reference assembly (see above). We validated the results
obtained with Geneious R.11 by comparing the percentage of reads mapped with the BWA
v0.7.17 read mapper (Li and Durbin, 2009).

The program cpGAVAS (Chloroplast Genome Annotation, Visualization, Analysis, and
GenBank Submission Tool; Liu et al., 2012) was used to annotate and visualize the cp genomes.
This program takes as input a FASTA file containing the genome information and performs
bioinformatic analyses to annotate the genome. We used the annotated Arabidopsis thaliana cp
genome (NC_000932.1) (Sato et al., 1999). Protein coding genes were manually curated. Lastly,
cpGAVAS gives as output the statistics of the annotation process, the annotated genome, and a
visualization of the annotated genome. The annotations were then manually curated using
Geneious R.11 (Kearse et al., 2012). All transfer RNA sequences (tRNA) encoded in the cp
genomes were verified using tRNAscan-SE v2.0 (Schattner et al., 2005) with the default search

settings. The step-by-step process is presented in Figure 1.
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Figure 1. A flow chart depicting the bioinformatic analyses to assembly cp genomes.
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Comparative analysis among cp genomes assemblies

To compare the cp genomes assembled from DNA or RNA libraries, we used the
mVISTA software, part of the VISTA suite of tools for comparative genomics
(http://genome.lbl.gov/vista/mvista/submit.html; Frazer et al., 2004). This software compares
DNA sequences from different species by pairwise alignment and allows the visualization of
these alignments with annotation information. The output allows the identification of homologies
between sequences, determining the percentage of identity between them using a sliding window
of predefined length. We selected default parameters, a RankVISTA probability threshold of 0.5,
and the Shuffle-LAGAN mode, a global alignment algorithm for finding rearrangements
(inversions, transpositions, and some duplications). We used the A. thaliana cpDNA as a
reference (NC_000932.1) (Sato et al., 1999). The sequence conservation profiles were visualized

in mVISTA plots (Frazer et al., 2004).

We investigated the degree of within-genome variation of the assembled cp genomes. In
particular, we performed a reference-guided assembly in which we remapped the quality-trimmed
reads (for the RNA-Seq assemblies, see above) to each assembled genome using the Geneious
R.11 (Kearse et al.,, 2012) mapper with medium-low sensitivity and default parameters
(http://www.geneious.com). Later, we estimated the percentage of pairwise identity of each
assembly. This statistic gives the average identity (as %), computed by scoring a hit when all
pairs of bases are identical and dividing it by the total numbers of pairs.

For each species, we explored the degree of overall sequence variation found within the
three replicas of RNA-Seq assembled genomes and then, we compared the results to those of
similar analyses that included the genome assembled from genomic libraries. For this purpose, we
estimated the nucleotide diversity (i) among the three replicas of cp genomes assembled from
RNA-Seq and then computed it again, including the corresponding genomic library. Genomes

were first aligned using MAFFT v7.450 (Katoh et al., 2009) with the following parameters: FFT-
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NS-2 fast progressive method algorithm, a scoring matrix of 200PAM/k = 2, gap open penalty of
1.53, and offset value of 0.123. We then estimated the cpDNA nucleotide diversity using VariScan
v2.0.3 (Hutter et al., 2006).

We studied the degree of sequence variation of some relevant chloroplast genes within
the three replicas of RNA-Seq, we explored it but included the genes assembled from genomic
libraries. We first extracted and assembled all the chloroplast genes using the HybPiper pipeline
v1.2 (Johnson et al., 2016). This pipeline uses BWA v0.7.17 (Li and Durbin, 2009) to align reads
to target sequences, and SPAdes (Bankevich et al., 2012) to assemble these reads into contigs.
Once cpDNA genes were obtained, we selected 12 genes out of the total: rbcl, psaA, psbA, ndhK,
atpA, atpH (with an important function in the photosynthesis process; Pfannschmidt, 2003),
rpoA, 1ps3, 1n16S, trnH (as self-replication genes; Sakaguchi, 2017), yfc2 (the largest plastid
gene in angiosperms; Huang et al., 2010), and matK (the only maturase of higher plants and
widely used in angiosperm systematic; Hilu et al., 2003). Then, we aligned these genes using
MAFFT v7.450, as explained above. Lastly, we calculated the percentage of pairwise identity
between the genes obtained from the three RNA-Seq replicas, and those from genomic libraries.
The size and location of repeat sequences, including palindromic, reverse, and direct repeats,
within these cp genomes, were identified using REPuter software (Kurtz et al., 2001). Following
Asaf et al.,, 2017 and Ni et al., 2017, REPuter was parametrized with the following settings:
Hamming distance of 3; 90% or greater sequence identity; and minimum repeat size of 30 bp.

Simple sequence repeat (SSR) elements were detected using the Perl script MISA (Thiel,
2003) by setting the minimum number of repeats to 10, 5, 4, 3, 3, and 3 for mono-, di-, tri-, tetra-,
penta- and hexanucleotides, respectively.

Analysis of minimum transcriptome depth to produce quality cp genomes assemblies
To analyze the impact that sequencing depth has in the assemblage of transcriptome data into a
complete cp genome, we subsampled the transcriptome reads of E. nevadense four times at 1 M,

5M, 10 M, 20 M, and 30 M paired reads. These reads were processed and mapped to the cpDNA

150



of E. mediohispanicum with Geneious R.11 (Kearse et al., 2012) with medium-low sensitivity and
default parameters as previously done. We calculated several mapping quality indexes (coverage
of bases, expected errors, mean confidence, and % of Q40 positions) with Geneious R.11 (Kearse

et al., 2012) and plotted them against the sub-sampling depth.

Cross-validation of the methodology

To estimate the recovery of complete cpDNA chromosomes from RNA-Seq libraries in other
plant species, we downloaded five transcriptomes from the Sequence Read Archive website and
processed them with our workflow. We downloaded two A. thaliana (SRR6757372;
SRR6676021), one E. cheiri (SRR5195368), one Moricandia suffruticosa (SRR4296233), one M.
arvensis (SRR4296231), one Oriza sativa (SRR7079258), and one Zea mays (ERR1407273)
transcriptome. These libraries were trimmed, and quality filtered using cutadapt v1.15 (Martin,
2011) and Sickle v1.33 (Joshi and Fass, 2011) with the same parameters described above and
mapped using Geneious R.11 (Kerase et al., 2012) to cp genomes of the same species (or the
closest relative available): Genbank accession NC_000932 for A. thaliana, our E.
mediohispanicum cp genome for the E. cheiri sample, Brassica napus GQ861354 for the
Moricandia samples, Oriza sativa NC_001320 for O. Sativa, and Z. mays NC_001666 for Z.

mays.

Results

Chloroplast genome assembly and annotation.

Genomic DNA libraries. We assembled de novo the whole chloroplast genomes of three

Erysimum species. The assembled genomes were circular and had a total length of 154,599 bp,
154,660 bp, and 154,581 bp in E. mediohispanicum, E. nevadense, and E. baeticum, respectively
(Figures 2, S1 and S2). These chloroplast genomes displayed the typical quadripartite structure

of most angiosperms (See Table 2), comprising a pair of inverted repeats (IRs; 26,429 bp, 26,442
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bp, and 26,429 bp respectively), the large single-copy region (LSC; 136,628 bp, 136,724 bp, and
136,625 bp respectively), and the small single-copy region (SSC; 83,853 bp, 83,804 bp, and 83,

767 respectively).

The gene content of the three chloroplast genomes was highly conserved (Table S2).
Thus, the number of unique protein-coding genes was 124 for the three species. These chloroplast
genomes contained 29 unique transfer RNA genes and eight unique ribosomal RNA genes
(Figure 3). The number of intra-gene regions was 150 in each cp genome. We found eight split
genes (rpl2, atpF, rpoC1, psaA, ycf3, clpP, ndhB, ndhA; see Table 3) with intronic regions for

each cp genome.

The lengths of the intronic regions are shown in Table S3. The overall GC content was
36.6%, indicating similar conserved GC levels among the Erysimum chloroplast genomes. A
summary of the number of sequences assembled, mean assembly coverage, and percentages of

pairwise identity are shown in Table S4 (Supporting Information).
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Figure 2. Chloroplast genome map of Erysimum mediohispanicum. Genes drawn inside the circle are transcribed
clockwise, and those outside are counter-clockwise. Genes belonging to a different functional group are shown in

different colors. See suplementary material for functional category of these genes.
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Taxon Populati Type of library Length  Assembled IRa SSC IRb LSC GC %

on code (bp) reads (bp) (pb) (bp) (bp)

E. baeticum Ebb09 Genomic DNA 154,581 983,811 26,429 83,767 26,426 136,625 36.6
Ebb07 RNA-Seq libraries 154,791 3,727,511 25,783 95,135 13,797 134,715 37.5
Ebb10 RNA-Seq libraries 154,768 9,963,413 25,847 95,396 14,419 135,662 36.5

Ebb12 RNA-Seq libraries 154,761 10,356,264 24,617 95,167 13,305 133,089 36.5

E.mediohispanicum Em21 Genomic DNA 154,599 1,414,714 26,429 83,853 26,429 136,628 36.6

Em71 RNA-Seq libraries 154,788 1,314,441 24,671 95,187 13,303 133,161 36.5

Em39 RNA-Seq libraries 154,827 13,595,017 26,472 83,764 24,099 134,335 36.5

Em21 RNA-Seq libraries 154,251 19,075,780 25,280 89,248 18,133 132,661 36.6

E. nevadense Enl4 Genomic DNA 154,660 1,554,542 26,442 83,840 26,442 136,724 36.6

En05 RNA-Seq libraries 153,467 12,482,406 25,863 85,139 24,831 135,833 36.7

Enl0 RNA-Seq libraries 154,834 9,515,436 25,902 85,182 23,492 134,576 36.7

En12 RNA-Seq libraries 154,747 5,338,711 25,764 84,289 24,027 134,080 36.7

Table 2. Characteristics of the chloroplast genomes of Erysimum: type of library (genomic DNA or RNA-Seq library),
length of the cp genome (bp), number of assembled reads, length of the two inverted repeats (IR a and the IR b), length

of the small single copy (SSC), and of the large single copy (LSC) region, and GC% content.
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Taxon Population Library PCG tRNA mRNA rRNA Exons CDS Gene Repeats Forward Reverse Palindrome Complemented Repeats in Repeats in Repeats in Repeats in

introns repeats repeats repeats repeats IRa SSC IRb LSC
E. baeticum Ebb09 Genomic 124 29 87 8 136 99 8 65 38 0 25 0 16 42 7 0
DNA (24.61%)  (64.61%)  (10.79%)
Ebb07 RNA-Seq 124 29 87 8 136 99 8 90 37 21 32 2 22 66 0 0

(24.44%)  (73.3%)
Ebb10 RNA-Seq 124 29 87 8 136 99 8 76 38 0 36 2 12 64 0 0

(15.78%)  (84.2%)
Ebb12 RNA-Seq 124 29 87 8 136 99 8 86 38 0 46 2 15 71 0 0

(17.44%)  (82.55%)

E. mediohispanicum Em21 Genomic 124 29 86 8 135 98 8 64 38 0 24 2 12 48 4 0
DNA (18.75%)  (75%) (6.25%)
Em71 RNA-Seq 124 29 87 8 135 98 8 85 40 0 43 2 14 70 1 0

(16.4%) (83.35%)  (1.17%)

Em39 RNA-Seq 124 29 87 8 135 98 8 70 40 0 28 2 30 a1 7 0
(42.85%)  (58%) (10%)
Em21 RNA-Seq 124 29 87 8 135 98 8 80 44 1 33 2 16 63 1 0
(20%) (78.75%)  (1.25%)
E. nevadense Enl4 Genomic 124 29 87 8 136 99 8 74 51 1 25 2 14 55 5 3
DNA (18.89%)  (74.32%)  (6.75%) (4.40%)
En05 RNA-Seq 124 29 86 8 136 99 8 90 51 0 37 2 28 57 5 0
(31%) (63%) (5.55%)
Enl0 RNA-Seq 124 29 87 8 136 99 8 90 43 18 29 0 19 66 5 0
(21%) (73.3%)  (5.55%)
Enl2 RNA-Seq 124 29 87 8 136 99 8 90 53 0 36 1 15 71 4 0

(16.6%) (78.8%) (4.44%)

Table 3. Comparison of RNA-Seq vs. genomic assembly of chloroplast genomes. Number of protein-coding genes (PCG), tRNA, mRNA, rRNA, exons, coding sequences (CDS), genes
with introns, repeat sequences, and number of repeats in different chloroplast regions (IRa, SSC, IRb, and LSC) for chloroplast genomes obtained from genomic DNA and chloroplast

genomes obtained from RNA-Seq libraries are presented. The eight genes showing introns were rpl2, atpF, rpoC1, psaA, ycf3, clpP, ndhB, and ndhA.
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Figure 3. Composition of Erysimum baeticum, E. mediohispanicum, and E. nevadense cp genomes, obtained from

genomic data and for the three RNA-Seq replicas.
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RNA-Seq libraries. We assembled the chloroplast genomes from three different replicas for

each of the three species. We recovered high-quality complete chloroplast genomes that were
very similar to those obtained from genomic DNA. In particular, for E. mediohispanicum the
retrieved chloroplast genome sizes were 154,788 bp, 154,827 bp, and 154, 251 bp; for E.
nevadense genome sizes were 153,467 bp, 154,834 bp, and 154,747 bp; and for E. baeticum were
154,791 bp, 154,768 bp, and 154,761 bp. The IR, LSC, and SSC contents (See Table 2), as well
as the protein-coding gene contents, tRNAs, and rRNAs, were very similar between species
replicates but when comparing with the chloroplast genomes obtained from genomic DNA, we
found that the IRb regions were shorter and SSC regions were slightly larger (see Figure S3 for
chloroplast borders comparison). We found the same eight split genes with introns regions that
were found in cp genomes obtained from genomic DNA (rpl2, atpF, rpoC1, psaA, ycf3, clpP,
ndhB, ndhA; see Table 3). The lengths of all intronic regions are shown in Table S3. We found
the same number of intra-gene regions using RNA-Seq and genomic libraries (150 in each cp
genome). The overall GC was 36%. A summary of assembly statistics, including the bases
assembled, mean assembly coverage, and percentages of pairwise identity, are shown in Table

S4. The results of the mapping assembly using BWA v0.7.17 were highly similar (Table S5).

Repeat and SSRs analyses.

The total number of repeats was 64, 78, and 65 in E. mediohispanicum, E. nevadense, and E.
baeticum, respectively. Forward repeats were the most common across the three species, followed
by palindromic repeats. Reverse and complement repeats were found in low abundance (Table 3).
In particular, E. mediohispanicum contained 38 forward, 24 palindromic, and two complement
repeats; E. nevadense contained 51 forward, 25 palindromic, and one complement repeats; and E.
baeticum contained 38 forward, 25 palindromic, and two complement repeats, respectively. In
addition, the repeats from the three species had a sequence identity higher than 90%. The length

of these repeats ranged for all the species from 30 to 26,429 bp, and the most common copy
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length had 30 bp. The number of repeats in the chloroplast genome assembled from RNA-Seq
data was similar to that obtained from genomic DNA (Table 3). The average number of repeats
was 78.3, 90, and 84, for the three replicas of E. mediohispanicum, E. nevadense, and E.
baeticum, respectively. Forward repeats were the most common, followed by palindrome repeats,
with lower levels of reverse and complemented repeats. The repeats of these population samples
had a sequence identity greater than 90% for each species. The length of these repeats reached
from 30 to 14, 353 bp, with the units with 30 bp being also the most common. The SSRs
contained in the three chloroplast genomes were analyzed using the MISA Perl script (Figure 4).

The number of detected SSRs were 78, 83, and 81, for E. mediohispanicum, E.
nevadense, and E. baeticum, respectively. Among them, most of the SSRs were mononucleotide
repeats, followed by dinucleotide and tetranucleotide repeats. The hexanucleotides were the less
frequent type. Among these SSRs, mononucleotide A/T repeat units were the most represented,
with a proportion of 58% in E. mediohispanicum, 59% in E. nevadense, and 59% in E. baeticum.
The number of SSRs identified in cp genomes assembled from RNA-Seq was lower than the
number identified in cp genomes obtained from genomic libraries. We found a total of 61, 66, and
68 SSRs in the each of the three E. mediohispanicum population samples; 68, 67, and 68 in the
three E. baeticum samples, and 69, 68, and 60, in the three E. nevandense samples. Table S6
shows the numbers of SSR’s that were quantitatively different between cp genomes assembled
from genomic and RNA-Seq libraries. Among them, most of the SSRs were also mononucleotide
repeats, with A/T repeats showing the highest proportion in the three replicas per species.

Genomic comparison.

Results from mVISTA plots revealed a high similarity, with 99% of shared sequence identity in
pairwise comparisons, between chloroplast genomes from genomic libraries and those from
RNA-Seq libraries (See Figure 5; the top and bottom percentage bounds are shown to the right of
every row). These plots also showed a high degree of synteny between the three Erysimum

species. In addition, the two IR regions were similar to the LSC and SSC regions in all these
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species. Lastly, non-coding regions reveal a higher divergence than coding regions. Nucleotide
diversity (m) was lower among the three replicas assembled from RNA-Seq. In contrast,
nucleotide diversity increased dramatically (~ three orders of magnitude) when including the cp
genome from genomic libraries in the alignments (0.35988 vs. 0.00008 for E. mediohispanicum;
0.36617 vs. 0.00037 for E. nevadense; and 0.36068 vs. 0.00123 for E. baeticum). Percentages of
pairwise identity were always higher than 99% when comparing genes assembled from the
different RNA-Seq replicas, and this similarity did not decrease when including genes assembled

from genomic libraries (see Table S7).

