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Adaptation and Diversification in the Canary Island endemic Descurainia (Brassicaceae)
by

Amy Clare Jackson

Oceanic archipelagos provide striking examples of plant lineages that have radiated rapidly over
steep ecological gradients, often demonstrating remarkable adaptations. Here, we investigate the
evolutionary processes behind the diversification and adaptation of the Canary Island Descurainia
(Brassicaceae), an island cousin of Arabidopsis. Canary Island Descurainia is comprised of seven
species that have rapidly radiated across islands and along an elevation cline, with several species
occupying high-elevation habitats. Genotyping-by-sequencing (GBS) was employed to infer the
roles ecology, geographical isolation, and hybridisation have played in the diversification of these
seven species. At least three geographical shifts and one ecological shift between high- and low-
elevation species were identified, as well as a putative hybrid origin for one species. A high-quality
reference genome was generated for Descurainia millefolia, with a final size of 180 megabases
and an N50 of 290 k. Through comparative phylogenomic, we confirmed the placement of
Descurainia within Lineage | of Brassicaceae. Through whole-genome re-sequencing, representing
the seven species of Canary Island Descurainia, we compare the low-elevation species and high-
elevation species to identify candidate genes that may incur adaptation to sub-alpine
environments. A Gene Ontology (GO) enrichment analysis on positively selected genes (PSGs)
revealed genes associated with changes in flowering times and genes likely related to adaptation
to the harsher high-elevation environment (for instance, cold and UV tolerance). We further
provided evidence that one of our candidate genes incurs drought tolerance through T-DNA
knockouts and a greenhouse water stress experiment. Overall, using Canary Island Descurainia as
a model, our analyses have helped to understand the evolutionary processes behind the
diversification of island plants, as well as broader questions surrounding adaptation.
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Chapter1 Introduction

1.1 Summary

This thesis aims to use Canary Island endemic Descurainia (Brassicaceae) as a model to investigate
the evolutionary processes that underlie diversification and adaptation, using Next-generation
sequencing (NGS) and Whole-genome sequencing (WGS) technology along with modern
computational techniques. This chapter introduces a background review of the main themes
surrounding this thesis. Larger themes are discussed first, an overview of oceanic islands and the
occurrences of evolutionary processes, followed by the introduction of the first model systems
used in this thesis, the oceanic archipelago of the Canary Islands. The main techniques used in this
thesis are discussed next, genomic datasets and the utilisation of genomics within speciation
research. The introduction of our second study system, the Canary Islands endemic group
Descurainia, includes previous studies and our justification for using Descurainia as a model for
evolution. Lastly, the key questions we seek to address are outlined and a summary of the chapter

contents.

1.2 Oceanic Islands for Studying Speciation

Ever since the observations made by Charles Darwin (1859) and Joseph Dalton Hooker (1867),
oceanic islands have emerged as ideal systems for unravelling evolutionary mechanisms (Losos
and Ricklefs, 2009a; Helmus et al., 2014; Patifio et al., 2017). Despite covering 3% of the Earth's
land surface, islands foster 25% of the world's species richness, positioning them as hotspots of
global biodiversity (Kreft et al., 2008). Notably, the exclusive richness of plants and vertebrates on
oceanic islands surpasses that of the mainland by a factor of 9.5 and 8.1, respectively (Kier et al.,
2009). A significant proportion of these island species have undergone rapid evolutionary

transformations through in situ speciation, rendering islands as natural laboratories of evolution.

Oceanic archipelagos and their large array of endemic biota (i.e., native to a specific area) have
been the subject of numerous evolutionary research and have made a significant contribution to
our understanding of evolution and speciation, including biogeography theories (e.g., Whittaker
et al., 2008, 2017; Losos and Ricklefs, 2009), speciation processes (e.g., Savolainen et al., 2006;

Givnish et al., 2009; Kisel and Barraclough, 2010; Losos, 2011), and ecological interactions (e.g.,
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Losos, 1992; Gillespie, 2004; Rayner et al., 2007; Kueffer et al., 2010). Numerous characteristics of
these islands have made islands a focal point for evolution studies: (1) as oceanic islands are
formed through volcanic activity in the seabed, the islands have never been connected to other
land masses. This means repeat colonisation of oceanic islands is unlikely due to its isolation, and
we can assume endemic species most likely arose through in situ speciation; (2) due to the
oceanic barriers between islands and the continent, gene flow between individuals is significantly
reduced; (3) oceanic island often exhibits considerable habitat diversity within a small
geographical space; and (4) islands present discrete geographical land components with known

geological ages.

1.2.1 Common Modes of Speciation on Oceanic Islands

1.2.1.1 Geographic Isolation

Species divergence by geographic isolation (allopatric speciation, i.e., without gene flow) is widely
accepted as one of the most common modes of speciation on oceanic islands (Mayr, 1982; Coyne
et al., 2004), a theory dating back to the modern evolution synthesis (i.e., Mayr 1942). The
reduction of gene flow by physical barriers (e.g., oceans) leads to genetic divergence by genetic

drift and mutation, resulting in incompatible populations (Coyne et al., 2004).

The biota of oceanic islands offers many examples of geographic isolation. Many endemics first
colonised an island from the mainland and subsequently diversified due to the oceanic barrier
causing a reduction in gene flow (Cherry, 1981; Juan et al., 2000; Carine et al., 2004; Bellemain
and Ricklefs, 2008; Garcia-Verdugo et al., 2019). In particular, younger islands near the continent
often experience more colonisation events in comparison with remote and older archipelagos
whose biota is a result of a few original colonists (Paulay, 1994). The probability of a species
colonising islands from the mainland often depends on the dispersal ability, population size and
environmental conditions (Bellemain and Ricklefs, 2008). The importance of geographical
isolation is again seen within archipelago systems, where once colonised, taxa diversify following
dispersals between islands (inter-island) into similar habitats (Losos and Ricklefs, 2009b; Kisel and

Barraclough, 2010; Mayr, 2013).
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Overall, it is estimated geographical isolation accounts for 22% of oceanic island diversity and is
responsible for several large notable radiations, for example, the Hawaiian Orsonwelles spiders
(Hormiga et al., 2003) and Laupala crickets (Mendelson and Shaw, 2005) and the monarch
flycatchers from northern Melanesia (Uy et al., 2009). Higher rates are found on islands such as
Ullung (88%), St. Helena (53%) and Ogasawara (53%) (Stuessy et al., 2006). The prevalence of
species diversification through geographical isolation often depends on many characteristics
related to the island and species, including gene flow between islands (Whittaker et al., 2008),
taxa dispersal ability (Bellemain and Ricklefs, 2008), island size (Cherry, 1981; Whittaker et al.,
2008; Kisel and Barraclough, 2010), and environmental characteristics of the island. For instance,
inter-island dispersal tends to be the more common mode of speciation in uniform islands, i.e.,

islands with lower elevations and habitat heterogeneity (Stuessy et al., 2006).

1.2.1.2 Ecological Adaptation

Ecological speciation occurs through the adaptation of populations to different environments,
with reproductive isolation evolving directly or indirectly through increasing incompatibility of
genetic regions (Mayr, 1947; Schluter, 2000, 2009; Nosil and Schluter, 2011; Nosil, 2012). Early
laboratory experiments demonstrated the occurrence of ecological speciation (reviewed in Rice
and Hostert, 1993). Evidence for ecological speciation has also been extensively documented in
wild species (e.g., Schluter and McPhail, 1992; Jiggins et al., 2001; McKinnon et al., 2004; Dunning
et al., 2016; Meier et al., 2018).

Ecological adaptation within oceanic islands often occurs through habitat shifts (Otte and Endler,
1989), whereby species diversify following the colonisation of new and unoccupied habitats.
Examples of habitat shifts are frequently exemplified in lineages that have undergone adaptive
radiation. Adaptive radiation is whereby a species rapidly radiates into a wide variety of habitats
by obtaining various exploitative morphological and/or physiological traits (Schluter, 2000). A
study of angiosperm flora across 13 oceanic archipelagos found that adaptive radiations explained
75% of endemic species diversity (Stuessy et al., 2006). Several classic examples are Darwin’s
finches from the Galapagos islands (Petren et al., 2005; AImén et al., 2016; Chaves et al., 2016),
Anolis lizards from Caribbean islands (Losos et al., 1997, 2001), Hawaiian Drosophilidae
(Kambysellis et al., 1995; Magnacca and Price, 2015), and Hawaiian silverswords (Baldwin, 1997;
Baldwin and Sanderson, 1998). However, many radiation events likely contain nonadaptive (i.e.,

geographic isolation) and adaptive diversification elements.
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Several characteristics of oceanic islands have been noted to promote adaptive radiations. Larger
island size is often noted for its correlation with increased potential for adaptive radiations, which
is believed to be due to more available habitats and geographical features (Lomolino, 2001; Kreft
et al., 2008; Kisel and Barraclough, 2010). Similarly, large elevation gradients are often exhibited
on islands, which promote ecological speciation through increasing the variety of habitats, as well
as isolation from lower elevations (Lomolino, 2001; Losos and Ricklefs, 2009a; Kisel and
Barraclough, 2010; Steinbauer et al., 2016). Other factors include volcanic activity and landslides,
which stimulate heterogeneity by continuously creating new habitats and causing extinction
events leading to the opening of previously occupied niches (Otto et al., 2016). For instance,
Ullung Island is an ecologically uniform and low-elevation island off the coast of Korea where only
12% of the island's endemic species exhibit adaptive evolution (Stuessy et al., 2006). In contrast,
the Hawaiian and Canarian Archipelagos are rich in diverse environments with large elevations,

where adaptive radiation is documented in 93% and 84% of endemic species.

1.2.1.3 Hybridisation and Introgression

Hybridisation (i.e., reproduction of individuals between species producing offspring) is a common
phenomenon within plants; an estimated 25% of plant species are known to hybridise (Barton and
Hewitt, 1985). In recent years, it has become apparent that hybridisation can have adaptive
potential and promote diversification by serving as a source of genetic variation through novel
combinations of genotypes (Grant and Grant, 1994; Seehausen, 2004; Hegarty and Hiscock, 2005;
Mallet, 2007; Abbott et al., 2013). Hybridisation can give rise to new species through the
recombination of parental genomes (e.g., Howarth and Baum, 2005; Rieseberg and Willis, 2007;

Mavarez and Linares, 2008; White et al., 2018; Sun et al., 2020).

Hybridisation is widespread among rapidly radiating groups (Mallet, 2007; Seehausen, 2013;
Meier et al., 2017; Lamichhaney et al., 2018; Svardal et al., 2020). However, studies on the
frequency of hybridisation between insular endemics range from common (Mayer, 1991; Baldwin
et al., 1998; Carine et al., 2007; Lamichhaney et al., 2018; Meudt et al., 2021) to rare and less
frequent than on the continent (Ellstrand et al., 1996). One study suggests that polyploids (species
with three or more sets of chromosomes) are common within oceanic islands (with 50%, 46% and
46% of native flora in Hawaii, New Zealand and the Galdpagos Islands being polyploids,

respectively; Meudt et al., 2021). Notable examples of hybridising endemic lineages include
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Macaronesian Argyranthemum (Brochmann et al., 2000; Fjellheim et al., 2009; White et al., 2018)
and the Hawaiian Scaevola (Howarth and Baum, 2005; Bramwell and Caujapé-Castells, 2011).
Certainly, characteristics of island biota and the islands provide opportunities for hybridisation to
be commonality; for instance, the few intrinsic reproductive barriers exhibited in oceanic flora
(Lowrey, 1986; Mayer, 1991; Brochmann et al., 2000) and the dynamic ecological landscape of
oceanic islands. The natural disturbances through volcanic activity, as well as anthropogenic
disturbances (e.g., paths and roads), can bring species into contact and provide potential habitats

for hybrids (van Hengstum et al., 2012; Crawford and Stuessy, 2016; Kerbs et al., 2017).

Many questions remain about the extent to which hybridisation contributes to the diversification
of insular lineages. Carlquist (1966) argues that hybridisation was a significant element of the
success of early radiations as it provided recombination of genetic variations, a theory supported
by later studies (e.g., Koblmiiller et al., 2010; Meier et al., 2017; Marques et al., 2019; Choi et al.,
2021). In one study, greater levels of polyploidy directly promoted island endemic diversity
through increased genetic diversity (Meudt et al., 2021). In other cases, diversification by
hybridisation is often only inferred indirectly through the conflict between nuclear and
chloroplast phylogenies (e.g., Grant and Grant, 1994; Francisco-Ortega et al., 1996; Goodson et
al., 2006). Only recently, with the advent of more modern sequencing techniques that enable
whole-genome insights into gene flow between populations and species, studies are starting to
emerge which reveal hybrid speciation events in oceanic lineages, for example, in Darwin’s
finches (Grant et al., 2004; Lamichhaney et al., 2018) and the Hawaiian Metrosideros (Choi et al.,
2021).
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1.3 Study System: The Canary Islands

13.1 The Canary Islands Formation, Climate and Vegetation

The Canary Island is an oceanic archipelago located 100 km west of Morocco in the northern
Atlantic. There are eight main islands — Tenerife, Gran Canaria, Fuerteventura, Lanzarote, La
Palma, La Gomera and La Graciosa (As of 2023) — and several small islets. The islands were formed
through volcanic activity, and the islands vary in age, with the older island located in the east (21
million years for Fuerteventura) and the youngest in the west (0.8 Mya for El Hierro; Schmincke,
1976; Figure 1.1A). The islands are at different stages of the volcanic cycle. Fuerteventura (< 807
m in elevation) and Lanzarote (< 681 m) are low-elevation plains as they are mostly eroded. Gran
Canaria (< 1,950 m) and La Gomera (< 1,484 m) are beyond their maximum and are currently in
the erosion phase. Tenerife (< 3,718 m), La Palma (< 2,426 m), and El Hierro (< 1,501 m) represent
the taller islands which are still growing through volcanic activity (Schmincke, 1976; Kunkel, 2012).
Tenerife first existed as three separate islands, dating back to the Late Miocene: Roque del Conde
(11.0-8.9 Ma) in the southwest, Teno (6.2-5.6 Ma) in the northwest, and Anaga (4.9-3.9 Ma) in the
northeast. Volcanic episodes fused these islands 3.5 Mya and gave rise to the present island of

Tenerife.

A typical Mediterranean climate dominates in the Canary Islands, with key features such as low
seasonal variation in temperatures and low precipitation, primarily confined to winter, with

summer drought (Cropper and Hanna, 2014; Del Arco and Rodriguez-Delgado, 2018). However,

each island exhibits different climatic variations due to their elevation and topography, coupled

with the trade winds, which play a crucial role in delimiting climatic zones.

The Canary Islands are subjected to the cool and humid northeast (NE) trade winds, which create
a cloud layer at mid-elevations on the northern slopes, particularly on the taller islands (i.e.,
Tenerife and La Palma; del Arco Aguilar and Rodriguez Delgado, 2018; Garzon-Machado et al.,
2014). As a result, the north side of the islands, between 400 and 1,200 m, is humid, whereas the
southern slopes are warmer and drier. The NE trade winds do not generate a cloud layer on the
slopes of Lanzarote and Fuerteventura (excluding Jandia mountain, with an elevation of 807 m)

due to their low elevation, resulting in arid islands (Bramwell, 1990).
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The NE trade winds, in combination with the elevational range of the islands, have produced

several distinct ecological zones (Bramwell, 1976; del-Arco et al., 2006; del Arco Aguilar and

Rodriguez Delgado, 2018). From low- to high-elevation, they are sub-desert coastal scrub;

thermophilous woodlands; laurel forest (on northern slopes); pine forest; summit scrub (Figure

A) The Canary Islands
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Figure 1.1: A) A Map of the Canary Islands with the ages of the islands in brackets Image on the

right shows the location of the Canary Islands relative to North Africa and Iberia
(Schmincke, 1976). B) Example pictures of the five main ecological zones on the
Canary Islands along the elevational cline (m); C) Schematic of the ecological zone

distributed along the elevational gradient.
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The low-elevation habitats found on the Canary Islands are often represented below the cloud
layer, between 200 and 1,000 m, which include the coastal scrub and thermophilus/sclerophyllous
woodlands. The coastal scrub habitats are primarily xerophytic scrublands composed of succulent,
shrubby and woody plants, which comprise the largest proportion of the Canary Island’s
vegetation, ca. 51.5% (Fernandez-Palacios et al., 2021). Lanzarote and Fuerteventura, the lowest
elevation islands, are almost entirely composed of Euphoria scrub. Most species are immigrants
from low-elevation coastal plains of North and West-African regions or more recent colonizers
(e.g., Euphorbia canariensis, E. balsamifera, E. obtusifolia; Euphorbiaceae; Fernandez-Palacios
and de Nicolas, 1995). The climate here remains relatively constant throughout the year, with an
average mean temperature between 13 — 15°C and annual precipitation > 700 m, and minimal
frost or drought (del Arco Aguilar and Rodriguez Delgado, 2018). Anthropogenic influences are
very high in this zone, with agriculture (e.g., bananas and tomatoes) and dense settlements

spread over the landscape.

Above the coastal plains is the thermophilus woodlands, which primarily consist of perennial
herbaceous communities. Tree species found here include Juniperus turbinata subsp. canariensis,
Phoenix canariensis and shrubs such as Retama rhodorhizoides and Salvia canariensis. Similarly,
with the coastal zone, settlement and agriculture have meant only remnants of the natural

vegetation remain.

A temperature inversion heavily influences the environmental differentiation on the taller islands
at ca. 1,200 m asl (Bramwell, 1976; del-Arco et al., 2006; del Arco Aguilar and Rodriguez Delgado,
2018). Due to the inversion, the rising moist air carried by the prevailing NE trade winds leads to
the accumulation of clouds. This ‘cloud layer’ subsequently decreases radiation and results in a
higher moisture level. A hyper-humid evergreen laurel forest is restricted to the cloud layer on the
northern slopes of the western Canaries (ca. 600 — 1,500 m). The laurel forest has a constant
annual temperature between 14.5 to 16.5°C and a mean yearly rainfall of 700 m (Morales et al.,
1996). This habitat is rich in endemic flora, such as Digitalis canariensis (Plantaginaceae) and

Laurus novocanariensis (Lauraceae; Bramwell, 1976).
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Above the cloud layer is the pine forest belt (ca. 1,500 — 2,000 m), a woodland composed of
predominately Pinus canariensis (Pinaceae), with mean annual temperatures between 14.5 and
15.5°C and annual rainfall between 400-650 mm. We find the sub-alpine zone at the end of the

gradient, above the pine forests.

Sub-alpine high-elevation habitats are distributed in Tenerife and La Palma, ca, 1,800 — 2,300 m.
Temperatures here are relatively low, with an average annual temperature of 6-11°C, but they
also experience significant diurnal changes. For instance, Las Cafiadas (Tenerife) can vary by as
much as 25°C per day (Bramwell and Caujapé-Castells, 2011). There are also frost periods which
extend from October to May, as well as snow in the winter (del-Arco et al., 2006). In contrast to
most continental mountains, rainfall in Tenerife decreases with elevations above 2,000 m due to
the cloud layer (Fernandez-Palacios and de Nicolas, 1995). As a result, rainfall here is
comparatively low, between 350 — 500 mm annually. The porous volcanic soil and dry winds
further reduce water availability. The radiation is also very intense (sunshine > 3,700 h/year) with
low humidity (< 30%). The flora here is relatively species-poor but highly specialised, with many
exhibiting adaptations consistent with high-altitude adaptation (Steinbauer et al., 2012;
Fernandez-Palacios et al., 2014; Irl et al., 2015, 2017). Typical flora endemic to these sub-alpine
habitats include Descurainia bourgaeana (Figure 1.2), Echium wildpretii and

Argyranthemum teneriffae.

Figure 1.2: Picture of El Teide, Tenerife (ca. 2,000 m) sub-alpine landscape with Descurainia

bourgaeana at the forefront.
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1.3.2 Why Study Canary Island Diversity

Flora and fauna of the Canary Islands have been the subject of numerous studies in recent years.
The complex topography, combined with diverse habitats along an elevational gradient (ca. <
3,750 m), has promoted high levels of diversification (Bramwell, 1976; Francisco-Ortega et al.,
2000; Francisco-Ortega et al., 2000; Reyes-Betancort et al., 2008; Caujapé-Castells et al., 2017). In
many instances, the species arising from these diversification processes are restricted to a single
island and distributed within strict ecological zones due to in situ speciation (Whittaker et al.,
2008). The spatial distribution of the endemic lineages can provide valuable information on the

drivers of diversification and, thus, evolutionary processors (Richardson and Whittaker, 2010).

Some of the most notable cases of diversification can be found within Canarian flora, with
approximately 630 plant species endemic to the islands, representing 50% of total flora
(Francisco-Ortega et al., 2000). This is exemplified by the numerous large plant lineages, most
notably, Aeonium alliance (Crassulaceae; ca. 61 species) (Jorgensen and Frydenberg, 1999;
Brilhante et al., 2021), Echium (27 species) (Graham et al., 2021), Sideritis (Lamiaceae; 23 species)
(Barber et al., 2000, 2002), Crambe (Brassicaceae; 14 species) (Francisco-Ortega et al., 1999,
2002), and Sonchus alliance (Asteraceae; ca. 31 species) (Caujapé-Castells et al., 2017). Many of
these radiations present striking morphological adaptations that differ significantly from their
continental relatives. For instance, insular woodiness (i.e., the transition from herbaceousness to
woodiness for colonised plants) is a common trait among oceanic endemics, as seen in Canarian
Sonchus and Echium alliances (Panero et al., 1999; van Huysduynen et al., 2020). In addition,
particular habitats on the Canary Islands impose strict ecological constraints (such as the laurel
forest and sub-alpine desert), resulting in specialised adaptations among plant groups (Steinbauer

et al., 2012; Fernandez-Palacios et al., 2014).

1.3.3 Evolutionary patterns driving species richness and endemism in the Canary Islands

It is estimated that most Canary Island endemic lineages have derived from a single colonisation
event, revealed through the prevalence of strongly supported monophyletic lineages (Silvertown
et al., 2005), usually from an African or Mediterranean relative (Carine et al., 2004; Vargas, 2007,
Garcia-Verdugo et al., 2019). As seen in, for example, Sideritis (Barber et al., 2000, 2002),
Bencomia (Rosaceae; Helfgott et al., 2000), Sonchus (Kim et al., 1996), Gonospermum (Asteraceae;

Francisco-Ortega et al., 2001), Pericallis (Asteraceae; Panero et al., 1999; Jones et al., 2014), and

10
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Crambe (Francisco-Ortega et al., 1999, 2002). Although less common, congeneric colonisations
into the Canary Islands have been demonstrated in several studies (Carine et al., 2004; Meimberg

et al., 2006; Puppo et al., 2015).

Several evolutionary processes are hypothesised to underlie the rapid diversification of insular
lineages following colonisation. Geographic isolation (i.e., speciation through isolation following
inter-island dispersal between similar ecological habitats) and habitat shifts (i.e., speciation
associated with the shifts of lineages to different ecological niches), are the most prominent
processors used to explain the high levels of diversity within the Canary Island (and other oceanic
systems). In most cases, endemic radiations involve a relative combination of the two.
Geographically isolation is noted as the primary mode of diversification in, for example, Pericallis
(Jones et al., 2014), Lotus (Fabaceae; Allan et al., 2004) and Rumex (Polygonaceae; Talavera et al.,
2013). Albeit rare, there are examples of niche conservatism, which can be described as the
tendency for a groups ecological preferences to remain unchained through time and space (Wiens
and Graham, 2005), as seen in the Canary Island Helianthemum (Cistaceae; Albaladejo et al.,
2021). In contrast, habitat shifts were cited as the most important evolutionary processes in the
diversification of Canary Island Sonchus (Kim et al., 1999; Lee et al., 2005) and Aeonium

(Jorgensen and Olesen, 2001; Jorgensen, 2002; Brilhante et al., 2021).

Canary Island flora also exhibit high rates of adaptive radiation, with 84% of endemic species
displaying patterns of adaptive radiation (Stuessy et al., 2006). Impressive examples that occupy a
variety of habitats and demonstrate a range of phenotypic variations include Canary Island Lotus
(Allan et al., 2004), Aeonium (Jorgensen and Frydenberg, 1999; Mort et al.,

2002), Crambe (Francisco-Ortega et al., 2002), Pericallis (Jones et al., 2014), Sonchus (Kim et al.,
1996) and Tolpis (Asteraceae-Lactuceae; Crawford et al., 2015; Mort et al., 2022). The prevalence
of adaptive radiation in the Canaries is often explained by the extent of ecological opportunities
(Schluter, 2000). Within the Canary Islands, the climatic niche heterogeneity (mainly temperature
and rainfall seasonality variables) has widely been used to explain habitat shifts in several lineages
(Irl et al., 2015; Halbritter et al., 2018; Brilhante et al., 2021; Fernandez-Palacios et al., 2021), as
well as a likely explanation for the high levels of endemicity and functional diversity (Irl et al.,
2015, 2017; Hanz et al., 2022). For example, at mid-elevations in the cloud layer, the precipitation
levels are greatest and constant year-round, prompting the laurel forest (restricted to the cloud

layer) as a hotspot for endemism (Steinbauer et al., 2012; Fernandez-Palacios et al., 2014).
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Recently, the importance of elevation for speciation and driving endemism has been identified
within the Canary Islands (Steinbauer and Beierkuhnlein, 2010; Steinbauer et al., 2012, 2013; Irl,
2016). High-elevational clines represent large geographical distances and provide habitat
heterogeneity, and thus it is postulated that speciation increases with elevation due to increasing
environmental and geographical isolation. Indeed, 31.7% and 34.9% of plant species distributed in
the Tenerife and La Palma sub-alpine zones, respectively, are endemics (Steinbauer et al., 2013,
2016). In addition, most species colonising the islands are adapted to coastal or low-elevation
habitats, with few species pre-adapted to tolerate the harsh conditions found at high elevations
(i.e., the sub-alpine zone; Wilson, 1961). This is because the nearest coastal region to the most
easterly islands, e.g., Fuerteventura, is Morocco, ca. 65 km. The closest comparable elevations to
the taller islands of the Canaries (Tenerife and La Palma; < 3,750 m) are the High Atlas Mountains,
located ca. 800 km away. Thus, it is believed that the colonisation of high-elevation habitats is
generally a result of up-slope migration instead of dispersing between sub-alpine zones (Graham

et al., in prep).

Hybridisation and introgression are also important processes for diversification within oceanic
archipelagos (Crawford and Stuessy, 1997; Mallet, 2007). Indeed, there are many documented
examples of hybridisation occurring within Canarian flora (e.g., Brochmann et al., 2000; Herben et
al., 2005; Barber et al., 2007; Jones et al., 2014; White et al., 2020). Yet, the relative importance of
hybridisation in driving diversification is lesser known than geographic isolation and habitat shifts.
While there are a few examples of recognised homoploid hybrid speciation events (Brochmann et
al., 2000; White et al., 2018), often limitations within molecular datasets are unable to resolve
hybridisation. More recent examinations of Canary Island flora, which utilise modern sequencing
techniques, such as Next-generation sequencing (NGS), are starting to emerge and provide more
robust estimates of gene flow between species. For example, D-statistics (method for detecting
gene flow) on NGS datasets have revealed evidence of intra-island hybridisation between Canary
Island Argyranthemum species (White et al., 2020) and intra- and inter-island introgression
between species of Canary Island Micromeria (Curto et al., 2018). A ‘combinatorial mechanism’
has been proposed to explain rapid speciation; the old genetic variation often derived from
hybridisation has contributed to an increase in genetic variation, enabling rapid adaptation
(Marques et al., 2019). This method has been proposed to explain the rapid diversification in

Argyranthemum (White et al., 2020) and Helianthemum (Albaladejo et al., 2021).
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134 Future Research in Canary Island flora

Our knowledge of the evolutionary processes that underlie diversification and adaptation in the
insular oceanic systems primarily stems from phylogenetic studies (Reviewed by Juan et al., 2000;
Emerson, 2002; Parent et al., 2008; Brown et al., 2013). Many have provided fundamental
principles on island diversification, for example, colonisation patterns (Silvertown, 2004;
Silvertown et al., 2005). However, due to the small number of nuclear and/or chloroplast markers
often used, many phylogenies exhibit low resolution and are poorly supported with short branch
lengths (e.g., Bohle et al., 1996; Francisco-Ortega et al., 1996, 1999; Goodson et al., 2006). Issues
are often exacerbated by limited sampling. Inferences regarding diversification processes on
Canary Island flora can be challenging due to their close relationships, mainly when discerning
incomplete lineage sorting (ILS) from other evolutionary processes such as hybridisation.
However, advances in sequencing technology (such as NGS) have generated large genomic
datasets consisting of thousands of genetic markers that have significantly improved the field of

phylogenetics (Lemmon and Lemmon, 2013; Dodsworth et al., 2019).

Several studies have utilised next-generation technology to revisit iconic radiations, resulting in
revised phylogenetic relationships of Canary Island flora, for example, in Echium (Graham et al.,
2021), Argyranthemum (White et al., 2020), Helianthemum (Martin-Hernanz et al., 2019) and
Micromeria (Lamiaceae; Curto et al., 2018). NGS studies have improved the resolution of species
relationships, allowing more robust inferences regarding the frequency of geographic and
ecological speciation events within the diversification of island lineages. In addition, large genomic
datasets enable better detection of hybridisation events (Rannala and Yang, 2008; Curto et al.,
2018; Mort et al., 2022). However, it is still an emerging field, and Stuessy et al. (2006) stated the
difficulty in establishing general patterns of speciation on islands due to the lack of robust

molecular studies.

Despite the recent advances in sequencing, genomic-level studies examing diversification on a
molecular scale in Canary Island flora are rare. Currently, high-quality reference genomes of
Canary Island endemics are restricted to animals, which include the Canary Island spider Dysdera
sylvatica (Escuer et al., 2022) and the Canary Island barn owls (Tyto alba) (Cumer et al., 2022).
Outside of the Canaries, examples of genomic studies focusing on island plant lineage include the
Hawaiian Metrosideros radiation and the Galdpagos Scalesia atractyloides radiation (Choi et al.,

2021; Cerca et al., 2022), which have provided promising results in furthering our understanding
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of oceanic island diversification. Both provide results which reveal the molecular basis of the
evolutionary mechanisms behind adaptive radiation and have highlighted the pivotal role of
hybridisation in facilitating rapid speciation and the colonisation of ecological niches (Seehausen,
2013; Berner and Salzburger, 2015; Marques et al., 2019; Choi et al., 2021). No genomic-level
studies of plant radiation in the Canary Islands exist. Still, including Canary Island plant radiation
genome datasets would only contribute to these genomic developments in explaining island

diversification.
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1.4 Genomic Datasets: Next-Generation and Third-Generation

Sequencing

14.1 Conventional Sequencing

Before the availability of commercial next-generation sequencing (NGS) in 2005, speciation
research often relied on Sanger sequencing on a small number of loci, frequently nuclear,
ribosomal and chloroplast DNA (Schuster, 2008; Straiton et al., 2019). Despite many successful
uses of Sanger technology in sequencing the model organisms (reviewed in Straiton et al., 2019),
there were many limitations. Firstly, a single or limited number of genes provide little genetic
variation, resulting in insufficient signals for robust estimates. Secondly, the use of chloroplast
data can present erroneous species trees due to hybridisation and chloroplast capture, bringing

uncertainty to species-level relationships (Degnan and Rosenberg, 2009).