Figure 4. The number of single small repeats (SSRs) sequences in the chloroplast genomes of Erysimum species, ob-
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Figure 5. Sequence identity plots among the Erysimum chloroplast genomes, with Arabidopsis thaliana as a reference.
Annotated genes are displayed on the top. A cut-off of 50% identity was used for the plot. The vertical scale represents
the percent identity between 50 and 100%. Genome regions are color-coded as CNS (conserved non-coding sequences),

exons, and introns. The color legend is summarized in the upper left-hand corner.
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Effect of sequencing depth. We assembled the chloroplast genomes from four different resam-

plings of an E. nevadense transcriptome at 1 M, 5 M, 10 M, 20 M, and 30 M paired reads. With
this particular transcriptome, chloroplast genomes were obtained with coverage >95% from li-
braries of only 1 M reads, and with coverage >99% from sequencing depths >5 M reads (see sup-
plementary information Figure S4). As expected, all metrics of mapping quality as well as the
mean coverage at each position (p < 0.0001; R2 = 0.921; from ~170 K to close to 200 K) in-
creased significantly with sequencing depth (see supplementary information Figure S4).

Cross-validation results. We assembled the cp genomes from RNA-Seq data of five species: A.

thaliana, E. cheiri, M. suffruticosa, M. arvensis, O. sativa, and Z. mays. All estimated parameters
(assembly consensus length, confidence mean, Q20, Q30 and Q40 sequence quality scores, the
total number of assembled reads, percentage of pairwise identity, mean coverage, and coverage
concerning the reference sequence) showed that assembling cpDNA from RNA-Seq data was
feasible, albeit the reliability of the assembly was dependent on the RNA-Seq reads used (see

Table S8).

Discussion

Our results showed that complete chloroplast genomes could be reliably assembled from
transcriptomic data. We studied some Erysimum species as a proof-of-concept and obtained
genomes congruent in structure and sequence with previously published chloroplast genomes (Do
et al., 2013; Du et al., 2017; Guo et al., 2017). Both the chloroplast genomes assembled from
transcriptomic and genomic libraries exhibit the typical quadripartite structure, low GC content,
and are mainly composed of polythymine (polyT), and polyadenine (polyA) repeats (Kuang et al.,
2011). Chloroplast genomes assembled from RNA-Seq data are highly similar in terms of SSRs,
the number of repeats, and plastome composition (CDS, exons, genes, rRNA, and tRNA) to those
assembled from genomic libraries. Moreover, the similarity of the genomic and RNA-Seq

assemblages validates that chloroplast genomes were fully transcribed. This is in line with
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findings from Shi et al., (2016) who showed full transcription of the chloroplast genome in
photosynthetic eukaryotes using several tissues (flowers, complete seedlings, and seedlings
shoots). Here, we show that chloroplast genomes of flower buds, the tissues we have used to
obtain the RNA-Seq libraries, are also fully transcribed. Therefore, chloroplasts appear to be fully
transcribed across organs and development stages in angiosperms, at least in samples containing
functional plastids.

We have found significant differences in nucleotide diversity when comparing both kinds
of assemblages (RNA-Seq vs. genomic libraries). This may be explained by post-transcriptional
modifications, i.e., by RNA-editing (Gutman et al., 2017). However, we found that nucleotide
diversity significantly increased when including the assemblies from genomic libraries into the
alignments. Accordingly, nucleotide diversity was lower when only comparing the three
replicates of the RNA-Seq data. This implies that genomic assemblies were more heterogeneous
or noisier than transcriptomic ones. Since both libraries were obtained using similar [llumina
platforms, it appears that the genomic libraries were intrinsically more heterogeneous. This
heterogeneity is likely caused by segments of chloroplast DNA transferred to the nuclear genome
(i.e., nuclear plastic DNA or NUPT) that may potentially be incorporated during the mapping
procedure introducing heterogeneity (i.e., within-genome polymorphism) into the cpDNA
genomic assemblies (Sato et al,, 1999; Kim et al.,, 2015). However, NUPTs are generally
fragmented and eliminated from the nuclear genome and, therefore, not transcribed at low level
(Matsuo et al, 2005; Noutsos et al., 2005; Scarcelli et al., 2016), they should not be recovered in
the RNA-Seq libraries. Moreover, the lack of differences in pairwise identity when comparing
genes from RNA-Seq to those from genomic libraries may be a consequence of NUPTSs located in
the intergenic regions, as found in previous studies (e.g., only 25% of NUPTs in Arabidopsis
thaliana are located in genes; Richly et al., 2004). NUPTs are well documented in plants (Arthofer
et al., 2010), and they often represent a significant part of the nuclear genome (Michalovova et

al., 2013; Yoshida et al., 2013). Because of the maternal inheritance in most plant genera (Connett
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et al., 1986), cpDNA is widely used for the inference of relationships among plants. Therefore,
the presence of NUPT into cp genomes may lead to erroneous phylogenetic inferences (Arthofer
et al., 2010). According to our results, using cpDNA assembled from transcriptomes might reduce
the problems due to NUPT inclusion when using cpDNA in phylogenomics. Alternatively,
methods specifically designed to correct these assembly errors have been developed for genomic
data, such as the dnaLCW method (Kim et al., 2015), and should be considered whenever
possible. However, validating that NUPTs is a source of error in cp genome assembly requires
comparison with a reference genome, which is currently not available for Erysimum. Therefore,
the potential misleading mapping caused by this type of genetic element will require further
studies.

We found that assembling chloroplast genomes from RNA-Seq data is a relatively fast
and flexible approach when we tested our methodology across several plant species. In light of
these results, we put forward a pipeline-like procedure in the hope that it can be useful to other
researchers (Figure 1). In addition, we showed that, although the chloroplast genome coverage
increased with the number of reads used for the assembly, 1 M reads was sufficient to obtain a
95% coverage of the cp genome. These results corroborate that the chloroplast could be fully
transcribed and easily assembled from transcriptomic data at low-medium coverage. Moreover,
cross-validation (Supplementary Table S8) showed that assembling the cp genome using
transcriptomes from the SRA database is feasible even though the reliability of the assemblage is
always a function of the tissue and methodology used. For example, Arabidopsis thaliana cp
genomes, assembled from RNA-Seq data coming from different libraries (SRR667021 and
SRR6757372), produced different assembly results that were related to differences in coverage
and number of reads. Furthermore, the genome of E. cheiri cpDNA was surprisingly not fully
assembled despite being closely related to the Erysimum species used in this study (Moazzeni et
al., 2014). However, this result may be explained by the fact that this E. cheiri transcriptome was

obtained from petals. The reliability of our results is probably attributable to careful sample
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preparation (our RNA-Seq samples were submitted to a treatment that depleted rRNA implying
that the samples were enriched in the other types of RNA), and because sequencing depth, at least
over a minimum threshold ~5 M reads (see Figure S4), does not appear to be a crucial factor.
Therefore, as a general rule, samples obtained from photosynthetic tissues, depleted in rRNA, and
high quality sequenced (as indicated by quality scores) are likely to be trustworthy.

We conclude that assembling cp genomes from good quality transcriptomic data (either
obtained de novo or downloaded from public databases such as the SRA database) may be a
straightforward approach in plant systematics and phylogeny. In fact, this approach may reduce
the risk of incorporating NUPTSs, avoiding posterior phylogenetic incongruences. However,
precautions must be taken due to the possibility of RNA editing, and alternative methods (Kim et
al., 2015) could also be used to minimize the assembly of NUPTs or other nuclear DNA into cp
genomes. In summary, we think the pipeline presented here is an accessible and time-saving

approach to produce high-quality cp genomes that could complement other genomic approaches.
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Data Accessibility

Chloroplast genomes were submitted to GenBank with the following accession numbers: E.
baeticum: Ebb07 (MH414570), Ebb09 (MH414571), Ebb10 (MH414572), Ebb12 (MH414573);
E. mediohispani- cum: Em21(MH414574), Em21 (MH414581), Em39 (MH414575), Em71
(MH414576); E. nevandese: En14 (MH414577), En10 (MH414578), En12 (MH414579), En05
(MH414580). RNA-Seq and genomic raw reads were submitted to Sequence Read Archive with
the project accession number SRP149044, and the following samples accession number: E.
baeticum: Ebb07 (SRR7223707), Ebb0S (SRR7223704), Ebb10 (SRR7223700), Ebbl2
(SRR7223699); E. mediohispanicum: Em21(SRR7223703), Em39 (SRR7223701), Em71
(SRR7223702), Em21 (SRR7223709). E. nevandese: En14 (SRR7223710), En10 (SRR7223706),

En12 (SRR7223705), En05 (SRR7223708).
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Figure S1. Chloroplast genome map of Erysimum baeticum. Genes depicted inside the circle are transcribed clockwise,

and those outside are counterclockwise. Genes belonging to different functional groups are shown in different colors.
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Figure S2. Chloroplast genome map of Erysimum nevadense. Genes depicted inside the circle are transcribed

clockwise, and those outside are counterclockwise. Genes belonging to different functional groups are shown in

different colors.
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Figure S4. Mapping metrics vary with transcriptomic depth. To analyze the impact that sequencing depth has in the
assemblage of transcriptome data into a complete cpDNA genome, we subsampled the RNA-Seq of E. nevadense four
times at 1 M, 5 M, 10 M, 20 M and 30 M paired reads and mapped them to the cpDNA of E. mediohispanicum. (a)
Percentage of reference coverage in the consensus sequence. Fit curve was adjusted to an asymptotic grown function.
(b) Mean confidence of the mapping based on quality scores of the reads. This is a measure of quality, with higher
values indicating that a base call is more likely to be correct. Line fit was adjusted to a linear function. (c) Expected
errors. Quality scores of the reads give the approximate number of errors that are statistically expected in mapping. The
expected error value is then calculated by summing up the error rates for each base. Curve fit was adjusted to a
decreasing exponential function. (d) Percentage of Q40 positions. Curve fit was adjusted to an asymptotic grown

function.
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Library Species Population code Reads (bp) Gb

DNA genomic E. baeticum Ebb09 403,325,778 36
E. mediohispanicum Em21 451,077,550 43
E. nevadense Enl14 419,863,768 37

RNA-Seq E. baeticum Ebb07 68,491,616 5.1
E. baeticum Ebb10 134,987,506 9.9
E. baeticum Ebb12 136,653,914 10.1
E. mediohispanicum Em39 153,806,948 11.2
E. mediohispanicum Em21 67,787,608 4.7
E. mediohispanicum Em71 67,833,508 5.0
E. nevadense En05 147,450,544 10.8
E. nevadense En10 159,239,340 11.4
E. nevadense Enl2 67,164,590 5.1

Table S1. Summary of the sequencing statistics.
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Category

Group of Genes

Name of Genes

Photosynthesis

Subunits of ATP synthase
Subunits of protochlorophyllide reductase

Subunits of NADH-dehydrogenase

Subunits of cytochrome b/f complex
Subunits of photosystem I

Subunits of photosystem II

Subunit of rubisco

atpA, atpB, atpE, atpF, atpH, atpl
chl
ndhA,ndhB,ndhC, ndhE, ndhG, ndhH,

ndhl, ndhJ, ndhK

petA, petB, petD, petG, petL, petN

psaA, psaB, psaC, psal, psaJ

psbA, psbB, psbC, psbE, psbF, psbH, psbl,

psbJ, psbK, psbL, psbM, psbN, psbT, psbZ
rbel

Self replication

Large subunit of ribosome

DNA dependent RNA polymerase
Small subunit of ribosome

rRNA Genes

tRNA Genes

pl 2, 14, 16, 20, 22, 23, 32, 33, 36

rpo A, B, C1, C2

ps 3, 4,7, 8,11, 12, 14, 15, 16, 18, 19

rrn rrn168S, rrn23S, rrn4.5S, rrn5S

trn trnC-GCA, trnD-GTC, trnE-TTC, trnF-

GAA,trnG-GCC, trnH-GTG,  trnl-CAT,
trnl-CAT, trnL-CAA, trnL-CAA, trnL-
TAG, trnM-CAT, tnM-CAT, trnN-GTT,
trnN-GTT, trnP-TGG, trnQ-TTG, trnR-
ACG, trnR-ACG, trnR-TCT, trnS-GCT,
trnS-GGA, tmmS-TGA, trnT-GGT, trnT-
TGT, trnV-GAC, trnV-GAC, trnW-CCA,

trnY-GTA

Unknown function

Conserved open reading frames

ycfl, ycf2, ycf3, ycf4, ycf5

Other

Subunit of Acetyl-CoA-carboxylase
c-type cytochrom synthesis gene
Envelop membrane protein
Protease

Translational initiation factor
Maturase

Elongation factor

aacD
ccsA
cemA
clpP
infA
matK

tuf

Table S2. List of genes found in the Erysimum cpDNA genome.

180



Gene Intron length

ndhB 685
rpl2 682
atpF 723

rpoC1 799
psaA 30
ycf3 710
clpP 873

ndhA 1070

Table S3. Length of the intronic regions for the eight split genes.
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Taxon Population  Library N. of bases (bp) Mean Cov. P.wise (%)

E. baeticum Ebb07 DNA genomic 3,742,777 4,513 97.3
Ebb09 RNA-Seq 14,099,423 12,827.6 99.7
Ebb10 RNA-Seq 9,995,492 12,171 96.4
Ebb12 RNA-Seq 9,692,811 11,468 92.9
E. mediohispanicum Em21 DNA genomic 43,187,499 39,097.9 98.9
Em21 RNA-Seq 3,257,794 5,454.6 97.1
Em71 RNA-Seq 5,441,636 8,809.3 95.8
Em39 RNA-Seq 13,294,086 17,269.6 95.8
E. nevadense Enl4 DNA genomic 56,955,629 52,891.8 98.6
En05 RNA-Seq 9,342,246 12,909.8 96.1
En10 RNA-Seq 12,271,273 17,956.2 96.1
En12 RNA-Seq 5,627,498 7,805.9 96.4

Table S4. Summary of the assembly statistics: Number of bases (the number of bases assembled), mean coverage (the
mean of the coverage for each base in the consensus sequence), and the pairwise identity (the average % of identity

-considering ambiguity characters- over the alignment, with 100 indicating identical agreement).
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Taxon Population Type of library Length  Assembled reads IRa SSC IRb

E. baeticum Ebb09 Genomic DNA 154,581 983,811 26,429 83,767 26,426
Ebb07 RNA-Seq libraries 154,691 3,395,688 26,429 95,235 13,675
Ebb10 RNA-Seq libraries 154,564 8,836,821 25,702 95,456 14,444
Ebb12 RNA-Seq libraries 154,761 9,126,450 24,987 95,167 13,304
E. mediohispanicum Em21 Genomic DNA 154,599 1,414,714 26,429 98,752 13,303
Em71 RNA-Seq libraries 154,788 4,999,161 24,617 98,165 14,919
Em39 RNA-Seq libraries 154,687 11,730,858 26,356 98,248 18,345
Em21 RNA-Seq libraries 154,251 1,988,198 25,280 89,248 18, 333
E. nevadense Enl4 Genomic DNA 154,661 1,554,542 26,442 83,840 26,442
En05 RNA-Seq libraries 153, 467 10,925,889 25,634 83,357 24,833
Enl10 RNA-Seq libraries 154,832 8,326,981 25,900 83,212 22,256
En12 RNA-Seq libraries 154,701 4,751,517 25,760 80,119 23, 027

Table S5. Summary of characteristics of referenced-based of Erysimum cp genomes assembly using BWA. Type of
library (genomic DNA or RNA-Seq library), length of the cp genome (bp), number of assembled reads, length of the
two inverted repeats (IR a and the IR b), length of the small single copy (SSC) and of the large single copy (LSC)

regions, and GC% content.
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Taxon Population code Library A T AT TA TTA ATAG CAAA TAAA TTAA ATTAG ATAGAA
E. baeticum Ebb07 DNA genomic 23 24 11 8 1 1 2 1 1 1 1
Ebb09 RNA-Seq 18 23 8 5 1 0 1 2 1 1 1
Ebb10 RNA-Seq 17 20 11 5 1 0 1 2 1 1 1
Ebb12 RNA-Seq 17 21 11 5 1 0 1 2 1 1 1
E. mediohispanicum Em21 DNA genomic 19 27 11 6 1 1 1 2 1 1 1
Em21 RNA-Seq 16 21 9 5 1 0 1 1 1 1 0
Em71 RNA-Seq 16 21 11 5 1 0 0 1 2 1 1
Em39 RNA-Seq 17 21 11 5 1 0 1 2 1 1 1
E. nevadense Enl4 DNA genomic 24 25 12 6 2 1 2 1 1 2 0
En05 RNA-Seq 18 21 11 5 1 0 1 2 1 1 1
Enl0 RNA-Seq 17 21 11 5 1 0 1 2 1 1 1
Enl2 RNA-Seq 17 18 8 3 1 0 1 2 1 1 1

Table S6. Numbers of SSR’s that differed quantitatively between RNA-Seq and genomic assemblages of cp genomes.