14.2 Genotyping-by-Sequencing Datasets

The high demand for new and improved sequencing technologies for low-cost sequence data has
driven the development of high-throughput sequencing technology, namely, next-generation
sequencing (NGS). NGS is a parallel high-throughput sequencing approach, which can produce
thousands or millions of sequences concurrently in the range of 25 and 700 bp in length from
multiple samples at a significantly reduced cost compared to Sanger sequencing (Reuter et al.,

2015).

The NGS approach has led to the development of many molecular sequencing methods (Slatko et
al., 2018). One such method is reduced-representation libraries, such as Genotyping-by-
sequencing (GBS), which have been the most widely used for species-level phylogenetic studies
(Lemmon and Lemmon, 2013). GBS datasets are generated by first generating a reduced
representation of the genome by restriction digestion, followed by pooling the samples and
sequencing the fragments on an lllumina NGS platform (Elshire et al., 2011). The key benefit of
this method is that it can produce thousands of single nucleotide polymorphisms (SNPs) per
sample without the need for a reference genome at a relatively low-cost (Davey et al., 2011;
Andrews et al., 2016). GBS datasets have been successfully applied to non-model plant and animal
groups, capturing fine-scale population structure and proving well-resolve and robust phylogenies

(e.g., Lerner et al., 2011; McCormack et al., 2012; Rubin et al., 2012; Straub et al., 2012; Wagner
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et al., 2018). Moreover, these methods have enhanced the accuracy of demographic inference

(Shafer et al., 2015; Le Moan et al., 2016; Rougemont et al., 2017).

143 Whole Genome Datasets and Third-Generation Sequencing

While reduce-representation datasets, such as GBS, are helpful for taxon delimitation and
characterisation of demographic events, whole-genome datasets would provide the ultimate tool
for understanding the genetics behind speciation and adaptation (Campbell et al., 2018). These
genome datasets can unlock loci positional and functional information and characterise the
genetic variation within and between species (Bentley, 2006; da Fonseca et al., 2016). With high-
throughput sequencing enhancing sequencing ability and advances in computational power,

generating whole-genome datasets are increasingly accessible for non-model organisms.

Typically, when utilising whole-genome datasets, a reference genome is needed, which represents
a high-continuous and accurate representative sequence of the species genome. A single
individual is sequenced at high read depth (the same nucleotide sequenced multiple times),
usually with coverage of >90x. Many reference genomes use high-quality short NGS sequencing
fragments (ca. 150 bps), such as those generated by the lllumina platform (Schatz et al., 2010).
These sequencing reads are then aligned to create contigs, i.e., overlapping sequences
representing a consensus DNA region. To bridge the gaps between contigs, a contig assembly can

be “scaffolded” to create a more continuous assembly (Hunt et al., 2014).

Since 2005, most genomes have been assembled using only NGS libraries. However, genome
sequencing has recently benefitted from developments in third-generation sequencing (i.e. long-
read sequencing; Check Hayden, 2009). The short read lengths of NGS are often a shortcoming
due to challenges in assembling repetitive regions and the characterisation of structural variants
(da Fonseca et al., 2016). Longer reads libraries (5 — 15 k bp for Pacific Biosciences and Oxford
Nanopore sequencing; Branton et al., 2008; Rhoads and Au, 2015) can alleviate many of these
issues. As long-read data often exhibit high error rates, they are often combined with the more
accurate NGS reads for a hybrid approach (Amarasinghe et al., 2020). Nonetheless, due to the
advent of long-read sequencing, there has been a rapid increase in genome assemblies with larger

contigs and of higher quality (Koren et al., 2012).
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Once a reference genome is available, the resequencing genomes in multiple related individuals
becomes a financially feasible method of generating large genome datasets (Bentley, 2006).
Whole genome resequencing technology produces low-coverage (e.g., 10x) genome sequences, in
many cases for multiple individuals, which are then mapped a reference genome (Poelstra et al.,
2014). Informative genetic markers can then be extracted to provide large marker datasets (Li et
al., 2009), which offer enormous amounts of information across the entire genome. Successful
utilisation of resequencing datasets is seen in many crop domestication/improvement (e.g., Lu et
al., 2019; Qin et al., 2014; Rubin et al., 2010; Verde et al., 2013) and selection and adaptation
studies (e.g., Axelsson et al., 2013; Burke et al., 2010; Kim et al., 2014; Rubin et al., 2012; Turner
et al., 2010).
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1.5 Application of Genomics in Speciation Research

The molecular tools used to study genetic patterns across a wide variety of non-model taxa are
beginning to focus on utilising whole-genome datasets to answer a broad range of questions
(Ekblom and Galindo, 2011). With the falling cost of sequencing and the development of
computational tools, genomic methods for non-model organisms are becoming increasingly more
accessible and transforming our understanding of ecology, evolution, and patterns of

diversification (Schuster, 2008; da Fonseca et al., 2016).

Two common questions within speciation and adaptation research where genomic techniques are
employed are: (1) what is the genetic basis of reproductive isolation, and (2) are signatures of
ancient and recent gene flow detectable? Addressing these questions has led to debates on the
importance of geographic isolation (Gavrilets, 2003; Barluenga et al., 2006; Butlin et al., 2008;
Kisel and Barraclough, 2010), ecological divergence (Schluter, 2000, 2009; Gavrilets, 2003; Doebeli
et al., 2005; Rundle and Nosil, 2005; Nosil et al., 2009), and speciation with gene flow (Feder et al.,

2012; Richards et al., 2019) in facilitating or limiting reproductive isolation.

15.1 Genomics of Adaptation

Understanding the genetic basis of adaptive traits has been a central objective within evolution
biology for decades (Orr and Coyne, 1992). The availability of whole-scale datasets has made it
more feasible to gain molecular-level insights into adaptation through the identification of
candidate genes, i.e., genes that underlie a phenotypic or physiological response of adaptive
significance (e.g., Swanson and Vacquier, 2002; Rieseberg and Blackman, 2010; Meier et al., 2018;
Fang et al., 2020; De La Torre et al., 2021). For example, Poelstra et al. (2014) identified variants
of putatively divergent genes potentially involved in the cis-regulation of feather pigmentation
and visual perception between Hooded and Carrion crows. Thus, they are considered candidate
loci potentially involved in premating reproductive isolation. One of the most popular and reliable
methods is a dN/dS analysis, which measures the selection on protein-coding genes by the ratio of
nonsynonymous (dN) and synonymous substitution per site (dS) between species (Kryazhimskiy
and Plotkin, 2008). For example, dN/dS analyses found key genes that underlie shifts in host-
plants in butterflies (Allio et al., 2021) and local adaptation to drought in wild tomatoes (Xia et al.,

2010)
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Identifying candidate genes that promote divergence is challenging (Orr et al., 2004; Wu and Ting,
2004; Rieseberg and Blackman, 2010; Nosil and Schluter, 2011). Firstly, it requires extensive high-
quality genomic resources and extensive bioinformatic processing. Secondly, the success of
correctly identifying genes under selection varies depending on taxonomic scale, sequencing
quality, and annotation, among other factors. Thirdly, an adaptive phenotype often involves
complex interactions between many genes, which can be difficult to detect (Wu and Ting, 2004).
In addition, further work is often needed to confirm the involvement of the candidate genes as an
adaptive trait. The most robust studies include experimental manipulation through transgenic or
gene knockouts and expression and phenotype analyses to confirm their function and

physiological effects (Nosil and Schluter, 2011).

1.5.1.1 Functional Genomics of Adaptation

Many genomic studies identify candidate genes, i.e., regions with high divergence or associated
with reproductive isolation (Tabor et al., 2002; Zhu and Zhao, 2007). However, the function of
these genes is often predicted through a combination of ab initio gene prediction methods which
detects genomic signatures of protein-coding genes (such as long open reading frames and
transcriptional initiation sequencing) and empirical methods using homology-based evidence. The
success of gene prediction is often limited to the quality of the gene sequence and sequence

database (Zhu and Zhao, 2007).

Experimental functional genomic studies can distinguish between alternative hypotheses by
providing functional links between genes and phenotypes and, thus, provide more robust
inferences of their involvement in speciation. Transgenics provides a means to test the function of
candidate genes with the insertion or deletion of a gene to give a loss-of-function mutant
individual (@stergaard and Yanofsky, 2004), which has been utilised in many studies to
successfully identify the function of genes (e.g., Lee et al., 1994; Ito and Meyerowitz, 2000; Filleur
et al., 2001; Koh et al., 2007).

1.5.2 Genomics of Hybridisation and Introgression

Hybridisation and introgression are increasingly seen to play a role in speciation (Seehausen,

2004, 2004; Soltis and Soltis, 2009; Feder et al., 2012; Abbott et al., 2013). With recent advances
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in sequencing enabling the generation of thousands of loci, phylogenetic networks (i.e. networks)
are an increasingly popular genomic method to detect hybridisation events between species.
These networks infer reticulate evolution (merging of two lineages) through the conflicting tree
topologies of, typically, thousands of individual loci (Huson and Bryant, 2006; Nakhleh, 2011;
Wen et al., 2016). Studies have successfully identified hybridisation events through phylogenetic
networks in a number of plants and animals, for example, the Neotropical genus Lachemilla
(Rosaceae; Morales-Briones et al., 2018), whiptail lizards (Barley et al., 2022), Hawaiian Cyrtandra
(Gesneriaceae; Kleinkopf et al., 2019) and bear species (V. Kumar et al., 2017). Alternative
statistical tests have also been developed for genome-wide datasets which do not rely on the
generation of gene trees, for instance, Treemix (Pickrell and Pritchard, 2012) and D-statistics
(Patterson et al., 2012), which are now routinely used to detect introgression (e.g., Eaton and Ree,

2013; Brandvain et al., 2014; White et al., 2020).
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1.6 Study System: Canary Island Descurainia

Descurainia (Brassicaceae) Webb & Berthel is a genus of 45 species distributed throughout
America, Eurasia, and the Canary Islands (Bramwell, 1977; Goodson et al., 2011). The Canary
Island clade of Descurainia comprises seven species distributed across four islands (Tenerife, La
Palma, La Gomera, and Gran Canaria), relatively large-flowered woody perennials. Five species (D.
gilva, D. gonzalezii, D. preauxiana, D. artemisioides, and D. lemsii) are single island endemics
(SIEs), and two species (D. millefolia and D. bourgaeana) are multi-island endemics (MIEs) found
on three and two islands, respectively (Bramwell, 1977; Goodson et al., 2006; Figure 1.3; Table
1.1). Canary Island Descurainia has received lesser attention than the larger iconic radiations
within the Canary Island, for example, Echium, Sonchus and Argyranthemum. However, the few
available studies described the group as endemic radiation distributed across multiple islands and
ecological zones along an elevational cline (Goodson et al., 2006). A summary of their habitats,

elevation, and islands they occupy is described in table 1.1.
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Table 1.1: Overview of the seven species of endemic Canary Island Descurainia (Brassicaceae).
Habitat descriptions and elevation range from Bramwell (1977). Images of each species can be

found in Figure 1.3.

Species

Authority

Island

Habitat and distribution

description

Elevation

range (m)

D. artemisioides

Svent.

Gran Canaria

Restricted to shady ravines
and cliffs in the west (Corral

and Caceres, 2006)

400-800

D. bourgaeana

Webb ex O.E.
Schulz

Tenerife, La

Palma

Sub-alpine scrub, rocky
volcanic terrain on Las

Cafiadas.

2,000 - 2,300

D. gilva

Svent.

La Palma

Outer boundaries of the
pine forests and sub-alpine
habitat of the Caldera de
Taburiente in the North

Central regions

1,700 -2,100

D. gonzalezii

Svent.

Tenerife

South-west slope in pine

forests

1,800 -2,100

D. lemsii

Bramwell

Tenerife

Outer boundaries on the
pine forest on the north-
central rim of the Las

Cafiadas Caldera, . Some
overlapping distributions

with D. bourgaeana.

1,750 -2,000

D. millefolia

(Jacq.) Webb
& Berth.

Tenerife, La
Palma, and Gran

Canaria

Lower cliffs, rocks, and
walls in the shade in the

low-elevation scrub

50-1,000

D. preauxiana

(Webb) Webb
ex O.E. Schulz

Gran Canaria

Widespread distribution in
central and eastern Gran

Canaria

400-900 m
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D. millefolia D. bourgaeana

Figure 1.3: The seven species of Descurainia endemic to the Canary Islands. Picture of D.

artemisioides sourced from Corral and Caceres (2006).
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1.6.1 Previous Research on Canary Island Descurainia

A phylogenetic framework for understanding the diversification of Descurainia within the Canary
Islands was provided by Goodson et al. (2006), who addressed taxonomic and biogeographical
questions using nuclear Internal transcribed spacer (ITS) and non-coding chloroplast DNA (cpDNA)
for phylogenetic reconstructions. The ITS data, which contained 128 variable sites and 47
parsimony informative sites, resulted in an unresolved phylogeny and failed to provide
information about relationships between Canary Island taxa. However, the phylogeny strongly
supported the monophyly of Canary Island Descurainia and identified Descurainia tanacetifolia
(previously Hugueninia tanacetifolia (L.) Rchb.), a species restricted to Italian and Swiss Alps and
the Pyrenees, as a sister group. This suggests that Canary Island Descurainia colonised the Canary
Islands through a single colonisation event from a continental relative. Using a combined data set
of 44 informative characters of rapidly evolving non-coding chloroplast (cp) data, additional
phylogenetic reconstructions support Canary Island Descurainia as monophyletic and sister to D.
tanacetifolia. Specifically, D. tanacetifolia spp. Suffruticosa, a sub-species found only in the
Pyrenees, is more closely related to the Canarian species than that spp. Tanacetifolia (Goodson et
al., 2006). The study further suggested that the Canary Islands were colonised 1 — 2.8 Mya from
the Old World, most likely from the Iberian Peninsula, which acted as a refugium during

Pleistocene glacial maxima.

The cp data successfully recovered species-level taxonomic relationships and evolutionary
patterns in Canary Island Descurainia (Goodson et al., 2006). Two major clades were identified:
the “Tenerife” clade, restricted to Tenerife, and the “mixed” clade, including taxa from four
islands. The study found that D. millefolia, the most widespread species, was polyphyletic.
Descurainia millefolia exhibits wide variation in several morphological traits, as well as occupying
a range of habitat types. Schulz (1924) described three subspecies of (spp. brachycarpa (west of
La Palma), spp. Marcrocarpa (Tenerife, La Palma, and La Gomera), and spp. Sabinalis (Tenerife)) to
account for the variation observed although these were not recognised by Bramwell (1977). The
Goodson et al. (2006) results raise the possibility that these may, indeed, be genetically distinct.
However, population genetic and morphological studies would be needed to understand
relationships within D millefolia. Descuraina gonzalezii was resolved as paraphyletic, but given the
short branch lengths, this was thought most likely to reflect recent chloroplast capture from D.

bourgaeana.
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Based on their phylogeny, Goodson et al. (2006) proposed an initial colonisation of Tenerife, with
subsequent dispersal to La Palma, dispersal events from La Palma to La Gomera and Gran Canaria,

followed by a back-colonisation from La Palma to Tenerife.

Seven endemic species distributed across four islands suggests that intra- and inter-island
speciation has occurred in Canary Island Descurainia. Ancestral habitat reconstructions presented
suggested habitat shifts following the colonisation of from low-elevation scrub to pine forest and
sub-alpine scrub on Tenerife in D. gonzalezii, D. lemsii and D. bourgaeana (Goodson et al., 2006),
whereas allopatric speciation between comparable habitats on Tenerife/La Palma and Gran
Canaria, gave rise to D. artemisoides and D. preauxiana. A habitat shift was also inferred on La
Palma for D. gilva. Using the phylogenetic framework of Goodson et al. (2006), Herben et al.
(2014) subsequently detected a phylogenetic signal within vegetative traits of Canary Islands
Descurainia, indicating a selection for traits involved in habitat shifts. Therefore, it is believed that
abiotic habitat shifts combined with island isolation have contributed to speciation within Canary

Island Descurainia.

Earlier studies have provided a framework for discussing phylogenetic relationships among Canary
Island Descurainia taxa (Goodson et al., 2006, 2011), but knowledge gaps persist. For example,
the ITS phylogenetic tree of Canarian Island Descurainia (above) failed to resolve relationships
within Descurainia because the ITS data set contained no parsimony-informative characters
(Goodson et al., 2006). Meanwhile, nodes in the cpDNA tree are well-supported. Still, the tree
lacks resolution, and the unusual placements of individuals, for example, the paraphyly of D.
millefolia and D. gonzalezii, may be due to the chloroplast markers failing to provide enough
variation for effective phylogenetic reconstructions. In addition, these placements strongly
suggest hybridisation between species, which can result in a transfer of cp DNA from one species

into another, obscuring relationships.

Further, hybrids between D. bourgaeana and D. lemsii and D. bourgaeana and D. gonzalezii have
been identified (Goodson et al., 2006). Canary Island Descurainia frequently occur in close
geographical proximity with overlapping flowering periods, which could allow gene flow (Goodson
2008). There is also no variation in ploidy level (Bramwell 1976), suggesting a lack of karyotypic
barriers to interbreeding (Ramsey and Schemske, 1998). Therefore, gene flow and hybridisation

between individuals are feasible and must be accounted for when constructing phylogenies.
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1.6.2 Canary Island Descurainia as a Model Organism for Studying Speciation

Over the past few decades, many evolutionary hypotheses have been proposed to explain the
diversity of Canary Island flora (e.g., Bramwell, 1976; Juan et al., 2000; Reyes-Betancort et al.,
2008; Bramwell and Caujapé-Castells, 2011; Caujapé-Castells et al., 2017). Adaptation to local
environments has played a significant role in their evolutionary history, as has been inferred for
speciation processes more widely (Rundle and Nosil, 2005). Yet very few studies have been
undertaken to characterise these adaptations and understand the genetic basis of the divergence
of the species. The lack of genomic resources to address these questions is most likely the biggest
hindrance due to the large amount of genomic information needed (Wolf et al., 2010). This issue
is not restricted to the Canarian flora but is indicative of the current cost of sequencing and the
lack of suitable systems needed to address these problems. Therefore, much progress in
addressing these questions has been restricted to traditional models systems such as Arabidopsis
(Stinchcombe et al., 2004; Bikard et al., 2009; Hu et al., 2011; Schmickl and Koch, 2011; Hamala
and Savolainen, 2019) and Drosophila (Ayala et al., 1974; Coyne and Orr, 1989; Noor, 1995; Kelly
and Noor, 1996; Presgraves, 2008; Garrigan et al., 2012).

Canary Island Descurainia offers an opportunity to study ecological speciation as it has a wide
array of biological characteristics that make it an emerging model for ecological and evolutionary

functional genomics, as follows:

e Genome size: Plants have an extensive range of genome sizes, ranging from 125 Mb to
120,000 Mb (Pellicer and Leitch, 2020). The sequencing cost and computational complexity
increase with genome size. The seven species of Canary Island Descurainia are diploid (2n
=14; Bramwell, 1977), and their genome sizes are estimated to be relatively small for plants,
ranging between ca. 195 — 225 Mb (Pellicer and Leitch, 2020). Small and diploid genomes
provide a cost-effective sequencing project - a rare opportunity within non-model organisms.
Particularly in plants which are often ploidy with large genomes, provide sequencing and
computational complexities (Li and Harkess, 2018).

e Ecological significance: Canary Island Descurainia is distributed across various habitat types
(e.g., pine forests, coastal scrub, sub-alpine desert), suggesting genetic differentiation

resulting from ecological adaptation (Goodson et al., 2006). In particular, several species of
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Canary Island Descurainia (D. bourgaeana, D. gilva, D. gonzalezii, and D. gilva) occupy high-
elevation habitats of the taller islands of Tenerife and La Palma, which could provide an
invaluable opportunity for studying adaptation to these challenging environments.

e Gene discovery: The availability of genetic resources for species in Brassicaceae is extensive.
This is primarily due to extensive research on economically important Brassica crops and
model species in the family. For instance, Arabidopsis thaliana is one of the most well-studied
organisms, and a significant amount of research has been done to understand the function of
its 25,498 genes (The Arabidopsis Genome Initiative, 2000). Limited knowledge of the
function of genes is one of the biggest hindrances in disentangling genotype-phenotype in
non-model species. This issue is mitigated for Descurainia by using the well-characterised
genomes of Arabidopsis and other Brassicaceae species from which the Descurainia genome

can be annotated.

The combination of the above factors highlights the suitability of Canary Island Descurainia to
develop our understanding of speciation processes, particularly ecological adaptation, within an

oceanic island context.
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1.7 Summary of Thesis

1.7.1 Aims and Objectives

This thesis aims to investigate the evolutionary processes underlying the diversification and
adaptation of the seven species of Descurainia (Brassicaceae) that are endemic to the Canary
Islands. | will attempt to address broader questions regarding ecological adaptation in plants
using genomic and more traditional greenhouse methods. The three main objectives of this thesis

are as follows:

1. To revisit the phylogenetic relationships of Canary Island Descurainia using next-
generation sequencing technologies to investigate the roles that ecology, geography and
hybridisation have played in the diversification of this lineage.

2. To establish a high-quality reference genome to be utilised as a tool to address
evolutionary and ecological questions and understand the relationship of Descurainia
within the family Brassicaceae.

3. To identify candidate genes involved in the adaption to high-elevation habitats within
Canary Island Descurainia and assess the level of genomic convergence between
Descurainia and other species in Brassicaceae adapted to high-elevation or high-latitude

environments.

1.7.2 Outline of Thesis

The chapters of this thesis are presented in chronological order in which the data were produced

and analysed.

In Chapter 2, | explore alternative phylogenetic hypothesises for Canary Island Descurainia using
genotyping-by-sequencing (GBS) technology. The phylogenetic reconstructions serve as a
framework for inferring the group’s evolutionary history. Multiple phylogenetic and genomics

techniques were undertaken to identify potential hybridisation events between species.

In Chapter 3, | assembled and annotated a reference genome of Descurainia millefolia using a
hybrid assembly approach. The aim is to generate a highly-complete genome to enable further
downstream comparison genomic analysis. The Descurainia genome is then compared with other

species in the Brassicaceae in a genomic and phylogenetic context.

In Chapter 4, | use comparative genomic techniques to explore the molecular basis for adaptation
to high-elevation environments within the high-elevation Canary Island Descurainia species.

Genomes were re-sequenced for all seven species and the continental outgroup to identify
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genome-wide patterns of positive selection using the genome generated from chapter three.
These genes were also examined for molecular convergence between other species in
Brassicaceae that are distributed in high-elevation habitats. Candidate genes were then tested for
their function and effects on fitness using transgenic Arabidopsis thaliana within greenhouse

experiments.
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Chapter 2  The diversification of the Canary
Islands endemic Descurainia
(Brassicaceae) using genotyping-by-

sequencing (GBS)

2.1 Abstract

Oceanic islands offer the opportunity to understand evolutionary processes underlying the rapid
diversification of plant lineages. Along with geographic isolation and ecological shifts, a growing
body of genomic evidence has suggested that hybridisation can play an essential role in the
evolution of these insular groups. However, hybridisation is challenging to detect due to
confounding evolutionary processes, such as incomplete lineage sorting (ILS), and methods that
differentiate between ILS and hybridisation in phylogenetic studies need to be utilised. We carried
out genotyping-by-sequencing (GBS) for 18 individuals from all seven Canary Island Descurainia
(Brassicaceae) species and two outgroups. Phylogenetic analyses of the GBS data were performed
using a supermatrix approach and individual gene trees to reconstruct species networks to infer
evolutionary relationships. Hybridisation events inferred in the gene tree analysis were further
tested using gene flow tests and modelling approaches. Climatic data was gathered to describe
ecological niches for each taxon and examine the relationship between ecological niches and
diversification. Analysis of the supermatrix dataset resulted in a fully resolved phylogeny. Species
networks suggest a hybrid origin for one taxon, with these results being supported by additional
hybridisation tests. Strong phylogenetic signals for bioclimatic variables (temperature and
precipitation) indicate only one major ecological shift within Canary Island Descurainia. They
suggest that inter- and intra-island dispersal between similar habitats has played an important
role in the evolution of the group. Inter-island dispersal played a significant role in the
diversification of Descurainia, with evidence of only limited shifts in climate preferences. Despite
weak reproductive barriers and known interspecific hybrids, hybridization appears to have played
only a limited role in the diversification of the group, with a single instance detected. The results
highlight the need to use phylogenetic network approaches that can simultaneously
accommodate ILS and gene flow when studying groups prone to hybridisation patterns that might

otherwise be obscured in species trees.
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2.2 Introduction

Island systems have played a fundamental role in providing insights into the processes underlying
the evolution of plant life (Warren et al., 2015). The Canary Islands, an oceanic archipelago
comprised of seven islands, is a hot-spot for biodiversity and exhibits high levels of endemism
(Reyes-Betancort et al., 2008; Bramwell and Caujapé-Castells, 2011). Approximately 570 plant
species are endemic to the Canary Islands (25% of the entire flora; Bramwell, 1976), many of
which are found in recent and rapidly diversifying lineages, and the archipelago’s flora has been
used to investigate evolution, speciation, and adaptation (Juan et al., 2000). Three main processes
have been identified to explain the high levels of endemism found across these islands: (1)
allopatric speciation arising through geographical isolation, typically after inter-island dispersal
between similar habitats (Francisco-Ortega et al., 2000; Juan et al., 2000); (2) ecological speciation
due to speciation into new ecological niches (Silvertown et al., 2005); and (3) hybrid speciation
owing to the weak reproductive barriers, dynamic landscapes and the close proximity of related
species with different ecological niches (Silvertown, 2004; Fjellheim et al., 2009; White et al.,
2018). A significant challenge when constructing the evolutionary history of Canary Islands

lineages is untangling the relative influence of the different evolutionary processes involved.

Interspecific hybridisation has long been viewed as an essential driver of speciation in plants
(Rieseberg and Willis, 2007). Nevertheless, despite numerous studies demonstrating hybridisation
and gene flow between Canary Island lineages (Kim et al., 1996; Francisco-Ortega et al., 1999;
Brochmann et al., 2000; Carine et al., 2007; Fjellheim et al., 2009). Most molecular studies have
focused only on the relative roles of ecological speciation and inter-island dispersal in generating
the high levels of species diversity observed (Jorgensen and Frydenberg, 1999; Barber et al., 2000;
Francisco-Ortega et al., 2002; Allan et al., 2004). Hybridisation as a potential evolutionary force is
often overlooked, likely due to the difficulty of confirming that hybridisation has occurred when
using small numbers of genetic markers. The low variation uncovered when using a limited
number of markers in recent species radiations generally results in poorly resolved phylogenies.
Even when phylogenetic incongruence is identified, for example, when chloroplast [cpDNA] and
nuclear [nDNA] give different phylogenetic hypotheses (Francisco-Ortega et al., 1996; Barber et
al., 2000; Mort et al., 2002; Jones et al., 2014), the use of only a small number of markers makes it

difficult to determine the cause of the incongruence.
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Reduced-representation sequencing methods, such as Restriction site Association DNA
Sequencing (RAD-seq; Eaton and Ree, 2013) and Genotyping-by-Sequencing (GBS; Elshire et al.,
2011), using high-throughput sequencing technologies to sample hundreds or thousands of loci
throughout the genome simultaneously (Baird et al., 2008; Rowe et al., 2011; Eaton and Ree,
2013; Fernandez-Mazuecos et al., 2018). These methods generate large numbers of
phylogenetically informative markers, which can overcome the limitations of traditional marker
methods. As a result, RAD-seq and GBS data sets provide new insights into the evolution of the
Canary Islands flora, as demonstrated in Micromeria (Lamiaceae; Puppo et al., 2015) and
Argyranthemum (Asteraceae; (White et al., 2018, 2020). Combined with the development of new
statistical methods (Green et al., 2010; Patterson et al., 2012; Sankararaman et al., 2014; Vernot
and Akey, 2014), studies are also starting to emerge which offer more comprehensive insight into
hybridisation in oceanic lineages (Puppo et al., 2015; White et al., 2020). These developments
reinforce the notion that gene discordance due to hybridisation is not only common but is shaping

the plant diversity found across the Canary Islands.

Descurainia (Brassicaceae) Webb & Berthel is a genus of 45 species distributed throughout
America, Eurasia, and the Canary Islands (Bramwell, 1977; Goodson et al., 2011). The seven
species in the Canary Islands form a monophyletic group (Goodson et al., 2006) distributed across
four islands (Figure 2.1). Five species (D. gilva Svent., D. gonzalezii Svent., D. preauxiana (Webb)
Webb ex O.E.Schulz, D. artemisioides Svent., and D. lemsii Bramwell.) are single island endemics
(SIEs), and two species (D. millefolia Webb & Berthel. and D. bourgaeana (E.Fourn.) Webb ex
0.E.Schulz.) are multi-island endemics (MIEs) found on three and two islands, respectively
(Bramwell, 1977; Goodson et al., 2006). The species are found in a range of different habitats, and
Goodson et al. (2006) broadly categorised the ecological zones for Canary Island Descurainia as
lowland scrub and, more rarely, the thermo-sclerophilous woodland (250 - 700 m) for D.
millefolia, D. preauxiana, and D. artemisioides, pine forest (600 — 1,200 m) for D. gilva, D.
gonzalezii and D. lemsii, and sub-alpine scrub (1,900 — 2,100 m) for D. bourgaeana (Bramwell,
1977; Goodson et al., 2006). Putative hybrids have been documented in Tenerife (e.g., D.
bourgaeana x D. lemsii and D. gonzalezii x D. bourgaeana; Goodson et al., 2006). Given the
distribution of Canary Island Descurainia across multiple islands and ecological zones following a
single colonisation of the archipelago (Goodson et al., 2006, 2011), the group offers an
opportunity to examine the roles of different evolutionary processes underlying diversification

within this archipelago.
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Previous phylogenetic analyses of Canary Island Descurainia applied nDNA (ITS, the internal
transcribed spacer region) and cpDNA sequences and resolved the Euro-Siberian Descurainia
tanacetifolia as the continental sister species to the island clade (Goodson et al., 2006, 2011). The
ITS phylogeny failed to resolve relationships within the Canary Island clade. However, the copDNA
phylogeny revealed two clades. One clade was restricted to Tenerife (D. gonzalezii, D. lemsii and
some D. millefolia accessions), and the other comprised taxa from across the four islands (D.
bourgaeana on Tenerife, D. artemisioides and D. preauxiana on Gran Canaria, D. gilva on La
Palma, and D. millefolia from La Palma and La Gomera). Descurainia millefolia was resolved in

both clades, and D. gonzalezii was found to be polyphyletic in the Tenerife clade.

Goodson et al. (2006) suggested that the drivers of diversification in Canary Island Descurainia
were intra-island ecological speciation and inter-island colonisation. Studies that have
subsequently used the Goodson et al. (2006) phylogenetic hypothesis to examine the adaptive
radiation of Descurainia provide conflicting results on the role of climate and habitats (Herben et
al., 2014; Steinbauer et al., 2016). The polyphyly of D. millefolia and D. gonzalezii revealed by their
study could suggest taxonomic revision is needed. However, it also raises questions about the
influence of hybridisation on the relationships inferred using chloroplast markers (Goodson et al.,
2006). Chloroplast capture can give rise to topologies that do not reflect species relationships,
leading to incorrect species trees (Rieseberg and Soltis, 1991). This is backed up by field
observations of putative hybrids (Goodson et al., 2006). There is also the potential for gene flow
as many species occur in close geographical proximity, with a lack of karyotypic barriers, similar

floral morphologies, and long overlapping flowering periods (Bramwell, 1977).

Here, we use Genotyping-by-Sequencing (GBS) data in conjunction with ecological and
distribution data across all seven Canary Island Descurainia species and two continental
outgroups to resolve the evolutionary history of the group. Our objectives are to (1) investigate
phylogenetic relationships using both concatenated data and coalescence-based species networks
and using an Approximate Bayesian Computation (ABC) modelling analysis (Cornuet et al., 2008)
to examine alternate phylogenies, (2) quantify the extent of hybridisation between taxa using D-
statistics (Eaton and Ree, 2013), and species networks, (3) infer the role of ecology in the
diversification of Canary Island Descurainia using spatial climatic variables, and (4) in so doing,
establish the relative role of geographical isolation, hybridisation and ecological divergence in the

diversification of the group.
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Figure 2.1: Map of the Canary Islands (age of islands in brackets; Schmincke, 1976) and the

distribution of each island's seven endemic Canary Island Descurainia.
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2.3 Material and Methods

23.1 Sampling, DNA extraction, and Genotyping-by-sequencing (GBS)

A total of 18 individuals from eight populations were used to represent the seven Canary Island
species of Descurainia (Appendix Table A.1). Sampling comprised five specimens of D.
bourgaeana, two each of D. gilva, D. gonzalezii, D. artemisioides and D. preauxiana, and four of D.
millefolia (two from La Palma and two from Tenerife), and one individual of D. lemsii. Descurainia
millefolia populations from La Gomera and D. bourgaeana populations from La Palma were not

sampled. Descurainia tanacetifolia and D. depressa were sampled as outgroups.

DNA was isolated from silica-dried leaves collected from wild plant material (collected in 2016;
eight samples, permit numbers in the Acknowledgements section) and from fresh leaves of plants
grown from seed from the Banco de Germoplasma Vegetal (BGV) seed bank (four samples;
Appendix Table A.1). DNA isolations were performed using a modified CTAB protocol (Doyle,
1991). An additional eight DNA samples used in the Goodson et al. (2006) study were supplied by

R. Jansen (University of Texas).

DNA samples were sequenced using Genotyping-by-Sequencing (GBS) at Novogene (Hong Kong).
DNA was digested with Msel and Haell, and fragments were sequenced for 144 cycles on an

Illumina HiSeq.

2.3.2 GBS assembly

The GBS data were quality filtered and assembled using ipyrad v.0.7.23 (Eaton and Ree, 2013;
Eaton and Overcast, 2020). Raw sequence data were demultiplexed for each sample using
barcode sequences with no mismatches allowed. Low-quality base scores (< 33) were converted
to N, and reads with more than five Ns were discarded. Adapter sequences were filtered using the
strict setting (2) as recommended for GBS data. The de novo-reference assembly method was
used to remove reads which mapped to the chloroplast or mitochondrial genomes of Arabidopsis
thaliana (L.) Heynh. (NCBI Reference Sequence NC_000932.1 and NC_001284.2, respectively)
whilst assembling unmapped nuclear reads de novo. Reads were assembled to identify consensus

allele sequences within individuals using three similarity clustering thresholds (80%, 85%, and
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90%) before clustering consensus allele sequences across samples to identify loci. For the three
levels of clustering employed, loci were filtered for a minimum number of samples per locus of 8
or 10, equivalent to 60% and 50% missing data, respectively. A minimum depth of six reads was
required for base calling, and any locus with a shared heterozygous site in 20% or more of
samples was removed as potentially comprising paralogs. Therefore, six data sets were generated
with three clustering thresholds (hereafter referred to as ¢80, ¢85, c90) and two minimum
samples per locus threshold (hereafter m8, m10). For each assembly, ipyrad produces a custom

“loci” format, which was used for all subsequent analyses.

233 Phylogenetic Reconstructions 1 — Concatenated Approach

A supermatrix approach was first used for phylogenetic reconstructions to infer evolutionary
relationships and to allow comparison between GBS assemblies. This involves concatenating loci
from the GBS assembly data set into a single alignment. For each of the six assemblies, the
optimal model of sequence evolution was identified using ModelTest-NG v.0.1.5 (DARRIBA et al.,
2020; Appendix Table A.2), and a Maximum likelihood (ML) tree was generated using RAXML
Next-Generation v.0.6.0 (Stamatakis, 2014), with bootstrap support estimated from 1,000

replicate searches from random starting trees.

Five of the six GBS data sets gave identical phylogenetic topologies (see results). Of these five, the
data set with a clustering threshold of 85% and a minimum sample number of 8 (c85m8) was

selected for all subsequent analyses as it had the most significant number of SNPs.

234 Phylogenetic Reconstructions 2 — Coalescent Approach

The second phylogenetic approach uses a coalescent-based method which can accommodate
reticulated evolutionary histories and incomplete lineage sorting (ILS). Here, we generated species
networks modelling hybridisation and ILS using Phylonet v.3.5 (Than et al., 2008). To prepare the
data, the unlinked SNP data set generated by ipyrad was transformed into bi-allelic markers.
Descurainia depressa was removed from the analysis because of its more distant relationship to
the Canary Islands ingroup (see results). The function MLE_BiMarkers in Phylonet was used to
generate a pseudo-likelihood ML estimation of phylogenetic networks with the “-diploid” and “-

pseudo” parameters. The maximum number of reticulation nodes in the phylogenetic networks
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explored during the search was limited to 8. This number was set to a small number to reduce the
overall complexity of a network. The number of runs was set to 50 to reduce memory load. Where
multiple individuals of a species were present, these were mapped to a single species to reduce
computational time to establish a species tree. The remaining parameters were set to their

default settings.

235 Approximate Bayesian Computation (ABC)

We used an ABC approach (Beaumont et al., 2002) to assess the posterior probabilities of the
evolutionary scenarios suggested by our analyses (concatenated vs coalescent approaches; see
results). DIYABC v.2.1 (Cornuet et al., 2008) was used to compare two scenarios: (1) a fully
bifurcating phylogeny representing the topology generated using ML analysis of the concatenated
data set; and (2) a scenario including a hybrid origin for D. gilva between D. millefolia and D.

gonzalezii as inferred in the coalescent analysis.

The unlinked SNP dataset was transformed into a DIYABC-friendly format using the python script
(vcf2DIYABC.py, available from https://github.com/loire/ [accessed July 2019]).

Population sizes and divergence rates were set between 102 - 107, and admixture rates were
0.001-0.999. A total of 107 simulations were performed for each of the two scenarios. Summary
statistics were incorporated to compare the observed and simulated data comparisons, which
comprised the mean of genetic diversity, pairwise sample Fs: and Nei’s distance, and admixture
summary statistics (Hudson et al., 1992; Choisy et al., 2004). The most probable scenario was
identified using the posterior probability for each scenario, computed using a direct approach and
Logistic regression. The scenario probabilities were calculated using 500 simulations for the direct

estimate and 10,000 for the Logistic regression.

Once the most probable scenario was identified, posterior analyses were carried out to evaluate
the robustness of the simulation of the selected scenario with our GBS data set. As DIYABC is a
computationally and memory-intensive method, it was necessary to perform the remaining post-
simulation analyses on a subset of 1,000 simulations. Firstly, the prior distribution of the scenario

was performed using a logistic regression, from which false positives and false negatives in the
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choice of the scenario were estimated. False positives and negatives were calculated by
measuring the proportion of the simulated data set for the best scenario when assigned to the
other scenario and the proportion of data sets simulated under the other scenario that was
assigned to the best scenario, respectively. Second, the goodness of fit of the selected scenario
was performed using DIYABC model-checking analysis. This assesses how close the simulated data
set fits our GBS data set by producing summary statistics and ranking the observed value among

the values obtained with simulated data sets.

2.3.6 Patterson’s D Statistics

Patterson’s D-statistics (also known as ABBA-BABA tests; Durand et al., 2011) is used to infer
introgression between two lineages in a given phylogeny by testing for shared derived alleles
between taxa. ABBA-BABA tests are strictly a tree-based test from which species are assigned to
the topology (((P1, P2), P3), O). P1 and P2 are species that belong to a monophyletic group, P3
corresponds to a taxon from a different ingroup species, and O is the outgroup. The D-statistic
measures the asymmetry in the number of alleles supporting “ABBA” and “BABA” patterns of
allele distributions (where A is ancestral, and B is derived). If the proportion of alleles is equal
(ABBA = BABA), then we cannot rule out ILS as the likely cause of gene incongruence. In contrast,
a significant asymmetry between the number of alleles for each topology suggests introgression

has occurred between P3 and either P2 (ABBA > BABA) or P1 (BABA > ABBA).

We used Patterson’s D-statistic to test whether there is an excess of shared allele between D.
millefolia and D. gilva, as indicated in our species network (see results). Due to the tree's
topology, it was impossible to test whether there is gene flow between D. gonzalezii and D. gilva,

and D. millefolia.

SNPs from the c85m8 assembly were used to generate the D-statistic using the baba tool in ipyrad
v.0.9.16 (Eaton and Overcast, 2020). A P value was calculated from the Z-score and adjusted for

multiple comparisons using Bonferroni correction.
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2.3.7 Ecological Niche Occupation and Conservatisms

GPS coordinates were taken from 216 Canary Island Descurainia herbarium specimens held at the
Natural History Museum, London (BM). Climatic variables for these localities were obtained from
WorldClim v.2.1 (years 1970-2000; Fick and Hijmans, 2017), using 19 bioclimatic (bioclim)
variables derived from temperature and rainfall values at a spatial resolution of 30 seconds (~1
km?). The GIS datasets were used to interpolate climate values for all individuals using ArcMap,
and the means for each bioclimatic variable per species were calculated. The pairs functionin R
was used to identify correlated variables. Variables were assessed for correlation in R and only
uncorrelated variables were retained for further analysis. A phylogenetic PCA (pPCA) was
generated with the R package Phytools (Revell, 2012), using the phylogeny generated from the
analysis of the concatenated data set and the five bioclim (annual precipitation, temperature
seasonality, annual precipitation, precipitation in the wettest quarter, and precipitation in the
coldest quarter) variables retained. The averages for each climatic variable were represented in a

dotTree using Phytools, along with the results of the phylogeny PCA (PC1 and PC2).

We tested for phylogenetic signal in each trait using Blomberg’s K statistic (Blomberg et al., 2003),
as implemented with the function phylosig in the R package Phytools. K values closer to zero
correspond to random or convergent patterns of evolution, while values greater than 1 indicate a

strong phylogenetic signal and conservatism of traits.
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2.4 Results

24.1 GBS Assembly

Between 0.46 and 2.14 million reads were generated for each sample. After quality control and
the removal of poor-quality reads, six data sets were assembled from the GBS raw reads (Table
2.1). Between 113,107 and 122,724 loci were generated in each assembly (Table 2.1). An increase
in the clustering threshold (c; 80%, 85%, and 90%) resulted in a larger number of loci. Increasing
the minimum sample coverage (m) from 8 to 10 resulted in a considerable decrease in the

number of total SNPs and Parsimony informative (Pl) SNPs available (Table 2.1).

Table 2.1: Summary of the results of filtering and clustering of GBS raw sequences using ipyrad
(Eaton, 2014). GBS reads included 18 individuals from seven Canary Island Descurainia species
and two continental Descurainia individuals. Loci = unique GBS DNA cluster; Pl = Parsimony
informative; SNPs = Pl SNPs and autapomorphies; Pl SNPs = minor allele in >1 sample; Pl uSNPs

= unlinked PI SNP

Clustering Minimum Taxon Pl PI
Assembly | Threshold (%) Coverage N loci SNPs SNPs uSNPs
c80m8 80 8 113,107 | 69,339 | 29,037 | 12,779
c80m10 | 80 10 113,107 | 41,235 | 18,002 | 7,201
c85m8 85 8 118,553 | 75,603 | 31,714 | 13,797
c85m10 | 85 10 118,553 | 45,347 | 19,794 | 7,828
c90m8 90 8 122,724 | 76,875 | 32,488 | 14,652
c90m10 |90 10 122,724 | 45,526 | 19,981 | 8,174
24.2 Phylogenetic Reconstructions 1 — Concatenated Approach

The GTR+I+G model of nucleotide evolution was found to be the best model for all six assemblies

(Appendix S2) and was employed for maximum likelihood (ML) phylogeny reconstruction.

All phylogenies resolved two main clades (BS = 100%), “clade A” and “clade B” (Figure 2.2A,

Appendix Figure A.1). Clade A is composed of D. preauxiana, D. millefolia and D. artemisioides,
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and in five of the six phylogenies (i.e., excluding c90m8), D. millefolia is resolved as monophyletic
(BS = 54-82%). Descurainia millefolia is sister to D. artemisioides, with D. preauxiana resolved as
sister to this pair. Within D. millefolia, Tenerife populations are resolved as paraphyletic with
respect to the La Palma accessions that are resolved as monophyletic (BS = 100%). For the data
set with the alternate topology (c90m8), D. millefolia is resolved as polyphyletic with one

individual nested within D. artemisioides (BS = 48%).

The clade B topology was consistent for all six assemblies and is composed of subclades B1 (D.
gilva and D. gonzalezii) and B2 (D. bourgaeana and D. lemsii), both of which have maximum

support (BS = 100%). In B1, both D. gonzalezii and D. gilva are resolved as monophyletic (BS >
96%). Within Clade B, D. lemsii is found nested within D. bourgaeana, although the position is

variable and weakly supported (BS = 42-79%).

243 Phylogenetic Reconstructions 2 — Coalescent Approach

A total of 13,797 unlinked SNPs were used as input data for Phylonet. The phylogenetic network
with the lowest log-likelihood score from all 50 runs resulted in a network with one reticulation
(Figure 2.2B). The resulting topology was similar to that of the concatenated approached, but D.

gilva is suggested to be of hybrid origin between D. gonzalezii (clade B) and D. millefolia (clade A).
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Figure 2.2: (A) Maximum-likelihood phylogenetic tree inferred from GBS data set (c85m8) for 18

42

Canary Island Descurainia individuals and two continental relatives. Numbers

represent bootstrap values as inferred from 1,000 bootstraps (BS) repetitions. Branch

lengths are represented by the bottom bar. The continental relatives, D. depressa

and D. tanacetifolia, are the outgroups. ID numbers next to taxa names represent

samples in Appendix Table A.1, and shapes represent the island of origin. (B)

Schematic representing the phylogenetic network generated by Phylonet under

Pseudo-likelihood when max reticulates is set to eight. Dots represent the average

value of the bioclimatic variable and pPCA loads for each species (C) Phylogenetic

principal component analysis (pPCA) plots of PC1 and PC2 from five bioclimatic

variables. Arrows in bold indicate a significant phylogenetic signal (K > 1 at P < 0.05).
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244 Approximate Bayesian Computation (ABC)

The c85m8 SNP data set was filtered for at least one individual per species at each SNP site (as
required by DIYABC), after which 1,722 SNPs remained. Scenario 2, in which D. gilva is of hybrid
origin between D. millefolia and D. gonzalezii, had the highest posterior probability (0.77, 95%
confidence interval 0.43 —1.00; Table 2). Scenario 1, which represented the bifurcating phylogeny
without hybridisation, had a much lower posterior probability (0.21; confidence interval 0.00 —

0.57).

The summary statistics calculated from the scenario 2 simulated data set were found to be close
to the summary statistics calculated with our GBS data set (Appendix Table A.3). Estimation of
error rates provided confidence in scenario choice; the false positive and false negative error

rates were estimated to be 10.2% and 0.1%, respectively.

Our analysis also indicated that the parental contributions to the genetic composition of the
hybrid D. gilva were not equal (Appendix Table A.3). There was a significant bias in contribution,
with D. gonzalezii contributing 98% (95% Cl: 98.4-99.6) and D. millefolia 2%. The parameter

estimation for the time of this hybridisation event was 3.7 £ 2.1 Mya.
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Table 2.2: Posterior probability of parameters, and their confidence intervals, for each four
scenarios tested with ABC in DIYABC (Cornuet et al., 2008). The corresponding phylogeny or

network for each scenario is found in Figure 2.2.

Scenario | Test Description Posterior 95% Confidence
Probability Interval
1 Bifurcating phylogeny 0.214 [0.000, 0.574]
2 D. gilva is a hybrid origin between 0.786 [0.427, 1.000]
parents D. millefolia and D. gonzalezii.

2.4.5 Patterson’s D-statistics

Patterson’s D-statistic examining gene flow between D. gilva (P3) and D. millefolia (P2) resulted in
a significant D-statistic (BABA > ABBA) when both D. artemisioides and D. preauxiana were used

as P1 (Table 2.3; P < 0.005, after multiple corrections).

Table 2.3: Patterson’s D-statistic (ABBA-BABA), which compares D. gilva (gil; P3) with D.
millefolia (mil; P2) and its sister taxa (P1), either D. artemisioides (art) or D. preauxiana (pre).
Descurainia tanacetifolia and D. depressa were selected as the outgroups (O). D-statistics in

bold represent significant P values at < 0.05.

Test D stat Z ABBA BABA # loci P value

art (P1) mil (P2) gil (P3) | -0.121 |3.929 | 1031.256 | 1313.998 | 5,817 | 0.000

pre (P1) mil (P2) gil (P3) | -0.132 | 3.221 | 610.708 796 3,530 | 0.001

2.4.6 Ecological Niche Occupation and Conservatism

After filtering the most highly correlated variables, five BioClim variables were included in the
ecological analyses: Annual Temperature, Temperature Seasonality, Annual Precipitation,
Precipitation in the Wettest Quarter, and Precipitation in the Coldest Quarter (Appendix Table
A.4). The phylogenetically corrected PCA's first two axes, PC1 and PC2, explained 84% and 16% of

the variance in climatic variables across the seven species (Table 2.4). Precipitation in the Coldest
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Quarter (-0.99) and Annual Mean Temperature (0.98) have the highest loads for PC1. Descurainia
bourgaeana (-3.45) was on one extreme of PC1, followed by D. gilva, D. lemsii and D. gonzalezii,
all demonstrating high average precipitation, whereas D. artemisioides (3.44), D. millefolia (2.77)
and D. preauxiana (2.77) are on the opposite end of the PC1 axis and represent higher annual
mean temperature (Figure 2.2B). Temperature seasonality (0.67) and annual precipitation (-0.43)
represented the highest loads for PC2, with D. gilva (-1.59) and D. preauxiana (0.72) on the

extremes of this axis.

The K statistic indicated a strong phylogenetic signal for all bioclimatic variables (K > 1; Table 2.4).
Annual mean temperature, annual precipitation and precipitation in the wettest quarter were

significant (P < 0.05), indicating these traits have a non-random phylogenetic signal.
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Table 2.4: The loadings of each trait for the first two axes from the pPCA and K statistic under a
Brownian motion model of evolution for our five bioclimatic variables. Traits which are
significant (bold) where P < 0.05 have a non-random phylogenetic signal. K-values greater than

1 indicate a strong phylogenetic signal and phylogenetically conservation.

Bio Variable PC1(84%) | PC2(16%) | K K P value
Annual Mean Temp (BIO1) 0.989 -0.131 1.365 | 0.045
Temp Seasonality (BIO4) -0.738 0.672 1.447 | 0.037
Annual Precipitation (BI012) -0.898 -0.432 1.150 | 0.116
Precipitation in Wettest Quarter (BIO16) | -0.935 -0.346 1.395 | 0.041
Precipitation in Coldest Quarter (BIO19) -0.992 0.087 1.530 | 0.053
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2.5 Discussion

The Genotyping-by-Sequencing (GBS) analysis has provided a well-resolved phylogenetic
relationship among Canary Island Descurainia (Brassicaceae), for which standard sequence
markers previously failed (e.g., Goodson et al., 2006) and revealed evolutionary processes
underpinning the group’s diversification. Phylogenetic analyses of the concatenated data set
revealed two major and well-resolved clades, with ABBA-BABA tests and species networks
supporting a role for hybridization in the group's diversification. Our results suggest that D. gilva
has a hybrid origin between D. millefolia and D. gonzalezii. Further, the results indicate that
diversification of the group has involved a single shift in climatic preferences associated with a
shift in elevation, with the low-elevation Clade A species occupying high temperature and low
precipitation environments and the higher-elevation Clade B species occupying lower
temperature and higher precipitation environments. The study, therefore, demonstrates the
importance of geographic isolation, hybridisation, and ecological diversification in driving the

diversification of Canary Island Descurainia.

2.6 Inferring Species Relationships Using Coalescent versus

Concatenated Methods

Previous studies have suggested that phylogenies based on concatenated GBS data sets suffer
strong systematic bias because high statistical support for multiple alternative topologies
depending on clustering threshold values used in the sequence analysis is often found
(Fernandez-Mazuecos et al., 2018). Here our GBS assemblies show congruent and well-supported
topologies across five of six data sets. The incongruent data set differed only in the resolution of
D. millefolia. Phylogenetic analysis of all concatenated data sets revealed two major clades (A and
B) and two sub-clades within B (B1 and B2) with maximum bootstrap support. This suggests the
different clustering and minimum sample coverage thresholds used have little impact on

phylogenetic inferences, providing confidence in the results.

In the topology resolved in five of the six analyses, D. bourgaeana was the only species revealed
as non-monophyletic, with D. lemsii nested within this species. However, branch lengths in this

clade were short, and relationships were not well supported. The occurrence of paraphyly such as
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this is often explained by taxonomic error, ILS, or hybridisation (Schrempf and Sz6ll6si, 2020).
Morphologically, D. bourgaeana and D. lemsii may be distinguished since the former has
decurrent leaves and ascending siliquae, whereas the latter lacks decurrent leaf-segments and has
erect siliquae (Bramwell, 1977). However, hybridisation has played a role in Canary Island
Descurainia more generally (see below), and putative hybrids of D. bourgaeana and D. lemsii have
been observed in the wild (Goodson, 2007; ACJ personal field observations). Due to our
phylogeny's topology, it was impossible to test for hybridisation (versus ILS) involving these two
taxa with Patterson’s D-statistics. Given that neither ILS nor hybridisation can be ruled out, further
morphological and genetic studies, with a greater sampling of D. lemsii, are necessary to resolve

the status of these two taxa.

The topology of our concatenated phylogeny was incongruent with the previous phylogenetic
reconstructions of Goodson et al. (2006) based on 44 cpDNA characters. In particular, our analysis
did not support the polyphyly of D. gonzalezii and D. millefolia found by Goodson et al. (2006),
wherein both were resolved as monophyletic. The Goodson et al. (2006) phylogeny may be
impacted by chloroplast (cp) capture (the transfer of cpDNA between species due to
hybridisation). Given that our results indicate hybridisation in the evolutionary history of the
Canary Islands Descurainia, cpDNA capture likely explains the significant differences between the
results of Goodson et al. (2006) and those presented here. Further, our phylogenetic
reconstructions were generated using a significantly larger number of genetic markers due to our
use of our GBS datasets generated through next-generation sequencing technology. For instance,
our ML phylogeny was generated using 76,875 SNPs (c85m8 GBS assembly; Figure 2.2), which
significantly exceeds the 44 cpDNA characters employed in the Goodson et al. (2006) study. Our
datasets provide a far more powerful phylogenetic signal to resolve the relationships within

Canary Island Descurainia and likely explains the conflicting topologies between studies.

Evolutionary networks have recently been explored as an alternative method for phylogenetic
reconstructions (McCluskey and Postlethwait, 2015; Blanco-Pastor et al., 2019). Since reduced-
representation data sets (i.e., RADseq and GBS) sample data from hundreds to tens of thousands
of loci across the entire genome, these sequencing methods can be applied to generate
multilocus species trees. While Phylonet is a promising tool for estimating hybridisation between
taxa (Hibbins and Hahn, 2022), few studies have attempted to use reduced-representation data
sets to estimate evolutionary networks (also see Blanco-Pastor et al., 2019; Eaton and Ree, 2013).

Several issues have been highlighted with this approach; notably, the short length of each locus
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means that there is variable phylogenetic information between loci, and the data sets may be
subjected to phylogenetically structured patterns of missing data (Salichos and Rokas, 2013b).
However, a coalescent analysis of reduced-representation data allows for variation across loci in a
genealogy, whereas a concatenated approach assumes a shared phylogenetic history for all genes
(Rokas et al., 2003). As a result, a coalescent approach can be useful for understanding

hybridisation.

Here, the non-reticulated species network demonstrated a similar topology to that of the
concatenated analysis. However, we found strong evidence that Canary Island Descurainia's most
likely evolutionary scenario includes reticulated evolution. The reticulated phylogenies generated
by Phylonet were also supported by D-statistics and DIYABC models. This implies that the
concatenated approach, despite the larger number of loci included and the high bootstrap

support, has masked incongruence between loci within the data set.

Our analyses support a hybrid origin for D. gilva between D. gonzalezii and D. millefolia. This is at
odds with the hypothesis of Bramwell (1977), who, based on morphological similarities,
considered D. gilva to be a vicariant of D. bourgaeana, a species which also occupies high

altitudes.

Our ABC analysis indicated a large bias in putative parental contributions, with 98% contribution
from D. gonzalezii and 2% from D. millefolia. Inter-island hybridisation has been documented in
other Canary island endemic plant lineages (van Hengstum et al., 2012; Puppo et al., 2015; White
et al., 2020). However, it seems most likely that D. gilva is instead a vicariant form of D. gonzalezii,
which has been exposed to gene flow from D. millefolia upon establishing itself on La Palma.
Notably, D. gilva and D. gonzalezii are somewhat ecologically distinct: D. gilva habitats exhibit an
Annual Precipitation and Precipitation in the Wettest Quarter of 241 and 215 mm, respectively,

86% and 90% higher than the habitats of D. gonzalezii (Figure 2.2B; Appendix Table A.4).

49



Chapter 2

2.7 Diversification and the role of Ecology and Geography

Inter-island dispersal and ecological shifts are the two processes most commonly invoked to
explain the high levels of diversity seen within Canary Island lineages (Jorgensen and Frydenberg,
1999; Francisco-Ortega et al., 2002; Mort et al., 2002; Allan et al., 2004; Jones et al., 2014).
Previous phylogenetic analysis of Canary Island Descurainia suggested that inter-island dispersal
was more influential than ecological speciation (Goodson et al., 2006), with three ecological shifts
inferred alongside multiple inter-island colonisation events. Our phylogeny also supports the
importance of geographic speciation in the evolution of Canary Island Descurainia. Within clade
B1, there is a dispersal event from Tenerife to La Palma for D. gilva, and in clade A, there are likely
two dispersal events, one from Gran Canaria to Tenerife, followed by another from Tenerife to La

Palma.

Climatic variation within the Canary Islands has often been seen as a major driver of
diversification within endemic plant lineages (Irl et al., 2015, 2017). Climatic variation, especially
along elevation gradients, promotes ecological shifts and speciation (Hua and Wiens, 2013). For
example, precipitation gradients have played a significant role in the radiation of Aeonium
(Crassulaceae; Harter et al., 2015). Our results indicate that precipitation and temperature are
strongly linked phylogenetically for Descurainia. We observe only one shift in climatic
preferences, supporting the idea of niche conservatism between closely related Descurainia
species. Taxa in each of our two clades occupy similar ecological zones. Descurainia gonzalezii, D.
lemsii and D. bourgaeana in clade B are species that inhabit Tenerife with parallel environmental
pPCA axes. They are mainly allopatric, suggesting intra-island geographic diversification without

large ecological divergences.

Similarly, D. artemisioides and D. preauxiana, endemic to Gran Canaria, occupy similar habitats
but are largely allopatric: D. artemisioides is restricted to the northwest of the island and D.
preauxiana is more widespread, but they do not overlap geographically. Inter- and intra-island
isolation within similar habitats has played a more significant role in the diversification of the
group than ecological shifts based on the data to hand. However, we acknowledge that other

factors, for example, wind exposure and soil types, should be examined.
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The phylogenetic framework of Goodson et al. (2006) has been used to investigate the role of
adaptive divergence in the evolution of Canary Island Descurainia. Steinbauer et al. (2016)
examined climatic niche differentiation between pairs of species existing in sympatry with that for
pairs of species in allopatry for a range of Canary Island radiations, including Descurainia. They
concluded that Descurainia showed niche conservatism for temperature. In contrast, Herben et
al. (2014) proposed that morphological traits related to water availability were not
phylogenetically linked and therefore suggested adaptive divergence to differing habitats based
on water availability. However, both these studies used the Goodson et al. (2006) phylogenetic
framework, which conflicts with our phylogeny and could underlie the differences between

studies.

Whilst many Macaronesian plant radiations have been subject to molecular phylogenetic analysis,
many would benefit from further analyses with more extensive molecular sampling. Where
reduced representation sequencing approaches have been used, for example, to investigate
Macaronesian endemics Argyranthemum, Micromeria and Lavatera (Curto et al., 2018; Villa-
Machio et al., 2020; White et al., 2020) better-resolved phylogenies have resulted, and more

complex patterns of relationships than earlier assessments suggested have been revealed.