Category Gen E. nevadense E. mediohispanicum E. baeticum

RNA-Seq RNA-Seq + RNA-Seq RNA-Seq + RNA-Seq RNA-Seq +

genomic genomic genomic
Photosynthesis genes rbcl 100 99.9 100 100 100 100
psaA 100 99.9 100 100 99.9 99.8
psbA 100 99.9 99.9 99.9 99.98 99.97
ndhK  99.9 99.8 99.8 99.9 100 100
atpA 100 99.8 100 100 99.9 99.9
atpH 99.2 99.4 100 100 99.6 99.5
Self replication rpoA 100 99.8 100 99.97 99.9 99.9
ps3 99.97 99.9 99.97 99.9 99.8 99.9
rrnl6S 100 99.8 100 100 99.9 99.9
trnH 99.9 100 99.96 99.97 99.9 99.9
Other Genes matK 100 100 100 100 100 100
ycf2 100 99.9 100 100 99.9 99.9

Table S7. Percentage of pairwise identity in gene comparisons across the three replicates of RNA-Seq (RNA-Seq) and

including the genomic libraries (RNA-Seq + genomic).
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Species RNA-Seq Tissue Genbank chloroplast  Consensus Confidence Q20 Q30 Q40 Assembled  Pairwise Mean Ref-Seq
library genome reference lenght mean (%) (%) (%) reads identity  coverage (%)
(bp) (%)

Arabidopsis thaliana SRR6676021 leaf A. thaliana NC_001666 150,757 1,711.1 80.7 77.6 71.6 608,988 89.3 315.1 96.0
(140,384 bp)

Arabidopsis thaliana SRR6757372 leaf A. thaliana 138,157 24,592.1 85.4 83.2 80.9 6,618,957 99.8 1184.1 914
NC_001666
(140,384 bp)

Erysimum cheiri SRR5195369 petal E. mediohispanicum 79,757 1,585.2 66.8 64.8 57.0 54,362 76.2 136.1 86.1
MH414570
(154,599 bp)

Moricandia arvensis SRR4296231 leaf Brassica napus 139,300 4,030.8 67.9 66.9 60.7 361,750 94.0 353.9 80.6
GQ861354
(152,860 bp)

Moricandia suffruticosa ~ SRR4296233 leaf Brassica napus 135,131 2,834.7 63.7 62.1 54.5 231,408 88.4 225.0 76.8
GQ861354
(152,860 bp)

Oryza sativa SRR7079258 seedling O. sativa 103,417 514.7 49.5 43.0 39.5 79,647 93.7 114.6 79.8
NC_001320
(134,525 bp)

Zea mays ERR1407273 seedling root  Z. mays 112,606 1,741.5 68.3 66.7 61.9 58,591 71.4 211.1 78.7
NC_001666
(140,384 bp)

Table S8. cp genome assembly statistics from A. thaliana, E. cheiri, M. arvensis, M. sufructicosa, O. sativa and Z. mays RNA-Seq reads using the proposed bioinformatic approach.
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Chapter III

Genomic resources for Erysimum spp. (Brassicaceae):

Transcriptome and chloroplast genomes
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Abstract

We have sequenced the floral transcriptomes of 18 populations from seven species of the genus
Erysimum (Brassicaceae). Transcriptomes were de novo assembled and annotated. Moreover, we
assembled the whole chloroplast genomes from nine RNA-Seq libraries and reconstructed a
calibrated phylogeny for these species. Here, for these 18 floral transcriptomes, we present the
RNA-Seq raw reads, the sets of assembled unigenes, their predicted coding sequences and
proteins, and the annotation of these unigenes. The resources presented here represent reliable
reference sequences for whole-transcriptome and proteome studies for other Brassicaceae, from

primer design to phylotranscriptomics.
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Introduction

Erysimum (Brassicaceae) is a genus of more than 200 species (Al-Shehbaz, 2012). It is widely
distributed in the N. Hemisphere and has been the focus of active research in ecology, evolution,
and genetics (e.g., Gomez and Perfectti, 2010; Gémez, 2012; Valverde et al., 2016). Despite this
long-standing interest in Erysimum, its taxonomy remains to be established appropriately, partly
due to a complex and reticulated evolutionary history that renders phylogenetic reconstructions
highly challenging (Ancev, 2006; Marhold and Lihova, 2006; Abdelaziz et al., 2014; Moazzeni et
al., 2014; Gomez et al., 2014; Ziist et al., 2019).

The Baetic Mountains (SE Iberia) are among the most important glacial refugia in
Europe; the waxing and waning of plant populations following climatic fluctuations have likely
complicated the distribution and genetic variation of extant diversity. Isolation and posterior
secondary contact among different species may have favored hybridization and introgression
(Médail and Diadema., 2009). The species of Erysimum that inhabit these mountains have been a
particularly fruitful system to address plant evolutionary ecology (e.g., Gomez et al., 2006;
Gomez et al., 2008; Gomez and Perfectti., 2010; Gomez, 2012; Valverde et al., 2016). However,
the relationships among these species remain unresolved, hampering comparative and
evolutionary studies. Genome duplications, incomplete lineage sorting, and hybridization have
compromised the phylogenetic reconstructions within Erysimum (Marhold and Lihova., 2006).
Additionally, clarifying the complex evolution of this group requires extensive and detailed
genomic resources currently being produced but are mostly lacking.

The fast development of high-throughput sequencing technologies leads to a rapid
increase in the availability of genomic and transcriptomic information for many plant species
(Dong et al., 2004; Duvick et al., 2007; Sundell et al., 2015; Boyles et al., 2019). However,
obtaining complete genome sequencing remains a challenge with large, repetitive-DNA enriched

genomes. Transcriptome sequencing is comparatively more accessible, providing a relatively
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cheap and fast method to obtain large amounts of functional genomic data (Timme et al., 2012;
Wickett et al., 2014; Yang and Smith., 2013; Léveillé-Bourret et al., 2017). Accordingly, global
initiatives such as the 1,000 plants (1KP) project have generated transcriptomic resources for over
1,000 plant species (Matasci et al., 2014; Leebens-Mack et al., 2019). The use of RNA-Seq could
be particularly useful for obtaining complete chloroplast genomes in a reliable and accessible
way, making the use of complete molecules in phylogenomic analyses (Smith, 2013; Osuna-
Mascaro et al., 2018; Morales-Briones et al., 2019).

Here, we report 18 floral transcriptomes de novo assembled from total RNA-Seq libraries
and annotated, and nine chloroplast genomes from Erysimum populations belonging to seven
species inhabiting the Baetic Mountains. The chloroplast genomes were assembled from total
RNA-Seq data following a reference assemble approach, previously validated in Osuna-Mascard
et al., 2018 (Osuna-Mascar6 et al., 2018). The data presented here represent reliable genomic
resources for transcriptomic, proteomic, and phylotranscriptomic studies. These data contribute to
the Erysimum genus' resources, being the only genomic resources for these species coming from

flower buds.

Generation of the datasets

We sampled pre-anthesis flower buds at the same development stage from three different
Erysimum mediohispanicum, E. nevadense, E. popovii, and E baeticum, four populations of E.
bastetanum, and one population of E. lagascae, and E. fitzii each (see Table 1 for details). The
samples were stored in liquid nitrogen until RNA extraction. Then, the buds were ground with
mortar and pestle in liquid nitrogen. Total RNA was isolated using the Qiagen RNeasy Plant Mini
Kit following the manufacturer's protocol. Library preparation and RNA sequencing were
conducted at Macrogen Inc. (Seoul, Korea). We used rRNA-depletion (Ribo-Zero) for mRNA
enrichment and to avoid sequencing rRNAs. Library preparation was performed using the TruSeq

Stranded Total RNA LT Sample Preparation Kit (Plant). The sequencing of the 18 libraries was
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carried out using the Hiseq 3000-4000 sequencing protocol and TruSeq 3000-4000 SBS Kit v3

reagent, following a paired-end 150 bp strategy on the Illumina HiSeq 4000 platform. A summary

of sequencing statistics appears in Table 2.

Taxon Population Location Elevation Geographical
coordinates
E. baeticum Ebb07 Sierra Nevada, Almeria, Spain 2128 37°05'46"N, 3°01'01"W
Ebb10 Sierra Nevada, Almeria, Spain 2140 37°05'32"N, 3°00'40"W
Ebb12 Sierra Nevada, Almeria, Spain 2264 37°05'51"N, 2°58'06"W
E. bastetanum Ebt01 Sierra de Baza, Granada, Spain 1990 37°22'52"N, 2°51'49"W
Ebt12 Sierra de Maria, Almeria, Spain 1528 37°41'03"N, 2°10'51"W
Ebt13 Sierra Jurefia, Granada, Spain 1352 37°57'10"N, 2°29'24"W
Ebt22 Sierra Morena, Ciudad Real, Spain 483 38°26'44"N, 3°56'23"W
E. fitzii Ef01 Sierra de la Pandera, Jaén, Spain 1804 37°37'56"N, 3°46'46"W
E. lagascae Ela07 Sierra de San Vicente, Toledo, Spain 516 44°05'49"N, 4°40'40"W
E. mediohispanicum Em21 Sierra Nevada, Granada, Spain 1723 37°08'04"N, 3°25'43"W
Em39 Sierra de Huétor, Granada, Spain 1272 37°19'08"N, 3°33'11"W
Em71 Sierra Jurefia, Granada, Spain 1352 37°57'10"N, 2°29'24"W
E. nevadense En05 Sierra Nevada, Granada, Spain 2074 37°06'35"N, 3°01'32"W
Enl0 Sierra Nevada, Granada, Spain 2321 37°06'37"N, 3°24'18"W
En12 Sierra Nevada, Granada, Spain 2255 37°05'37"N, 2°56'19"W
E. popovii Ep16 Jabalcuz, Jaén, Spain 796 37°45'26"N, 3°51'02"W
Ep20 Sierra de Huétor, Granada, Spain 1272 37°19'08"N, 3°33'11"W
Ep27 Llanos del Purche, Granada, Spain 1470 37°07'46"N, 3°28'48"W

Table 1. Population code, location, and details of sympatry status for all of the populations sampled.
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Taxon Population code Total read bases (bp) Total number of reads (bp) GC (%) AT (%) Q20 (%) Q30 (%) Gb SRA

accession numbers

E. baeticum Ebb07 10,342,234,016 68,491,616 47.38 52.61 96.13 91.88 5.1 SRX4130235
Ebb10 20,383,113,406 134,987,506 47.25 52.75 96.63 92.11 9.9 SRX4130242
Ebb12 20,634,741,014 136,653,914 47.30 52.70 96.71 92.24 10.1 SRX4130243
E. bastetanum Ebt01 11,454,840,974 75,859,874 44.88 55.11 99.89 99.10 5.0 SRX7756231
Ebt12 10,417,333,262 68,988,962 45.71 54.28 98.22 95.24 5.2 SRX7756232
Ebt13 10,777,576,680 71,374,680 45.47 54.52 98.58 95.91 5.4 SRX7756233
Ebt22 10,404,933,746 68,906,846 45.49 54.51 98.23 95.280 5.2 SRX7756234
E. fitzii Ef01 10,156,440,596 67,261,196 47.09 5291 98.94 96.66 4.6 SRX7756235
E. lagascae Ela07 7,201,775,508 71,304,708 43.50 56.49 96.47 93.68 5.4 SRX7756236
E. mediohispanicum Em21 10,235,928,808 67,787,608 48.86 51.14 96.05 91.72 4.7 SRX4130233
Em39 23,224,849,148 153,806,948 47.49 52.51 96.79 92.43 11.2 SRX4130241
Em71 10,242,859,708 67,833,508 46.51 53.48 98.18 95.14 5.0 SRX4130240
E. nevadense En05 22,265,032,144 147,450,544 46.73 53.27 96.65 92.20 10.8 SRX4130234
En10 24,045,140,340 159,239,340 44.94 55.06 96.90 92.72 11.4 SRX4130236
En129 10,141,853,090 67,164,590 47.49 52.50 96.17 91.96 5.1 SRX4130237
E. popovii Epl6 10,556,586,670 69,911,170 46.26 53.74 96.09 91.78 5.7 SRX7756237
Ep20 10,860,711,844 71,925,244 45.98 54.01 98.12 94.96 55 SRX7756238
Ep27 25,555,407,006 169,241,106 47.38 52.62 96.64 92.14 12.5 SRX775623

Table 2. Summary of the sequencing statistics.
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Data processing and transcriptome analyses

We analyzed the fastq files containing the raw cDNA for each library using FastQC v0.11.5
(Andrews, 2010). Then, we trimmed the adapters using cutadapt v1.15 (Martin, 2011), specifying
the "-b" option for trimming the adapters in 5’ and 3’ and the "-n" option to search repeatedly for
the adapter sequences. Following, we trimmed the reads by quality using Sickle v1.33 (Joshi,
2011), using the "pe" option for paired-end reads and the "-t" to use Illumina quality values (see
https://github.com/najoshi/sickle). To assemble contigs from the resulting high-quality cleaned
reads, we followed a de novo approach using Trinity v2.8.4 (Grabherr et al., 2011), due to the
absence of a published assembled genome available for Erysimum. Each library was normalized
in silico before assembly to validate and reduce the number of reads using the
"insilico_read_normalization.pl" function in Trinity v2.8.4 (Haas et al., 2013). Then we used the
parameter 'min_kmer_cov 2' to eliminate single-occurrence k-mers that are profoundly enriched
in sequencing errors, following the approach of Haas et al. (2013) (UniProtConsortium, 2014).
Thus, only k-mers that occur more than once were considered for contigs. Candidate open reading
frames (ORF) within transcript sequences were predicted and translated using TransDecoder
v5.2.0 (Haas et al., 2013). We performed functional annotation of Trinity transcripts with ORFs
using Trinotate v3.0.1 (Haas et al., 2015), an annotation suite designed for automatic functional
annotation of de novo assembled transcriptomes. Sequences were searched against UniProt
(UniProtConsortium, 2014), using SwissProt databases (with BLASTX and BLASTP searching
and an e-value cutoff of 10; Bairoch and Apweiler, 2000). We then used the Pfam database
(Bateman et al., 2004) to annotate protein domains for each predicted protein sequence. We also
annotated the transcripts using the databases eggnog (Jensen et al., 2007), GO
(GeneOntologyConsortium, 2004), and Kegg (Kanehisa and Goto, 2000). The summary statistics
of the assembled transcriptomes are presented in Table 3. The unigenes from the assembled

sequences using different databases are shown in Table 4. We used BUSCO v2.0 (Seppey et al.,
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2019) to validate the quality of all the assemblies, using the plant database

brassicales_odb10.2019-11-20.

Chloroplast genome assembly and annotation

We assembled the whole chloroplast genome from each Erysimum species RNA-Seq library. We
used a reference assembly approach, using Geneious R.11 (Kearse et al., 2012) with the A.
thaliana cp genome as reference (NC_000932.1, Sato et al., 1999). We annotated the chloroplast
genomes using cpGAVAS (Liu et al., 2012) (see Table 5). The chloroplast genomes of E.
mediohispanicum, E. nevadense, and E. baeticum were used to validate the reliability of
chloroplast genome assembly using RNA-Seq in Osuna-Mascaro et al. 2018 (Osuna-Mascar6 et

al.,, 2018).

Time-calibrated phylogeny reconstruction

To reconstruct a dated phylogeny, we used Beast 2.0 (Bouckaert et al., 2014) using the
substitution rate for non-codifying plastidial DNA (1.2—-1.7 x 109 substitutions/site/year (Graur
and Li, 2000). The Bayesian search for tree topologies and node ages were conducted during
20,000,000 generations in BEAST using a strict clock model and a Yule process as prior. MCMC
was sampled every 1,000 generations, discarding a burn-in of 10%. We checked the MCMC trace
files generated using Tracer v1.6.1 (Rambaut et al., 2014). The time-calibrated phylogeny is

shown in Figure 1.