Our results suggest that ecological shifts are not absent from the diversification of Canary Island
Descurainia. A significant ecological distinction is found between the two clades. Our pPCA results
show that species from clade A are found in warm and arid habitats, and species from clade B are
found in cooler, wetter habitats. Upslope migrations, involving adaptation to higher altitudes, are
a common observation in Canary Island lineages, for example, in Helianthemum (Cistaceae) and
Echium (Albaladejo et al., 2021; Graham et al., 2021). This fits with the finding that the initial
colonisation of the Canary Islands is often at low altitudes where more diverse habitats are
available, followed by diversification upslope to more specialised high-altitude habitats
(Steinbauer et al., 2012). However, in Descurainia, the sister group of the Canary Islands clade, D.
tanacetifolia (Goodson et al., 2006), is a species restricted to montane regions of northern Iberia
and the Alps. Given our data, we cannot rule out ‘downslope’ migration from cooler, wetter
habitats to warmer, drier habitats. A broader analysis of the evolution of climatic preferences in

the genus would be necessary to provide insights into this.
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2.8 Conclusions

While our phylogeny would benefit from a greater sampling of individuals, particularly with
respect to D. lemsii and La Gomera populations of D. millefolia, our phylogenetic reconstructions
utilising GBS sequencing generated a well-resolved and robust evolutionary relationship. Our new
multilocus framework for Canary Island Descurainia indicates that hybridisation has occurred
within this group, likely explaining species polyphyly identified in an earlier study (Goodson et al.,
2006). Island dispersal, and to a lesser extent, ecological shifts, and hybridisation, are all
implicated in the diversification of Canary Island Descurainia. The findings of this study reinforce
the notion that hybridisation is one of the drivers contributing to the complex history of Canary
Island flora. It also highlights how phylogenetic analyses of island lineages should employ multiple

analytical approaches to test for alternative scenarios.
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2.11 Data Accessibility

Climatic data for Canary Island Descurainia individuals and raw Genotyping-by-sequencing data

will be deposited on Dyrad.
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Chapter3 The genome assembly and
annotation of the oceanic island endemic
Descurainia millefolia (Brassicaceae) and a

comparison with other Brassicaceae

3.1 Abstract

Descurainia millefolia (Brassicaceae) is endemic to the Canary Islands oceanic archipelago and
belongs to a group that has rapidly diversified across habitats and islands. As such, there is
potential for D. millefolia to serve as a model to address questions on the underlying evolutionary
processes that have led to the large endemic diversity found in the Canary Islands. There is also
potential to contribute to answering larger questions surrounding adaptation to climate change.
Here, we produce a high-quality de novo scaffold-level assembly of the D. millefolia genome using
a hybrid assembly approach with a combination of long-read PacBio sequencing and short-read
Illumina sequencing. The final draft genome is 180 Mb, with an N50 size of 280 kb. We annotated
26,407 protein-coding genes with a BUSCO score (complete and single copy) of 97.6%.
Phylogenetic analyses using proteomes of 13 other Brassicaceae species showed that the genera
Descurainia form a monophyletic group within Lineage | of the Brassicaceae family, with a
divergence estimate of 20.12 Mya (95% Cl: 19.04-21.48) from other sampled Brassicaceae
species. Gene family analysis indicated 96 gene families specific to D. millefolia with 1,087 and
1,469 gene expansions and contractions, respectively. We hope the genomic resources provided
by our reference genome will enable future studies to investigate evolutionary and taxonomic

questions.
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3.2 Introduction

The flora of oceanic islands has long served as an evolutionary model for understanding the
drivers of speciation and phenotypic diversification (Burns, 2019). Many of the endemic plant
groups has rapidly diversified through various evolutionary processes, including dispersal events
between islands and adaptation to a broad spectrum of ecological niches (Losos and Ricklefs,
2009a). Extensively studied examples of oceanic island radiations include the Hawaiian
silverswords (Witter and Carr, 1988; Robichaux et al., 1990; Baldwin, 1997; Baldwin and
Sanderson, 1998, 1998; Blonder et al., 2016), and the Canary Island Aeonium (Crassulaceae)
(Jorgensen and Frydenberg, 1999; Jorgensen and Olesen, 2001). Yet, the lack of whole-genome
resources often hinders our understanding of the underlying genome evolution of island groups

and its ecomorphological diversification processes during speciation and adaptive radiation.

In 2000, the first genome of a flowering plant was sequenced: Arabidopsis thaliana (The
Arabidopsis Genome Initiative, 2000). Since then, genome sequencing has been focused on
economically important and model species of plants. As of 2021, there are 798 plant genomes
(deposited within GenBank), of which 59% represent domesticated, relatives of domesticates, and
model species, with the remaining being wild species (41%; Marks et al., 2021; Purugganan and
Jackson, 2021). The underrepresentation of wild plants is primarily due to issues surrounding the
sequencing of their genomes: firstly, the size of plant genomes — which range from ca. 10 Mb to
over 100 Gb - provides financial constraints (Kersey, 2019). Secondly, complex characteristics of
plant genomes, such as polyploidy (exhibited in 80% of all living plants; Meyers and Levin, 2006)

and a large composition of transposable elements, leads to difficulties in bioinformatic processes.

For instance, the Brassicaceae (mustard) family comprises almost 4,000 species in 351 genera (Al-
Shehbaz et al., 2006). However, much of the existing genome sequencing in this family has
focused on economically important crops (e.g., Brassica oleracea and Brassica napus) and the
model organism Arabidopsis. To date, 26 Brassicaceae species have had their genomes sequenced
(Chen et al., 2022). Wild species within Brassicaceae are largely underrepresented, resulting in an

untapped genomic resource for evolutionary studies.

Descurainia (commonly known as “Tansy Mustard”), within the family Brassicaceae, is an under-

studied group comprising of ca. 45 species distributed through the Old and New World (Bramwell,
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1977; Goodson et al., 2011). Taxa within Descurainia are primarily found in North and South
America, with a smaller distribution in Europe and the Canary Islands. Descurainia is similar to
most Brassicaceae species, with its characteristic small yellow flowers and long erect stems. The
few phylogenetic studies utilising Descurainia taxa have consistently resolved the genus within
‘Lineage I of the family, a lineage known for comprising well-studied genera, namely Arabidopsis
and Capsella (Nikolov et al., 2019; Walden et al., 2020; Guo et al., 2021; Liu et al., 2021). These
studies suggest that the closest extant relatives of Descurainia are Smelowskia (native to the
mountainous and arctic regions of Asia and North America) and Yinshania (native to China and
Vietnam). Divergence estimates suggest a Crown group age of 14.75 million years (My; 95% Cl:

10.65-18.99) and 17.0 My (95% Cl: 12.95-21.46) from the stem group age (Walden et al., 2020).

A particular clade within Descurainia that has received attention within evolutionary research is
the seven species endemic to the Canary Islands, an archipelago of seven islands found 100 km
west of Africa. The seven species include Descurainia bourgaeana (Webb ex Christ) O.E. Schulz, D.
lemsii Bramwell, D. gilva Svent., D. gonzalezii Svent., D. millefolia (Jacq.) Webb & Berth., D.
artemisioides Svent., and D. preauxiana (Webb) I.E. Schulz. The Canary Island Descurainia form a
monophyletic group, the ancestor of which colonised the islands from continental Spain ca. 7 Mya
(Bramwell, 1977; Goodson et al., 2006). Following initial colonisation, Descurainia has rapidly
diversified into different habitats, covering xero-thermophilus scrub (250-600 m), pine forests
(600-2,000 m), and sub-alpine scrub (2,000-2,300 m; Goodson et al., 2006). Previous research has
demonstrated these seven species have diversified through ecological and geographic shifts
between and within islands, as well as evidence of hybridisation (Chapter 2; Goodson et al., 2006).
These evolutionary processes are commonly used to explain the high levels of endemic diversity

(over 680 endemic taxa) in the Canary Islands (Reyes-Betancort et al., 2008).

Here, we aim to generate a reference genome for Descurainia millefolia (a multi-island endemic
distributed across Tenerife, La Palma, and La Gomera; Figure 3.1). Island plant radiations, such as
Canary Island Descurainia, provide an opportunity to understand evolutionary processes, yet,
representative genome sequences are scarce (Choi et al., 2021; Bellinger et al., 2022; Cerca et al.,
2022). The few existing examples have demonstrated their potential to provide insights into plant
evolution. For instance, the genome of Metrosideros (Myrtaceae), an endemic plant group to the
Hawaiian Islands, provided evidence that ancestral variation drove the adaptive divergence of
lineages (Choi et al., 2021), and the genome of Darwin’s giant daisy (Scalesia atractyloides;

Galapagos islands) also revealed genomic insights into the island syndrome (Cerca et al., 2022).
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We aim to apply whole-genome sequencing techniques to establish a high-quality reference
genome of D. millefolia. We used long-read Pacific Biosciences (PacBio) and short-read Illlumina
sequencing for a hybrid assembly approach to achieve a highly contiguous and complete genome.
A hybrid assembly approach is beneficial as the long reads can resolve extensive repeating
sequencing that is often exhibited in plant genomes. Due to the close taxonomic relationship of
Descurainia with well-studied organisms within Brassicaceae (notably Arabidopsis), we utilise
these well-established and overwhelming available genomic resources to facilitate annotation
with high completeness. As this is the first examination of the Descurainia genome, we apply
comparative phylogenetic approaches to understand relationships within Brassicaceae and shed
light on Descurainia genomic characteristics. By generating a high-quality reference genome for
an island endemic radiation, we hope it will serve as a genomic resource and model for

understanding the evolutionary genomics of rapid plant diversification.

Figure 3.1: Descurainia millefolia on the cliffs of Chinamada, Tenerife (220 m). © Photos: ACJ.
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3.3 Methods

3.3.1 Sample collection and DNA extraction

To obtain DNA for whole-genome sequencing, tissue was collected from a Descurainia millefolia
plant cultivated within the School of Biological Sciences, University of Southampton greenhouse
facilities. The plant was grown from seed material obtained from the UPM (Madrid, Spain) seed
bank (seed accession number: ETSIA-246-1073-67). Fresh leaf tissue was frozen in liquid nitrogen,
and a CTAB DNA extraction protocol (Porebski et al., 1997) was performed to obtain isolated DNA.

The extracted DNA was treated with RNase and assessed for molecular weight and concentration.
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3.3.2 Reference assembly

The draft de novo genome of Descurainia millefolia was generated using a hybrid assembly
approach that combines short- (Next-Generation sequencing; NGS) and long-read (Third
Generation Sequencing; 3GS) sequencing libraries (Figure 3.2). Hybrid assembly approaches
involved supplementing the accurate NGS short-read sequencing data with the more error-prone

3GS long-read sequences to resolve a large and repetitive genome.

Isolated high-molecular-weight DNA was used to prepare whole genome libraries at NovoGene
(Hong Kong) on a Pacific Biosciences Sequel with a 1.0 chemistry platform for long-read
sequencing and another with Illumina HiSeq 3000 platform for 150-bp paired-end short-read
sequencing. The raw data for short-read sequences were quality controlled through FastQC v.3.0
(Andrews, 2010) and filtered and trimmed using Trimmomatic v.0.36 (Bolger et al., 2014). Due to

the noise given by the PacBio long-reads, trimming was not applicable.

To estimate the genome size for Descurainia millefolia, the most optimal k-mer value for both
libraries (short- and long-read) was calculated by passing reads through KmerGenie v.1.7 (Chikhi
and Medvedev, 2014) and compared to published Descurainia millefolia C-value (Lysak et al.,

2009).

Two hybrid assembly software, DBG20OLC (https://github.com/yechengxi/DBG20LC; Ye et al.,
2016) and MaSuRCA v.3.3.0 (Zimin et al., 2013), were selected to ensure the best quality draft
assembly possible. The purpose-built NGS and 3GS hybrid assembler, DBG20LC, involves three
main steps to generate a de novo hybrid assembly. First, de Bruijn graph (DBG) contigs from
Illumina reads were created using Sparse Assembler (github.com/yechengxi/SparseAssembler),
with k = 119 (based on previous k-mer estimation; see results). Second, DBG20OLC was used to
map the DBG contigs generated from the previous step to the long-reads to create a backbone
assembly (adaptive threshold of 1 x 104). Finally, the last step uses a PacBio long-read aligner,
Blasr (github.com/PacificBiosciences/blasr), to create a consensus assembly from the previously

generated DBG contigs, long-reads, and the backbone assembly.
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MaSuRCA can employ a hybrid assembly approach and can handle repetitive plant genomes
better. Here, the k-mer size was estimated by MaSuRCA from read error rate and coverage, giving
a value of 99. Due to the relatively short read length of our PacBio reads (7,086 average bp
length), the coverage parameter was set at 25, 30, and 35 to find the most optimal assembly. This

assembly was polished using POLCA (Zimin and Salzberg, 2020) to improve consensus accuracy.

333 Assembly validation

Genome quality for each of our assemblies was assessed using standard assembly statistics
generated from QUAST (Gurevich et al., 2013), which includes N50 and contig length. In addition,
Benchmarking Universal Single-Copy Orthologs v.3.0 (BUSCO; Simao et al., 2015) was used to
assess genome completeness by identifying single-copy, duplicated, fragmented, or missing
BUSCOs. The resulting contigs from the final draft assembly genome were checked for
contamination using BLASTn (Altschul et al., 1990) against the NCBI nucleotide database.
Identified contaminated contigs were removed using Picard v.2.8.3

(https://broadinstitute.github.io/picard).

The contigs from the chosen final assembly were scaffolded with our PacBio long-reads using
SSPACE Long Read v.1.1 (Boetzer and Pirovano, 2014). Gap filling was performed with our Illumina
short reads using SSPACE Gap Filler v.1.1. Both of our libraries of trimmed reads were mapped

back to the reference genome using BWA-MEM v.0.7.11 (Li and Durbin, 2009).

3.34 Repeat annotation

RepeatModeler v.1.0.11 (Smith and Hubley, 2008) was used for de novo identification of
repetitive sequences. The classified repeats were appended to the A. thaliana repeat library
obtained from the RepBase database (2017 release), resulting in a final repeat library. This library
was used to annotate repeats and transposable elements (TEs) within the scaffolds with
RepeatMasker v.4.0.9 (Tarailo-Graovac and Chen, 2009) using RMBlast v.2.9.0 to blast against the
RepBase (2017 release; Jurka et al., 2005) and Dfam v.3.0 database, using the “Viridiplantae”
species function. Protein-level repeats were identified by searching against the TE protein
Database using Repeat ProteinMask v.4.0.7 (Tarailo-Graovac and Chen, 2009). Tandem repeats

were also identified using Tandem Repeat Finder v.4.09 (Benson, 1999).
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3.3.5 Structural annotation

Trimmed RNA reads from the close relative Descurainia bourgaeana were obtained from White et
al. (2016) for initial annotation input to train the ab initio gene prediction. The reference genome
was indexed, and RNA-seq was mapped to the reference genome using STAR aligner (Dobin et al.,
2013). To predict genes from the generated reference genome, MAKER v.2.31.10 (Cantarel et al.,
2008) was used in conjunction with the gene prediction software Augustus v.3.3.3 (Stanke et al.,
2006) to generate an initial de novo annotation. To obtain training models for de novo gene
finders, we aligned D. bourgaeana RNA sequence data following the cufflinks protocol. Augustus
and SNAP (github.com/KorfLab/SNAP) were used for ab initio gene training using protein datasets
from four closely related organisms in the same family, using the Nikolov et al. (2019) backbone
Brassicaceae phylogeny for reference, namely Arabidopsis thaliana (v. TAIR10; Berardini et al.,
2015), Brassica napus (Accession: PRINA546246; Song et al., 2020), Brassica oleracea (Accession:
GCF_000695525.1; Parkin et al., 2014) and Capsella rubella (Accession: GCA_000375325.1; Slotte
et al., 2013). A MAKER-derived Annotation Edit Distance (AED) score (Eilbeck et al., 2009) was
assigned to each gene model. AED scores range between 0 and 1, with an AED of 0 denoting a
perfect match to the evidence and a value of 1 indicating an absence of support for the annotated
gene model. The quality of a set of predicted genes was assessed; if 90% of predictions display an
AED below 0.5, this is considered well-annotated (Campbell et al., 2014). MAKER was run
iteratively three times, providing training files for each run until the AED scores for each gene

model plateaus.

3.3.6 Functional annotation

To assess putative gene function, MAKER was used to provide functional annotation for the draft
assembly. Here, we used NCBI BLAST+ and the Uniprot TrEMBI protein dataset (Morgat et al.,
2020) to assign putative functions to the annotated gene set. Gene Ontology (GO) terms were
also annotated by searching against the UniProt database for Viridiplantae. Gene models were
used in a BLAST search against the protein dataset using a cut-off of e value of 1x107*. Since our
annotation pipeline uses multiple sources of protein evidence (i.e., RNA-seq and protein datasets

from closely related species), each protein model was labelled with its source of evidence.
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3.3.7 Comparative phylogenetics — phylogenetic reconstructions and divergence estimates

To determine the taxonomic placement of D. millefolia within Brassicaceae ‘Lineage I, gene
family composition and membership were first determined using OrthoFinder v.2.2.7 (Emms and
Kelly, 2019) across the 13 species within Lineage | in Brassicaceae, including Aethionema arabicum
which was selected as an outgroup (Appendix Table B.6). Orthofinder was run on 13 proteomes
with default settings using MMseqs2 to cluster proteins by sequence similarity. To generate a
species tree, STAG (Emms and Kelly, 2018) was used to create a consensus tree from individual
gene trees of aligned orthogroup sequences. Only orthogroups with all species present were

included. STRIDE was used to root the tree (Emms and Kelly, 2017).

The divergence times were estimated from the protein alignment generated by Orthofinder using
MCMCtree in Phylogenetic Analysis by Maximum Likelihood v.4.8 (PAML; Yang, 2007). MCMCtree
was run using an Approximate Maximum Likelihood method (dos Reis and Yang, 2019), whereby
an empirical rate matrix and gamma rates among sites were used to generate a Hessian matrix. A
Markov chain Monte Carlo (MCMC) analysis was run for 10,000 generations, using a burn-in of
1,000 iterations. The time of divergence was calibrated from the TimeTree database for each

genus pair (Kumar et al., 2017; Appendix Table B.7).

3.3.8 Gene family expansions and contractions

To test for significant contractions and expansions of gene families (defined as “orthogroups” by
OrthoFinder), CAFE v.5 (https://github.com/hahnlab/CAFES) was used. CAFE5 implements a
maximume-likelihood estimation of gene family evolutionary rates using the given phylogeny and
gene family counts. To prepare the input for CAFES, we obtained the species tree generated in
the previous step (i.e., OrthoFinder) was transformed it into an ultrametric tree format using the
R packages ‘phytools’ and ‘phangorn’ (Schliep, 2011; Revell, 2012). We also converted the
orthogroup count data from our Orthofinder analysis into a CAFE5-friendly format. A P value was
calculated for each gene family, and gene families with a P value less than 0.01 were considered

to have notable gene gains or losses.

For each significantly expanded and contracted gene family in D. millefolia, functional information

was inferred based on its ortholog in A. thaliana. A Kyoto Encyclopaedia of Genes and Genomes
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(KEGG) annotation analysis of genes was conducted using web-based agriGO
(www.systemsbiology. cau.edu.cn/agriGOv2) with the singular enrichment analysis method and

TAIR10 database.

34 Results

34.1 Sampling, DNA extraction, and sequencing

Genome sequencing performed by the Illumina platform generated a total of 111 M paired-end
short-read sequences (150 bp; Appendix Table B.1). These reads were then quality checked,
including removing duplicated sequences and trimming the first ten bp. The genome sequencing
performed by the PacBio platform generated 515 k long-reads (average subread length 7,067
bps), with an N50 of 1.1 kb.

3.4.2 Reference genome assembly

The estimated genome size for assembling parameters was obtained using Descurainia millefolia
C-index, estimated as 0.22 pg (C) (Suda et al., 2003) or ca. 216 Mb. Using k-mer counting, we
estimated that the genome size for Descurainia millefolia is 183 Mb for our short (lllumina) reads
and 223 Mb for our long (PacBio) reads. Therefore, the estimated genome for assembly
parameters was set at 200 Mb. These estimates are larger than its close relative size to A. thaliana

(135 Mb; The Arabidopsis Genome Initiative, 2000) but similar to Arabidopsis lyrata at 207 Mb.

Two alternative assembly approaches were employed, DBG20OLC and MaSuRCA. The optimal
parameters for DBG2OLC (Appendix Table B.2) provided a poorer draft genome assembly than the
alternative MaSuRCA. The primary statistics used to assess quality are the number of contigs,
length of the largest contig, N50, L50, and total length. N50 is defined as the length of the contig
at 50% (the halfway point) of the assembly, and L50 is the smaller number of contigs whose
length sum makes up half the genome size. All three coverage parameters in MaSuRCA (25, 30
and 35) provided a higher-quality genome assembly (greater N50 and length of largest contig, and
smaller L50) and a total length closest to our genome size estimates compared to the most

optimal DBG20LC assembly (Table 3.1). While all three assemblies using MaSuRCA provided
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similar genome lengths, coverage 30 provided the largest N50. Therefore, the draft assembly

using the MaSuRCA assembly with 30 coverage was then used for annotation.

65



Chapter 3

Table 3.1: QUAST summary statistics of the raw genome assemblies generated by DBG20OLC and

MaSuRCA assembly methods (before scaffolding and space-filling) for Descurainia millefolia.

Parameters performed using the DBG20OLC assembler are found in Appendix Table B.2.

Assembler

MaSuRCA - MaSuRCA - 30 | MaSuRCA - 35
QUAST statistic DBG20LC

25 coverage | coverage coverage
# contigs 2,110 3,021 2,816 3,048
# contigs (>= 1,000 bp) 2,110 3,021 2,816 3,048
# contigs (>= 10,000 bp) 1,836 1,973 1,875 1,939
# contigs (>= 50,000 bp) 717 716 669 679
Largest contig (bp) 2,366,526 2,539,606 1,957,821 2,138,193
Total length (bp) 155,969,182 | 176,914,168 | 174,396,279 176,629,879
GC (%) 35.32 35.83 35.78 35.8
N50 (bp) 192,527 207,120 223,560 219,265
N75 (bp) 71,503 75,249 79,445 75,913
L50 199 193 176 183
L75 545 543 499 517

66




Scaffold statistics BUSCO embryophyta_odb9 (1440)
D Log10 scaffold count (total 2.3k) . Complete (97.6%) D Fragmented (0.6%)
[ scaffold length (total 180M) Bl ouwsicated 53%) [ Missing (1.7%)

180M e

Bl Longest scarrola (2.2m)
I N0 tength (290k)
[ noo tengtn 33k)

Scale Composition
O B ccese%)
V) [ av e4.2%)

OB O nasw

Dataset: Descurainia

Chapter 3

Figure 3.3: Snail plot summary of the assembly statistics and BUSCO scores of the Descurainia

millefolia genome. The distribution of record lengths is shown in dark grey, with the

plot radius scaled to the longest record present in the assembly (red). Orange and

pale-orange arcs show the N50 and N90 record lengths, respectively. The pale grey

spiral shows the cumulative record count on a log scale, with white scale lines

showing successive orders of magnitude. The blue and pale-blue area around the

outside of the plot shows the distribution of GC, AT, and N percentages in the same

bins as the inner plot. BUSCO scores are presented in the top right, using the

background genes of embryophyte (1,440). Genome assembly was visualised using

BlobTools (Laetsch and Blaxter, 2017).
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The gap closing and scaffolding process closed 2.3% of gaps and 6.7% of nucleotides, reducing the
number of scaffolds from 2,773 to 2,274 (Appendix Table B.3). The N50 of the scaffold assembly
was 289 kb, and the longest scaffold was 2.2 Mb (Figure 3.3; Table 3.2). The final assembled
genome was 180 Mb in length, which is 3.8% less than our lower genome size estimate. The final
draft assembly has a L50 of 183 with 1.5% of the genome missing, suggesting that the final draft is
relatively fragmented but largely complete. BUSCO was used to assess the completeness of the
draft genome assembly, using the embryophyte database, with 97.6% of BUSCOs being complete

and single copy (Figure 3.3; Appendix Table B.5).
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Table 3.2: Genome and annotation summary statistics of the final de novo assembly and

annotation of Descurainia millefolia, using a hybrid assembly (MaSuRCA) approach.

Genome statistics

# scaffolds 2,274

Total length (bp) 179,686,191
Largest contig (bp) 2,172,884
GC (%) 35.81

N50 289,995

L50 183

Ns (% genome) 1.5

Annotation Statistics

# gene loci 26,407

Mean gene loci length (bp) 2,096.35

# transcripts 28,025
mean CDS size (bp) 1,106.32
median CDS size (bp) 1,021
mean exon size (bp) 242.9
median exon size (bp) 135
mean # exons/transcript 5.3
median # exons/transcript 4

3.4.3 Structural and functional annotation

We performed gene prediction and annotation using de novo, ab initio and transcriptome-based
approaches. MAKER and Augustus generated a final set of 26,407 gene models at an average
length of 2,096.35 bp (Table 3.2). For comparison, the most recent annotation of the A. thaliana
draft genome had 27,655 protein-coding gene models (Araport11). Through labelling the source
of the annotated genes, we can show over 99% of the gene set was annotated from protein
databases and 4 x 1073 from our RNA-seq. Less than 0.5% of the annotated genes possessed an

AED score of over 0.5. The general benchmark Campbell et al. (2014) proposed for a well-
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annotated genome is 90% of genes with an AED score of less than 0.5; therefore, our reference
genome is of good annotation quality for downstream analyses. Through functional annotation of

our gene set, 75% of the genes had functional annotations.

3.4.4 Repeat annotation

A total of 23.2 Mb (13.27%) of the assembled genome consisted of repeat regions, as indicated by
RepeatMasker (Figure 3.4; Appendix Table B.4). A total of 30,931 tandem repeats were found
across the 2,274 scaffolds. For comparison, the Arabidopsis thaliana genome is comprised of
16.5% repeat elements (Appendix Table B.6). Of the assembled genome, 7.81% were
retroelements (20 k bps). The most abundant repeat element families were Copia (2.57%) and
Gypsy (3.78%). DNA transposons comprise 3% of the genome, and the total interspersed repeats
comprise 10.89%. Compared to other members of the Brassicaceae family, the number of repeat
elements is relatively low. The repeat landscape (Figure 3.4) represents a bell curve, suggesting an
equilibrium between transposition and excision over evolution time; therefore, no recent or rapid

expansions are apparent.
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Interspersed Repeat Landscape
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Figure 3.4: Descurainia millefolia transposable element divergence landscape. Transposable
elements (TEs) within the Descurainia genome have been characterised (different
classes represented by distinct colours). The plot shows the relative abundance of
each class and their relative age (molecular clock estimate). Older copies of TEs are

located on the right side of the graph.

3.4.5 Comparative phylogenetics — phylogenetic reconstructions and divergence estimates

A total of 33,288 orthogroups were recovered across the 13 sampled proteomes, with 1,103
orthogroups shared between all 13 Brassicaceae species. For D. millefolia, 97.4% of gene models
were assigned to orthogroups, with 728 unassigned (2.6%) and 96 specific to D. millefolia (0.8%).
Descurainia millefolia shared the largest number of orthogroups with D. sophiodies (18,725),

closely followed by A. thaliana (18,077; Appendix Figure B.1).
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Figure 3.5: Species tree generated from a consensus of 1,103 ortholog trees for 13 species within
the Brassicaceae, with Aethionema arabicum set as the outgroup. The red bar on the
nodes represents divergence estimates (million years) from PAML MCMC. Gene
expansions (green) and gene contractions (red) generated by CAFES are also

provided on the nodes and species tips.

The species tree, generated from 1,103 orthogroups, consisted of five clades that form successive
sister groups: (1) Leavenworthia and Cardamine; (2) Descurainia; (3) All four Arabidopsis genomes
(representing three species); (4) Camelina and Capsella species; (5) Boechera. Our Brassicaceae
phylogeny was estimated to have diverged 39.7 Mya (95% Cl: 32.8-45) from our selected
outgroup Aethionema arabicum, and the split for the two major clades (between clade 1 and
clade 2 - 5) occurred 23 Mya (95% Cl: 21.41-25.8). Descurainia millefolia and Descurainia
sophiodies diverged 4.5 Mya (95% Cl: 2.63-6.92), and the genus 20.12 Mya (95% Cl: 19.04-21.48)

from other sampled Brassicaceae species.

3.4.6 Gene family expansions and contractions

Descurainia millefolia and D. sophiodies shared 136 gene families. For the genus Descurainia
(clade 2), there was an expansion of 1,087 gene families and a contraction of 1,469 (P < 0.05) for

D. millefolia relative to D. sophiodies. Between the Descurainia clade and clades 3-5 (consisting of

72



Chapter 3

Capsella, Camelina, Boechera and Arabidopsis), there was an increase of 79 and a decrease of 343

gene families. There were three significant (FDR < 0.05) KEGG pathways each for the contracted

and expanded gene families in D. millefolia (Table 3.3).

Table 3.3: Functional KEGG annotation of the most significantly expansive and contract gene

families in D. millefolia.

Gene Families | Pathway # Genes Pathway Genes | Fold Enrichment
Contracted Circadian rhythm 7 39 5.34
Spliceosome 18 187 2.86
Ribosome 29 315 2.74
Expansion ABC transporters 6 32 6.61
Aminoacyl-tRNA
biosynthesis 7 57 4.33
Biosynthesis of
secondary
metabolites 65 1243 1.84
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3.5 Discussion

As far as we are aware, this is the first draft genome assembly from a Canary Island endemic plant
and the second genome within Descurainia (the first being Descurainia sophiodies, unpublished;
Chen et al., 2022). Since the genome of A. thaliana was sequenced in 2000 (The Arabidopsis
Genome Initiative, 2000), several high-quality Brassicaceae genomes have been sequenced to
high-quality (plabipd.de). The latest statistics (as of 2022) suggest 43 species in Brassicaceae have
a published genome. The release of reference genomes has increased the exploration and
opportunities for avenues of research. There is an opportunity for the D. millefolia genome to be
utilised for evolutionary analyses: previous research has suggested that the seven species of
Canary Island Descurainia have undergone diversification patterns related to ecological,
geographic and hybridisation evolutionary influences (Goodson et al., 2006; Jackson et al., chapter
2). The endemic Canary Island Descurainia occupy various ecological habitats, for example, dry
and hot low-altitude scrublands and high-altitude regions which experience low temperatures and
low precipitation. The genome assembly of Descurainia millefolia will provide genomic resources
to improve our understanding of island radiations and phylogenetic understanding and aid
conservation efforts. Furthermore, it opens an understanding of the molecular underpinning of

adaptation and diversification to extreme environmental pressures.

3.5.1 The Descurainia millefolia genome

We used a combination of short (Illumina) and long (PacBio) sequencing strategies and used a
hybrid assembly approach to generate a scaffold-level genome assembly for Descurainia
millefolia. The final assembly size (180 Mb) was close to the estimated genome size (200 Mb),
consisting of 2,274 scaffolds. The final genome size was smaller than the estimate. However, not
within the realm of potential assembly errors. It was estimated that 0.6% of the BUSCOs were
missing, so we assumed a small fraction of the genome was missing. Other estimates for species
within Descurainia range between 0.17-0.58 pg (i.e., ca. 166 — 567 Mb; Lysak et al., 2009), so our

D. millefolia falls within the lower end of genome size expected within Descurainia.

The final assembly is of high quality with an N50 of 0.29 Mb and high completeness based on
BUSCO results (97.6%). Fragmentation of plant genome assemblies, mainly when only using short-
read sequencing, is often attributed to a high content of repetitive DNA (Claros et al., 2012).