Data records

The raw sequence read data for all the transcriptomes were deposited in the NCBI Sequence Read
Archive (Data citation 1). Furthermore, we have created a project on figshare, containing for
freely download: the assembled transcriptomes (Data citation 2), the transcriptome annotations
(Data citation 3), the set of assembled unigenes, their annotations, and the predicted amino acid

sequences (Data citation 4), the chloroplast genomes assemblies and their annotations (Data
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citation 5), and chloroplast genome resources as trn's, rrn's, mrn's, genes, trna validation results,
and annotation report files (Data citation 6). The chloroplast genome sequences are also deposited

in GenBank (Data citation 7).
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Taxon Population Total Trinity genes  Total Trinity transcripts  Contig N50 Median contig length Average contig Total assembled bases (bp)
code length
E. baeticum Ebb07 116,006 188,787 983 423 678.35 128,063,827
Ebb10 235,313 382,286 859 381 617.37 236,012,489
Ebb12 171,950 335,960 958 417 663.71 222,979,601
E. bastetanum Ebt01 164,708 291,831 991 438 688.00 200,778,797
Ebt12 123,268 212,255 1,088 444 723.11 153,483,728
Ebt13 186,374 278,526 938 382 639.83 126,262,947
Ebt22 119,364 197,415 1,156 426 732.89 144,683,034
E. fitzii Ef01 77,047 130,076 1,502 620 957.81 124,588,696
E. lagascae Ela07 106,811 203,045 1,361 540 865.68 175,772,242
E. mediohispanicum Em21 66,162 104,486 1,362 579 888.57 92,843,559
Em39 93,902 238,394 1,495 662 977.67 233,071,647
Em71 93,154 160,490 1,128 490 764.13 122,635,013
E. nevadense En05 92,897 235,515 1,504 663 981.53 231,165,137
En10 217,656 368,656 1,436 496 867.83 319,929,639
Eni12 75,088 126,245 1,212 561 829.65 104,739,622
E. popovii Ep16 107,329 186,398 1,130 477 757.88 141,267,189
Ep20 199,665 300,036 738 353 566.56 169,989,446
Ep27 123,780 288,344 1,249 529 819.94 236,425,328

Table 3. Summary statistics of the transcriptome assembly.
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Number of unigenes

Taxon Population code Sprot_top_ BLASTX_hit Sprot_top_BLASTP_hit Pfam GO_Pfam GO_BLAST eggog Kegg
E. baeticum Ebb07 112543 1844 58464 37009 41713 40129 37760
Ebb10 197069 111229 97272 61805 184103 172826 164226
Ebb12 190835 108248 22484 22480 175134 166701 158092
E. bastetanum Ebt01 165626 98309 85207 52817 149999 142448 135739
Ebt12 128004 76939 68066 42817 116348 111477 105855
Ebt13 159869 86090 74989 46573 146455 140640 133137
Ebt22 132907 85868 76201 48546 118802 113696 108497
E. fitzii Ef01 92184 65200 57552 37661 83190 79488 75459
E. lagascae Ela07 132907 85868 76201 48546 118802 113696 108497
E. mediohispanicum Em21 71606 51019 45366 29311 64679 62559 59930
Em39 170089 119187 105585 68625 154101 148134 140544
Em71 159869 86090 74989 46573 146455 140640 133137
E. nevadense En05 167406 117596 103913 67649 151343 145238 138224
Enl0 189900 127250 113593 75293 175240 164625 156297
Enl12 85222 59138 52245 33974 77857 74795 71130
E. popovii Ep16 114873 72485 64212 40623 104434 99335 94405
Ep20 164455 79736 68739 42568 152320 145732 137445
Ep27 184887 116140 102230 65460 167458 161254 153256

Table 4. Annotation summary of the assembled transcripts using different databases: SwissProt (BLASTX and BLASTP ), Pfam, eggnog, GO, and Kegg.

Taxon

Population

Plastome size (bp)

Genes

t-RNA

rr-RNA m-RNA GC %

Validation of t-RNA

GenBank AN
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E. baeticum Ebb07 154,791 124 29 8 87 37.5 29 MH414570

Ebb10 154,768 124 29 8 87 36.5 29 MH414572
Ebb12 154,761 124 29 8 87 36.5 29 MH414573
E. bastetanum Ebt01 136,941 111 28 8 75 37.4 28 MT150122
Ebt12 152,625 94 29 8 94 37.5 29 MT150121
Ebt13 152,625 83 29 8 75 37.8 29 MT150114
Ebt22 136,427 75 28 8 75 36.5 28 MT150115
E. fitzii Ef01 136,877 74 28 8 75 37.4 28 MT150118
E. lagascae Ela07 136,740 75 28 8 75 37.4 28 MT150116
E. mediohispanicum Em21 154,251 124 29 8 87 36.5 29 MH414581
Em39 154,827 124 29 8 87 36.6 29 MH414575
Em71 154,788 124 29 8 87 36.6 29 MH414576
E. nevadense En05 153,467 124 29 8 87 36.7 29 MH414580
En10 154,834 124 29 8 87 36.7 29 MH414578
En12 154,747 124 29 8 87 36.7 29 MH414579
E. popovii Epl6 136,812 96 28 8 60 36.8 28 MT150117
Ep20 136,820 111 28 8 75 37.4 28 MT150119
Ep27 135,108 104 28 8 75 37.5 28 MT150120

Table 5. Length (bp), number of genes, t-RNA, m-RNA, -RNA, GC %, and number of t-RNA using a validation method for the chloroplast genomes assembled.
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Figure 1. A time-calibrated phylogeny for the complete cpDNA of the different populations of the Erysimum species analyzed here. Note the reticulated position of some populations,

probably due to hybridization events.
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Usage notes

Erysimum is a genus for which phylogenetic relationships have not yet been fully established.
Therefore, this dataset's main future uses will likely lie in analyses of molecular evolution aimed
at disentangling the taxonomy and biogeography of these and related species. Moreover, since the
primary data are transcriptomes, they could be useful in plant evo-devo and physiological studies.
They can also be incorporated into comparative studies aimed at identifying the differential

expression of the genes expressed in the tissues sequenced in this work (i.e., flower buds).

Technical Validation

Extraction and RNA integrity

The quality and quantity of the RNA obtained was checked using a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, United States) and analyzed with
the Agilent 2100 Bioanalyzer system (Agilent Technologies Inc).

Quality trimming

After trimming, we used FastQC (Andrews, 2000) again to verify the trimming efficiency. The
summary of the number of reads after the quality trimming is represented in Table 6.
Transcriptome completeness

A high level of single-copy orthologous retrieval was noted for the 18 assemblies, with at least a
65% ratio, as shown in Figure 2. The least complete case exhibited < 14.93 % missing orthologs.
Chloroplast genome annotation

The annotations were manually curated using Geneious R.11 (Kearse et al., 2012). All transfer
RNA sequences (tRNA) encoded in the cp genomes were verified using tRNAscan-SE v2.0
(Schattner et al., 2005) and ARAGORN v1.2.38 (Laslett et al., 2004) with the default search

settings.
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Taxon Population code Total number of reads (bp) GC (%)

E. baeticum Ebb07 60,985,000 46
Ebb10 119,520,613 46
Ebb12 121,103,833 46
E. bastetanum Ebt01 75,854,979 44
Ebt12 65,757,353 45
Ebt13 65,765,324 45
Ebt22 31,503,434 45
E. fitzii Ef01 66,245,223 46
E. lagascae Ela07 65,740,933 45
E. mediohispanicum Em21 60,130,101 48
Em39 136,858,973 47
Em71 64,619,740 46
E. nevadense En05 130,509,040 46
Enl0 142,305,123 46
Enl2 59,838,058 46
E. popovii Epl6 62,135,880 45
Ep20 68,273,570 46
Ep27 149,733,872 46

Table 6. Number of reads after the quality trimming.
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Figure 2. BUSCO assessment results for the 18 assembled transcriptomes.

202



Data citations

Data citation 1: NCBI Sequence Read Archive, BioProject PRINA607615 under the following
accession numbers: SRX7756239, SRX7756238, SRX7756237, SRX7756236, SRX7756235,
SRX7756234, SRX7756233, SRX7756232, SRX7756231, and BioProject PRINA473238 under
the following accession numbers: SRX4130243, SRX4130242, SRX4130241, SRX4130240,
SRX4130237, SRX4130236, SRX4130235, SRX4130234, SRX4130233.

Data citation 2: figshare https://doi.org/10.6084/m9.figshare.11877786.v3 (2020).

Data citation 3: figshare https://doi.org/10.6084/m9.figshare.11866389.v3 (2020).

Data citation 4: figshare https://doi.org/10.6084/m9.figshare.11873937.v1 (2020).

Data citation 5: figshare https://doi.org/10.6084/m9.figshare.11881656.v2 (2020).

Data citation 6: figshare https://doi.org/10.6084/m9.figshare.11881419.v2 (2020).

Data citation 7: Chloroplast genome sequences deposited in GenBank under the following
accession numbers: MH414570, MH414572, MH414573, MH414581, MH414575, MH414576,
MH414578, MH414579, MH414580, MT150114, MT150115, MT150116, MT150117,

MT150118, MT150119, MT150120, MT150121, MT150122.
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Chapter IV

Hybridization and introgression are prevalent in
Southern European Erysimum (Brassicaceae) species

and may mediate corolla color changes
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Abstract

Hybridization rules plant evolution. One of their outcomes is introgression, which is considered
the transfer of a small amount of the genome from one taxon to another by hybridization and
repeated backcrosses. Here, we studied the genomic signature of hybridization and introgression
in several Erysimum (Brassicaceae) species with purple and yellow corolla from the South of the
Iberian Peninsula. Previous studies suggested that purple Erysimum species may have a hybrid
origin. Accordingly, there is the possibility that purple color has been transferred in the Iberian
clade from a purple parental species by hybridization and has been maintained by natural
selection. We have sequenced full transcriptomes of yellow and purple Erysimum species, and
then, we have studied the general hybridization scenario for these species by using different
phylogenetic approaches. Furthermore, we have explored if anthocyanin genes have signatures of
introgression and positive selection. Our results suggest that the purple and also yellow Erysimum
species studied here have a strong signature of hybridization and introgression. Moreover, we
have found signatures of introgression on two anthocyanin genes of a purple parental species into
one purple species and the three yellow species studied here. Overall, all results support a
scenario of multiple hybridization events involving not only the purple species but also the

yellow ones.
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Introduction

Hybridization is widespread across the tree of life, determining the branching and diversification
patterns of many taxonomic groups (Rieseberg and Carney, 1998; Coyne and Orr, 2004; Arnold,
2006; Abbott et al., 2013). Because of its pervasiveness, it has been a subject of research for a
long time (Stebbins, 1959; Anderson, 1953; Arnold et al., 1999). However, only recently, with the
advent of next-generation sequencing, scientists have started to analyze the dynamics of
hybridization at a genomic scale, thus rekindling interest in the evolutionary relevance of this
phenomenon. This renewed interest has undoubtedly increased our understanding of the role of
hybridization in nature (Payseur and Rieseberg, 2016; Goulet et al., 2017; Taylor and Larson,
2019). Nevertheless, many of the factors that determine the incidence (i.e., the probability of new

cases arising in a population or taxon) and consequences of hybridization remain unexplored.

Hybridization is particularly relevant for plant evolution, with around 25% of plant
species showing evidence of having a hybrid origin (Mallet, 2005; Soltis and Soltis, 2009). The
evolutionary outcomes of hybridization may vary widely. Thus, interspecific hybridization may
hinder speciation and therefore diversification (Mayr, 1992; Schemske, 2000; Mallet, 2005; Saari
and Faeth, 2012; Gomez et al. 2015a), but hybridization may also foster the formation of new
species (Rieseberg et al., 2003; Stelkens and Seehausen, 2009) or the introgression of novel
genetic variations (by hybridization and repeated backcrossing) (Anderson and Hubricht, 1938;
Anderson, 1953; Rieseberg and Wendel, 1993). In addition, in many cases, hybridization events
lead to changes in ploidy level, as a result of the fusion of the genomes of the two hybridizing
species (Soltis et al., 2014). However, despite some evidence showing introgression on polyploid
species (e.g., gene flow between diploid and tetraploid species of Senecio; Chapman and Abbott,

2010), there is limited knowledge on the interplay of introgression and polyploidization.
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Notably, in some instances, the introgressed genetic variations produce significant
evolutionary changes in the new species (Arnold, 2004; Arnold and Kunte, 2017). Indeed, when
introgression is adaptive, a process understood as adaptive introgression, these introgressed
regions might be instrumental for the acquisition of novel functional traits and could facilitate
responses to new selective pressures (HanuSova et al., 2014; Arnold and Martin, 2009; Arnold
and Kunte, 2017; Suarez-Gonzalez et al., 2018). However, the analysis of adaptive introgression
requires detailed ecological and genetic knowledge to demonstrate an adaptive function for the
introgressed genic regions, which is often challenging (Suarez-Gonzalez et al., 2018; Taylor and
Larson, 2019). Despite these difficulties, adaptive introgression has been well documented in
some plant species such as Senecio (Kim et al., 2008), Helianthus (Kim and Rieseberg, 1999;
Whitney et al., 2006; Whitney et al., 2010), Iris (Martin et al., 2006), Phaseolus (Rend6n-Anaya
et al., 2017), Arabidopsis (Arnold et al., 2016), or Populus (Suarez-Gonzalez et al., 2016; Suarez-
Gonzalez, 2017). Nonetheless, given that natural hybridization is a common and widespread
phenomenon, many other systems showing adaptive introgression may remain to be identified

and elucidated.

Erysimum L. is one of the largest genera of the Brassicaceae, comprising more than 200
species (Polatschek, 1986), and has been described as a taxonomically complex genus in which
molecular evidence indicated a reticulated evolutionary history, with polyploidization events in
some clades (Al-Shehbaz & Al-Shammary, 1987; Ancev, 2006; Marhold & Lihovéa, 2006; Turner,
2006; Abdelaziz et al., 2011; Abdelaziz, 2013; Pajares, 2013; Abdelaziz et al., 2014). This genus
is distributed mainly in Eurasia, with some species in North America and North Africa (Warwick
et al., 2006). Notably, more than a hundred species have been described in the Mediterranean
region (Greuter et al., 1986), being particularly abundant in the Iberian Peninsula, with twenty-
one (Polatschek, 1979; Polatschek, 2014), or twenty-three (Nieto-Feliner, 1993; Mateo et al.,

1998) different species described. Most of the Iberian Erysimum species are yellow, but six
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species have purple corollas (Nieto-Feliner, 1993). Interestingly, previous phylogenetic studies
suggested that these purple corolla species have appeared in different events in the Iberian
lineages, suggesting the evolutionary convergence in this trait (Gémez et al., 2015b). However,
the process underlying the origin of the color in these species is still unknown. Furthermore,
previous studies suggested that some Iberian purple species may have a hybrid origin (Nieto-
Feliner, 1993; Abdelaziz et al., 2014). Accordingly, there is the possibility that purple color has
been transferred in the Iberian clade from a purple parental species by hybridization and has been
maintained by natural selection. However, it is also unclear the adaptive advantages that this color
may confer. The purple color is produced by anthocyanin pigments, and have a crucial role as a
signal for pollinators (Vaidya et al., 2018). Also may confer fitness advantage under some abiotic
and biotic factors, such as temperature, drought stress, exposure to ultraviolet radiation, and
resistance to herbivory (ChalkerScott, 1999; Schemske & Bierzychudek, 2001; Warren and
Mackenzie, 2001; Coberly & Rausher, 2003; Irwin et al., 2003; Strauss et al., 2004; Truetter,

2006; Dick et al., 2011; Arista et al., 2013).

Here we studied the hybridization scenario for six species of Erysimum that inhabit the
Baetic Mountains (one of the principal glacial refugia in Europe in the south the Iberian
Peninsula; Médail and Diadema, 2009). These species have yellow (E. mediohispanicum, E.
nevadense, E. fitzii) or purple (E. popovii, E. baeticum, E. bastetanum) corollas. Moreover, these
Erysimum species show characteristics that may facilitate hybridization, such as growing in
sympatry in some locations and having a generalist pollination system that may facilitate gene
flow among different species. Therefore, the main goals of this study are to disentangle the
general hybridization scenario for the Erysimum species complex studied here, investigate
whether a signature of introgression is detectable in purple species and if so, test if existed a
signature of introgression on the anthocyanin biosynthetic pathway genes and if these genes are

maintained by natural selection.
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Material and Methods

Plant samples

We have studied six species of the genus Erysimum collected in the Baetic Mountains, South of
Spain (Table 1; Figure 1 from the general Material and Methods). Specifically, we sampled
three different individuals (each from one different population) for E. mediohispanicum, E.
nevadense, E. popovii, E. bastetanum, and E. baeticum, and one individual for E. fitzii. Some of
these species appear in sympatry in some localities that were included in the sampling (Table 1).
Additionally, we sampled E. lagascae, an allopatric species with purple corollas inhabiting
Central Spain that has been posited as one potential parental species of the species studied here
(Nieto-Feliner, 1993). In each species, we sampled pre-anthesis flower buds for transcriptomic
analyses (five buds per individual) and plant leaves for flow cytometric analyses (ten leaves per

individual).