Therefore, hybrid assembly approaches are often suitable for plant genomes which often exhibit
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long repeats which are challenging to assemble (Jiao and Schneeberger, 2017). Paired end-reads
are often designed to overlap approximately 20 bp; therefore, longer read approaches enable a
better ordering of the initial contigs. The initial contig assembly generated a 176 Mb genome with
~3 k contigs and an N50 of 223 k bp. Our long-read PacBio reads were able to scaffold the genome
from 3,034 contigs to 2,274 scaffolds to resolve part of the repetitive compartment of the
genome. Scaffolding increased our total genome size from 174 Mb to 180 Mb, and the N50
improved from 223 k to 290 k, an improvement of 3.4% and 33%, respectively. Long reads to
improve gap closing provided little benefit for our genome assembly, reducing the number of Ns
from 2.9 to 2.7 Mb, having little effect on the resulting genome assembly quality. This could be
attributed to our relatively short, long-reads averaging ca. 7,000 bps. Frequently Nanopore
technology (ONT) for long-read sequencing libraries has shown to be more successful in
assembling complex genomes with fewer gaps than those genome assemblies using PacBio
technology, often resulting in a higher N50 (Rousseau-Gueutin et al., 2020). While our genome
still demonstrated a level of fragmentation, the genome statistics suggest that the draft genome
for D. millefolia is of high quality through high completeness, which will allow further downstream

genomic analysis.

The D. millefolia genome annotations resulted in a highly complete genome (97.7%), which can be
partly attributed to the large number of genomics resources available within Brassicaceae. A total
of 11% of the genome was recovered and classed as interspersed repeats (7.8% were
Retroelements). Most Brassicaceae genomes are dominated by Gypsy long terminal repeats (LTR)
retrotransposons. Descurainia millefolia exhibits a smaller number of LTR (16 k) compared to
other species in Brassicaceae, for example, repeat compositions are comparable to Arabidopsis

thaliana (11 k).

The number of gene loci models predicted is 28,025, comparable to Arabidopsis thaliana (27,416)
and Capsella rubella (26,521) (The Arabidopsis Genome Initiative, 2000; Slotte et al., 2013b). The
Descurainia sophiodies genome has 30,141 gene models (Chen et al., 2022), 6.4% more than our
D. millefolia genome. It is estimated that our genome is 97.7% complete, with 92.4% being single-
copy BUSCOs. Therefore, the 26,407 gene model provides a good representation of the D.
millefolia genome. More complete proteomes allow for accurate phylogenetic analysis, increase
evolutionary signal, and improve node support (Hall et al., 2002). Furthermore, these annotations

could add valuable information about recent duplication and gene retention bursts. Here we
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compare the gene models found in D. millefolia with closely related species with highly-complete

genomes.

3.5.2 Phylogenetic relationships

We constructed a species tree of ‘Lineage I’ of the Brassicaceae using the D. millefolia proteome
with an additional 13 proteomes representing 12 species obtained from the BRAD v.3.0 databases
(Chen et al., 2022). The tribe Descurainieae was first described by Al-Shehbaz et al. (2006),
consisting of 6 genera and ca. 60 species (48 of which are Descurainia). Few Brassicaceae
phylogenies include an extensive sampling of Descurainieae species, and earlier studies have
suggested Descurainieae is polyphyletic (Beilstein et al., 2008). However, the consensus is that the
tribe is monophyletic within Lineage | of the Brassicaceae phylogeny and sister to the clade
consisting of tribes Smelowskieae, Smelowskieae and Yinshaniea (Franzke et al., 2011; Nikolov et
al., 2019; Beric et al., 2021; Liu et al., 2021; Hendriks et al., 2022). Descurainia millefolia and D.
sophiodies formed a monophyletic clade and was revealed to be sister to the Arabidopsis clade
and Boechera, Camelina and Capsella clade, with previously published phylogenetic analyses (Al-

Shehbaz et al., 2006; Nikolov et al., 2019; Liu et al., 2021).

Based on our phylogenomic analyses, we estimated the split between Descurainia and the rest of
the sampled Brassicaceae in Lineage | was 20 Mya (95% Cl: 19 — 21.5). Our estimates are similar to
previous phylogenetic studies, including the Descurainia species. For example, using
transcriptome assemblies, Guo et al. (2021) estimated the divergence of Descurainia bourgaeana
within Brassicaceae to be 15 Mya (95% Cl: 18 — 22 Mya) from Arabidopsis and Capsella clades. Our
divergence results suggest the split between D. millefolia and D. sophiodies occurred 4.5 Mya
(95% ClI: 2.6 — 6.8 Mya). In the absence of genomic information for other Descurainia species, we
cannot date the origin of D. millefolia. There are also few studies to compare divergence within
Descurainia, and our results conflict with Goodson et al. (2001) estimates, which more extensively
sampled Descurainia species, which exceeds ours, with a split between D. millefolia and D.

sophiodies at 11.5 Mya (+ 1.5) for ITS datasets and 14.5 (+ 1.1) with cpDNA.

Potential explanations for these differences may include the use of ITS and cpDNA, which often

fail to capture accurate divergence estimates and polygenetic relationships, inaccurate
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substitution models, and there is a possibility of the use of outdated estimates for time calibration

points (Olmstead and Palmer, 1994; Ballard and Rand, 2005).

A comparison of the genome of D. millefolia and the 12 other species in Brassicaceae revealed
significant expansion or contraction in the size of gene families within D. millefolia. Gene
expansions can often provide insights into the evolution of a species. For example, one significant
KEGG pathway is the ABC transport genes, which represent proteins involved in the facilitation of
movement of molecular across the cell membrane (Hollenstein et al., 2007). ABC transporters
play a vital role in plant growth, development, and stress response by regulating the uptake and
distribution of nutrients and by protecting against harmful substances (Kang et al., 2011,
Kretzschmar et al., 2011). Contracted gene families include those related to Circadian rhythm, an
internal clock within plants which anticipates diurnal changes (Venkat and Muneer, 2022). This
may suggest a lesser need within D. millefolia, compared to their close relatives, to regulate their

physiological pathways to code with diurnal environmental changes.

3.6 Conclusion and Future direction

As whole-genome sequencing becomes more economically viable, more plant genomes within the
Brassicaceae family are being produced. High-quality genomes will create numerous avenues for
the continued development of our understanding of evolution and Brassicaceae. Here, we present
the first de novo sequenced and assembled high-quality scaffold-level Descurainia millefolia
genome. There is potential for Descurainia to further our understanding of adaptation: within the
Canary Island Descurainia clade, several species occupy habitats with environmental and climatic
conditions that promote ecological adaptation. Recently, there has been an explosion in research
on species found in extreme environments and high altitudes, utilising genome sequencing to

understand adaptation at a molecular level (Guo et al., 2018; Hu et al., 2021; Nowak et al., 2021).

3.7 Data availability

The genome assembly and annotations for the Descurainia millefolia genome are available at:

github.com/amycjack/Descurainia_millefolia_V.1.0 (Private repo: available on pull-request).
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Chapter 4  Ecological adaptation to high-
elevation in Canary Island Descurainia
(Brassicaceae) and parallels with other

Brassicaceae

4.1 Abstract

Oceanic archipelagos promote striking examples of plant lineages that have radiated rapidly over
steep ecological gradients and short distances. Many have evolved adaptations that allow
lineages to diversify and survive in the more extreme environmental conditions. Here, we
investigate the genetic basis of ecological adaptation in the island plant lineage Canary Island
Descurainia (Brassicaceae), an island cousin of Arabidopsis. This radiation provides an attractive
group to study speciation as these seven endemic species have diversified in situ along an
elevational gradient, from low-elevation scrub (ca. 500 m) to high-elevation sub-alpine desert (ca.
2,200 m). Here we employed genome re-sequencing to sample 14 genomes across the seven
species and an outgroup. Phylogenomic analyses using predicted proteome datasets were
consistent with previous reconstructions of Canary Island Descurainia. Using the branch-site
dN/dS method, a selection analysis found 276 genes under positive selection on the branch
leading to a clade solely consisting of high-elevation species of Canary Island Descurainia. Gene
ontology (GO) enrichment analysis revealed significantly enriched GO terms associated with
reproduction and abiotic stress. To provide further evidence that our positively selected genes are
adaptive, we used T-DNA Arabidopsis knockouts for three genes to establish the function and
phenotypic responses to abiotic stresses. When exposed to a water stress treatment, knockout
RD29B (AT5G52300) exhibited less tolerance to water stress than the control lines. Comparing the
list of positively selected genes (PSGs) to other species in Brassicaceae that inhabit high-elevation
and -latitude environments, we found little evidence of widespread convergent and gene reuse
across the species. There was a significant overlap with PSGs in the Arctic species Draba nivalis
and our Descurainia clade, with several genes involved in tolerance to abiotic stressors that could

be related to diversification into these inhospitable environments.

79



Chapter 4

4.2 Introduction

Whole-genome studies have the potential to further our understanding of the mechanisms
contributing to plant diversification and speciation (Flood and Hancock, 2017; Anderson et al.,
2021). With these advanced sequencing tools, it is possible to assess the genomics of adaptation
by identifying the genes underlying adaptive traits and metabolic pathways that play arolein a
species adaptation to different habitats (Stapley et al., 2010; Strasburg et al., 2012; Savolainen et
al., 2013). Along with furthering our understanding of evolutionary processes, there is also the

potential to reveal key genes for resilience to climate change (Franks and Hoffmann, 2012).

Islands contribute disproportionately to global biodiversity by harbouring 25% of global endemic
species richness whilst covering only 3% of the land surface area (Paulay, 1994). Oceanic island
and their endemic lineages have often been the subject of evolutionary studies as they have
adapted and diversified in situ across short space and time (Emerson, 2002; Warren et al., 2015).
High-elevation oceanic islands are a particularly useful tool due to the large number of endemic
species distributed along strong environmental and climatic gradients (Steinbauer et al., 2012;
Halbritter et al., 2018). In addition, these endemic lineages are likely to have adapted to high-
elevation environments relatively recently. Their closest relatives are often found in lower-
elevation environments, providing a persuasive comparison device (Graham et al., in prep). As
such, isolation, combined with environmental gradients, serve as a powerful platform to
understand evolutionary processes such as adaptation, with implications for biodiversity

conservation and climate change resilience.

Evolutionary research often focuses on resolving the genetic mechanisms of differential
adaptation between high- and low-elevation species. However, research within plants is still in its
infancy compared to animal and human studies (Cheviron and Brumfield, 2012; Qiu et al., 2012;
Yu et al.,, 2016; Azad et al., 2017; Ma et al., 2019), with the majority focusing on continental
mountain systems. High-elevation habitats on mountain-like systems often share similar
environmental and climatic features, such as low temperatures, poor soil, large diurnal changes,
strong winds, frost events, and high UV radiation (Nagy and Grabherr, 2009). These harsh
conditions cause plants to alter their morphology and physiology to become more tolerant. The
genomic studies suggest that high-elevation adaptation can leave strong signatures of selection
related to these environmental conditions. For example, genomic comparisons of two Eutrema

(Brassicaceae) species distributed at low- and high-elevation in Qinghai-Tibet Plateau identified
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selection on genes associated with DNA damage repair, reproduction, and cold tolerance within
the high-elevation species (Guo et al., 2018). An analysis of Maca (Lepidium meyenii), distributed
in the Andes, has identified genes linked to the development of specialised leaf shapes (Zhang et
al., 2016). Population genomic analyses of other species adapted to contrasting elevations have
identified genes with the potential for involvement in adaptation to high-elevation (Chapman et
al., 2013; Chen et al., 2019; Ma et al., 2019; Zeng et al., 2020; Li et al., 2021; Feng et al., 2022).
The candidate genes can vary greatly, but often they are associated with similar molecular
pathways related to abiotic and environmental stressors, including response to light,
temperature, water availability, and influencing reproductive strategies (for instance,

vernalisation and flowering time).

The Canary Islands is an archipelago of eight main islands located ca. 100 km west of North Africa.
The older islands are located in the east (21 million years for Fuerteventura) and the youngest in
the west (0.8 million years for El Hierro; Schmincke, 1976) and are all at different stages of
volcanic cycles (Schmincke, 1976; Chapter 2, Figure 2.1). Fuerteventura (ca. < 807 m, asl) and
Lanzarote (ca. < 671 m) have eroded, resulting in a relatively low altitude plain island. The erosion
process in Gran Canaria (ca. < 156 m) and La Gomera (ca. < 1,487 m) had begun, while Tenerife
(ca.> 3,700 m, asl), La Palma (ca. > 2,400 m, asl) and El Hierro (ca. < 1,501 m, asl) represent the

taller islands and are still growing through recent volcanic activity (Schmincke, 1976).

The Canary Islands are home to many endemic lineages, with 40% of the total flora endemic to
the archipelago (Reyes-Betancort et al., 2008). The rapid diversification of these lineages is
repeatedly attributed to the islands broad range of environmental habitats transitioning over
steep elevational gradients, as well as unique climatic conditions (such as the humid north-east
trade winds) and dynamic volcanic terrain (Fernandez-Palacios and de Nicolds, 1995; Stuessy et
al., 2006; Steinbauer et al., 2012, 2013, 2016; Irl et al., 2015; Irl, 2016; Hanz et al., 2022;
Rodriguez-Rodriguez et al., 2022). For the taller western islands (Tenerife and La Palma), the
habitats transition broadly from low-elevation sub-desert scrub, through mid-elevation
subtropical forests on the northern slopes, to pine forests, and into high-elevation sub-alpine
scrub (Gonzalez-Mancebo and Hernandez-Garcia, 1996). The floristic composition is highly
stratified, and endemics are often restricted to elevational-environmental belts (Fernandez-
Palacios and de Nicolas, 1995). Generally, Canary Island flora migrate upslope to colonise the
higher-elevation habitats, with 83.3% of sub-alpine species revealing their closest relative as a

low-elevation species (Graham et al., in prep).
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The harsh abiotic conditions and geographical isolation of the sub-alpine zones (Figure 4.1) have
resulted in relatively few plants colonising these environments but high levels of endemism (38%
endemism; Irl et al., 2015; Steinbauer et al., 2016). Temperatures here are low, with an average
annual temperature of 6-11°C with significant diurnal changes. For instance, Las Canadas
(Tenerife) can vary as much as 25°C (Bramwell and Caujapé-Castells, 2011). There is also a frost
period which extends from October to May, as well as snow in the winter (del Arco Aguilar and
Rodriguez Delgado, 2018). In contrast to continental mountains, rainfall in Tenerife decrease with
elevation above 2,000 m due to the temperature inversion. As a result, rainfall at sub-alpine zones
is relatively low (between 350 — 500 m) compared to mid-elevations. The availability of water is

further decreased with the porous volcanic soil.

Figure 4.1: Picture of Teide National Park (Tenerife) taken at ca. 2,000 m with Mount Teide in the
background. The pine forest zone on the northern slope (right), dominated by Pinus
canariensis, meets the sub-alpine desert (left) habitat where species diversity is

relatively poor.

Understanding how recently-evolved high-elevation Canary Island taxa have adapted to habitats
can provide novel insights into the processes behind ecological divergence. In particular, the harsh
environmental constraints within the high-elevation zone have been associated with several

specialised morphological adaptations (Irl, 2016). Examples include fire resistance (Climent et al.,
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2004), leaf variation (White et al., 2018), monocarpy (Jorgensen and Frydenberg, 1999; Jorgensen
and Olesen, 2001), giant rosettes (Mora et al., 2019), and deep groundwater tapping roots
(Gonzalez-Rodriguez et al., 2017). However, many of these traits have been inferred as adaptive
through phylogenetic analyses, which offers limitations. Firstly, there can be a blurring of adaptive
and non-adaptive signals of divergence, most notably through hybridisation (Rundell and Price,
2009). Secondly, there can be a lack of appropriate phylogenetic resolution, a particular issue
within very closely related taxa. Lastly, certain adaptations, such as changes in metabolic
pathways, may be less pronounced than morphological traits. Adaptation occurs from molecular
to whole-plant levels, but the complexities of plant physiology are often challenging to detect. For
example, the production of antifreeze agents, the capacity to photosynthesize at low
temperatures, and low respiration rate are common physiological traits within high-elevation
plants (Nagy and Grabherr, 2009). Despite the abundance of studies examining speciation and
adaptation within Canary Island lineages, genomic-scale analyses are limited, and even fewer

have investigated adaptation at a molecular level.

Within the Canary Islands endemic flora, Descurainia Webb & Berthel. (Brassicaceae; Goodson et
al., 2006; Chapter 2) is an example of a plant radiation with congeners occurring at different
elevations. Descurainia comprises ca. 45 species, distributed across North America, Europe and
Euro-Siberia. They are small shrubs with yellow flowers. Seven species are endemic to the Canary
Islands and have radiated within and between four islands (Tenerife, La Palma, La Gomera, and
Gran Canaria; Figure 4.2) and across habitats and elevations. Canary Island Descurainia is
estimated to have arrived through a single colonisation event, 500,000 — 750,000 years ago, from
a continental Mediterranean relative (Goodson, 2003). Our previous work resolved two groups of
species, one distributed largely at low elevation (< 1,100 m; D. millefolia, D. artemisioides and D.
preauxiana) and the other at high-elevation (typically > 1,800 m; D. bourgaeana, D. lemsii, D. gilva
and D. gonzalezii; Chapter 2). Chapter two indicated a single shift between these low and high-
elevation habitats, which differed in precipitation and temperature regimes. Overall, a
combination of ecological, hybrid, and geographic processes has contributed to the diversification

of this group (Goodson et al., 2006; Chapter 2).

Extending the phylogenetic work of Jackson et al. (Chapter 2) and the assembly and annotation of
a reference genome of Descurainia millefolia (Chapter 3), we aimed to understand the molecular
basis of ecological adaptation in Canary Island Descurainia using whole-genome resequencing

techniques, with a focus on the divergence between the low- and high-elevation species. In
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addition, we wish to identify any possible similar signatures of adaptation between Canary Island
Descurainia and species in Brassicaceae that occur in high-elevation and high-latitude
environments. A total of 14 genomes were sequenced across the seven species to enable a

comparative analysis approach. To address our questions, we undergo five main aims:

(i) Previous phylogenetic reconstructions of Canary Island Descurainia did not resolve
certain populations and species, namely D. lemsii and a La Gomera population of D
millefolia (Chapter 2). Therefore, we aimed to produce an updated phylogeny of
Canary Island Descurainia using whole-genome sequencing data and a Maximum-
likelihood method.

(ii) Chapter two identified one ecological shift between our low- and high-elevation
clades. We aimed to extend this analysis by identifying climatic differences between
the two clades using characteristics commonly associated with high-elevation; Nagy
and Grabherr, 2009) and their seasonal variation.

(iii) To identify candidate genes that may have incurred adaptive properties to high-
elevation habitats, a test for positive selection was performed using a Branch-Site test
(Zhang et al., 2005), which identified accelerated non-synonymous substitutions on
protein-coding genes along a specific lineage. Here we test the branch leading to the
clade solely consisting of our high-elevation species. As noted previously, there is
evidence of hybridisation within the evolutionary history of Canary Island Descurainia,
which has the potential to distort evolutionary signals. Our previous work indicated
that the proportion of genome shared between our low- and high-elevation species is
less than 2% (see results of Chapter 2). Therefore, we are confident that the effects of
geneflow for the analyses within this chapter would be minimal.

(iv) To provide further evidence that the identified genes are adaptive, we selected three
candidate genes to be tested for function using transfer DNA (T-DNA) Arabidopsis
thaliana knockouts and stress-induced greenhouse experiments.

(v) Our final aim is to examine a broader question regarding high-altitude adaptation and
explore whether species in Brassicaceae independently evolve similar strategies
through gene reuse (i.e., genomic parallelism). We compared genes in our list of
candidates in high-elevation Descurainia with other Brassicaceae taxa that are

restricted to high-elevation or high-latitude conditions.
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Figure 4.2: Top: A) Descurainia gonzalezii in a pine forest habitat in Tenerife (1,750 m), B) The sub-

alpine scrub of El Teide, Tenerife (2,100 m), with D. bourgaeana in the foreground, C)

sub-alpine scrub of La Palma where D. gilva is distributed (2,000 m), D) dry

scrublands on Tenerife where D. millefolia is often found on the cliffs (250 m), E) D.

lemsii distributed on the margins of the pine forest (2,000 m). Bottom: Distribution of

the seven endemic Canary Island Descurainia species across four islands. Each point

represents a GPS coordinate (261 individuals) collated from herbarium specimens

deposited within the herbarium of the Natural History Museum, London (BM).

Terrain colours represent the elevation (m).

85



Chapter 4

4.3 Material and Methods

43.1 Canary Island Descurainia sample collection and DNA extraction

Leaf material from the seven species of Canary Island Descurainia was collected in 2019 and
preserved in silica gel (11 accessions; Under the permits from Parque Nacional del Teide: no.
42917710D; Cabildo de la Palma: no. 2019004595; Cabildo de la Gomera: no. 9319; Cabildo de
Gran Canaria: no. 14328). Herbarium vouchers were made for each and deposited within the
Natural History Museum, London (BM). Additional Canary Island Descurainia leaf material was
obtained from live plants grown from seeds obtained from a seed bank (3 accessions: Banco de
Germoplasma Vegetal “César Gdmez Campo”). Two individuals (representing different
populations) were sampled per species, except for D. artemisioides, where one individual was
sampled and D. millefolia, for which we sampled three individuals (one each from Tenerife, La
Palma and La Gomera; the three islands on which this species occurs). DNA was extracted using a
CTAB-based method from either silica-dried or fresh leaf material (Porebski et al., 1997). The
closet extant relative of the Canary Island taxa is D. tanacetifolia, distributed in the Iberian
Peninsula, France, Italy, and Switzerland (Goodson et al., 2006). DNA of D. tanacetifolia utilised in

the Goodson et al. (2006) study (kindly provided by Robert K. Jansen, The University of Texas at

Austin) was used as the outgroup. Paired-end sequencing libraries were generated for 15 samples

by Novogene (Hong Kong) and sequenced on Illlumina HISEQ X Ten Sequencer (lllumina Inc.; Table

4.1).
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Table 4.1: Summary of Canary Island Descurainia individuals and outgroup selected for whole-

genome resequencing. GC = Gran Canaria, TEN = Tenerife, LG = La Gomera, LP = La Palma.

Habitat descriptions for Canary Island Descurainia is based on Bramwell (1977) and personal

observations (ACJ).

Study Elevation | Habitat type Voucher ID

Species ID Origin (m)
D. artemisioides 1 GC 410 Subdesert scrub BM013825841
D. bourgaeana 6 TEN 2,058 Sub-alpine BM013825795
D. bourgaeana 7 TEN N/A Sub-alpine N/A®
D. gilva 8 LP 1,275 Sub-alpine BM013825888
D. gilva 9 LP 2,073 Sub-alpine BM013825861

2,064 Southern-slope pine forest BM013825808

and pine forest/sub-alpine

D. gonzalezii 10 TEN border

N/A Southern-slope pine forest N/A®

and pine forest/sub-alpine

D. gonzalezii 15 TEN border

1,963 Norther-slope pine forest/sub- | BM013825789
D. lemsii 2 TEN alpine border

1,615 Norther-slope pine forest/sub- | BM013825782
D. lemsii 11 TEN alpine border
D. millefolia 3 TEN 540 Subdesert scrub BM013825821
D. millefolia 4 LG 605 Subdesert scrub BM013825833
D. millefolia 12 LP 432 Subdesert scrub BM013825880
D. preauxiana 13 GC 845 Subdesert scrub BM013825850
D. preauxiana 14 GC N/A Subdesert scrub N/A®
D. tanacetifolia 5 [Spain] N/A [Mediterranean] N/A?

2DNA obtained from Goodson et al. 2004 study; ° DNA extracted from a seed bank
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4.3.2 Whole-genome resequencing, mapping, and SNP calling and filtering

Whole-genome resequencing (WGRS) reads (150 bp paired-end) were generated for the 14
Canary Island Descurainia individuals across and the continental outgroup. Prior to mapping, the
quality of the reads was checked using FASTQC, and reads were trimmed using Trimmomatic
(Bolger et al., 2014) to discard reads with a quality score of 0.05 and shorter than 65 bps. Using
our high-quality annotated genome of Descurainia millefolia (v.1.1; 186 Mb, N50 of 280 kb) as a
reference (Chapter 3; github.com/amycjack/Descurainia_millefolia_V.1.1, accessed 2020), the
trimmed reads were mapped using the Burrows-Wheeler Aligner (BWA) v.0.7.17 and mem
function (Li and Durbin, 2009) with default parameters. Mapping results were then converted into
the Bam format and sorted with SAMtools v.1.3.1 (H. Li et al., 2009). Unmapped reads were
discarded using SAMtools. PCR duplicates were removed from the mapped reads using Picard
(github.com/broadinstitute/picard, accessed 2020). The chloroplast regions were identified using
the D. millefolia annotation GFF file and extracted and discarded from the mapped reads using

SAMtools.

The aligned BAM files were processed with SAMtools v.1.15 using the mpileup function to identify
SNPs and with BCFtools to identify INDELS, which were then converted into a VCF file. VCFtools
v.0.1.13 (Danecek et al., 2011) was used to filter the VCF file to only include higher-quality SNPs
using the following filters: a) a minor allele count less than 3, b) include only sites with a quality

value above 30 and c) exclude sites with more than 50% missing data.

Using the annotation GFF file for our D. millefolia reference genome, the VCF files containing SNPs
were annotated using SNPeff (Cingolani et al., 2012) for the locations of exons, introns, coding

regions (CDSs), and intergenic regions.

433 Phylogenetic analysis

Phylogenetic reconstruction of the 14 genomes was generated using filtered SNPs and a
Maximume-Likelihood (ML) method. SNPs were first converted into phylip format using BioPython
v.1.79, and RAxML v.8.2.9 (Stamatakis, 2014) was employed with a GTRGAMMA evolutionary
substitution model and 2,000 partitions. Descurainia tanacetifolia was set as the outgroup, and

bootstraps were computed with 1,000 bootstrap iterations.
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It is important to note that in Chapter 2, we identified a hybridisation event between D. gonzalezii
and D. millefolia, resulting in a hybrid origin for D. gilva. Gene flow between these two clades can
potentially obscure the detection of positively selected genes within our high-elevation clade.
However, the analysis indicated that most of the genome shared was between the sister taxa D.
gonzalezii and D. gilva (99%). We assumed that the 1% of the shared genome with D. millefolia

was a local introgression event and posed little influence over our dN/dS analysis.

4.3.4 Genetic structuring

To identify genetic groupings among our 14 Canary Island Descurainia individuals, a Principal
Component Analysis (PCA) was performed using SNPs. The PCA was performed on the filtered VCF
file using the pca function in PLINK, and visualisation of the first two PCAs was done in the R

package 'ggplot2' (Wickham, 2009).

Pairwise comparisons of the fixation index (Fsr; Whitlock and Mccauley, 1999) values were
calculated between the Canary Island Descurainia species using our SNP dataset and the python
script popgenWindows.py (github.com/simonhmartin/genomics_general; accessed 2020) within a

10 kb non-overlapping genomic windows.

4.3.5 Climate analysis

To determine whether there are significant differences in climate experienced between the high-
and low-elevation Canary Island Descurainia, we first collated georeferenced localities and
elevation data for individuals across the seven species. Data was collected from the combination
of my data from the 2019 field trip and herbarium specimens deposited in the Natural History
Museum (UK). We mapped the coordinates onto monthly bioclimatic variables at ~1 km?
resolution, sourced from WorldClim 2.1 (Fick and Hijmans, 2017). The raster value of each data
layer at each locality point was extracted in ArcGIS Pro using the points-to-values function. Values
for individuals were grouped into their respective clades, A (‘high-elevation clade’) or B (‘low-

elevation clade’; see results), and climatic values were grouped into the four seasons. For every
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climatic variable, an ANOVA test was performed between the two clades for each season, with

the P value adjusted for multiple testing.

4.3.6 Identification of genes under selection

To identify candidate genes associated with high-elevation adaptation in Canary Island
Descurainia, the program CODEML within PAML v.4.0 (Yang, 2007) was used to perform a dN/dS
(w) analysis (non-synonymous substitutions per non-synonymous site (dN) to synonymous
substitutions per synonymous site (dS)). The w ratio measures the direction and magnitude of
selection on amino acid changes, with the values w <1, =1, and > 1 generally assumed to indicate
a negative purifying selection, neutral evolution, and positive selection, respectively. A Branch-

Site Model was employed, which detects positive selection acting on a particular lineage.

To obtain coding sequences (CDS) for the CODEML analysis, we first created a consensus genome
for each of the mapped 14 WGRS genomes using our BAM files and our D. millefolia reference
genome using the SAMtool consensus function. These consensus sequences were subsequently
converted to a FASTA file with bases with quality lower than 20 were masked to N. CDSs, and their
protein counterparts were extracted from each species (eight in total) using the D. millefolia
genome GFF transcript (Chapter 3) and the software Gffread (Pertea and Pertea, 2020) with the —
w and —y parameter. Alignments were performed for the CDSs and protein sequences using BWA

across the eight species.

Two inputs are required for CODEML: codon alignments and their corresponding gene tree.
PAL2NAL was used to create codon alignments (Suyama et al., 2006) with aligned protein and CDS
sequences as input. These resulting codon alignments were then used to generate un-rooted gene

trees using RAXMLHPC.

For CODEML Branch-Site analysis, the branch of interest (the 'foreground branch') was selected as
the branch leading to clade A, i.e., our high-elevation species (see results) for each of our gene
trees. CODEML first constructed a null model (M1) for each gene where all branches were limited
to w =1 (i.e., excluding positive selection). An alternative model (bsA) was then run where the

foreground branch was allowed to display w > 1 (i.e., including positive selection). CODEML was
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first run with a subset of 5,000 genes with different omega parameters, and the omega value
with, on average, the highest likelihood score was used in the subsequent full analysis. Due to the
large number of genes, the ete-evol function within the python package 'ETE toolkit' (Huerta-
Cepas et al., 2016) was used to automate the marking of foreground branches and perform the
CODEML branch-site analysis on each gene tree. Likelihood ratio tests (LRTs) were used to
compare the two implemented models (M1 vs bsA) and adjusted for multiple testing using the

Bonferroni test for multiple corrections (Benjamini and Hochberg, 1995).

4.3.7 GO Enrichment analysis

We performed Gene Ontology (GO) analysis (Ashburner et al., 2000) to identify enriched GO
Biological Processes, Molecular Function and Cellular Component pathways on our significant (P <
0.05) positively selected gene set. Our gene list was tested against annotated gene models from
the D. millefolia genome (Chapter 3). ‘ShinyGO’ R package (Ge et al., 2020) was used to conduct
the analysis with a False Discovery Rate (FDR) cut-off of 0.05, with the resulting P values adjusted

for multiple testing using the Bonferroni test for multiple corrections.