Flow cytometry analyses

Flow cytometry was used to assess genome size and estimate DNA ploidy levels. The nuclei were
isolated from fresh leaf tissues by chopping simultaneously with a razor blade 0.5 cm?2 of leaf and
0.5 cm2 of an internal reference standard (Galbraith et al., 1983). As internal reference standard
we used Solanum lycopersicum L. ‘Stupické’ with 2C = 1.96 pg or Raphanus sativus L. with 2C
= 1.11 pg (Dolezel et al., 1992). The nuclei extraction was made on a Petri dish containing 1 ml
of WPB buffer (Loureiro et al., 2007). Then, the nuclear suspension was filtered using a 50 pm
nylon mesh and DNA was stained with 50 pg ml-1 of propidium iodide (PI, Fluka, Buchs,
Switzerland). Also, 50 pg ml-1 of RNAse (Fluka, Buchs, Switzerland) were added to degrade
dsRNA. After 5 min incubation, the samples were analysed in a Partec CyFlow Space flow
cytometer (532 nm green solid-state laser, operating at 30 mW,; Partec GmbH., Gorlitz,

Germany).
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Species Population Location Elevation Geographical coordinates Flower color Sympatry with
E. baeticum Ebb07 Sierra Nevada, Almeria, Spain 2128 37°05'46"N, 3°01'01"W purple
Ebb10 Sierra Nevada, Almeria, Spain 2140 37°05'32"N, 3°00'40"W purple Enl2
Ebbl12 Sierra Nevada, Almeria, Spain 2264 37°05'51"N, 2°58'06"W purple
E. bastetanum EbtO1 Sierra de Baza, Granada, Spain 1990 37°22'52"N, 2°51'49"W purple
Ebt12 Sierra de Marfa, Almeria, Spain 1528 37°41'03"N, 2°10'51"W purple
Ebt13 Sierra Jurefia, Granada, Spain 1352 37°57'10"N, 2°2924"W purple Em71
E. fitzii Ef01 Sierra de la Pandera, Jaén, Spain 1804 37°37'56"N, 3°46'46"W yellow
E. lagascae Ela07 Sierra de San Vicente, Toledo, Spain 516 44°05'49"N, 4°40'40"W purple
E. mediohispanicum Em21 Sierra Nevada, Granada, Spain 1723 37°08'04"N, 3°25'43"W yellow
Em39 Sierra de Huétor, Granada, Spain 1272 37°19'08"N, 3°33'11"W yellow Ep20
Em71 Sierra Jurefia, Granada, Spain 1352 37°57'10"N, 2°2924"W yellow Ebt13
E. nevadense En05 Sierra Nevada, Granada, Spain 2074 37°06'35"N, 3°01'32"W yellow
Enl0 Sierra Nevada, Granada, Spain 2321 37°06'37"N, 3°24'18"W yellow
Enl2 Sierra Nevada, Granada, Spain 2255 37°05'37"N, 2°56'19"W yellow Ebb10
E. popovii Epl6 Jabalcuz, Jaén, Spain 796 37°45"26"N, 3°51'02"W purple
Ep20 Sierra de Huétor, Granada, Spain 1272 37°19'08"N, 3°33'11"W purple Em39
Ep27 Llanos del Purche, Granada, Spain 1470 37°07'46"N, 3°28'48"W purple

Table 1. Population code, location, and details of sympatry status for all of the populations sampled.
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Results were acquired using Partec FloMax software v2.4d (Partec GmbH, Miinster, Germany) in
the form of four graphics: histogram of fluorescence pulse integral in linear scale (FL); forward
light scatter (FS) vs. side light scatter (SS), both in logarithmic (log) scale; FL vs. time; and FL
vs. SS in log scale. To remove debris, the FL histogram was gated using a polygonal region
defined in the FL vs. SS histogram. At least 5,000 particles were analyzed per sample. Only CV
values of 2C peak of each sample below 5% were accepted, otherwise a new sample was
prepared and analyzed until quality standards were achieved (Greilhuber et al., 2007). In a few
cases, samples produced histograms of poorer quality even after repetition due to presence of
cytosolic compounds. Thus, it was not possible to estimate ploidy level and/or genome size for

some individuals (Table 2).

Genome size in mass units (2C in pg; sensu Greilhuber et al., 2005) was obtained using
the formula: sample 2C nuclear DNA content (pg) = (sample G1 peak mean / reference standard
G1 peak mean) * genome size of the referencedate introgression events standard. The ploidy
levels were inferred for each sample based on chromosome counts and genome size estimates

obtained in the species and genus.

216



DNA Ploidy level Genome size (2C, pg)

Species Population
2n N Mean SD CV Min Max N
E. baeticum Ebb07 8x 5 2.08 0.08 3.85 1.93 2.17 2
Ebb10 8x 6 2.07 0.09 4.35 1.93 2.17 5
Ebb12 8x - - - - - - -
E. bastetanum Ebt01 4x 4 1.06 0.06 5.66 0.97 1.10 4
Ebt12 4x 2 1.06 0.12 11.32 0.97 1.15 2
Ebt13 8x 64 1.96 0.06 3.06 1.87 2.17 60
E. fitzii Ef01 2x 3 0.44 0.004 0.91 0.44 0.45 3
E. lagascae Ela07 2x 10 0.46 0.02 4.35 0.44 0.50 10
E. mediohispanicum Em21 2x 2 0.44 0.01 2.27 0.43 0.44 2
Em39 2x 21 0.46 0.02 4.35 0.43 0.49 19
Em71 4x 59 0.98 0.04 4.08 0.93 1.13 59
E. nevadense En05 2x - - - - - - -
En10 2x - - - - - - -
En12 2x 3 0.45 0.03 6.67 0.42 0.47 3
E. popovii Ep16 4x 3 0.98 0.02 2.041.86 0.95 1.00 3
Ep20 10x 15 2.49 0.06 2.416 2.40 2.60 10
Ep27 4x 39 0.96 0.04 4.17 0.92 1.05 9

Table 2. Genome size estimates and DNA ploidy levels obtained in populations of Erysimum. The following data are
given for each population and ploidy level: mean, the standard deviation of the mean (SD), coefficient of variation (CV,
%), minimum (Min) and maximum values (Max) of the holoploid genome size (2C, pg) followed by sample size for
genome size estimates (IN); DNA ploidy level (2n) and respective sample size (N) for ploidy estimates. DNA ploidy
levels: 2x, diploid; 4x, tetraploid; 8%, octoploid; 10x, decaploid. For Ebb12, En05, and En10 samples were not possible

to estimate the ploidy levels, and we have used the described in Blanca et al. (1992).

RNA extraction and sequencing

Details of the sampling and RNA extraction and sequencing were detailed in Chapter three.
Here we used the transcriptomes from the samples represented in Table 1. The collected flower
buds of each individual were stored in liquid nitrogen until RNA extraction. Floral buds were
ground with a mortar and a pestle in liquid nitrogen. Total RNA was isolated using the Qiagen

RNeasy Plant Mini Kit following the manufacturer's protocol. The quality and quantity of the
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RNA were checked using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific,
Wilmington, DE, United States). Library preparation and RNA sequencing were conducted at
Macrogen Inc. (Seoul, Korea). Before sequencing, the quality of the RNA was analyzed with the
Agilent 2100 Bioanalyzer system (Agilent Technologies Inc), and an rRNA-depletion protocol
(Ribo-Zero) was used to perform an mRNA enrichment and to avoid sequencing rRNAs. Library
preparation was performed using the TruSeq Stranded Total RNA LT Sample Preparation Kit
(Plant). The sequencing of the 17 libraries (one per individual) was carried out using the Hiseq
3000-4000 sequencing protocol and TruSeq 3000-4000 SBS Kit v3 reagent, following a paired-
end 150 bp strategy on the Illumina HiSeq 4000 platform. A summary of sequencing statistics is

shown in Table S1 (Supporting Information).

Data processing and transcriptome analyses

Reads quality control and trimming

We used FastQC v0.11.5 (Andrews, 2010) for analyzing the quality of the raw reads of each
library. Then, we trimmed the adapters in the raw reads using cutadapt v1.15 (Martin, 2011).
Specifically, we used the “-b” option for trimming the adapters in 5 and 3' direction, using the
prefix of the adapter sequence that is common to all “TruSeq Indexed Adapter” sequences
(AGATCGGAAGAGCACACGTCTGAACTCCAGTCAQ). In addition, we used the “-n” option
to search repeatedly for the adapter sequences (28 iterations). This option ensures that the correct
adapters are detected by searching in loops until any adapter match is found or until the specified
number of rounds is reached (Martin, 2011). Then, we quality-filtered the reads using Sickle
v1.33 (Joshi and Fass, 2011). This trimming software uses sliding-window analyses along with
quality and length thresholds to cut and discard the reads which do not fit the selected threshold
values. We specified the “pe” option for paired-end reads and the “-t” to use [llumina quality
values (see https://github.com/najoshi/sickle). After trimming, we used FastQC v0.11.5

(Andrews, 2010) again to verify the trimming efficiency.
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De novo transcriptome assembly

To assemble the resulting high-quality, cleaned reads into contigs, we followed a de novo
approach using Trinity v 2.8.4 (Grabherr et al. 2011). Each library was normalized in silico before
assembly to validate and reduce the number of reads using the “insilico_read_normalization.pl”
function in Trinity (Haas et al., 2013). Then we used the parameter ‘min_kmer_cov 2’ to
eliminate singly occurring k-mers that are heavily enriched in sequencing errors, following the
approach of Haas et al. (2013). Thus, only k-mers that occur more than once were considered for

contigs.

Transcriptome annotation

Candidate open reading frames (ORF) within transcript sequences were predicted and translated
using TransDecoder v5.2.0 (Haas et al. 2013). We performed functional annotation of Trinity
transcripts with ORFs using Trinotate v3.0.1 (Haas, 2015), an annotation suite designed for
automatic functional annotation of de novo assembled transcriptomes. Sequences were searched
against UniProt (UniProt Consortium, 2014), using SwissProt databases (Bairoch and Apweiler,
2000) (with BLASTX and BLASTP searching and an e-value cutoff of 10°). We then used Pfam
database (Bateman et al., 2004) to annotate protein domains for each predicted protein sequence.
Transcripts were also searched through the eggnog (Jensen et al., 2007), GO (Gene Ontology

Consortium, 2004), and Kegg (Kanehisa and Goto, 2000) annotation databases.

Orthology inference

To reduce redundancy, we clustered the translated sequences using cd-hit v4.6 (Li and Godzik,
2006) following the steps of the pipeline described in Yang and Smith (2014). For the orthologs
inference, we excluded UTRs and non-coding transcripts, using only the CDS, avoiding the
possibility of including sequencing errors (Yang and Smith, 2014). We identified ortholog genes

using the OrthoFinder v2.3.3 pipeline (Emms and Kelly, 2015). In brief, this pipeline first made a
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BLASTp analysis with the protein sequences as input for searching the orthogroups (a set of
protein genes that are descended from a single gene in the last common ancestor of all the species
sampled), then clustered and aligns the orthologous sequences using MAFFT v7.450 (Katoh and
Standley, 2013) with default parameters. Finally, we obtained the maximum-likelihood
phylogenetic gene trees for all orthogroups using IQ-Tree v1.6.1 (Nguyen et al., 2014). Then,
each orthogroup with all species present was used to infer a species tree using STAG v1.0.0
(Emms and Kelly, 2019). Then, we used DLCpar v1.1 (Wu et al., 2014) to reconcile the species
tree with the gene trees obtained, considering gene duplication, losses, and incomplete lineage

sorting (ILS) as potential causes of discordance among the trees.

Phvlogenetic reconstruction

We obtained a coalescent species tree using ASTRAL v 5.6.3 (Mirarab et al., 2014), with default
parameters. This method reconstructs species trees from unrooted gene tree topologies. We used
the gene trees previously obtained by maximum likelihood by IQ-Tree v1.6.1 as input. We used
FigTree v. 1.4.0 (Rambaut and Drummond, 2012) to visualize and edit the species tree. Then, we
compared the alternative tree topologies from the obtained species tree with a whole chloroplast
genomes phylogeny for the same species samples from Chapter III. For that, we used the
Shimodaira-Hasegawa Test (SH-Test) (Shimodaira and Hasegawa, 1999) from the R package
phangorn v2.5.5 (Schliep, 2011). Both phylogenies were also compared visually, plotting them as

mirror images with the function cophyloplot, using the R package ape v5.4 (Paradis et al. 2004).

Population structure analyses

Variant calling

To study the population structure, we first run a variant calling analysis, using the E. lagascae
transcriptome as reference. We indexed the E. lagascae transcriptome using BWA v0.7.17 (Li and

Durbin, 2009) to create a reference, and then we mapped all the trimmed raw reads against it
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using the BWA v0.7.17 “mem” option. We used SAMtools v1.7 (Li et al., 2009) to convert and
sort the alignment files. Then, we identified the SNP positions within the aligned reads comparing
with the reference transcriptome using the SAMtools v1.7 “mpileup” command, which transposes
the mapped data into a sorted BAM file. Lastly, we used bcftools v 1.9 to filter the SNPs
(Narasimhan et al., 2016), running the SAMtools v1.7 Perl script “vcfutils.pl VarFilter” with

default parameters to filter down the candidate variants and to eliminate false positives.

Discriminant Analysis of Principal Components (DAPC)

To investigate population structure, we conducted a Discriminant Analysis of Principal
Components (DAPC; Jombart et al., 2010) for the SNP data, using the R package adegenet v2.1.3
(Jombart and Ahmed, 2011). DAPC is a multivariate method that identifies and describes clusters
of genetically related individuals from large datasets. It provides a measure of the optimal number
of genetic clusters (K) across a range of K values by using the Bayesian Information Criterion
(BIC). We set a range of K values from two to seven because K=7 is the number of different
species in our dataset. To identify the optimal number of K, we selected the model with the lowest

BIC.

Introgression analyses

Phylogenetic inference of introgression

We inferred phylogenetic species networks to evaluate introgression events. This approach
extends the phylogenetic tree model, representing the gene flow by edges connecting the samples
with signatures of introgression in the tree. We used the software PhyloNet v 3.6.9 (Than et al.,
2008; Wen et al., 2018), which implements a phylogenetic network method based on the
frequencies of rooted trees accounting for incomplete lineage sorting (ILS). To generate the input
for PhyloNet, we first ultrametricize the trees obtained previously with IQ-Tree v1.6.1, using the

"nnls" method in the "force.ultrametric" function within the R package phytools v0.6-99 (Revell,
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2012). Due to computational limitations, we inferred the species networks using a maximum
pseudo-likelihood method (MPL) (Yu and Nakhleh, 2015). We performed the search five times,
to avoid getting stuck at local optima. We estimated optimal networks among a range from 0 to
15 introgression events, calculating all the networks' best log-likelihood by computing the
Akaike's Information Criterion (AIC) (Bozdogan, 1987) with the generic function for AIC in R
package stats v3.6.1. As AIC may not provide precise values when using pseudo-likelihood
phylogenetic networks (Cao et al., 2019), we also estimated the more optimal network by slope
heuristic of log-likelihood values. The optimal network was then visualized with Dendroscope

v3.5.10 (Huson and Scornavacca, 2019).

ABBA-BABA statistic

To assess gene flow between species, we calculated the D-statistics, also known as the ABBA-
BABA statistics (Durand et al., 2011). In order to evaluate introgression among the seven species,
we used the software Dsuite v0.1 (Malinsky, 2019) that allows the assessment of gene flow across
large datasets and directly from a variant call format (VCF) file. This algorithm computes the D
statistic by considering multiple groups of four populations: P1, P2, P3, and O, related by the
asymmetric tree (((P1, P2), P3), O). The site patterns are ordered such that the pattern BBAA
refers to P1 and P2 sharing the derived allele (B-derived allele, A-ancestral allele), ABBA to P2
and P3 sharing the derived allele, and BABA to P1 and P3 sharing the derived allele. The ABBA
and BABA patterns are expected to occur with equal frequencies, assuming no gene flow (null
hypothesis), while a significant deviation from that suggests possible introgression. To assess
whether D is significantly different from zero, D-suite uses a standard block-jackknife procedure
(as in Green et al., 2010, and Durand et al., 2011), obtaining approximately normally-distributed
standard errors. As recommended by Malinsky (2019), we used a conservative approach
estimating the statistic Dmin, which gives the lowest D-statistic value in a given trio. We used the

ruby script “plot_d.rb” to plot into a heatmap the introgression among all the pairs of samples. To
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complement these analyses, we computed the Fbranch statistic implemented in Dsuite v0.1
(Mallinsky et al., 2018, Mallinsky et al., 2019). This statistic allows identifying gene flow events
into specific internal branches of a phylogeny. Thus, evaluating the excess sharing of alleles
between one species and the descendant or ancestral species, helping to understand when the gene
flow happened. We used the whole chloroplast genomes phylogeny from Chapter III in Newick
format specifying which species should be treated as sister species (i.e., as P1 and P2) and E.

lagascae as outgroup.

Detecting introgression in the anthocyanin biosynthetic pathway genes

We looked for evidence of introgression in the genes coding for enzymes of the anthocyanin
biosynthetic pathway (ABP). To obtain complete gene sequences, we used a read-mapping
approach. First, we downloaded the Arabidopsis thaliana ABP genes from TAIR (Lamesch et al.,
2011): CHI (AT3G55120), CHS (AT5G13930), F3H (AT3G51240), DFR (AT5G42800), ANS
(AT4G22880), and UF3GT (AT5G54060). Then, we mapped the trimmed raw reads from all
samples to the A. thaliana genes as a reference using BWA v0.7.17 (Li and Durbin, 2009). We
imported the mapping reads to Geneious R.11 (Kearse et al., 2012), and assembled them de novo
using the Geneious assembler with the highest sensitivity. To eliminate poorly mapped sequences,
we clustered the assembled reads using cd-hit v4.6 (with parameter -c = 0.99) (Li and Godzik,
2006) and aligned the cluster reads for each sample using MAFFT v7.450 with default parameters
(Katoh and Standley, 2013). We estimated the consensus sequence for each sample in Geneious
R.11 using the strict threshold option (bases matching at least 50 % of the sequences). We
confirmed the annotations using BLAST (Johnson et al., 2008). Finally, we double-checked
manually that the candidate genes appeared in the transcriptome annotations of all the species

studied here.
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f"d statistics in ABP genes

We estimated the f°d statistics and Patterson’s D in the ABP genes using the R package
HybridCheck v1.0 (Ward and Oosterhout, 2016). The f"d statistic is not prone to false positives
(Pfeifer and Kapan, 2019) and is suitable for small genomic regions, estimating the fraction of the
genome shared through introgression by comparing the observed difference in the number of
ABBA and BABA patterns between P2 and P3, and P1 and P3 (Martin et al., 2014).We used a
block-jackknifing correction to overcome the problem of non-independence between loci (Green
et al., 2010). We considered E. lagascae as the basal population (P3), thus acting as the possible
introgression donor. We then estimated the f°d for each purple species as P2 and all possible

combinations of species as P1.