4.3.8 Selection of candidate genes and knockout transformation

From our set of significantly enriched positively selected genes (see results), three genes related
to temperature and drought responses were selected to test their function (Table 4.2).
Arabidopsis thaliana knockout mutants were obtained for these three genes using T(transfer)-
DNA lines in the Col-0 ecotype, which knocks out the targeted gene (mutant seeds were obtained
from the Arabidopsis Biological Resource Center). To confirm that the individuals are
homozygous, DNA was extracted using a CTAB protocol (Porebski et al., 1997) from plants grown
in environmentally controlled chambers under short-day conditions (10 h light/14 h dark cycles)
at 22°C. The presence of the transgene and homozygous mutants was confirmed from PCRs using
specific and left-border primers (Appendix Table C.1). Two primer pair reactions were set up for
wild-type (WT) and mutant lines, 1) left primer (LP) and right primer (RP), and 2) left border (LB)
and RP. Here we used the left border primer LBb1.3 for SALK lines (3’ ATTTTGCCGATTTCGGAAC

5’). Seeds from confirmed homozygous mutants were collected and stored at 4°C.
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Table 4.2: Descriptions of our three candidate genes selected from our from our positively

selected gene list for Arabidopsis knockout function experiments.

Gene Names | Araport Gene | Biological process References
name
RD29B AT5G52300 Encodes a protein that is induced | (Nakashima

in expression in response to water | et al., 2006)
deprivation, such as cold, high-
salt, and desiccation. The
response appears to be via

abscisic acid.
LTI29, LTI45 AT1G20450 Encodes a gene induced by low (Kim and
temperature and dehydration. Nam, 2010)
PK1, PK6 AT3G08730 Encodes a protein-serine kinase (Mahfouz
that phosphorylates ribosomal et al., 2006)

protein in vitro.

439 Assessment of water stress tolerance

Fifty individuals for both wild-type controls (Arabidopsis thaliana Col-0) and mutant plants (A.
thaliana knockouts) were grown for two weeks under normal conditions and then subjected to
dehydration stress by ceasing watering for 12 days. Plants were then rewatered for five days for a

recovery period.

Response to water availability was assayed by the capability of plants to resume growth when
they returned to normal conditions following a period of water stress. The number of surviving
plants was counted after the recovery period. Rosette leaves were detached and placed on Petri
dishes under dim light. Leaves were weighed at 1-hour intervals to determine water loss with
three replicates for each individual. Leaf water loss was expressed as a percentage of initial fresh
weight. A Chi-squared comparison of proportions was conducted to determine a significant

reduction in survival compared to the control accession.

4.3.10 Quantifying the extent of parallel divergence with other Brassicaceae species

We reviewed studies that detected genes under selection within species of the Brassicaceae
family distributed in high latitude and/or elevational habitats. To do so, an online search was

performed in PubMed, Web of Science, and Google Scholar for articles published between 2000
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and 2022. The search terms used were ‘Brassicaceae’, ‘high-elevation, ‘high-latitude’,

‘adaptation’, and ‘positively selected genes’.

Information was collected from suitable studies, including the year of publication, method of
selection analysis, altitude range, location of species, species of study, taxonomic comparison

level, and genes under positive selection.

Lists of PSGs were first translated and only included Araport gene names to allow cross-study
comparison. To test for a higher-than-expected number of overlapping PSGs, we used Fisher's
exact tests, calculated using the 'SuperExactTest' package in R (Wang et al., 2015). We calculated
the probability of gene-level parallelism (i.e., gene reuse) between any significant (P < 0.05; see
results) overlap. Gene reuse is calculated as the number of parallel candidate items divided by the
total number of candidate items between them (i.e., the union of candidate lists from both

lineages; Conte et al., 2012).
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4.4 Results

44.1 Whole-genome resequencing, mapping, and variant calling

Between 73 to 96% of reads (33.4 - 49.5 M reads) were retained per sample after quality filtering
(Appendix Table C.2). The whole-genome resequencing (WGRS) reads had a breadth of coverage
of over 99% for all samples, with an average read depth of 32X. Of the trimmed reads, over 99%
of the Canary Islands reads and 71% of the outgroup reads were mapped to the reference
genome (Appendix Figure A.1). On average, 0.17% of the mapped reads were PCR duplicates,
which were removed. A total of 1,483,762 variable sites were marked across the alignment, and
after filtering, a dataset of 353,296 high-quality SNPs was retained for further analysis (Appendix
Figure C.1).

44.2 Phylogenetic reconstructions

The maximum likelihood phylogenetic reconstruction using our SNP datasets provided a well-
resolved phylogeny (90% of nodes show support values of 100%) and resolved two main clades
(Figure 4.3A; BS = 100%), which matches the previous phylogenetic analyses (see chapter 2).
Clade A comprises D. preauxiana, D. millefolia, and D. artemisioides. Descurainia millefolia, the
only multiple-island species, was resolved as monophyletic, although with low bootstrap support
(27%). Descurainia artemisioides is resolved as sister to D. millefolia, with D. preauxiana resolved
as sister to this clade. Within D. millefolia, the La Palma and Gomera samples were resolved as a
clade. All nodes have bootstrap support of 100, except for the D. millefolia clade noted above.
Within Clade B, all species are resolved as monophyletic. Descurainia gilva and D. gonzalezii are
resolved as sister taxa with D. lemsii as sister to this clade and D. bourgaeana as sister to the D.

gilva-D. gonzalezii-D. lemsii clade).
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Figure 4.3: A) Maximume-likelihood phylogeny using SNPs from 14 individuals of Canary Island
Descurainia and D. tanacetifolia, from the Mediterranean, as the outgroup. Species
ID numbers correspond to Table 4.1 and Appendix Table C.2. Tip colours represent
the island of origin. Numbers represent bootstrap values > 70%. B) A principal
component analysis (PCA) representing PC1 and PC2 of the 14 individuals of seven

Canary Island Descurainia based on SNPs. Colours represent species, and shape

represents the island of origin.

443 Genetic structuring

The PCA analysis provides similar genetic structuring to our phylogenetic reconstructions, where
individuals within the two clades, clade A (D. artemisioides, D. millefolia, and D. preauxiana) and
clade B (D. bourgaeana, D. gilva, D. gonzalezii, and D. lemsii) are clustered together (Figure 4.3b),
with a clear separation between the two groups. All individuals within the species clustered tightly
except for Tenerife D. millefolia, which was distinct from the other D. millefolia individuals
sampled from La Gomera and La Palma. Species that were resolved within clade A were clearly

separated in the PCA plot in contrast to those from Clade B, which were more tightly clustered.
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The Fsrvalues followed the structuring found in our PCA analysis. The largest average value was
between D. bourgaeana and the two Gran Canarian endemics D. preauxiana and D. artemisioides
at 23% (Appendix Table C.3), while the lowest values were between D. gilva and D. gonzalezii at

0.5%.

444 Climate analysis

Analysis of climatic variables revealed that clade B, consisting of our high-elevation species (D.
bourgaeana, D. gilva, D. gonzalezii, and D. lemsii), are exposed to more significant precipitation
during the winter months, solar radiation during the summer months, and wind speed all year
round, compared with the low-elevation clade A species (P < 0.05; Figure 4.4; Appendix Table
C.4). Conversely, clade A species (D. millefolia, D. artemisioides, and D. preauxiana) were

consistently exposed to greater mean temperature and water vapour pressure all year round.
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Figure 4.4: Five climate variables across the four seasons, taken from GPS coordinates of seven
Canary Island Descurainia species, were extrapolated using location data from
herbarium specimens deposited in the Natural History Museum (BM). Climatic values
were grouped into species retrospective clades, A and B, which represent distinctive
elevation ranges. Seasons are defined as follows: Winter = December — February;
Spring = March—May; Summer = June — August; Autumn = September — November.
Asterisk (*) represents significance level as determined by ANOVA. ‘ns’ = not

significant.
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445 Identification of genes under selection

After filtering for a minimum of one individual per species, 25,394 CDS regions (91%) were
included in the selection analyses, from which we identified 276 positively selected genes (PSGs;
ca. 1.1% of the total genes examined) on the branch leading to our high-elevation clade (Appendix
Table C.5). Of these 276 PSGs, 53 (19.2%) had unknown function according to our D. millefolia
annotations. The GO enrichment analysis found five significantly enriched Biological Processes GO
terms and six significant Molecular Function pathways (FDR-corrected P < 0.05), compared to our
background gene list (Figure 4.5; Appendix Table C.6). There were no significant Cellular

Component pathways.

Four significantly enriched Biological Processes pathways (negative regulation of flower
development, GO:0009910; reproductive processors, GO:0022414; post-embryonic development,
G0:0009791; multicellular organismal processors, GO:0032501) share the same five genes: two
MADS AFFECTING FLOWERING genes (MAF1 and MAF2/AGL31). APUM9, FRI (FLOWERING LOCUS
A), and MET1 (DECREASED DNA METHYLATION 2) (Figure 4.5). These five are associated with
processors that stop, prevent, or reduce the frequency, rate, or extent of flower development,
which are directly relevant to typical changes found in subalpine plants. For example, FRI induces
late flowering (Fournier-Level et al., 2022), and AGL31 prevents vernalisation by short cold
periods (Scortecci et al., 2001; Dai et al., 2020). The fifth pathway is cellular response to stress
(G0:0033554), which comprises 19 PSGs (full summary in Appendix Table C.6). Within this group,
there are several genes with GO terms associations that may be associated with climatic stress
and/or other stressors associated with high-elevation. For example, response to heat stress
(G0:0034605), response to cold (GO:0009409), response to osmotic stress (GO:0006970), response
to hypoxia (GO:0001666), and response to UV (GO:0009411).

Four significantly enriched Molecular Function pathways (FDR < 0.05) were related to
Nicotinamide adenine dinucleotide (NAD; NAD+ nucleosidase activity, GO:0003953; NAD(P)+
nucleosidase activity, GO:0050135; NAD+ nucleotidase, cyclic ADP-ribose generating,

G0:0061809; ADP binding, GO:0043531). These four pathways share the same six genes, with ADP
binding including an additional gene (Figure 4.5; Appendix Table C.6). The remaining two
pathways were related to the protein kinase, which included Protein serine kinase activity

(G0O:0106310; 10 genes) and Protein serine/threonine kinase activity (GO:0004674, 12 genes).
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Figure 4.5: The significantly enriched Biological Processes (Top) and Molecular Function (Bottom)

GO terms (FDR < 0.05) for the PSGs found within the high-elevation clade of Canary

Island Descurainia, ranked by fold enrichment. The size of the dot represents the

number of genes. Colour the intensity of the fold enrichment ratio (log10; red = high,

blue = low). The X-axis is the level of fold enrichment.
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4.4.6 T-DNA insertions in candidate genes and water stress experiment

After the recovery period from the drought stress, the T-DNA knockout for RB29B (AT5G52300,
SALK_052958) demonstrated significant mortality (P < 0.05), where less than 50% of individuals
survived (Figure 4.2; Appendix Table C.7). This is in comparison with our wild-type control,
Arabidopsis thaliana (Col-0), which exhibited a 78% survival rate. While individuals for knockout
for LBI29 showed no significant reduction in survival compared to the control, LBI29 knockouts
had the highest level of water loss post-recovery period, followed by RB29B knockouts. The T-
DNA knock for gene PK1 (SALK_112945) showed negligible differences with the level of water loss

compared and similar survival levels to the control to the control.
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Figure 4.6: Effects of a water availability stress on three T-DNA Arabidopsis knockouts for three
different candidate genes and one wild-type (Arabidopsis Col-0) representing the
control. Drought treatment included withholding water for 10-days and a 5-day
watered recovery period. Drought tolerance was measured by survival (top) which
includes SE (blue) and SD (black) bars, and the percentage (%) of water loss from
leaves (bottom) with SE bars, after 5 hours after the recovery period. Details of the

accessions are found in Table 4.2.

4.4.7 Comparison with Brassicaceae studies

Using PSG sets from eight studies (including our own set from Descurainia; Table 4.3), a total of 28
tests were performed for 2-degree gene set comparisons. Two pairs showed significant overlap
(i.e. a greater than expected overlap in the PSGs identified, Bonferroni-adjusted P < 0.05, Fisher's
exact test) across tests (7.1% of tests; Figure 4.7; Appendix Table C.8). The comparison of PSGs in
Descurainia and Draba nivalis (typically found in Arctic-alpine zones), revealed 23 significantly
overlapping PSGs (Appendix Table C.9), with a gene reuse probability of 1.98%. Sixteen of these

genes had Biological Process GO terms associated with them. A number can be associated with
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high-elevation-like environmental conditions, such as PME41, which is associated with the GO
term response to cold (GO:0009409; Qu et al., 2011). There is also a number related to the GO
term root development (GO:0048364), such as LOX1 and PRX44, which are both involved in the
polar expansion of roots (Nagase et al., 2001; Marzol et al., 2022). The second significant overlap
was for Arabidopsis halleri and D. nivalis, where 22 genes overlapped with a gene reuse
probability of 1.76%. Seventeen of these genes have Biological GO terms associated with them,
including flowering development (GO:0009908), hyperosmotic salinity response (GO:0042538),
and stomatal closure (GO:0090332).
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Table 4.3: The seven studies and the positively selected genes (PSG) sets included within our

comparative analysis. w = dN/dS, GWAS = Genome Wide Association.

Species Study Elevation (m) | Reference Comparison | Statistical | N PSGs (%
location level test of
proteome)
Arabidopsis Japan 200-1,377 (Honjo and Population GWAS 281 (0.86)
halleri Kudoh, 2019)
Arabidopsis lyrata | Norway 10-1,360 (Hamala and Population GWAS 423 (1.29)
Savolainen,
2019)
Arabidopsis Italian Alps 580-2,350 (Glnther et al., Population mand 19 (0.07)
thaliana 2016) Tajima's D
Crucihimalaya Himalayan Ca. 4,000 (Zhang et al., Family w 610 (2.26)
himalaica 2019)
Crucihimalaya Qinghai-Tibet | Ca. 4,000 (Feng et al., Genus w 403 (1.67)
lasiocarpa Plateau 2022)
Draba nivalis Arctic (Alaska) | 1,419-1,990 (Nowak et al., Family w 969 (2.89)
2021)
Lepidium meyenii | Central Andes | 2,350-4,500 (Zhang et al., Family w 74 (0.07)
2016)
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Figure 4.7: The pairwise comparison that provided overlapping PSGs between studies which
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4.5 Discussion

The diversification of plant lineages in the Canary Islands is strongly influenced by the climatic
cline exhibited by the taller islands (Tenerife and La Palma). The different light, temperature, and
water availability regimes between low-, mid-, and high-elevation habitats are frequent explainers
of the islands high levels of diversity and endemism (Fischer et al., 2013; Zhou et al., 2014; Kubota
et al., 2015; Holliday et al., 2016). These different climatic pressures can have a significant
influence on plant morphological, physiological and life-history characteristics, for example,
vernalisation, the timing of flowering, or bud burst (Leinonen et al., 2009; Alberto et al., 2013;
Csilléry et al., 2014; Zhang et al., 2019; Mishra et al., 2020; Nowak et al., 2021). Our previous work
(Chapter 2) showed that Canary Island Descurainia had undergone one phylogenetically linked
climatic shift between the two major clades, which we hypothesise to be associated with an
elevational range (i.e., Clade A species range between 50 — 1,100 m, and Clade B species range
between 1,800 — 2,300 m; see results of Chapter 2). Here we analysed whole-genome
resequencing data for all seven species (13 individuals) of Canary Island Descurainia to investigate
the molecular basis of adaptation to high-elevation habitats. We compared coding sequences of
the low-elevation species (Clade A; D. millefolia, D. artemisioides and D. preauxiana) with the
high-elevation species (Clade B; D. bourgaeana, D. lemsii, D. gonzalezii and D. gilva) to identify

putatively adaptive genes related to ecological adaptation.

Our climatic analysis demonstrated that, indeed, high-elevation habitats for Canary Island
Descurainia were significantly different to those in low-elevation habitats in several climatic
variables, including temperature, UV, precipitation, and wind speed. The selection analysis
revealed candidate genes that are potentially associated with adaptation strategies related to the
sub-alpine environments, including divergence in flowering time and water stress tolerance. We
performed functional validation on three candidate genes related to abiotic stress by performing
water availability stress experiments on Arabidopsis T-DNA knockouts. Two out of three of our
accessions demonstrate a reduction in fitness, providing further evidence that divergent selection
on these genes could incur adaptive advantages in the respective environments which differ in

water availability.

When comparing our list of positively selected genes in our high-elevation species of Canary
Island Descurainia with other species in Brassicaceae that occupy potentially similarly stressful

environments, we found little evidence of convergence between species. However, there was a
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significant overlap with the PSGs of Draba nivalis (Nowak et al., 2021) and Descurainia, which are
associated with abiotic stressors commonly related to alpine environments, providing evidence

for the occurrence of similar molecular trajectories to adaptation.

4.5.1 Evolutionary of Canary Island Descurainia

Our ML phylogeny, using ca. 353 k SNPs across 14 individuals, resolved two clades within the
Canary Island Descurainia group, namely clades A (D. millefolia, D. artemisioides, and D.
preauxiana) and B (D. bourgaeana, D. gilva, D. gonzalezii, and D. lemsii), consistent with our
previous study derived from Genotyping-by-sequencing (Chapter 2). A notable difference
between the results of these two studies was the position of D. lemsii, which is resolved as sister
to D. gilva and D. gonzalezii, whereas in Chapter 2, D. lemsii was nested within D. bourgaeana.
This supports the hypothesis that the D. lemsij individual sequenced in Chapter 2 was possibly a
misidentification. Due to the lack of a herbarium specimen for this individual in Chapter 2, formal

identification can not be made, and we cannot provide a more decisive conclusion.

Our WGRS phylogeny also adds a previously unsampled population of D. millefolia from La
Gomera, revealing it to be sister to the La Palma population (D. millefolia being the only multiple
islands endemic species of Descurainia distributed on Tenerife, La Gomera and La Palma). Whilst
the individuals of most species clustered tightly, the Tenerife D. millefolia specimen showed
genetic divergence from individuals from the other two islands in both the PCA and the
phylogenomic analysis. La Gomera and La Palma represent the more Western islands and are
geographically close to each other. Hence, we might expect individuals from these islands to

cluster together.

4.5.2 Ecological adaptation within Canary Island Descurainia

Our previous work on Canary Island Descurainia revealed one significant phylogenetically linked
ecologically shift between the two clades (Chapter 2). The results presented in this chapter
confirmed the environmental divergence associated with clade A (low-elevation) and clade B
(high-elevation) species (Figure 4.4) and provided a finer-scale insight into the climatic differences
between low- and high-elevation Descurainia. The locations from which higher-elevation species

exhibited lower mean temperatures all year round, lower vapour pressure all year round, higher
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precipitation during winter, higher solar radiation in the summer, and highest wind speeds all year
round. These results are consistent with the typical characterisation of alpine and sub-alpine

habitats (Nagy and Proctor, 1997).

To investigate the genes and biological processes that underpin this significant ecological
transition, we used a Branch-Site selection approach to test for signatures of selection on the
branch leading to our high-elevation species. A total of 278 genes (0.98% of available genes)
showed evidence for significant positive selection, with our GO (Gene Ontology) enrichment
analysis suggesting biological pathways related to high-elevation adaptation, such as reproduction
and development and abiotic stress. We found a relatively small number of enriched GO terms
compared to similar studies; this may be due to a large portion of our PSGs with no annotations

(19.2%).

4.5.2.1 Reproduction and Development

We identified 21 PSGs representing five GO terms associated with reproduction and
development, notably negative regulation of flowering development (GO:0009910), within our
high-elevation species. One of the most important components of reproduction in plants is
flowering due to its direct relationship with reproductive success. The flowering season for high-
elevation plants is commonly restricted to accommodate shorter day-length (Dupont et al., 2003;
Halbritter et al., 2018) and to avoid the risk of frost damage (Kollas et al., 2014). Therefore,
changes in reproductive strategies to accommodate elevational shifts are often expected within
high-elevation floras (Leinonen et al., 2009; Cheviron and Brumfield, 2012; Feng et al., 2022).
Within the Canary Islands Descurainia clade, D. bourgaeana and D. gilva are the species with the
highest elevation distributions (1,800 — 2,300 m) and have a flowering period of one month (ca.
mid-May to mid-June; Appendix Figure C.2). Descurainia gonzalezii and D. lemsii have a slightly
longer flowering period (April — July). This contrasts with species distributed at lower elevations
(e.g., D. millefolia, D. artemisioides, and D. preauxiana) which have flowering periods of between

five and eight months (January - September; Bramwell, 1977).

Several notable flowering time genes were under positive selection within our high-elevation
lineage. One such gene is FLOWERING LOCUS A (FRI), which is a major determinant of flowering

time in Arabidopsis (Zhu et al., 2021; Fournier-Level et al., 2022) and in homologues across
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species (Tadege et al., 2001; Schranz et al., 2002; Okazaki et al., 2007; Albani et al., 2012; Guo et
al., 2012); it confers vernalisation (i.e. flowering induced by prolonged exposure to the cold)
requirement causing plants to overwinter vegetatively, often significantly reducing flowering
time. Our climate analysis demonstrated the higher-elevation Descurainia species experience
significantly cold environments, particularly during the winter period, where the contrast is
greatest (43% colder compared to the low-elevation species). Similarly, clinal patterns in flowering
time in European A. thaliana populations found an increase in the expression of FRI at higher
elevations (Fernandez-Palacios and de Nicolas, 1995; Caicedo et al., 2004; Stinchcombe et al.,
2004). In another study, FRI was found to be under positive selection in Arabidopsis populations
that have colonised the arid Cape Verde Islands, with a functional analysis demonstrating a ca. 30-
day reduction in flowering time (Fulgione et al., 2022). However, beyond Arabidopsis, there is
little evidence for FRI being an adaptive trait in other high-elevation species, although these
studies are somewhat lacking (Keller et al., 2018; Geng et al., 2021). Nonetheless, our study

suggests that colder climates have driven selection on the flowering time gene, FRI.

Two genes within the MADS AFFECTING FLOWERING (MAF) gene family (MAF1 and MAF2/AGL31)
were also found to be under positive selection, which regulates flowering time (Scortecci et al.,
2001; Ratcliffe et al., 2003; Rosloski et al., 2013; Ortufio-Miquel et al., 2019). MAF1 gene has been
shown to inhibit flowering and overexpression, producing late-flowering plants (Scortecci et al.,
2001), and MAF2 is a transcription factor that prevents vernalisation during short cold periods,
acting as a flora repressor (Ratcliffe et al., 2003). Similar results were found in a population-level
study of A. thaliana in the Swiss Alps which found the gene expression MAF genes mediated
flowering responses to vernalisation along an altitudinal gradient (Glinther et al., 2016). MADS
AFFECTING FLOWERING genes have also been proposed to facilitate rapid adaptation (TheifRen et
al., 2018). Our results strongly suggest that adaptation to divergent altitudes is, in part, caused by

the different flowering durations necessary in the different environments.

4,5.2.2 Abiotic stress tolerance

45.2.2.1 Thermal

Along a large elevational cline, the temperature can vary considerably. For example, the mean
annual temperature in Tenerife ranges from ca. 22°C on the south coast to 2°C at the Teide peak
(Fernandez-Palacios, 1992). With a decrease in temperature, the frequency of frost events also

increases. The climatic analysis demonstrated the high-elevational species of Canary Island
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Descurainia experience significantly lower temperatures across all seasons compared to their low-
elevation conspecifics (see also Chapter 2). Adaption to lower temperatures is vital to the survival
of plants as it can have a number of physiological and molecular consequences (Kérner, 2016). For
example, effects on the membrane fluidity, stability of RNA and DNA, and enzyme activity (Bowles
et al., 2002). Low temperatures also impose dehydration stress by lowering water absorption by

the root and water transport in roots (Theocharis et al., 2012).

Our results found ten PSGs within our significant enriched GO term response to abiotic stress
(G0O:0009628) that have been associated with temperature stimulus. Two notable genes encode
for heat shock proteins (HSPs), a conserved protein family which are produced in response to
stress. The first HSP is HSP70-2 (a member of the cytosolic heat shock 70 protein family) which
negatively regulates heat tolerance by negatively repressing the heat shock factor (Tiwari et al.,
2020). Among the other PSGs genes in response to abiotic stress is ATJ49, a chaperone cofactor-
dependent protein which enables Hsp70 protein binding (Gaudet et al., 2011). Typically, HSP70
genes are known for playing a critical role in high-temperature stressors in plants, but the over-
expression of HSP70s has also been found to enhance tolerance to other stresses, such as
drought, cold and salt stress (Alvim et al., 2001; Ono et al., 2001; Masand and Yadav, 2016; Tang
et al., 2016; Zhao et al., 2019). For example, a study of the wild crucifer Thlaspi arvense

(Brassicaceae) was found to up-regulate HSP70-2 during cold stress (Sharma et al., 2007).

The second HSP, CLPB4 (HSP98.7, a member of the heat shock 100 protein family), confers
thermotolerance to chloroplasts during heat stress (Myouga et al., 2006). Transcripts of CLPB4
accumulate dramatically at high temperatures (Lee et al., 2007). Additional genes include the
MDOL1 gene that rapidly responds to temperature, which stabilities telomeres in response to heat
stress (Lee et al., 2016). Due to the lower temperatures exhibited in these high-elevation

habitats, these PSGs associated with thermal tolerance may be down-regulated.

4,5.2.2.2 UV Radiation

For every 1,000 m in elevation, the UV radiation level will increase by about 12% as the thinner
atmosphere filters out less UV radiation (Blumthaler et al., 1997). An excess of UV radiation is well
known to result in DNA damage, including mutagenic and cytotoxic DNA lesions (Tevini and
Teramura, 1989; Strid et al., 1994; Jansen et al., 1998; Sinha and Hader, 2002; Verdaguer et al.,

2017); thus high-elevation plants often have UV-resistant genes (Zhang et al., 2019; Feng et al.,
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2022). During the summer, the high-elevation Descurainia clade experiences significantly more
solar radiation than lower elevations, notably D. bourgaeana, which occupies those highest
elevations and exposed habitats (Chapter 2). Our selection analysis found two genes under
positive selection under the significantly enriched GO term response to abiotic stress, which are
associated with UV tolerance: The first is gene ERCC1 (UV hypersensitive 7; AtERCC1 is the
Arabidopsis homologue), a DNA repair gene which plays a key role in nucleotide excision report to
the endonuclease, which is associated with a response to UV-B and gamma radiation (Jiang et al.,
1997; Hefner et al., 2003; Dubest et al., 2004). The second gene is UVSSA, a lesser-studied gene,
but Arabidopsis knockouts demonstrate a contribution to UV tolerance believed through DNA

repair (Al Khateeb et al., 2019).

4.5.2.2.3 Water availability

Water availability and drought have repeatedly been associated high elevation environments
(Nagy and Grabherr, 2009), and drought tolerance has been demonstrated in a number of Canary
Island plants (Lausi and Nimis, 1986; Grill et al., 2004; Lépez et al., 2008, 2009; Gonzalez-
Rodriguez et al., 2017). The higher elevation clade has greater higher precipitation; however, the
accessibility of water for high-elevation plants is negligible: (1) During the winter months, water is
often frozen due to frequent frost periods; (2) more significant drought during the dry season; (3)
The substrate on the volcanic soil is permeable (lava and pumice), which allows free drainage; and
(4) significantly higher wind speeds throughout the year reduces available water. These factors
lead to extensive drought stress for many plant species in the sub-alpine zone. For example, the
soil moisture in the uppermost layer (0-10 cm) is very low, at 0-4% (Gieger and Leuschner, 2004;

Brito et al., 2013).

Several genes associated with water availability were found under the enriched GO term response
to abiotic stress. One such gene, Receptor-like Protein Kinase 1 (RPK1), is thought to be a general
osmotic stress response gene and has been found to reduce the level of water lost during a
drought (Hong et al., 1997). RPK1 is localised within the plasma membrane and functions as a
regulator of abscisic acid (ABA) signalling, ABA playing a pivotal role in stress responses (Lee et al.,
2011; Dai et al., 2018). Arabidopsis overexpressing RPK1 demonstrate increased root growth and
stomatal closure, as well as reduced transpiration water loss (Osakabe et al., 2010). Similar water
retention behaviour is seen in other high-elevation Canary Island species. For instance, there is a
correlation between needle water retention, partial stomatal closure, and increased elevation in

Pinus canariensis (ca. 1,600 - 2,000 m; Gieger and Leuschner, 2004).
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Another PSGs was RD29B, a gene induced in response to various abiotic stressors, including cold
and desiccation (Yamaguchi-Shinozaki and Shinozaki, 1993; Nakashima et al., 2006). The RD29B
gene is one of 27 genes commonly induced during or repressed in water deficit studies in
Arabidopsis thaliana (Bray, 2004). Similarly, a study in soybean also found this gene to be

expressed during water stress (Bihmidine et al., 2013)

45.2.3 Biotic stress

Adaptation to a novel environment often leads to exposure to new diseases and pathogens. Plant
pathogens and the microbial community can have multiple effects on plants, ranging from disease
(Smith et al., 2006) and mycorrhizal affecting the plant life cycle (Bolan, 1991). Several genes
(RLM1B, RLM1A, and RPP1) under the significantly enriched Molecular Pathway GO terms also
have the annotations GO terms defence response to bacterium (GO:0042742) and defence
response to fungus (GO:0050832) (Rehmany et al., 2005; Staal et al., 2006; Creff et al., 2010).
Specifically, for example, the RPP1 gene incurs resistance to Downy Mildew in Arabidopsis
(Rehmany et al., 2005), the RLM1B gene confers resistance to the pathogen Leptosphaeria
maculans (blackleg disease; Staal et al., 2006). There is current a lack of research focusing on the
microbial communities within the Canary Islands, but other studies have found associations
between soil composition and plant diversification. Most notably, Osborne et al. (2018)
demonstrated that plant pathogen (fungal and bacterial) abundance difference between soil
types on the oceanic island of Lord Howe and the sympatric speciation of Howea palms is

associated with soil preference (Savolainen et al., 2006).

4.5.3 Testing candidate genes under water availability stress

While methods such as dN/dS analyses can identify genes putatively under selection, there is still
a need to confirm the function and role of these genes to demonstrate the divergence is due to
adaptive selection (Luikart et al., 2003). Here we tested the impact on fitness through water
availability stress on T-DNA Arabidopsis lines containing potential knockouts of three candidate
genes. Two of our T-DNA knockouts for genes RD29B and LTI29 were found to be less tolerant to
drought stress compared to the control. T-DNA knockouts for RD29B demonstrated the most
significant intolerance in both of our measures, survival and rate of water loss in leaves. The

results for these gene are consistent with previous studies examining gene functions (Nordin et
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al., 1993; Yamaguchi-Shinozaki and Shinozaki, 1993; Nakashima et al., 2006). In comparison, T-
DNA knockouts for LTI29 showed no significant reduction in survival but demonstrated increased
water loss. LTI29 has been annotated with the GO term response to water deprivation through a
similar study using T-DNA knockouts and water stress conditions (Kim and Nam, 2010). However,
this study measured seed germination in response to stress, with T-DNA knockouts displaying
reduced germination. Since our study only used seeds that had successfully germinated, it may

suggest that LTI29 may play a lesser role in drought tolerance in established individuals.