Signatures of selection

To estimate if the genes with signatures of introgression were under positive selection, we
estimated the pairwise ratios of synonymous and non-synonymous sites (dN/dS), using the
“dnds” function from the R package ape v5.4 (Paradis et al., 2004). Because synonymous sites
are presumed to be neutral while non-synonymous sites might be under selection, dN/dS =1 is
expected under neutrality, dN/dS >1 is expected when natural selection promotes changes in the
protein sequence (positive selection) and dN/dS < 1 is expected when natural selection suppresses

protein changes (purifying selection) (Kryazhimskiy and Plotkin, 2008)

We also performed the MacDonald-Kreitman test (MKT; Egea et al., 2008). This test
examines the neutral prediction of equal ratios of non-synonymous to synonymous variation for
polymorphic sites and fixed differences between species by estimating the Neutrality Index (NI).
Under neutrality, we expected that NI = 1, if NI < 1, there is an excess fixation of non-neutral
replacements due to positive selection, and if NI > 1, negative selection is preventing the fixation

of harmful mutations (Egea et al., 2008). We used the A. thaliana sequence of each gene as a
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putatively neutral outgroup (white flowers). We computed the standard MKT with Jukes Cantor’s

correction using the MKT website (http://mkt.uab.es/mkt/help_mkt.asp; Egea et al., 2008).

Pollen tube growth

To explore the existence of prezygotic barriers, we carried out a preliminary experiment on the
growth of pollen tubes on a reduced set of species. We collected 20 individuals plants of each E.
mediohispanicum, E. bastetanum, and E. popovii species from natural populations. We set the
plants into a common garden (University of Granada facilities), and before blooming, we moved
them to a greenhouse excluded from pollinators. When the flowers were open, we performed
hand-pollination experiments by tipping the anther with a small stick removing the pollen and
placing it on the stigma of a flower from different species previously emasculated (hybrid
crosses), or of a flower from the same species but different populations previously emasculated
(intra-specific crosses). Moreover, we emasculated some flowers and hand-pollinated them with
their pollen (forced selfing crosses), and some flowers were not manipulated and left for

spontaneous self-pollination (spontaneous selfing crosses).

We collected the Erysimum pistils after 72 hours and conserved them in ethanol in the
fridge at 4C until pollen tube staining. Them, we followed the Mori et al. (2006) protocol with
small modifications. In brief, each pistil was cleaned in 70% EtOH for ten minutes, and then we
moved them to 50, 30% EtOH, and finally distilled water. We softened the samples, moving them
into a small petri dish of 8 M NaOH for one hour at room temperature (as recommended in
Kearns and Inouye, 1993). Then, we changed the pistils to distilled water for ten minutes, and
afterward, the stigmas were incubated with 0.1 % aniline blue in phosphate buffer (pH 8.3) for
two hours. The final slide preparations were examined under a fluorescence microscope with blue

light (410 nm) to observe the pollen tube formation.
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Results

All the sampled yellow corollas species were diploid, except the Em71 population of E.
mediohispanicum (4x). However, the purple corollas species except E. lasgacae showed ploidy
levels higher than 2X (Table 2). Populations within species showed different ploidy levels for E.
bastetanum (4x and 8x), and E. popovii (4x and 10x). For Ebb12, En05, and En10 samples were
not possible to estimate the ploidy levels, and we have used the described in Blanca et al. (1992)

(Table 2).

Transcriptome assembly and orthology inference

The summary of the sequenced statistic is shown in the Table S1 (Suporting Information). After
assembling, we obtained between 104K and 382K different Trinity transcripts, producing
between 66K and 235K Trinity isogenes. The total assembled bases ranged from 92 Mbp (in
Em21 population of E. mediohispanicum) to 319 Mbp (in En10 population of E. nevadense). The
summary statistics of the assembled transcriptomes is presented in Supplementary Table S2. We
annotated the Trinity unigenes using different protein databases (see Table S3). Among the
annotated unigenes, the highest proportion was annotated using BLASTX search against the
SwissProt reference database, and the number of genes annotated ranges between 71,606 (E.
nevadense, En12) and 197,069 (E. baeticum, Ebb10); mean value 146,314.35. OrthoFinder
assigned 1,519,064 protein gene sequences (96.4% of total) to 92,984 gene families (orthogroups)
(Table S4). Among them, 16,941 orthogroups were shared by all species, and their corresponding

gene trees were used for further analyses.

Phylogenetic trees and population clustering

We inferred a coalescence tree using the 16,941 maximum likelihood gene trees obtained with

IQTREE as input for ASTRAL (Figure S1). This species tree was almost entirely resolved,
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having only four nodes with low quartet scores results (BS for these nodes: 0.78, 0.77, 0.70, and
0.53; see Figure S1). The earliest diverging sample was Em71, the 4x E. mediohispanicum
population. Three clades, although with low supports, were evident. A clade composed of the
individuals of E. bastetanum and E. baeticum (purple corollas); another clade including E. fitzii
and the three individuals of E. popovii; and the last clade including the individuals of E.
nevadense and the 2x individuals of E. mediohispanicum (yellow corollas). We did not find any
evidence of within-species clustering, which is compatible with interspecific hybridization.
Moreover, when comparing the species tree with the whole chloroplast genomes phylogeny, we
have found a signature of cyto-nuclear discordance (Figure 1) with significant SH test result (p-
value < 0.01, Diff -In L= 345426.4). This lack of congruence among both phylogenies also

supports the hybridization hypothesis.

The discriminant analysis revealed K=4 and K=5 as the most likely number of genetic
clusters (Figure S2), both of them with very similar BIC values (K=4, BIC= 189.99; K=5, BIC=
188.99). The clusters corresponding to K=4 produced the same clusters that appeared in the
coalescence tree (Figure S2). However, the clusters corresponding to K=5, included three
monospecific ones (for E. lagascae, E. fitzii and E. popovii), one for the yellow diploid species
(E. nevadense, the three individuals, and E. mediohispanicum, Em21 and Em39), and the last one
including the individuals of E. baeticum, E. bastetanum, E. popovii and the E. mediohispanicum

4X (Em71).

Analysis of introgression

Based on the AIC values for the log-likelihood of the networks (Table S5), the network with 13
reticulation instances was the most reliable, indicating frequent hybridization events in the
genealogy of these populations. The estimates of slope heuristic of log-likelihood values also
supported the network with 13 reticulation instances as the most reliable network estimated.

Figure 3 shows the probable introgression events by edges connecting the tree branches between
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different individuals. Moreover, the most likely network included edges connecting non-terminal
branches (see Figure 3), which indicates reticulations with past extinct taxa or incomplete

sampled taxa (“ghost species™).

This scenario of frequent hybridization is also supported by the ABBA-BABA statistics,
even using the D-statistic conservative approach of D-min. We summarized the tested topologies
and the inferred D-statistics with corrected p-values for all triplet combinations in the
supplementary Table S6 and in the Figure S3. The highest signal of introgression occurred
between E. fitzii and individuals of E. baeticum (Ebb12, and Ebb10) and E. popovii (Ep16), and
between E. popovii (Ep16) and individuals of E. bastetanum (Ebt12) and E. baeticum (Ebb07,
Ebb10, Ebb12). The Fbranches results also supported several events of inter-specific gene flow
(Figure S4). Specifically, we found the highest signal of gene flow between E. bastetanum
(Ebt12) and individuals of E. mediohispanicum (Em71, Em21), E. nevadense (En12, En05), and
E. baeticum (Ebb07, Ebb10), between E. bastetanum (Ebtl3) and individuals of E.
mediohispanicum (Em71), and E. popovii (Ep20), between E. bastetanum (Ebt01) and individuals
of E. mediohispanicum (Em21, Em39) and E. nevadense (En12). Moreover, we have found many

gene flow events provided by ancestral or non-sampled taxa (Figure S4).
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Figure 3. Boxplots depicting dN/dS ratios for CHS and CHI genes. On the right of each x-axis is shown the average of
dN/dS ratio for yellow and purple corolla samples. The dashed line represents unity. Thus, dN/dS < 1 means purifying
selection, dN/dS > 1 means positive selection and dN/dS = 1 neutrality. “Na” values represented cases where we do not

find synonymous mutations, and the dN/dS ratio could not be calculated.
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Evolution of ABP genes

We have found introgression signatures of E. lagascae into E. bastetanum for CHS, CHI, with
significant f°d wvalues (Tables S7 and S8, respectively). The most robust signature of
introgression was for the CHI gene, in which we have found signatures of introgression in E.
bastetanum when using all the possibles P1 combinations. Moreover, we have also found
signatures of the introgression of E. lagascae for the CHI gene into the yellow species E.
mediohispanicum, E. nevadense, and E. fitzii with significant f"d values. Patterson’s D values
supported the gene flow in all the cases. The F3H gene showed a similar introgression pattern
than the CHI gene for E. bastetanum, E. mediohispanicum, E. nevadense, and E. fitzii, but with
not significant f°d values (Table S9). However, we have not found introgression in the other

genes studied (DFR, ANS, and UF3GT;, Tables S10-S12)

The dN/dS results showed that CHS and CHI genes were under positive selection in
almost all the species studied (Figure 4). However, in some instances, we have not found
synonymous mutations for the CHI gene, and the dN/dS ratio could not be calculated for some
populations (E. popovii-Ep20, E. bastetanum-Ebt12, E. baeticum-Ebb10, and Ebb12). Moreover,
for the CHS gene, the Em71 population of E. mediohispanicum and Ebb10 of E. baeticum, seems
to be under purifying selection. Overall, the McDonald—Kreitman test (MKT) results showed NI
values under one, supporting positive selection for both genes in E. bastetanum, E. popovii, E.
mediohispanicum, and E. nevadense (only in CHS gene). However, none of the p values were
significant (Table 3). We could not estimate the MKT in E. fitzii as we have only one population

sampled, and the test requires more than a sequence to be estimated.
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Species CHI CHS

E. baeticum NI: null NI: 0,00
p-value: 0.78 p-value: 0.17
E. bastetanum NI: 0.51 NI: 0.18
p-value: 0.54 p-value: 0.10
E. popovii NI: 0.32 NI: 0.81
p-value: 0.16 p-value: 0.86
E. mediohispanicum NI: 0.21 NI: 1.72
p-value: 0.16 p-value: 0.63
E. nevadense NI: 0.15 NI: null
p-value: 0.09 p-value: 0.16
E. fitzii NI: null NI: null
p-value: null p-value: null

Table 3. Results of the MacDonald-Kreitman test (MKT). NI corresponds to the Neutrality Index. Under neutrality, we
expected that NI = 1, if NI < 1, there is an excess of fixation of non-neutral replacements due to positive selection, and
if NI > 1, negative selection is preventing the fixation of harmful mutations. The divergence was corrected by the Jukes

& Cantor model. Gene codes: CHS: Chalcone synthase, CHI: Chalcone flavone isomerase.

Prezygotic barriers

Pollen tube growth

A total of 103 Erysimum pistils preparations were examined: 52 from hybrid crosses, 24 from
forced selfing crosses, 16 from spontaneous selfing crosses, and 11 from intra-specific crosses.
Our results showed that pollen tube full growth (until the ovary) in 51,92 % of the hybrid crosses
(n=52), 29,16 % of the forced selfing crosses (n=24), 25,16 % of the spontaneous selfing crosses
(n= 16), and 63,33 % of the intra-specific crosses (n= 11) (Figure S5). Cases in which the pollen
tube grew but did not reach the ovary were treated as non-growing, and we could not estimate

whether the tube grew to that point or did not have enough time to develop completely.
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Discussion

Our results suggest that the Erysimum species studied here have a strong signature of
hybridization and introgression. Thus, by using several methodological approaches that allow
studying hybridization while accounting for incomplete lineage sorting (e.g., PhyloNet (Than et
al., 2008; Wen et al., 2018), and ABBA-BABA (Durand et al., 2011)), we have found a significant
incidence of hybridization events, thus suggesting that reproductive barriers among the species
studied here were weak (Abbott et al., 2013). In fact, this is supported by the pollen tube growth
experiments where pollen tube was able to grow until the ovary in hybrid crosses. Moreover, we
have found that purple species studied here were polyploid and may suggest an allopolyploid
origin. Nevertheless, we also have found a signature of hybridization on the yellow species, that
were mostly diploid (except one population of E. mediohispanicum), suggesting that yellow
species could have signatures of past hybridization events or an ancient polyploid origin, i.e.,
being the result of a diploidization event. Furthermore, our results suggest that one purple species
(E. bastetanum) of the three studied here have signatures of introgression from a purple ancestral
(E. lagascae) in two anthocyanin genes. However, we have found that the three yellow species
studied (E. mediohispanicum, E. nevadense, and E. fitzii) also have a signature of introgression
from a purple parental in an anthocyanin gene. Overall, all results support a scenario of multiple

hybridization events involving not only the purple species but also the yellow ones.

However, we have not found a consistent hybridization pattern for these species. In
particular, we have found that individuals from a given species might hybridize with multiple
different species. Both ABBA-BABA test (with many introgression events found) and PhyloNet
(with 13 reticulations as the most optimal network) support these promiscuous hybridization

patterns. In the same vein, DAPC results supported a scenario with no species identity clustering
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in which the species were grouped by geography. In other words, populations from different
species, placed in the same geographical area (in the same mountain range in this case), were
grouped independently of their species identity. These results are in line with the previous
findings in other systems, which suggested differential rates of hybridization for the same species
across different geographical areas (Payton et al., 2019; Sujii et al., 2019; Wang et al., 2019).
These hybridization patterns may have varied due to ecological pressures (Grant & Grant 2002,
Borge et al. 2005, Seehausen et al. 2008; Ortego et al., 2014; Harrison and Larson., 2014; Kay et
al., 2018). Nevertheless, the historical dynamics of genetic isolation and gene flow might have
also played a role (Albaladejo and Aparicio, 2007; Rifkin et al., 2019; Zielinski et al., 2019). In
fact, these species studied were located in a well known glacial refugium (Médail and Diadema,
2009; Hughes and Woodward, 2017), and thus, the isolation and then re-establishment of gene
flow (i.e., secondary contact zones) among populations of different species may have favored
locally specific hybridization patterns (Coyne, 2004; Harrison and Larson, 2014; Arnold, 2015).
Therefore, in line with our results, a knowledge of the historical dynamics of species populations
and past ranges overlap is required to fully understand the genomic pattern of divergence between
closely related species, for instance by using macroecological methods combining niche models

with a phylogenetic approach (Folk et al., 2018).

Furthermore, we have found a ghost introgression signature. Thus, ancestral species may
have influenced the hybridization scenario of the species studied here. This result was first
supported by the cytonuclear discordance patterns that we have found which might be due to
organellar introgression from extinct species (Huang et al., 2014; Pereira et al., 2016; Folk et al.,
2017; Forsythe et al., 2018; Seixas et al., 2018; Lee-Yaw et al.,, 2019; Lin et al.,, 2019;
Rakotoarivelo et al., 2019; Zhang et al., 2019; Dufresnes et a., 2020). Furthermore, we have
found an ancestral introgression signature in the phylogenetic species network, in which some of

the reticulations that we have found were coming from ghost introgression events. Also,
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Fbranches results supported a very similar scenario. Specifically, we have found that some
ancestral of E. popovii (purple) could be related to E. fitzii (yellow). Also, we have found
evidence of gene flow between an ancestral of E. mediohispanicum (yellow; Em21) with E.
bastetanum (purple) and E. baeticum (purple). Moreover, the results showed that many past gene
flow events could have occurred between E. baeticum (purple), E. nevadense (yellow), and E.
bastetanum (purple). In light of our results, some ancestral species may have played a role as
introgression sources for purple and yellow species studied here. However, in this study, we did
not include some Erysimum species that also inhabit the Baetic Mountains and may have acted as
a source of introgression. Accordingly, we may be mistaking the signal of the unsampled species
for ancestral species. Nevertheless, the number of studies reporting ghost introgression events are
increasing (Susnik et al., 2007; Green et al., 2010; Meyer et al., 2012; Ai et al., 2015; Barlow et
al., 2018; Gokhman et al., 2019; Kuhlwilm et al., 2019; Zhang et al., 2019; Liu et al., 2019; ) and
novel methodological approaches are appearing, which allow the search into the extant genome
for signatures of introgression from extinct species (e.g., S* statistic (Racimo et al., 2015; De
Manuel et al., 2016), hidden Markov models (Skov et al.,, 2018; Foote et al., 2019) and
demographic models (Gronau et al.,, 2011). Therefore, further research about the ghost
introgression's influence on Erysimum evolution, including all the Iberian species and high-
quality genome assemblies, would be required to understand the hybridization scenario

thoroughly.

Here, in addition to studying the general signature of hybridization on several Erysimum
species, we have studied the introgression and selection patterns of the anthocyanin genes'
evolution. Our results are partially compatible with the possibility that that purple color of some
Erysimum species might have appeared as a consequence of an introgression event by
hybridization from a purple parental species. Thus, our results supported signatures of

introgression (f"d) for some species in the CHS and CHI genes, even though this statistic tends to
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underestimate the rate of introgression (Pfeifer and Kapan, 2019). However, we have not found
introgression in the other genes studied (F3H, DFR, ANS, and UF3GT), maybe because these
downstream anthocyanin genes may have lost the introgression signal (if it would exist) as they
have an accelerated rate of evolution compared to genes upstream (Rausher et al., 1999; Lu and
Rausher, 2003). Specifically, considering E. lagascae (purple) as the introgression source, we
have found introgression signatures in E. bastetanum (purple) for these two genes. Nevertheless,
we have also found introgression signatures for the CHI gene in the yellow species (E.
mediohispanicum, E. nevadense, E. fitzii). These results may suggest that yellow species studied
have signatures of introgression from a purple diploid parental (E. lagascae), and may have
appeared by hybridization from ancestral species with purple and yellow color. These results were
congruent with previous studies that suggested that yellow color appears in the Iberian species
secondarily, from a purple ancestral species (Gomez et al., 2015b). Moreover, we have not found
signatures in E. baeticum and E. popovii from E. lagascae. Therefore, in light of our results,
which suggested that these two species have hybridization signatures, these purple species may
have a different origin, possibly resulting from different hybridization events with another purple
species as a parental not sampled or extinct. Further studies using new methodologies that allow
the reconstruction of ancestral characters (Gokhman et al., 2019) would be required for
unraveling the ancestral corollas color for these species (Ottenburghs, 2020). Moreover, the
results of the selection test showed signatures of positive selection in the CHS and CHI gene for
yellow and purple species according to both the dN/dS and MKT tests, but this last with no
significant results. However, in closely related species, differences between sequences may not
represent fixation events. Rather, there is a segregation of pre-existing polymorphism among
descendant populations (Kryazhimskiy and Plotkin, 2008; Keightley and Eyre-Walker, 2012) and
here selection tests may be biased by relatedness among Erysimum species. Overall, our approach
has some limitations, and we may have lost variant information for these species as using a

consensus sequence of each gene. Therefore, in further studies, it would be ideal to use a
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haplotype phasing approach with long reads to capture all the allelic variants from each

chromosome in the diploid and polyploid species (Zhang et al., 2019, Schrinner et al., 2020).

The introgression that we have found on yellow and purple species may have an adaptive
function. The fact that yellow species have signatures of introgression from purple species may
suggest that anthocyanin genes introgressed may not have played a role as pollinator attractors.
Interestingly, Gémez et al. 2015b found that purple Erysimum species were not more specialized
in pollinator's attraction than yellow species. Thus, it seems that pollinators did not play an
essential role in the appears purple on the Erysimum species studied here, and anthocyanin
production may be related to other functions. In particular, we have found introgression of CHI
and CHS genes, which participated in flavonoid biosynthesis (Winkel-Shirley, 2001), and were
related to responses to environmental plant stress (Treutter, 2006; Dao et al., 2011; Khlestkina,
2013). The species studied here inhabit high mountains, where these genes may confer adaptive
advantages. Accordingly, adaptive introgression events related to tolerance to high mountain
ambients have been described in Cupressus species (Ma et al., 2019). Moreover, the introgression
of genetic variants that confers adaptations to ecological pressures has been described in several
plant systems. Thus, for instance, has been related with herbivory resistance (Helianthus spp;
Kim and Rieseberg, 1999; Whitney et al., 2006; Whitney et al., 2010), tolerance to flooding
ambients (Iris; Martin et al., 2006), drought tolerance (Arabidopsis spp; Arnold et al., 2006;
Quercus spp; Khodwekar and Gailing, 2017; Populus spp; Chhatre et al., 2018), cold tolerance
(Populus spp; Soolanayakanahally et al., 2009), and with photoperiodic regulation (Populus spp;
Chhatre et al., 2018). Furthermore, adaptive introgression related to environmental changes has
been described in animal systems. For instance, hares species (Jones et al., 2018) and wolf
species (Anderson et al., 2009) are good examples of systems in which adaptive introgression of
allelic variant confer changes in color to the receiving species that helps them to better adapt to

environmental changes. Nevertheless, to assume that the introgression that we have found in CHI
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and CHS are a candidate region for adaptive introgression, a direct measurement of a fitness

effect of the introgressed region of these species is required.

Hence, to fully understand how the purple color has evolved in these species, it would be
necessary for studying all the Erysimum species from the Iberian Peninsula with purple and
yellow corollas. Moreover, studying the whole introgression pattern for these species and dating
the polyploid appears, may help us to understand whether the success of the polyploid species is a
consequence of adaptive introgression in key genes. For that, a whole-genome sequencing
approach would be required, considering the influence of ghost species and the date and
directionality of the introgression events. Thus, a better understanding of the hybridization and
adaptive introgression pattern on these species located in a glacial refugee may help us to

understand how species cope with climate fluctuations.
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Figure S5. Pollen tube growth as a result of hand pollination crosses. A and B, pollen tube formation after a hybrid
cross of E. bastetanum with E. mediohispanicum (A) and with E. popovii (B); C and D, pollen tube formation after a
hybrid cross of E. popovii with E. mediohispanicum (C) and E. bastetanum (D); E and F, pollen tube formation after a
hybrid cross of E. mediohispanicum with E. popovii (E) and with E. bastetanum (F), F pollen tube formation after an
intra-specific cross of E. popovii (Ep27) with other population (Ep16) of the same species, and G, shows a lack of

growth of the pollen tube.
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Taxon Population  Total read bases (bp) Total number of reads (bp) GC (%) Q20 (%) Q30(%) Gb Reads after trimming (bp)
E. baeticum Ebb07 10,342,234,016 68,491,616 47.38 96.13 91.88 5.1 60,985,000
E. baeticum Ebb10 20,383,113,406 134,987,506 47.25 96.63 92.11 9.9 119,520,613
E. baeticum Ebb12 20,634,741,014 136,653,914 47.30 96.71 92.24 10.1 121,103,833
E. bastetanum Ebt01 11,454,840,974 75,859,874 44.88 99.89 99.10 5.0 75,854,979
E. bastetanum Ebt12 10,417,333,262 68,988,962 45.71 98.22 95.24 5.2 65,757,353
E. bastetanum Ebt13 10,777,576,680 71,374,680 45.47 98.58 95.91 5.4 65,765,324
E. fitzii Ef01 10,156,440,596 67,261,196 47.09 98.94 96.66 4.6 66,245,223
E. lagascae Ela07 7,201,775,508 71,304,708 43.50 96.47 93.68 5.4 65,740,933
E. mediohispanicum Em21 10,235,928,808 67,787,608 48.86 96.05 91.72 4.7 60,130,101
E. mediohispanicum Em39 23,224,849,148 153,806,948 47.49 96.79 92.43 11.2 136,858,973
E. mediohispanicum Em71 10,242,859,708 67,833,508 46.51 98.18 95.14 5.0 64,619,740
E. nevadense En05 22,265,032,144 147,450,544 46.73 96.65 92.20 10.8 130,509,040
E. nevadense En10 24,045,140,340 159,239,340 44.94 96.90 92.72 11.4 142,305,123
E. nevadense Enl12 10,141,853,090 67,164,590 47.49 96.17 91.96 5.1 59,838,058
E. popovii Ep16 10,556,586,670 69,911,170 46.26 96.09 91.78 5.7 62,135,880
E. popovii Ep20 10,860,711,844 71,925,244 45.98 98.12 94.96 5.5 68,273,570
E. popovii Ep27 25,555,407,006 169,241,106 47.38 96.64 92.14 12.5 149,733,87

Table S1. Summary of the sequencing statistics.
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Taxon Population Total Trinity genes Total Trinity transcripts  Contig N50  Median contig length Average contig Total assembled
length bases (bp)
E. baeticum Ebb07 116,006 188,787 983 423 678.35 128,063,827
E. baeticum Ebb10 235,313 382,286 859 381 617.37 236,012,489
E. baeticum Ebb12 171,950 335,960 958 417 663.71 222,979,601
E. bastetanum Ebt01 164,708 291,831 991 438 688.00 200,778,797
E. bastetanum Ebt12 123,268 212,255 1,088 444 723.11 153,483,728
E. bastetanum Ebt13 186,374 278,526 938 382 639.83 126,262,947
E. fitzii Ef01 77,047 130,076 1,502 620 957.81 124,588,696
E. lagascae Ela07 106,811 203,045 1,361 540 865.68 175,772,242
E. mediohispanicum Em21 66,162 104,486 1,362 579 888.57 92,843,559
E. mediohispanicum Em39 93,902 238,394 1,495 662 977.67 233,071,647
E. mediohispanicum Em71 93,154 160,490 1,128 490 764.13 122,635,013
E. nevadense En05 92,897 235,515 1,504 663 981.53 231,165,137
E. nevadense En10 217,656 368,656 1,436 496 867.83 319,929,639
E. nevadense En12 75,088 126,245 1,212 561 829.65 104,739,622
E. popovii Epl6 107,329 186,398 1,130 477 757.88 141,267,189
E. popovii Ep20 199,665 300,036 738 353 566.56 169,989,446
E. popovii Ep27 123,780 288,344 1,249 529 819.94 236,425,328

Table S2. Summary of the transcriptome assembly statistics.
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Number of unigenes

Taxon Population code  Sprot_top_BLASTX_hit Sprot_top_BLASTP_hit Pfam GO_Pfam GO_BLAST eggog Kegg
E. mediohispanicum Em21 71606 51019 45366 29311 64679 62559 59930
E. mediohispanicum Em39 170089 119187 105585 68625 154101 148134 140544
E. mediohispanicum Em71 159869 86090 74989 46573 146455 140640 133137
E. nevadense En05 167406 117596 103913 67649 151343 145238 138224
E. nevadense En10 189900 127250 113593 75293 175240 164625 156297
E. nevadense Enl2 85222 59138 52245 33974 77857 74795 71130
E. popovii Ep16 114873 72485 64212 40623 104434 99335 94405
E. popovii Ep20 164455 79736 68739 42568 152320 145732 137445
E. popovii Ep27 184887 116140 102230 65460 167458 161254 153256
E. bastetanum Ebt01 165626 98309 85207 52817 149999 142448 135739
E. bastetanum Ebt12 128004 76939 68066 42817 116348 111477 105855
E. bastetanum Ebt13 159869 86090 74989 46573 146455 140640 133137
E. baeticum Ebb07 112543 1844 58464 37009 41713 40129 37760
E. baeticum Ebb10 197069 111229 97272 61805 184103 172826 164226
E. baeticum Ebb12 190835 108248 22484 22480 175134 166701 158092
E. lagascae Ela07 132907 85868 76201 48546 118802 113696 108497
E. fitzii Ef01 92184 65200 57552 37661 83190 79488 75459

Table S3. Annotation summary of the assembled transcripts using different databases: SwissProt (BLASTX and BLASTP ), Pfam, eggnog, GO, and Kegg.
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Total number of Orthogroup 92,984

Mean Orthogroup size 16.3
Median Orthogroup size 7.0
Number of protein genes 1,574,983
N. of genes in Orthogroups 1,519,064
N. of unassigned protein genes 55,919
Percentage of genes in Orthogroups 96.4
Percentage of unassigned protein genes 3.6
Number of Orthogroup with all species present 16,941

Table S4. Summary of OrthoFinder results.

Log likelihood AIC
1 -1.0224071648028404E7 20448145
2 -1.022316938865218E7 20446343
3 -1.0222191339585347E7 20444389
4 -1.0221615102393162E7 20443238
5 -1.022131616996915E7 20442642
6 -1.0220690757836848E7 20441394
7 -1.0220980513494018E7 20441975
8 -1.0223136397700764E7 20446289
9 -1.0220246575984979E7 20440511
10 -1.0220445144143904E7 20440910
11 -1.0220701238338212E7 20441414
12 -1.0219898642573046E7 20439821
13 -1.0219513355204735E7 *20439053
14 -1.021989388332834E7 20439816
15 -1.0220243030447358E7 20440516

Table S5. Log likelihood and AIC for all the estimated phylogenetic species network (range of 0 to 15

reticulations). The network with the lower AIC is depicted by an asterisk.
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Gene P1 P2 P3 f'd P1,P3 f'd P2,P3 p-value D
CHS En Ebb Ela 0.005 0.001 >0.001 0
CHS En Ebt Ela 0 0.10 >0.001 0
CHS En Ep Ela 0.05 0 >0.001 0
CHS Em Ebt Ela 0 0.03 >0.001 0
CHS Em Ebb Ela 0.01 0.03 >0.001 0
CHS Em Ep Ela 0.04 0 >0.001 0
CHS Ef Ebb Ela 0.09 0 >0.001 0
CHS Ef Ebt Ela 0 0.51 *<0.001 0.56
CHS Ef Ep Ela 0.13 0 >0.001 -0.43
CHS Ebb Ebt Ela 0 0.19 *<0.001 0.92
CHS Ebt Ep Ela 0.03 0 >0.001 0
CHS Ebb Ep Ela 0.04 0 >0.001 0

Table S7. Summary of the f°d statistics and Patterson D results using a block-jackknifing correction, for the

Chalcone synthase (CHS). The test was performed with E. lagascae (Ela) as archaic population (P3). P1

and P2 code populations are: Ebt (E. bastatenanum), Ebb (E. baeticum), Ep (E. popovii), Em (E. mediohis-

panicum), En (E. nevadense), and Ef (E. fitzii). The significatnt p-values are depicted by an asterisk.
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Gene P1 P2 P3 f'd P1,P3 f'd P2,P3 p-value D

CHI En Ebb Ela 0.25 0 *<0.001 -0.88
CHI En Ebt Ela 0.22 0 *<0.001 -0.47
CHI En Ep Ela 0.30 0 *<0.001 -0.87
CHI Em Ebt Ela 0.10 0 *<0.001 -0.51
CHI Em Ebb Ela 0.27 0 *<0.001 -0.93
CHI Em Ep Ela 0.33 0 *<0.001 -0.92
CHI Ef Ebb Ela 0.17 0 *<0.001 -0.97
CHI Ef Ebt Ela 0.16 0 *<0.001 1
CHI Ef Ep Ela 0.23 0 *<0.001 1
CHI Ebb Ebt Ela 0 0.19 *<0.001 0.92
CHI Ebt Ep Ela 0.24 0 *<0.001 -0.93
CHI Ebb Ep Ela 0.04 0 >0.001 -0.29

Table S8. Summary of the f°d statistics and Patterson D results using a block-jackknifing correction, for the
Chalcone flavone isomerase (CHI). The test was performed with E. lagascae (Ela) as archaic population
(P3). P1 and P2 code populations are: Ebt (E. bastatenanum), Ebb (E. baeticum), Ep (E. popovii), Em (E.
mediohispanicum), En (E. nevadense), and Ef (E. fitzii). The significatnt p-values are depicted by an

asterisk.
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Gene P1 P2 P3 f'd P1,P3 f'd P2,P3 p-value D

F3H En Ebb Ela 0.11 0 >0.001 -0.87
F3H En Ebt Ela 0 0.40 >0.001 0.79
F3H En Ep Ela 0.10 0 >0.001 0.29
F3H Em Ebt Ela 0 0.03 >0.001 0.15
F3H Em Ebb Ela 0.75 0 >0.001 -0.58
F3H Em Ep Ela 0.10 0 >0.001 0.29
F3H Ef Ebb Ela 0.18 0 >0.001 -0.66
F3H Ef Ebt Ela 0.01 0 >0.001 -0.14
F3H Ef Ep Ela 0 0 >0.001 -
F3H Ebb Ebt Ela 0 0.20 >0.001 0.53
F3H Ebt Ep Ela 0 0 >0.001 -
F3H Ebb Ep Ela 0 0 >0.001 -

Table S9. Summary of the f°d statistics and Patterson D results using a block-jackknifing correction, for the
Flavanone 3-hydroxylase (F3H). The test was performed with E. lagascae (Ela) as archaic population (P3).
P1 and P2 code populations are: Ebt (E. bastatenanum), Ebb (E. baeticum), Ep (E. popovii), Em (E.

mediohispanicum), En (E. nevadense), and Ef (E. fitzii).
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Gene P1 P2 P3 f'd P1,P3 f'd P2,P3 p-value D

DFR En Ebb Ela 0 0 >0.001 -
DFR En Ebt Ela 0.01 0 >0.001 0
DFR En Ep Ela 0 0 >0.001 -
DFR Em Ebt Ela 0.005 0 >0.001 -
DFR Em Ebb Ela 0.005 0 >0.001 -
DFR Em Ep Ela 0 0 >0.001 -
DFR Ef Ebb Ela 0 0 >0.001 -
DFR Ef Ebt Ela 0 0 >0.001 -
DFR Ef Ep Ela 0 0 >0.001 -
DFR Ebb Ebt Ela 0 0 >0.001 -
DFR Ebt Ep Ela 0 0 >0.001 -
DFR Ebb Ep Ela 0 0 >0.001 -

Table S10. Summary of the f'd statistics and Patterson D results using a block-jackknifing correction, for
the Dyhydroflavonol 4-reductase (DFR). The test was performed with E. lagascae (Ela) as archaic popula-
tion (P3). P1 and P2 code populations are: Ebt (E. bastatenanum), Ebb (E. baeticum), Ep (E. popovii), Em

(E. mediohispanicum), En (E. nevadense), and Ef (E. fitzii).
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Gene P1 P2 P3 f'd P1,P3 f'd P2,P3 p-value D

ANS En Ebb Ela 0 0.12 >0.001 -
ANS En Ebt Ela 0 0 >0.001 -
ANS En Ep Ela 0 0 >0.001 -
ANS Em Ebt Ela 0 0 >0.001 -
ANS Em Ebb Ela 0 0 >0.001 -
ANS Em Ep Ela 0 0 >0.001 -
ANS Ef Ebb Ela 0 0 >0.001 -
ANS Ef Ebt Ela 0 0 >0.001 -
ANS Ef Ep Ela 0 0 >0.001 -
ANS Ebb Ebt Ela 0 0 >0.001 -
ANS Ebt Ep Ela 0 0.6 >0.001 -
ANS Ebb Ep Ela 0 0 >0.001 -