The third candidate gene, PK1/PK6, demonstrated no significant difference from our control plant
in survival and leaf water loss after drought treatment. The activity of the PK1 gene is affected by
osmotic stress through the translational up-regulation of ribosomal proteins. Plants
overexpressing PK1 are shown to be hypersensitive to osmotic stress, and water-stressed tobacco
plants demonstrated significantly reduced PK1 activity (Mahfouz et al., 2006). The reduction of
PK1 activity under unfavourable conditions may be a mechanism employed by plants to sustain
harsh conditions. Therefore, the T-DNA knockout of this gene could have a neutral or even
positive response to drought treatment and support the results of Mahfouz et al. (2006). It is
likely that within our high-altitude clade, this gene may be upregulated in response to high levels
of seasonal drought. A knockout in a species adapted to high elevation (as opposed to Arabidopsis

Col-0) would allow us to assess this possibility.

By mapping reproductive isolation to candidate genes and using experimental methods, such as
positional cloning, gene replacement/ knockout, gene expression assays, and transgenic
manipulations to demonstrate function (Juenger et al., 2000), we can provide further evidence
that these genes are adaptive in providing a fitness potential to survive in such environments.
Such research can have the potential to guide additional avenues of research, namely crop

improvement.

454 Evidence of convergent selection across Brassicaceae species adapted to high

elevation and latitude environments

In this study, 7.4% of pairwise comparisons showed overlap between genes in high-elevation and -
latitude Brassicaceae species, with two comparisons (Draba nivalis and Descurainia and, and D.

nivalis and Arabidopsis halleri) providing a significant result. Many of the findings of genomic
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parallelism are between closely related species as gene reuse decrease with increased divergence
(Bohutinska et al., 2021). However, our results provide evidence of parallism between diverged
individuals as Draba nivalis represents a different lineage within the Brassicaceae phylogeny

(Lineage Il) compared to Descurainia and A. halleri (lineage |; Nowak et al., 2021).

Of the 23 genes shared between the two lineages, at least three (13%) have been associated with
abiotic stressors. One such gene is OSCA1, an osmosenor responsible for Ca?*increase induced by
osmotic stress in plants (Zhang et al., 2020; Pei et al., 2022). In addition, the LOX1 gene has been
shown to be induced during root responses to osmotic stress (Chen et al., 2021), and transgenic
mutants have been shown to increase the length of the primary root (Vellosillo et al., 2007). It is
likely the LOX1 gene is involved in the increase of deeper root formation during a period of water
stress, a common adaptation found within alpine plants (Bliss, 1962). The gene PME41 is an
important cell wall enzyme that plays a role in cold and freezing tolerance (QU et al., 2011).
Comparative gene expression studies indicate the response to temperature and moisture is highly
conserved in certain plant families (Yeaman et al., 2014). Convergence can be expected in similar
environments because they exert similar selection pressures, generating non-random and

repeated outcomes in independent lineages (Stuart, 2019).

4.6 Conclusion and Future Direction

The annotated high-quality Descurainia millefolia reference genome generated in Chapter 3
provided a foundation for advancing hypotheses on the evolutionary processes involved in the
the rapid diversification of Canary Island Descurainia. Here we examine the molecular basis of
ecological divergence within a Canary Island radiation using whole-genome datasets. Canary
Island Descurainia is an endemic group of seven species that have undergone rapid radiation
between low-elevation generalist habitats to more specialised high-elevation habitats. Through
this comparison of the high-elevation versus low-elevation species using whole-genome
resequencing datasets, we identified several genes associated with many environmental stressors
associated with high-elevation habitats. The more notable genes that were significantly enriched
were those related to reproduction, especially flowering. Further, we present evidence of fitness
effects associated with one of the genes we found under positive selection by using A. thaliana
knockouts. Understanding the genomic basis of adaptation to extreme stressors can ultimately
have larger implications and provide positive benefits in the future of an integrative strategy

combining genomics, epigenetics and genome editing to establish resilient crop varieties.
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Chapter5 Conclusions and Discussion

The endemic Canary Island clade of Descurainia (Brassicaceae) comprises seven species that have
diversified across four islands into different habitat types and altitude ranges, from a continental,
Mediterranean or Euro-Siberian lineage. This group provides an excellent model to explore
speciation and adaptation processes that underlie the rapid diversification of island lineages using
whole genome sequencing approaches, given its small genome (relative to other plants) and close
taxonomic relationship with the well-characterised model organism Arabidopsis thaliana. This

thesis had three main aims:

1. To revisit the evolutionary relationships of Canary Island Descurainia using NGS sequence
data to determine the role that ecology, geography and hybridisation have played in the
diversification of this lineage.

2. To generate a high-quality reference genome for D. millefolia so it can be utilised to
address evolutionary and ecological questions and understand the relationship of
Descurainia within the family Brassicaceae.

3. Toidentify candidate genes involved in adaptation to high-elevation habitats within
Canary Island Descurainia and assess the level of convergence between other species in

Brassicaceae.

5.1 Review of Genomics Datasets Generated

5.1.1 Genotyping-by-Sequencing

In chapters two to four, | utilised two different genomic datasets to address the three main aims
of this thesis. The first dataset, primarily used in chapter two, was generated using the next-
generation sequencing technique named genotyping-by-sequencing (GBS). Genotyping-by-
sequencing is an inexpensive method that detects and sequences many SNPs across individuals
without needing a reference genome. GBS studies have proven to be a powerful tool for
phylogenetic analyses, particularly in non-model organisms (Elshire et al., 2011; Chung et al.,

2017; Fernandez-Mazuecos et al., 2018), the benefits of which are discussed in chapter two.

In chapter two, our GBS dataset for Canary Island Descurainia generated a large number of SNPs

(ca. 350 k) which overcame the limitations of the genetic markers utilised by Goodson et al.

115



Chapter 5

(2006) and resulted in hypotheses of evolutionary relationships that were incongruent with
previous hypotheses. The application of increasingly reliable sequencing libraries is being
applicated to oceanic flora (e.g., Dunning et al., 2016) and Canary Island flora groups (Curto et al.,
2018; White et al., 2020; Graham et al., 2021; Mort et al., 2022), providing more up-to-date
phylogenies which are more well-resolved and robust. Phylogenetic reconstructions are the
unpinning of many evolutionary hypothesises, therefore the importance of continuing producing

up-to-date phylogenies as sequencing approaches improve can not be understated.

Next-generation sequencing can provide more robust estimations of hybridisation and
introgression between groups (e.g., Holliday et al., 2016; Schilling et al., 2018; Wagner et al.,
2018; Hodkinson et al., 2019). In the case of Descurainia, we find evidence for a hybridisation
event and reveal gene flow patterns previously not found by Goodson et al. (2006). Phylogenetic
analyses of Canarian flora commonly infer hybridisation based on the incongruence of a few loci.
However, here, GBS can assess patterns of introgression or hybridisation on a genome-wide scale.
As such, extensive sampling increases genomic resolution and power that a more limited number
of loci cannot provide. Our results in chapter two provide further evidence that reduce-
representation datasets (in our case, GBS) can resolve reticulate evolutionary events in rapidly

diversifying lineages (Blanco-Pastor et al., 2019; Mort et al., 2022).

5.1.2 Whole-genome Sequencing

The second genomic dataset was generated using whole-genome sequencing, and in chapter
three, we present a 180 Mb reference genome for D. millefolia, utilising long and short
sequencing libraries with a hybrid assembly approach. The combination of long-read sequencing
and the availability of genomic resources for its close relatives (i.e., Arabidopsis thaliana) resulted
in a high-quality (N50 280 k) genome assembly. On average, long-read sequencing technology,
PacBio, provides a ~32-fold increase in mean contig N50 for long-read assembly (Marks et al.,
2021). The introduction of long sequencing has allowed for the rapid accumulation of plant
genomes in recent years. Our reference genome demonstrates a fragmentation level, which is
explained by our long-read sequences being unable to resolve large repetitive regions due to their
short length. Nevertheless, this had a limited impact on the resolution of the gene content, and
the genome shows 97.7% completeness. This enabled the use of the reference genome for
further downstream analyses, specifically, the detection of putative genes under selection in

chapter four.
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To date, ca. 1,000 plant genomes have been published, representing 788 species (Li and Harkess,
2018). However, genome sequencing efforts are not representative of the diversity of plants.
There are many biases in taxonomic representation and geographical regions, which mainly focus
on model organisms and economically important crops. An estimated 404 genome assemblies
from wild species, of which 77 represent wild relatives of crops (Marks et al., 2021). Wild species
represent untapped genomic information. Our genome of Canary Island Descurainia represents a
wild plant species with characteristics that would be advantageous for evolutionary studies. Such
as an endemic to oceanic islands and distributions along an elevational cline. Particularly with
rapid biodiversity loss and climate change, it is critical we take the opportunity to learn from wild

species.

5.2 Phylogenetics of Canary Island Descurainia

Chapter two explored the use of alternative methods for generating phylogenetic hypotheses in
Descurainia, the first being a bifurcating phylogeny (non-reticulated) and the second being a
species network (reticulated), which allows for hybridisation events. Both resolved two major
clades, with one (Clade A) comprised of low-elevation species and the other (Clade B) consisting
solely of high-elevation species. The bifurcating phylogeny, generated using ca. 75 k SNPs,
identified one phylogenetically significant ecological shift between these two clades and at least
four dispersal events between islands. An upslope migration from low-elevation habitats to high-
elevation habitats is proposed, with a strong phylogenetic signal in temperature and precipitation.
The bifurcating phylogeny in chapter four, generated using whole-genome re-sequencing
technology of concatenated CDS regions, was consistent with our GBS phylogeny in revealing two
main clades. Minor conflicts occurred in the resolution of D. lemsii (ID no.: 11, chapter 2), which
was previously nested within D. bourgaeana in chapter 2 but resolved as sister to D. bourgaeana
in chapter 4. We hypothesise that the GBS sample of D. lemsii has been misidentified and was
most likely a sample of D. bourgaeana. However, a more extensive sampling of D. lemsii would be

needed to confirm this.

The species network exploring gene discordance, also presented in chapter 2, indicated a hybrid
origin event for D. gilva with D. millefolia and D. gonzalezii as the parents. The contribution from

the parents was heavily biased, with 99% of the D. gilva genome shared with D. gonzalezii. We
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propose that the most likely scenario is that D. gilva is a vicariant of D. gonzalezii, which
experienced introgression with D. millefolia. Additional hybridisation analyses, ABBA-BABA tests
and a DIYAB model supported our findings. Our findings highlight the importance of techniques

which allow for gene flow events between species.

It is important to incorporate hybridisation and introgression events into our understanding of
evolutionary relationships since these are increasingly viewed as playing a pivotal role in the rapid
radiation of lineages. For instance, the reassembly of old gene variation into new combinations is
thought to facilitate adaptive radiation (Marques et al., 2019), and ancient hybridisation events
have been documented in other radiations, such as cichlid fishes (Koblmdller et al., 2010; Meier et

al., 2017; Ronco et al., 2021).

Utilising our reference genome for D. millefolia and other Brassicaceae genomes, we found D.
millefolia was resolved within Lineage | and sister to Cardamine within Brassicaceae, which is
consistent with previous phylogenetic studies on Brassicaceae (Beilstein et al., 2006, 2006;
Nikolov et al., 2019; Liu et al., 2021). However, we included only high-quality proteome datasets
in the analysis, and therefore taxonomic sampling was limited. Including additional species would

provide a better indication of the relationships of Descurainia to other species in Brassicaceae.

Overall, chapters two and four revealed the importance of geographic isolation and ecological
shifts in the diversification of Canary Island Descurainia. The need to use methods that
incorporate and account for hybridisation in rapidly evolving island lineages cannot be

understated.

53 Genomics of Ecological Adaptation

Recent research has highlighted the significance of ecological-driven speciation within the Canary
Islands flora (e.g. Irl and Beierkuhnlein, 2011; Hua and Wiens, 2013; Steinbauer et al., 2013, 2016,
2017; Irl et al., 2015; Fernandez-Palacios et al., 2021; Hanz et al., 2022). In particular, the sub-
alpine habitats have been noted for their extreme ecological pressures, resulting in high levels of
specialised adaptions and endemism. While the physiological mechanisms of high-elevation

adaptation have been extensively studied, understanding the molecular underpinning of such
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adaptation is only beginning to emerge. Here, building on the results of chapter 2 and the
genomic resources from chapter 3, we explored the genetic underpinning of ecological adaptation
in Canary Island Descurainia and, more widely, in Brassicaceae in Chapter 4. Our focus was on the
high-elevation species of Descurainia (i.e., D. bourgaeana, D. gilva, D. gonzalezii and D. lemsii),

which inhabit the sub-alpine zones of Tenerife and La Palma.

Chapter four demonstrated that, indeed, the high-elevation Descurainia experience significantly
lower temperatures, an increase in UV radiation and precipitation, and high wind speed,
compared to their lower-elevation counterparts. The results are consistent with Chapter 2, which
showed that temperature is phylogenetically linked between the two major clades of Canary
Island Descurainia. To detect candidate genes that may have incurred ecological adaptation, we
used 14 genomes generated by re-sequencing technology across the seven species of Canary
Island Descurainia to detect genes under selection on the branch leading to the high-elevation
clade. A branch-site selection analysis employs dN/dS to identify genes that have evolved faster
than expected. We found 276 genes under positive selection (0.98% of available genes) on the
branch leading to our high-elevation Descurainia species, of which 21 were significantly enriched
across 5 Biological Processes GO terms representing reproduction and abiotic stressors. We
hypothesise a number of these genes provide an adaptive advantage to species distributed in

high-elevation habitats.

For instance, at higher elevations and latitudes, the growing season is greatly reduced due to
shorter day length and cold weather, and as such, alpine and sub-alpine flowers often exhibit
altered flowering times. One such gene found to be under positive selection within our high-
elevation clade was the FRI gene: FRI leads to an accumulation of FLOWERING LOCUS C (FLC)
MRNA, inhibiting flowering unless down-regulated by vernalisation. FRI may be an adaptive gene
to moderate flowering time to accommaodate for the lower temperatures exhibited at high-
elevation. Changes in reproduction appear to be frequent in similar genomic studies, such

presented in the high-elevation Crucihimalaya lasiocarpa (Feng et al., 2022).

However, there is difficulty in making comparisons with other studies when results are dependent
on methodology, as well as the number of samples and level of divergence between samples. One
issue with our methodology is that incongruence between species trees and individual gene trees

can lead to false evidence of positive selection (Mendes and Hahn, 2016). Chapter 2 showed that
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Canary Island Descurainia have the propensity to hybridisation, and observations in the field
support this. While our CODEML dN/dS analyses used gene trees and detected hybridisation
events were predominantly restricted within the high-altitude clade (Chapter 2), the conflict
between species and gene trees is a potential pitfall for our analysis. To date, few studies have
provided methodologies to address this challenge, although Graham (2018) performed two
CODEML analyses, one fixed to the species tree topology and another using gene trees. Those
significant PSGs using its gene tree were excluded if they conflicted with the counterpart

significant PSG, which used the fixed species tree topology.

Similarities between GO terms for high-elevation Descurainia and the seven other high-elevation
and high-latitude Brassicaceae examined in Chapter 4 are apparent. For example, several studies
found enriched GO terms related to tolerance to UV (Qiu et al., 2012; Guo et al., 2018). However,
we found little evidence for gene convergence related to high-elevation abiotic stresses except for
the phylogenetically divergent species pair high-elevation Descurainia clade (i.e., D. bourgaeana,
D. gilva, D. gonzalezii, and D. lemsii) and the Arctic Draba nivalis. Overall, there was little

convergence in the genetic underpinning of adaptation to high-elevation/high-latitude habitats.

Several studies have utilised whole-genome sequencing to investigate adaptation in Brassicaceae,
commonly using dN/dS ratios or GWAS to identify genes under selection (e.g., Guo et al., 2018;
Halbritter et al., 2018; Bohutinska et al., 2021; Nowak et al., 2021; Chiou et al., 2022; Feng et al.,
2022). While these genomic scans can identify genes putatively under selection, there is still a
need to confirm the function of these loci to provide further evidence that the genetic divergence
is due to the adaptive section. The most thorough studies have mapped reproductive isolation to
a candidate gene and then used experimental methods such as positional cloning, gene
replacement/knockout, gene expression assays, and transgenic manipulations to confirm the
genes involved (e.g., Bradshaw & Stettler, 1995; Rieseberg et al., 1996; Bradshaw et al., 1995;
Juenger, Purugganan & Mackay, 2000). In chapter four, we tested three genes that have GO terms
associated with water availability. Through greenhouse water availability experiments, we
demonstrate that one of these genes significantly decreased the drought resilience in Arabidopsis

knock-outs.

Ideally, all PSGs that are found to have significantly enriched GO terms would be tested. However,

the identification of T-DNA knockout and the development of greenhouse conditions that would
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effectively test fitness and function was beyond the scope of the present study. We hope our
methodology here will promote the inclusion of functional validation experiments in similar

studies.

Understanding adaptation at a molecular level has a broader significance beyond oceanic island
diversification. Climate change continues to threaten food security in a world of rising crop
demand. Changes in rainfall regimes and temperature can lead to crops experiencing abiotic
stress, resulting in a reduction in crop yield. The identification of genes implicated in climate
adaptation may improve the breeding of crops to be more resilient, particularly with
developments in genome editing technologies (e.g., CRISPR/Cas9). For instance, in recent years,
several genome-edited crop plants have been commercialisation in the USA, including drought
and salt-tolerant soybean (Waltz, 2018). Genomic studies of adaptation in non-model organisms
can only broaden our knowledge of genetic variants that underly adapt to diverse environments,
particularly as Chapter 4 highlighted indicated there is little convergence (i.e., multiple genetics

pathways) for adaptive phenotypes.

5.4 Future Work

Several outstanding questions regarding Canary Island Descurainia taxonomy have arisen
throughout our phylogenetic analyses (chapters 2 and 4). Firstly, questions still surround the
taxonomic status and relationships of D. lemsii (discussion found in Chapter 2), and further
sampling of this species would be beneficial to confirm the placement of D. lemsii within our
WGRS phylogeny (Chapter 4). Secondly, morphological and ecological differences between
Tenerife, La Palma, and La Gomera populations of D. millefolia have been proposed (Pitard and
Proust, 1908; Bramwell, 1977), and our WGRS data also suggest genetic divergence between
these (chapter 4). Several taxa within D. millefolia have been described: D. millefolia f.
branchycarpa Bornm. (Schulz, 1924) from Western La Palma, D. millefolia var. sabinalis O.E. Schulz
(Schulz, 1924) from Tenerife, and D. millefolia var. macricarpa Pitard from La Gomera, Tenerife,
and La Palma. Individuals with only 2-pinnatisect lower leaves have been described as D. millefolia
var. sabinalis, but in cultivation, that character was not consistent. Descurainia millefolia var.
macrocarpa and D. millefolia f. branchycarpa are challenging to delimit as they fall within the
standard fruit size of most populations. Descurainia millefolia also exhibits different varying
elevational ranges between islands. Tenerife and La Gomera populations are distributed between

150 — 700 m, whereas La Palma D. millefolia can reach 1,500 m. More extensive sampling of
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Canary Island Descurainia, coupled with a detailed analysis of morphology, would allow a robust

re-assessment of the infraspecific taxonomy of the multi-island endemic D. millefolia.

In chapter four, we hypothesized that ecology has played a role in the diversification of Canary
Island Descurainia and focused on climatic variables related to high-elevation habitats that are
restricted to Tenerife and La Palma in the Canary Islands. Weather station data, even at finer
scales, is widely available and, therefore, accessible ecological datasets. However, many
environmental variables could have potentially influenced the diversification of Descurainia
and/or other Canary Island radiations that were not explored in this thesis. One developing field
in adaptation research is the role of soil composition and soil biomes, ecological elements which
have received less attention due to difficulties in sampling and quantification. The recognition of
soil characteristics in promoting speciation is well known in Howea palms, an endemic plant to
Lord Howe Island (Australia). Sympatric speciation in the Howea palms has been facilitated by
arbuscular mycorrhizal fungi (Savolainen et al., 2006) and the colonisation of calcareous soil from
volcanic soil (Osborne et al., 2019; Papadopulos et al., 20193, 2019b). Recent studies on the
petrographic traits of the volcanic bedrock are beginnings to be seen as a vital and influential
force of plant distribution within the Canary Islands (Kéhler et al., 2006; Irl and Beierkuhnlein,
2011; del Arco Aguilar and Rodriguez Delgado, 2018). For instance, there is a geological divide in
plant destitution on La Palma with the young, poorly developed soils in the South and better-
developed soils in the North, reflecting the distribution of endemic species richness of Canarian
endemics (Reyes-Betancort et al., 2008; Irl and Beierkuhnlein, 2011). Ecological adaptation events
could have gone undetected within Canary Island radiations due to a lack of sampling and
datasets to relate back to phylogenetic and genomic studies. Environmental sampling beyond that
of climate would allow for a more comprehensive understanding of the role of ecology in the

diversification of Canary Island flora.

Further, similar genomic studies assessing molecular-level adaptation in Canary Island flora would
provide further insights into adaptation patterns. Many Canary Island radiations have exhibited
similar patterns to Descurainia in which they have colonised high-elevation habitats from closely
related species distributed in the lower-elevations, for example, Echium and Argyranthemum
(White et al., 2020; Graham et al., 2021). There are currently very limited studies examining
similarities in adaptation between lineages, and comparisons between genes under positive
selection within Canary Island lineages that have colonised similar habitats could potentially

provide insights into convergent adaptation.

122



Chapter 5

5.5 Conclusion

This thesis aimed to address knowledge gaps in the diversification and adaptation of Canary Island
Descurainia using next-generation sequencing technologies and computational techniques.
Canary Island Descurainia is also a suitable model for understanding the genomics of ecological
adaptation due to the cost and computational ease of generating a reference genome compared
to other groups in the Canary Islands' endemic flora. The first data chapter (Chapter 2) revised the
phylogeny of Canary Island Descurainia using a reduced-representation dataset (GBS). Here, we
generated a robust and well-resolved phylogeny, providing the primary framework for generating
evolutionary hypotheses. We demonstrated that one hybridisation event, one ecological shift,
and at least four geographical shifts have occurred in the evolutionary history of Canary Island
Descurainia. The second data chapter (Chapter 3) generated a high-quality reference genome for
the multi-island endemic D. millefolia. The last data chapter (Chapter 4) utilised the reference
genome with an additional 14 Descurainia genomes to identify candidate genes hypothesized to
infer adaptation to the high-elevation environment for D. bourgaeana, D. gilva, D. gonzalezii and

D. lemsii.

In summary, this thesis is contributed to our understanding of the speciation processes that
contribute to the rapid diversification of island radiations. We hope this thesis will aid further
research on island radiations, plant speciation and the molecular-level understanding of

adaptation in plants.
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Appendix A

Chapter 2

Appendix Table A.1: Twenty Canary Island Descurainia individuals from eight species and their

origins were used in this study. Field-collected leaf material was dried in silica gel

ID Species Origin DNA Source Collector(s) No. GBS raw reads
1 D. artemisioides GC Pre-extracted DNA Goodson et al. 2006 1,601,123
2 D. artemisioides GC Pre-extracted DNA Goodson et al. 2006 1,383,489
3 D. bourgaeana TEN Field collected silica leaf R. Grahametal. T 722,778
4 D. bourgaeana TEN Greenhouse grown fresh leaf BGV ¥ 630,969

5 D. bourgaeana TEN Field collected silica leaf R. Grahametal. T 1,732,499
6 D. bourgaeana TEN Field collected silica leaf R.Grahametal. T 1,414,784
7 D. bourgaeana TEN Field collected silica leaf R. Grahametal. T 1,754,449
8 D. gilva LP Field collected silica leaf R. Grahametal. T 459,309

9 D. gilva LP Pre-extracted DNA Goodson et al. 2006 1,639,245
10 D. gonzalezii TEN Greenhouse grown fresh leaf BGV * 656,808
11 D. gonzalezii TEN Pre-extracted DNA Goodson et al. 2006 1,551,613
12 D. lemsii TEN Pre-extracted DNA Goodson et al. 2006 1,131,036
13 D. millefolia TEN Greenhouse grown fresh leaf BGV ¥ 1,611,156
14 D. millefolia LP Field collected silica leaf R. Grahametal. t 1,774,120
15 D. millefolia LP Field collected silica leaf R. Grahametal. T 2,144,194
16 D. millefolia TEN Field collected silica leaf R. Grahametal. T 561,796
17 D. preauxiana GC Pre-extracted DNA Goodson et al. 2006 1,526,147
18 D. preauxiana GC Greenhouse grown fresh leaf BGV § 1,595,777
19 D. tanacetifolia SP Pre-extracted DNA Goodson et al. 2006 1,420,720
20 D. depressa SA Pre-extracted DNA Goodson et al. 2006 1,016,702

t Collected by R. Graham, O. White, M. Carine, and A. Beancourt in 2016; ¥ GBV = Banco de
Germoplasma Vegetal Seedbank
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Appendix Table A.2: Most likely Maximum-Likelihood model for all six GBS assemblies using

ModelTest-NG

T TG Clustering (%) Minimum individuals | Model Weight
c80m10 80 10 GTR+I+G | 0.9958
c80m8 80 8 GTR+I+G | 0.9879
c85m10 85 10 GTR+I+G | 0.9783
c85m8 85 8 GTR+I+G | 0.9859
c90m10 90 10 GTR+I+G | 0.9977
c90m8 90 8 GTR+I+G | 0.9943

Appendix Table A.3: The mean, median, mode and quantiles of posterior distribution samples for

effective population sizes (parameter N), time (t) and admixture (r) for the tested

scenario within DIYABC

Parameter | mean median | mode q025 q050 q250 q750 q950 q975

N1 5.49E+06 | 5.49E+06 | 5.41E+06 | 3.51E+06 | 3.85E+06 | 4.88E+06 | 6.04E+06 | 7.02E+06 | 7.81E+06
N2 1.48E+06 | 1.41E+06 | 1.34E+06 | 6.82E+05 | 8.00E+05 | 1.16E+06 | 1.69E+06 | 2.21E+06 | 2.58E+06
N3 2.09E+06 | 2.07E+06 | 2.00E+06 | 1.17E+06 | 1.38E+06 | 1.81E+06 | 2.35E+06 | 2.82E+06 | 3.03E+06
N4 4.05E+04 | 9.64E+03 | 3.93E+03 | 1.29E+03 | 1.93E+03 | 4.90E+03 | 2.22E+04 | 1.11E+05 | 2.28E+05
N5 3.60E+06 | 3.44E+06 | 3.25E+06 | 1.30E+06 | 1.61E+06 | 2.66E+06 | 4.32E+06 | 6.16E+06 | 7.40E+06
N6 3.82E+06 | 3.80E+06 | 3.74E+06 | 2.23E+06 | 2.56E+06 | 3.33E+06 | 4.26E+06 | 4.98E+06 | 5.39E+06
N7 1.51E+06 | 1.46E+06 | 1.42E+06 | 8.20E+05 | 9.28E+05 | 1.26E+06 | 1.69E+06 | 2.10E+06 | 2.37E+06
N8 9.93E+06 | 9.94E+06 | 9.95E+06 | 9.82E+06 | 9.86E+06 | 9.92E+06 | 9.96E+06 | 9.99E+06 | 9.99E+06
t7 1.35E+04 | 1.30E+04 | 1.27E+04 | 4.82E+03 | 6.43E+03 | 1.04E+04 | 1.60E+04 | 2.20E+04 | 2.54E+04
t6 3.74E+06 | 3.69E+06 | 3.67E+06 | 2.10E+06 | 2.37E+06 | 3.12E+06 | 4.28E+06 | 5.31E+06 | 5.72E+06
r 9.88E-01 | 9.90E-01 |9.91E-01 |9.73E-01 |9.79E-01 |9.87E-01 | 9.93E-01 |9.96E-01 |9.98E-01
t5 1.47E+07 | 1.48E+07 | 1.49E+07 | 1.21E+07 | 1.27E+07 | 1.40E+07 | 1.54E+07 | 1.64E+07 | 1.69E+07
t4 1.91E+07 | 1.92E+07 | 1.95E+07 | 1.64E+07 | 1.72E+07 | 1.87E+07 | 1.97E+07 | 2.05E+07 | 2.07E+07
t3 1.74E+07 | 1.75E+07 | 1.76E+07 | 1.46E+07 | 1.52E+07 | 1.68E+07 | 1.82E+07 | 1.93E+07 | 1.97E+07
t2 1.83E+07 | 1.87E+07 | 1.99E+07 | 1.30E+07 | 1.42E+07 | 1.73E+07 | 1.98E+07 | 2.08E+07 | 2.09E+07
t1 4.82E+07 | 4.84E+07 | 4.86E+07 | 4.56E+07 | 4.64E+07 | 4.79E+07 | 4.88E+07 | 4.95E+07 | 4.97E+07
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Appendix Table A.4: Averages and standard deviation (in brackets) for bioclimatic variables for

each 7 species across 147 individuals of Canary Island Descurainia. The bioclimatic
variables are denoted as follows: AT = Average Temperature; TS = Temperature
Seasonality; AP = Annual Precipitation; PWQ = Precipitation in the Wettest Quarter;
PCQ = Precipitation in the Coldest Quarter. The Islands are noted as follows: GC =

Gran Canaria; Tenerife = TEN; LA Palma = LP; La Gomera = LG.

Species Island n altitude AT TS AP PWQ PCQ
16.224 356.787 317.941 156.441 156.441
D. preauxiana GC 34 802 (2.030) (41.74) (40.575) (19.56) (19.56)
16.921 277.540 356.108 180.554 154.398
D. millefolia TEN; LP; LG 84 588 (1.87) (37.614) (52.99) (24.63) (27.02)
11.894 383.474 450.857 225.857 213.571
D. lemsii TEN 14 1737 (0.99) (34.427) (9.882) (8.511) (18.58)
12.036 430.777 424.313 217.375 215.813
D. gonzalezii TEN 16 1798 (1.038) (36.55) (5.016) (5.852) (10.703)
11.871 368.664 491.727 240.955 215.000
D. gilva LP 22 1951 (1.923) (32.603) (38.801) (16.752) (19.265)
10.427 461.534 445.750 229.875 226.125
D. bourgaeana TEN 24 2232 (0.883) (39.904) (32.671) (11.207) (10.027)
17.088 311.273 316.045 154.591 153.091
D. artemisoides GC 23 582 (1.385) (28.08) (49.971) (21.277) (24.523)
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Appendix Figure A.1: Six Maximume-Likelihood phylogenies using 18 individuals of Canary Island

Descurainia and 2 outgroups from 6 assembly parameters using GBS data. Bootstrap

values are next to branches in red. Branch length bar above phylogeny. Individual ID

numbers are represented in Table 2.1.
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Appendix Table B.1: Subread statistics for PacBio reads and lllumina reads (after filtering).