Table S11. Summary of the f°d statistics and Patterson D results using a block-jackknifing correction, for
the Anthocyanidin synthase (ANS). The test was performed with E. lagascae (Ela) as archaic population
(P3). P1 and P2 code populations are: Ebt (E. bastatenanum), Ebb (E. baeticum), Ep (E. popovii), Em (E.

mediohispanicum), En (E. nevadense), and Ef (E. fitzii).
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Gene P1 P2 P3 f'd P1,P3 f'd P2,P3 p-value D

UF3GT En Ebb Ela 0 0 >0.001 0
UF3GT En Ebt Ela 0.16 0.22 >0.001 0.31
UF3GT En Ep Ela 0.28 0.02 >0.001 0.12
UF3GT Em Ebt Ela 0 0.40 >0.001 0.81
UF3GT Em Ebb Ela 0 0.2 >0.001 -
UF3GT Em Ep Ela 0 0.3 >0.001 0.33
UF3GT Ef Ebb Ela 0 0.13 >0.001 -
UF3GT Ef Ebt Ela 0 0.13 >0.001 -
UF3GT Ef Ep Ela 0 0.22 - -
UF3GT Ebb Ebt Ela 0 0 - -
UF3GT Ebt Ep Ela 0 0 >0.001 0.52
UF3GT Ebb Ep Ela 0 0 >0.001 0.20

Table S12. Summary of the f'd statistics and Patterson D results using a block-jackknifing correction, for
the UDP-glucose (UF3GT). The test was performed with E. lagascae (Ela) as archaic population (P3). P1
and P2 code populations are: Ebt (E. bastatenanum), Ebb (E. baeticum), Ep (E. popovii), Em (E. mediohis-

panicum), En (E. nevadense), and Ef (E. fitzii).
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General Discussion
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Throughout this Ph.D. thesis, we have explored and characterized the hybridization scenario for
some Southern Iberian Erysimum using a broad approach and providing new resources and
molecular tools. First, we studied to which degree ITS sequences are homogenized by concerted
evolution (Chapter I). We found that these nuclear sequences were not thoroughly homogenized
in this group of species, suggesting that hybridization is frequent and has occurred relatively
recently and might even be ongoing. Second, we assembled the chloroplast genomes of these
species from RNA-Seq data, demonstrating the reliability of this strategy to provide complete
cpDNA genomes (Chapter IT). Then, we used this approach to develop genomic resources for
the study of evolution in Erysimum and other taxa assembling several cpDNA genomes. de novo
and annotating them In Chapter III, we used these genomes to reconstruct a time-calibrated
phylogeny. Finally, we combined the cpDNA and nuclear genomic and transcriptomic data with
ecological and cytogenetic information to analyze the general hybridization scenario in Erysimum
spp. (Chapter IV). Our results indicated that introgression is ubiquitous for all the species
studied here, including even diploid species. These multiple layers of evidence strongly support

the hypothesis that recurrent hybridization is a major driver of diversification in Erysimum spp..

Hybridization and introgression patterns in Erysimum species

In this Ph.D. thesis, we have analyzed a group of species with a possible history of hybridization,
applying different genetic methodologies and accounting for other phenomena such as ILS. Our
results supported a scenario of both recent and ancient hybridization for the Erysimum species
studied here. The phylogenetic incongruence between the evolutionary scenarios reconstructed
from nuclear and plastidial markers is the first indication of hybridization and introgression.
Nuclear sequences such as ITS have usually been used to infer recent gene flow (Lexer et al.,
2005; Burgarella et al., 2009; Pinheiro et al., 2010). These sequences are assumed to be under

concerted evolution that reduces nucleotide and haplotypic diversity (Alvarez and Wendel, 2003).
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However, we have encountered a lack of homogenization in ITS markers in Erysimum spp. ,
which varies depending on ploidy (Chapter I). A reduction in sequence homogenization is
expected after an allopolyploidization event since two different genomes are combined into a
single one, with a subsequent and sudden increase of intragenomic diversity. Later, concerted
evolution homogenizes variation at ITS sequences in a process that depends on both time since
hybridization and nucleotidic differences among the initial ITS sequences. However, additional
events of introgression could maintain a relatively high ITS variability, in a cycle of accretion by
hybridization and reduction by concerted evolution that will only come to an end after complete
reproductive isolation between the hybrid and its parentals. In the case of diploid (2X) species,
such as E. nevadense, E. fitzii, and some populations of E. mediohispanicum, our findings of
intragenomic variation suggest that interspecific introgression events have influenced even the
configuration of diploid genomes. Therefore, our results may be interpreted as the product of
relatively recent hybridization, in which concerted evolution has not had enough time to erase
sequence polymorphism after hybridization.

We have also studied the complete sequence of the chloroplast genomes of several
species, to try and identify signals of introgression. Comparison of nuclear and plastid
phylogenies has been previously used to describe ancient episodes of introgression (Palmé et al.,
2004; Heuertz et al., 2006; Palma-Silva et al., 2011). We found clear cytonuclear discordances
that support an scenario of ancient hybridization (see Figure 1, Chapter IV). Moreover, we
found indications of ghost introgressions, i.e., signatures of ancient admixture with unsampled or
now-extinct lineages (Chapter 1V). Presumably, after hybridization, some of the parental hybrid
species must have either gone (locally) extinct or at least become very rare, but the introgression
signature persists in the genomes of extant species. Thus, this Ph. D. thesis's results highlight the
importance of incorporating hybridization events in the analysis of plant evolution. Moreover, we
have showed that hybridization should not be treated as a once-only phenomenon, at least in

Erysimum spp., and that both recent and ancient hybridization events, including ghost
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introgression, inform current genetic diversity. The evolution of complete reproductive isolation
barriers may take numerous generations and hybridization and introgression can occur recursively
at different stages of speciation.

Plant evolution appears to have been strongly influenced not only by hybridization but
also by polyploidization. Therefore, we also addressed the potential role of polyploidy in our
system. Erysimum is one of Brassicaceae’s genera with a wider variation in chromosome number,
with species ranging from 2n = 12 to 2n = 84, and including extensive variation below the species
level (Marhold & Lihova, 2006; Warwick & Al-Shehbaz, 2006). In the particular case of Iberian
Erysimum, several authors have reported ample variation at the intraspecific level, with
remarkable cases in the Northern species E. duriaei and for E. popovii in the South (Clot 1992;
Blanca et al., 1992). In the species and populations we sampled, the species with purple corolla
were all polyploids, except E. lagascae, which we had sampled outside the Baetic Mountains
precisely because we assumed it would be a diploid (see Chapter IV). However, all the yellow
species were diploids (except a tetraploid population of E. mediohispanicum, Chapter IV). This
species has been previously studied as having diploid and polyploid populations in the Iberian
Peninsula, with a clear geographical division between northern (4n) and southern (2n)
populations (Nieto-Feliner 2003; Muiloz-Pajares, 2013). Em71, the 4x population of E.
mediohispanicum, is located in the North of the Granada province, coinciding with the South
limit of the geographical distribution of 4n E. mediohispanicum. We have also found intra-
specific differences in ploidy levels for E. popovii and E. bastetanum. Cytotypes of E.
bastetanum and especially E. popovii are more geographically intermixed than those of E.
mediohispanicum, with interspersed population showing 28, 40, 42, 56, and 70 chromosomes (4X
to 10X; Fernandez et al., 2012, 2105; Gomez et al., unpublished). It has been estimated that
around 15 % of plant species show intra-specific ploidy variation (Rice et al., 2015). This
variation has been described in several species (Petit et al., 1999; Mraz et al., 2012; Eidesen et al.,

2013; Hiilber et al., 2015; Zozomova-Lihova et al., 2015; Rejlova et al., 2019) often related to
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historical demographic dynamics. When allopatric but recently diverged species coincide
spatially again, they can hybridize and produce new alloploid species and introgressed
populations. This dynamic has been associated with range expansions and contractions caused by
glacial cycles in the Pleistocene. As a consequence, glacial refugia are often regions with high
intraspecific variation in ploidy (Tribsch and Schonswetter, 2003; Schonswetter et al., 2005;
Sonnleitner et al., 2010). Erysimum species studied here are located in a well-known glacial
refugium (Médail and Diadema, 2009), which might have influenced the hybridization and
introgression dynamics among these species. In light of our results, the diversification of these
species may have happened in the Pleistocene, when the last glacial oscillations occurred
(Figure 1, Chapter III). Thus, recurrent isolation (i.e., allopatry) and subsequent admixture after
secondary contact have probably been driven by range expansion and contraction during glacial
cycles. Secondary contacts might have repeatedly created hybrid zones and therefore facilitated
multiple bouts of hybridization (Coyne and Orr, 2004; Harrison and Larson, 2014; Arnold, 2016),
leading to the different ploidy-levels described here (Kolérf et al., 2017). In fact, a hybrid zone for
E. mediohispanicum and E. nevadense has been described previously (Abdelaziz 2013) and
sympatry is common even under present-day conditions. These results underscore the importance
of incorporating multiple individuals and populations per species when exploring
polyploidization to account for intra-specific differences in ploidy level. Our findings clearly
show that it is untenable to assume that all individuals from a given species have the same ploidy
level. In complex hybrid scenarios, individuals from the same species may have different
introgression signatures in their genomes, and a population- or individual-based approach is

recommended.

Moreover, in this Ph.D. thesis, we have described signatures of hybridization and
introgression in diploid species, which were not presumed to have a hybrid origin (see Chapter I

and Chapter IV). An explanation of this introgression could be a hybrid origin with no changes
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in the ploidy level (i.e., homoploid hybrid speciation; Hersch-Green, 2012; Schumer et al., 2014;
Nieto-Feliner et al., 2017). Homoploid hybrid speciation, or at least patterns congruent with it,
has been described in several plant species (Arnold, 1993; Wolfe et al., 1998; Wang et al., 2001;
James and Abbott, 2005; Pan et al., 2007; Brennan et al., 2012; Gao et al., 2012; Taylor et al.,
2013). Nevertheless, it remains an underexplored and controversial evolutionary phenomenon
(Schumer et al., 2014). Another possible explanation is that the introgression that we found was a
signature of alloploid hybrid speciation followed by diploidization. This process has been
described in several systems (Tate et al., 2009; Mandakova et al., 2010; Manddkovéa and Lysak,
2018) resulting in chromosomal rearrangements, genome-wide reorganization, and a reduction in
chromosome number (Dodsworth et al.,, 2016). However, this process is challenging to
demonstrate, although the influence of diploidization on plant speciation has recently been
vindicated (Dodsworth et al., 2016). In any case, the results of this Ph.D. thesis emphasize that
even species that were not presumed to have a hybrid origin may harbor introgressed genomic
regions from other species. Under these circumstances, reconstructing a reliable phylogeny for
species that could hybridize might be difficult without accounting for the possibility of hybrid
origins or, at least without considering the possibility of introgression in specific chromosomic

segments.

The potential role of adaptive introgression in Erysimum spp.

We have found signatures of introgression for the anthocyanin genes in the species studied here.
Specifically, considering E. lagascae (a 2x species with purple corolla) as a representative of the
introgression source, we have found introgression signatures in E. bastetanum (purple corolla).
Moreover, we have also found signatures of introgression in the yellow corolla species E.
mediohispanicum, E. nevadense, and E. fitzii. These results suggest that the studied yellow-
corolla species show signatures of introgression from a purple diploid species (E. lagascae).

Therefore, these species may have appeared by the hybridization between ancestral species of
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purple and yellow color. These results were concordant with the substantial introgression that we
have found in diploid species (discussed above) which suggest at least a partially hybrid origin
for extant diversity. Moreover, our results are also congruent with a previous study that suggested
that yellow color appears in the Iberian Erysimum species secondarily, possibly from ancestral
purple species (Gomez et al., 2015). However, to investigate the introgression of particular genes
in these species thoroughly, further research is needed, ideally accounting for all the Erysimum
species inhabiting the Iberian Peninsula. It would also be ideal to use long-read sequence
approaches and chromosome phasing to recover all the gene copies in the polyploid species.
Therefore, our results encourage taking ancient introgression, even from extinct lineages, into

consideration when studying the evolution of potentially adaptive traits. .

We tried to account for the adaptive potential of the introgressed genes, assuming that
corolla color might influence pollinator attraction. However, in light of our results, we cannot
conclude that the introgression we detected confers an adaptive advantage, and further research is
needed. The fact that we found that yellow species have signatures of introgression from purple
species may suggest that anthocyanins and corolla color play only a minor role in pollination.
Interestingly, Gémez et al. 2015 did not find a clear differentiation in the pollination niche of
purple and yellow Erysimum species. Thus, anthocyanin production may be related to other
functions, such as responses to abiotic stress, as described in other systems (Treutter, 2006; Dao
et al., 2011; Khlestkina, 2013). The species studied here occur at high altitudes, where these
genes may confer adaptive advantages by providing photoprotection against UV-light. Examples
of introgression of genes that confer adaptation to abiotic factors have been reported in several
plant species (Rieseberg, 1998; Martin et al., 2006; Whitney et al., 2006; Soolanayakanahally et
al., 2009; Whitney et al., 2010; Arnold et al., 2016; Khodwekar and Gailing, 2017; Chhatre et al.,
2018). Notably, our results are in line with a study of Cupressus spp. in which gene introgression

in the anthocyanin pathway was linked to adaptation to high altitude habitats (Ma et al., 2019).
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Our results indicate the need to study the role of introgression in the adaptation of species to
climate and other abiotic selective factors, particularly in the context of rapid climate change.
Our results also encourage the study of adaptive introgression in wild polyploid species,
specifically in glacial refugia, which is presently understudied. The possibility that adaptive
introgression helping plants to cope with climate fluctuations can be associated with the success

of polyploid species deserves attention.

Future perspectives

This Ph. D. thesis's results provide insights into hybridization dynamics, which may have had a
strong influence on the speciation in the genus Erysimum. However, many questions remain
unanswered. For instance, addressing hybridization considering all the Erysimum species of the
Iberian Peninsula, and even including species of the Western Mediterranean, would allow us to
have a more comprehensive knowledge of the role played by this process in the evolutionary
history of this genus. Here, we have used nuclear markers, whole transcriptome, and chloroplast
genomes. Presently, whole-genome sequencing and long-read sequencing technologies (third-
generation sequencing) are taking over as sequencing techniques, and appear to be particularly
suited in the study of plant genomes (Dumschott et al., 2020). Thus, further research using whole
genomes and long reads would allow for more detailed and in-depth analyses of hybridization
patterns. Also, haplotype phasing seems to be a promising approach to study hybridization and
polyploidization, as it allows assembling all chromosomes and recovering all the intragenomic
variation (Browning and Browning, 2011). Furthermore, the fast development of novel molecular
tools might enable studies in the near future that consider the influence of extinct species as
introgression donors and reconstruct their ancestral characters. Dating of the hybridization and
polyploidization events would be ideal for disentangling the reticulated history of these species.
Also, studies with a more ecological perspective, addressing prezygotic and postzygotic

reproductive barriers across populations with different ploidy levels, would help us understand

279



whether the different cytotypes are reproductively isolated. At the same time, the introgression
signatures that we found in diploid species require further exploration to understand the
ecological factors that may favor the formation of a diploid or a polyploid genome.

We also believe that not only the results of this Ph.D. but also the scientific tools described here
can benefit other researchers and be extrapolated to other study systems. We encourage the use of
several complementary methods to detect hybridization in the presence of ILS. For instance,
using chloroplast genomes combined with nuclear data was proven helpful to disentangle
complex hybridization scenarios with a strong signature of introgression. Moreover, phylogenies,
phylogenetic networks, and introgression tests are promising approaches; however, all of them
have specific drawbacks, and using them in combination to extract patterns that are method-
independent is recommended. Finally, we emphasize that when studying the evolution of
organismal groups where hybridization is not deemed necessary a priori, an in-depth knowledge

of the genomic of the specie studied is advisable.
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General Conclusions

The genomic and transcriptomic data presented in this thesis, currently the only derived
from flower tissues, constitute a valuable genetic resource for the genus Erysimum. They
also contribute to the existing resources for Brassicaceae and could be used as reliable

reference sequences for comparative and phylotranscriptomic studies.

Ploidy levels vary widely among the Erysimum species studied. In some instances,
cytotypes differ even among populations of the same species (i.e., intra-specific ploidy
variation). This indicates dynamic genome re-configuration processes that might have
been facilitated by historical demographic processes, such as Pleistocene glacial cycles.
Both polyploid and diploid species present strong signatures of introgression. However,
these introgression signals vary across populations of the same species, which seriously
complicates the reconstruction of a reliable phylogeny.

We have shown that these species present a deficit of sequence homogenization for ITS
regions, suggesting that concerted evolution had not enough time to fully homogenize
ribosomal DNA arrays, this lack of homogenization is more patent in polyploid species.
The deficit of homogenization in ITS sequences is congruent with rampant hybridization
and introgression events among different lineages.

We have demonstrated that whole-chloroplast genomes can be reliably assembled from
total RNA-Seq data, resulting in genomes that are highly similar to those assembled from

genomic libraries in terms of the overall structure, size, and sequence.
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We detected conspicuous cytonuclear discordance in Erysimum spp., which suggests that
hybridization is a major evolutionary feature in this group.

Hybridization appears to have been a recurrent phenomenon in the presence of ILS.

We detected a signature of introgression in some anthocyanin genes (CHS/CHI). The
adaptive value of the introgression of these genes is unclear as of yet, but it may confer
adaptive advantages in high mountain habitats and/or be associated with changes in

pollinator attraction between purple and yellow corollas.
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