Library Subreads number |Average N50 Coverage

subreads length

lllumina Reads |111,812,151 150 NA 83

Pac-Bio 515,738 7,067 1,118 |18

Appendix Table B.2: The parameters for the highest-quality hybrid draft do novo assembly of
Descurainia millefolia with the hybrid assembler DBG20OLC.

Software Parameter

Sparse Assembler |NodeCovTh |4

EdgeCovTh |1

k 119
g 15
DBG20LC k 17

KmerCovTh |2

MinOverlap |20

AdaptiveTh |0.001
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Appendix Table B.3: Summary of genome statistics after gap closing.

Genome statistics Original After gap closing
Total number of scaffolds | 2,274 2,274
Sum (bp) 179,681,242 |1.8E+08
Total number of N's 2,889,089 2,709,239
Sum (bp) no N's 176,792,153 |1.77E+08
GC Content 35.81% 35.81%
Max scaffold size 2,172,884 2,172,884
Min scaffold size 1,662 1,662
Average scaffold size 79,015 79,017
N25 637,255 637,255
N50 289,995 289,995
N75 109,019 109,019
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Appendix Table B.4: Summary table generated by RepeatMasker for the draft assembly of D.

millefolia
Repeat element # elements |bps occupied |percentage of genome
Retroelements 20,203 13,627,141 7.81%
SINEs 933 143,935 0.08%
Penelope 119 11,012 0.01%
LINEs 3,034 1,475,491 0.85%
CRE/SLACS 1 81 0.00%
L2/CR1/Rex 0 0 0.00%
R1/LOA/Jockey 0 0 0.00%
R2/R4/NeSL 0 0 0.00%
RTE/Bov-B 4 516 0.00%
L1/CIN4 2,797 1,446,718 0.83%
LTR elements 16,236 12,007,715 6.88%
BEL/Pao 0 0 0.00%
Ty1/Copia 6,425 4,495,135 2.57%
Gypsy/DIRS1 8,954 6,592,006 3.78%
Retroviral 0 0 0.00%
DNA transposons 18,270 5,317,792 3.05%
hobo-Activator 5,536 1,403,830 0.80%
Tc1-1S630-Pogo 2,212 570,976 0.33%
En-Spm 0 0 0.00%
MuDR-IS905 0 0 0.00%
PiggyBac 0 0 0.00%
Tourist/Harbinger 1,134 307,550 0.18%
Other (Mirage, P-element, Transib) |2 138 0.00%
Rolling-circles 2,980 702,441 0.40%
Unclassified: 380 60,884 0.03%
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Repeat element # elements |bps occupied |percentage of genome
Total interspersed repeats 19,005,817 10.89%

Small RNA: 1,580 418,783 0.24%

Satellites: 709 113,140 0.06%

Simple repeats 54,905 2,373,384 1.36%

Low complexity 14,392 712,194 0.41%

Appendix Table B.5: BUSCO summary statistics for our assembled reference genome of

Descurainia millefolia.

BDG20OLC |MaSuRCA

BUSCO summary statistic Number of genes (%)
Complete BUSCOs 411 (96.7) |1,406 (97.7)
Complete and single-copy BUSCOs |394 (92.7) (1,330 (92.4)
Complete and duplicated BUSCOs |17 (4.0) 76 (5.3)
Fragmented BUSCOs 5(1.2) 9 (0.6)
Missing BUSCOs 9(2.1) 25(1.7)
Total BUSCO groups searched 425 1,440
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Appendix Table B.6: Summary of taxa and genome datasets for comparison genomics analyses,

obtained from The Brassicaceae Database (BRAD v.3.0; http://brassicadb.cn; Chen et

al., 2022).
Assembly size | Scaffold N50 | Protein-coding
ID Taxon Reference (Mb) (Mb) genes
(Fernandez-Pozo et

1 Aethionema arabicum al., 2021) 192.49 1.24 18,312
2 Arabidopsis halleri (Briskine et al., 2017) | 196 0.71 25,328
3 Arabidopsis lyrata (Hu et al., 2011) 206.67 24.46 32,667
4 Arabidopsis thaliana (Cheng et al. 120 33.10 27,379
5 Boechera retrofracra (Kliver et al., 2018) 227 2.30 27,048
6 Boechera strictat (Chen et al., 2022) N/A N/A N/A
7 Camelina sativa (Kagale et al., 2014) 547.65 0.99 15,937
8 Capsella grandiflorat (Chen et al., 2022) N/A N/A N/A
9 Capsella rubella (Slotte et al., 2013) 133.06 15.04 26,521
10 Cardamine hirsuta (Gan et al., 2016) 198 N/A 29,458

Descurainia sophiodies
11 T (Chen et al., 2022) 124 1.8 28,032

Leavenworthia
12 alabamica (Haudry et al., 2013) | 243 0.50 30,343

t Genome is unpublished
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Appendix Table B.7: Time calibration used for MCMCtree (PAML), obtained from TIMETREES

(Kumar et al., 2022)

Taxon 1 Taxon 2 Time Range (MYA)
Capsella Camelina 1.1-93

Camelina Boechera 10.0-21.2
Arabidopsis Boechera 10-21.2
Descurainia Arabidopsis 20-28.7
Descurainia Cardamine 20-28.7
Descurainia Aethionema 32.4-45.0
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Appendix Figure B.1: Heatmap of orthologues comparisons between species pairs. Values

represent the number of orthologs/1000.
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Appendix Table C.1: Summary of the primers used for the T-DNA insertions for homozygous

confirmation. The LBb1.3 primer was used as the left border primer for all three

mutants.
Gene Study chr Name Product LP RP
name Size
AT5G52300 |A chr5 SALK_052958 1099 AACAACACACAGTGCATTTGC | GAGCCTCTCTGCTCTCTCCTC
At1g20450 (B chrl SALK_064253 1102 TGATGAAGAAGGTGAAGACGG | TTGAAAAGTCCATTGCCTAGTTC
AT3G08730 |C chr3 SALK_112945 1105 TCTGTATCGATTTTTCCCGTG TTTCAGGTGCCATATACTCCG

Appendix Table C.2: Summary of the processing, filtering, and mapping of whole-genome

sequencing reads.

ID | Species Island Trimmed % Mapped Breathe |Mean |% reads | % PCR
Paired retained |reads of Read |mapped | duplication
Coverage | depth
1 D. artemisioides GC 36,474,166 95.24 95.24 99.75 30.22 |95.772 |0.15
2 | D. bourgaeana TEN 40,218,230 |73.81 73.81 99.57 37.13 [99.493 |0.17
3 D. bourgaeana TEN 33,657,110 94.90 94.90 99.54 31.30 [99.599 [0.16
4 | D.gilva LP 38,200,740 [93.39 93.39 99.60 33.80 [99.732 |0.20
5 D. gilva LP 37,049,276 95.06 95.06 99.58 34.67 [99.581 [0.16
6 |D. gonzalezii TEN 33,477,284 |94.91 94.91 99.46 30.99 [99.790 |(0.17
7 D. gonzalezii TEN 34,310,710 94.77 94.77 99.57 32.01 [99.734 |[0.17
8 | D. lemsii TEN 36,050,644 |94.52 94.52 99.63 32.28 (99.723 |0.17
9 D. lemsii TEN 33,792,814 95.58 95.58 99.60 29.92 [95.163 (0.16
10 | D. millefolia TEN 34,825,938 |94.81 94.81 99.83 31.70 |99.839 |0.18
11 | D. millefolia LG 37,778,182 95.07 95.07 99.78 33.90 [99.064 [0.16
12 | D. millefolia LP 34,468,666 |95.79 95.79 99.77 30.98 [98.915 |0.16
13 | D. preauxiana GC 37,231,246 94.76 94.76 99.67 30.98 [99.808 [0.19
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ID |Species Island Trimmed % Mapped Breathe |Mean | % reads | % PCR
Paired retained |reads of Read | mapped |duplication
Coverage | depth
14 | D. preauxiana GC 33,387,142 95.09 95.09 99.65 30.57 |99.758 | 0.16
15 | D. tanacetifolia SP 49,520,076 96.29 96.29 99.23 31.48 |71.185 |(0.16

Appendix Table C.3: F statistics calculated from 15 whole-genome sequencing SNP dataset.

0
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D. millefolia 0.180915

D. preauxiana 0.231397 |0.133029

D. artemisioides |0.225494 |0.073515 |0.113833

D. gilva 0.16554 [0.138428 |0.206055 |0.196588

D. gonzalezi 0.165394 [{0.13827 |0.202379 |0.193684 |0.004778

D. lemsii 0.109212 {0.053 0.121264 |0.08311 |0.031074|0.023994
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Appendix Table C.4: ANOVA comparing the average values between species in Clade A (low-

altitude) and B (high-altitude) for five of our climatic variables.

climate season estimate conf.low conf.high p.adj

average temperature autumn 5.455 3.285 7.626 0.000
average temperature spring 5.467 4.269 6.664 0.000
average temperature summer 3.298 1.728 4.869 0.000
average temperature winter 5.808 4.841 6.774 0.000
precipitation autumn -9.827 -24.663 5.010 0.182
precipitation spring -9.581 -23.850 4.688 0.176
precipitation summer -0.819 -1.664 0.026 0.057
precipitation winter -21.659 -28.374 -14.944 0.000
solar radiation autumn -862.838 | -4,211.114 2,485.437 0.596
solar radiation spring -1,503.753 | -3,840.182 832.676 0.194
solar radiation summer -1,989.654 | -3,043.800 -935.509 0.001
solar radiation winter -739.732 | -2,430.531 951.067 0.371
water vapor pressure autumn 0.578 0.483 0.672 0.000
water vapor pressure spring 0.462 0.390 0.535 0.000
water vapor pressure summer 0.615 0.523 0.706 0.000
water vapor pressure winter 0.430 0.346 0.514 0.000
wind speed autumn -1.553 -2.044 -1.063 0.000
wind speed spring -1.508 -2.037 -0.979 0.000
wind speed summer -0.859 -1.485 -0.233 0.010
wind speed winter -2.510 -3.031 -1.989 0.000
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Appendix Table C.5: List of genes under positive selection on the branch leading to the high-

altitude species of Canary Island Descurainia. * indicate P value significance level.

There are 53 Descurainia (GMOD) genes that have no annotation.

CODEML
Desc_ID Pvalue Gene Names Gene Ontology (GO)
GMOD_00000369 0.029 At4g29180 membrane [GO:0016020]; ATP binding [GO:0005524];
F19B15.210 protein serine kinase activity [GO:0106310]; protein
serine/threonine kinase activity [GO:0004674]; protein
phosphorylation [GO:0006468]

GMOD_00000546 0.004 HRQ1 YDR291W | nucleus [GO:0005634]; 3'-5' DNA helicase activity
[GO:0043138]; ATP binding [GO:0005524]; ATP hydrolysis
activity [GO:0016887]; DNA binding [GO:0003677]; DNA
duplex unwinding [GO:0032508]; nucleotide-excision repair
[GO:0006289]

GMOD_00000593 0.009 SQSs1 cytoplasm [GO:0005737]; nucleus [GO:0005634]; nucleic

YALIOF11253g acid binding [GO:0003676]; mRNA processing
[GO:0006397]; RNA splicing [GO:0008380]
GMOD_00000683 0.043 RED1 oxidoreductase activity [GO:0016491]
MGG_12983
GMOD_00000866 0.007 DAR3 ubiquitin binding [GO:0043130]
At5g66640
MSN2.2
GMOD_00002100 0.014 AUL1 cytoplasm [GO:0005737]; intracellular membrane-bounded
Atl1g75310 organelle [GO:0043231]; vesicle [GO:0031982]; clathrin
F1B16.14 binding [G0O:0030276]; clathrin coat disassembly
F22H5.15 [GO:0072318]; clathrin-dependent endocytosis
[GO:0072583]
GMOD_00002133 0.004 At1g75040 apoplast [GO:0048046]; mitochondrion [GO:0005739];
F9E10.11 plant-type vacuole [GO:0000325]; secretory vesicle
[GO:0099503]; mRNA binding [GO:0003729]; defense
response [GO:0006952]; regulation of anthocyanin
biosynthetic process [GO:0031540]; response to cadmium
ion [GO:0046686]; response to UV-B [GO:0010224];
response to virus [GO:0009615]; systemic acquired
resistance [GO:0009627]
GMOD_00002270 0.017 At3g61800 chromosome [GO:0005694]; RNA polymerase Il complex
F15G16.190 binding [GO:0000993]; response to UV [GO:0009411];

transcription-coupled nucleotide-excision repair

[GO:0006283]
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CODEML
Desc_ID Pvalue Gene Names Gene Ontology (GO)
GMOD_00002597 0.015 AHL17 nucleus [GO:0005634]; DNA-binding transcription factor
At5g49700 activity [GO:0003700]; minor groove of adenine-thymine-
K215.6 rich DNA binding [GO:0003680]
GMOD_00002771 0.005
GMOD_00003076 0.036 ARP REF chloroplast nucleoid [GO:0042644]; nucleus [GO:0005634];
At2g41460 3'-5' exonuclease activity [GO:0008408]; DNA binding
T26J13.5 [GO:0003677]; DNA-(apurinic or apyrimidinic site)
endonuclease activity [GO:0003906]; double-stranded DNA
3'-5' exodeoxyribonuclease activity [GO:0008311];
endonuclease activity [GO:0004519]; metal ion binding
[GO:0046872]; phosphatase activity [GO:0016791];
phosphodiesterase | activity [GO:0004528]; phosphoric
diester hydrolase activity [GO:0008081]; base-excision
repair [GO:0006284]; nucleotide-excision repair, DNA
incision [GO:0033683]; positive regulation of DNA-
templated transcription [GO:0045893]
GMOD_00003120 0.008 R3HDM2 nucleus [GO:0005634]; nucleic acid binding [GO:0003676]
GMOD_00003203 0.021 ESF1.1 MEG1.1 embryonic axis specification [GO:0000578]; suspensor
Atlgl0747 development [GO:0010098]
F20B24 T16B5
GMOD_00003489 0.001
GMOD_00003599 0.000 SULTR1;2 plasma membrane [GO:0005886]; secondary active sulfate
At1g78000 transmembrane transporter activity [GO:0008271];
F28K19.22 symporter activity [GO:0015293]; cellular response to
sulfate starvation [GO:0009970]
GMOD_00003600 0.013 mnmE trmE cytoplasm [GO:0005737]; GTP binding [GO:0005525];
Synpcc7942_15 | GTPase activity [GO:0003924]; metal ion binding
82 sed0016 [GO:0046872]; tRNA modification [GO:0006400]
GMOD_00003627 0.024
GMOD_00003771 0.011
GMOD_00004706 0.044 AGL27 FK1 FLM | nucleus [GO:0005634]; DNA-binding transcription factor

MAF1
At1g77080
F22K20.15

activity [GO:0003700]; DNA-binding transcription factor
activity, RNA polymerase Il-specific [GO:0000981]; protein
dimerization activity [GO:0046983]; RNA polymerase Il cis-
regulatory region sequence-specific DNA binding
[GO:0000978]; floral meristem determinacy [GO:0010582];
negative regulation of flower development [G0O:0009910];

photoperiodism, flowering [GO:0048573]; regulation of
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DNA-templated transcription [GO:0006355]; regulation of
flower development [GO:0009909]; regulation of
transcription by RNA polymerase Il [GO:0006357]
GMOD_00004709 0.041 AGL31 MAF2 nucleus [GO:0005634]; DNA-binding transcription factor
At5g65050 activity [GO:0003700]; DNA-binding transcription factor
MXK3.30 activity, RNA polymerase ll-specific [GO:0000981]; protein
dimerization activity [GO:0046983]; RNA polymerase |l cis-
regulatory region sequence-specific DNA binding
[GO:0000978]; cell differentiation [GO:0030154]; floral
meristem determinacy [GO:0010582]; negative regulation
of flower development [GO:0009910]; negative regulation
of vernalization response [G0:0010221]; positive regulation
of transcription by RNA polymerase Il [GO:0045944];
regulation of DNA-templated transcription [GO:0006355];
regulation of transcription by RNA polymerase I
[GO:0006357]; vernalization response [GO:0010048]
GMOD_00004897 0.049 At5g63170 extracellular region [GO:0005576]; lipase activity
MDC12.14 [GO:0016298]; lipid catabolic process [GO:0016042]
GMOD_00004966 0.003 PER28 P28 extracellular region [GO:0005576]; plant-type cell wall
At3g03670 [GO:0009505]; heme binding [GO:0020037];
T12J13.5 lactoperoxidase activity [GO:0140825]; metal ion binding
[GO:0046872]; peroxidase activity [GO:0004601]; cellular
response to hypoxia [GO:0071456]; hydrogen peroxide
catabolic process [GO:0042744]; response to oxidative
stress [GO:0006979]
GMOD_00004988 0.001 CHAT (2)-3-hexen-1-ol acetyltransferase activity [GO:0102165];
At3g03480 acetyl CoA:(Z)-3-hexen-1-ol acetyltransferase activity
T21P5.10 [GO:0010327]; acyltransferase activity, transferring groups
other than amino-acyl groups [GO:0016747]; green leaf
volatile biosynthetic process [GO:0010597]
GMOD_00005015 0.004 GOT1 cytosol [GO:0005829]; Golgi membrane [GO:0000139];
At3g03180 endoplasmic reticulum to Golgi vesicle-mediated transport
T17B22.13 [GO:0006888]; retrograde transport, endosome to Golgi
[GO:0042147]
GMOD_00005161 0.000 IAN10 PP2A3 carbohydrate binding [GO:0030246]; GTP binding
At2g26820 [GO:0005525]
F12C20.14
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GMOD_00005188 0.013 ARF12 nucleus [GO:0005634]; DNA-binding transcription factor
At1g34310 activity [GO:0003700]; transcription cis-regulatory region
F23M19.4 binding [GO:0000976]; auxin-activated signaling pathway
[GO:0009734]
GMOD_00005303 0.000
GMOD_00005619 0.024 nsa2 nucleolus [GO:0005730]; preribosome, large subunit
DDB_G0290031 | precursor [GO:0030687]; maturation of 5.8S rRNA
[GO:0000460]; maturation of LSU-rRNA [GO:0000470]
GMOD_00005687 0.002 MOT2 ST5.1 mitochondrion [GO:0005739]; plant-type vacuole
SULTRS.1 [GO:0000325]; plant-type vacuole membrane
At1g80310 [GO:0009705]; molybdate ion transmembrane transporter
F516.6 activity [GO:0015098]; molybdate ion export from vacuole
[GO:0090414]; molybdate ion transport [GO:0015689]
GMOD_00005729 0.009 RBK2 cytoplasm [GO:0005737]; nucleus [GO:0005634]; ATP
At3g05140 binding [GO:0005524]; GTPase binding [G0:0051020];
T12H1.10 protein serine kinase activity [GO:0106310]; protein
serine/threonine kinase activity [GO:0004674]; protein
phosphorylation [GO:0006468]
GMOD_00005760 0.000 ADG2 APL1 chloroplast [GO:0009507]; chloroplast envelope
At5g19220 [GO:0009941]; chloroplast stroma [GO:0009570]; ATP
T24G5.120 binding [G0O:0005524]; glucose-1-phosphate
adenylyltransferase activity [GO:0008878]; glycogen
biosynthetic process [GO:0005978]; starch biosynthetic
process [GO:0019252]
GMOD_00005915 0.015 At4g14190 chloroplast [GO:0009507]
di3135c¢
FCAALL.115
GMOD_00005927 0.000 RLP47 plasma membrane [GO:0005886]
At4g13810
F18A5.200
GMOD_00006002 0.006 At1g26930 nucleus [GO:0005634]; peroxisome [GO:0005777]
T2P11.12
GMOD_00006019 0.049
GMOD_00006145 0.026 At1g25211
FAF7.44
GMOD_00006158 0.026 CYTC-1 cytosol [GO:0005829]; mitochondrial intermembrane space
At1g22840 [GO:0005758]; mitochondrion [GO:0005739]; nucleus
F19G10.20 [GO:0005634]; plant-type vacuole [GO:0000325];
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respirasome [GO:0070469]; copper ion binding
[GO:0005507]; electron transfer activity [GO:0009055];
heme binding [G0:0020037]; gibberellic acid homeostasis
[GO:0010336]; mitochondrial electron transport,
cytochrome c to oxygen [GO:0006123]; mitochondrial
electron transport, ubiquinol to cytochrome ¢ [GO:0006122]
GMOD_00006397 0.000 At2g15640
F9013.19
GMOD_00006419 0.002 KCS9 endoplasmic reticulum membrane [GO:0005789]; very-long-
At2g16280 chain 3-ketoacyl-CoA synthase activity [G0:0102756]; fatty
F16F14.22 acid biosynthetic process [GO:0006633]; response to cold
[GO:0009409]; response to light stimulus [GO:0009416]
GMOD_00006443 0.023 RNA binding [GO:0003723]; translation initiation factor
activity [GO:0003743]
GMOD_00006463 0.004 ASK11 cytoplasm [GO:0005737]; nucleus [GO:0005634]; SCF
At4g34210 ubiquitin ligase complex [GO:0019005]; cullin family protein
F10M10.2 binding [GO:0097602]; auxin-activated signaling pathway
[GO:0009734]; jasmonic acid mediated signaling pathway
[GO:0009867]; protein ubiquitination [GO:0016567];
response to auxin [GO:0009733]; response to jasmonic acid
[GO:0009753]; SCF-dependent proteasomal ubiquitin-
dependent protein catabolic process [GO:0031146]
GMOD_00006505 0.012 RPS6 ADP binding [GO:0043531]; ATP binding [GO:0005524];
At5g46470 NAD(P)+ nucleosidase activity [GO:0050135]; NAD+
K1111.6 nucleotidase, cyclic ADP-ribose generating [GO:0061809];
defense response to bacterium [GO:0042742]; signal
transduction [GO:0007165]
GMOD_00006642 0.014 fabG ylpF 3-oxoacyl-[acyl-carrier-protein] reductase (NADPH) activity
BSU15910 [GO:0004316]; NAD binding [GO:0051287]; oxidoreductase
activity, acting on the CH-OH group of donors, NAD or NADP
as acceptor [GO:0016616]; fatty acid elongation
[GO:0030497]
GMOD_00006916 0.018 INT3 At2g35740 | membrane [GO:0016020]; myo-inositol:proton symporter
T20F21.7 activity [GO:0005366]; transmembrane transporter activity
[GO:0022857]; myo-inositol transport [GO:0015798];
transmembrane transport [GO:0055085]
GMOD_00006969 0.008 RUN1 cytoplasm [GO:0005737]; nucleus [GO:0005634]; ADP

binding [G0O:0043531]; NAD(P)+ nucleosidase activity
[GO:0050135]; NAD+ nucleosidase activity [GO:0003953];
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NAD+ nucleotidase, cyclic ADP-ribose generating
[GO:0061809]; defense response to fungus [GO:0050832];
NAD catabolic process [GO:0019677]; positive regulation of
programmed cell death [GO:0043068]; signal transduction
[GO:0007165]

GMOD_00007066

0.021

SRG1
At1g17020
F20D23.28
F611.30

metal ion binding [G0:0046872]; oxidoreductase activity,
acting on diphenols and related substances as donors,
oxygen as acceptor [GO:0016682]; leaf senescence

[G0:0010150]

GMOD_00007099

0.000

Ermp1l Fxna

endoplasmic reticulum [GO:0005783]; endoplasmic
reticulum membrane [GO:0005789]; metal ion binding
[GO:0046872]; metalloexopeptidase activity [GO:0008235];
cellular response to oxidative stress [GO:0034599];
endoplasmic reticulum unfolded protein response
[GO:0030968]; ovarian follicle development [GO:0001541];
proteolysis [GO:0006508]

GMOD_00007111

0.033

HSP70-2 HSC70-
2 HSC70-G8
MED37_3
MED37D
At5g02490
T22P11.80

cytoplasm [GO:0005737]; cytosol [GO:0005829]; Golgi
apparatus [GO:0005794]; nucleus [GO:0005634]; plant-type
cell wall [GO:0009505]; plasma membrane [GO:0005886];
ATP binding [GO:0005524]; ATP hydrolysis activity
[GO:0016887]; ATP-dependent protein folding chaperone
[GO:0140662]; heat shock protein binding [G0:0031072];
misfolded protein binding [GO:0051787]; protein folding
chaperone [G0O:0044183]; unfolded protein binding
[GO:0051082]; cellular response to unfolded protein
[GO:0034620]; chaperone cofactor-dependent protein
refolding [GO:0051085]; protein refolding [G0O:0042026];
response to bacterium [GO:0009617]; response to heat

[GO:0009408]; response to virus [GO:0009615]

GMOD_00007120

0.002

POLA2

alpha DNA polymerase:primase complex [GO:0005658];
cytosol [GO:0005829]; nucleoplasm [GO:0005654]; DNA
binding [GO:0003677]; DNA replication [GO:0006260]; DNA
replication initiation [GO:0006270]; DNA replication,
synthesis of RNA primer [GO:0006269]; protein import into
nucleus [GO:0006606]

GMOD_00007172

0.031

TDR PXY
At5g61480
MCI2.4

plasma membrane [GO:0005886]; ATP binding
[GO:0005524]; protein serine kinase activity [G0:0106310];
protein serine/threonine kinase activity [GO:0004674]; cell
division [GO:0051301]; phloem or xylem histogenesis
[GO:0010087]; procambium histogenesis [GO:0010067];
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protein phosphorylation [GO:0006468]; secondary shoot
formation [GO:0010223]; xylem development [GO:0010089]
GMOD_00007257 0.011 CDC48C cytoskeleton [GO:0005856]; nucleus [GO:0005634];
EMB1354 phragmoplast [GO:0009524]; ATP binding [GO:0005524];
At3g01610 ATP hydrolysis activity [G0:0016887]; preribosome binding
F4P13.15 [G0:1990275]; cell cycle [GO:0007049]; cell division
[GO:0051301]; positive regulation of telomerase activity
[GO:0051973]; protein transport [GO:0015031]; ribosome
biogenesis [GO:0042254]
GMOD_00007296 0.015 SEC11C signal peptidase complex [GO:0005787]; serine-type
SEC11L3 endopeptidase activity [GO:0004252]; signal peptide
processing [GO:0006465]
GMOD_00007418 0.007 APRR3 nucleus [GO:0005634]; cytokinin-activated signaling
At5g60100 pathway [GO:0009736]; phosphorelay signal transduction
MGO03.8 system [GO:0000160]; rhythmic process [GO:0048511]
GMOD_00007528 0.042 sde2 nucleus [GO:0005634]; DNA binding [GO:0003677]; cell
zgc:112095 cycle [GO:0007049]; cell division [GO:0051301]; DNA
replication [GO:0006260]
GMOD_00007549 0.044 ATPK1 ATPK6 cytoplasm [GO:0005737]; nucleus [GO:0005634]; ATP
S6K1 binding [GO:0005524]; kinase activity [GO:0016301];
At3g08730 protein kinase activity [GO:0004672]; protein serine kinase
F17014.20 activity [GO:0106310]; protein serine/threonine kinase
activity [GO:0004674]; negative regulation of cell population
proliferation [GO:0008285]; peptidyl-serine phosphorylation
[GO:0018105]; positive regulation of translation
[GO:0045727]; protein phosphorylation [GO:0006468];
response to cold [GO:0009409]; response to osmotic stress
[GO:0006970]; response to salt stress [GO:0009651]
GMOD_00007625 0.032 CALS3 GSL12 1,3-beta-D-glucan synthase complex [GO:0000148]; plasma
At5g13000 membrane [GO:0005886]; 1,3-beta-D-glucan synthase
T24H18.170 activity [GO:0003843]; glucosyltransferase activity
[GO:0046527]; (1->3)-beta-D-glucan biosynthetic process
[GO:0006075]; cell wall organization [GO:0071555];
regulation of cell shape [GO:0008360]
GMOD_00008007 0.006 At5g53635
MNC6.17
GMOD_00008054 0.012 prmA cytoplasm [GO:0005737]; protein methyltransferase activity

[GO:0008276]
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GMOD_00008203 0.031 FER AAK1 SIR filiform apparatus [GO:0043680]; plasma membrane

SRN At3g51550 [GO:0005886]; plasmodesma [GO:0009506]; ATP binding
F26013.190 [GO:0005524]; protein kinase activity [GO:0004672];
protein serine kinase activity [G0:0106310]; protein
serine/threonine kinase activity [GO:0004674];
transmembrane receptor protein tyrosine kinase activity
[GO:0004714]; abscisic acid-activated signaling pathway
[GO:0009738]; brassinosteroid mediated signaling pathway
[GO:0009742]; circadian regulation of gene expression
[GO:0032922]; defense response to fungus [GO:0050832];
ethylene-activated signaling pathway [GO:0009873];
negative regulation of abscisic acid-activated signaling
pathway [GO:0009788]; negative regulation of cell growth
[GO:0030308]; pollen tube reception [GO:0010483]; post-
embryonic development [GO:0009791]; protein
autophosphorylation [GO:0046777]; response to
brassinosteroid [GO:0009741]; response to ethylene
[GO:0009723]; root development [GO:0048364]; stomatal
movement [GO:0010118]

GMOD_00008695 0.035 RF178 metal ion binding [GO:0046872]; transferase activity
At2g38920 [GO:0016740]; protein ubiquitination [GO:0016567]
T7F6.9

GMOD_00008711 | 0.010 EMB2204
At1g22090
F2E2.16

GMOD_00008906 0.008 ERCC1 RAD10 ERCC4-ERCC1 complex [GO:0070522]; nucleotide-excision
UVR7 repair factor 1 complex [GO:0000110]; 5'-flap endonuclease
At3g05210 activity [GO:0017108]; damaged DNA binding

T12H1.18 [GO:0003684]; single-stranded DNA binding [GO:0003697];
double-strand break repair via homologous recombination
[GO:0000724]; meiotic mismatch repair [GO:0000710];
mitotic recombination [GO:0006312]; non-photoreactive
DNA repair [GO:0010213]; nucleotide-excision repair, DNA
incision, 5'-to lesion [GO:0006296]; nucleotide-excision
repair, preincision complex assembly [GO:0006294];
response to gamma radiation [G0O:0010332]; response to
UV-B [GO:0010224]; UV-damage excision repair
[GO:0070914]
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GMOD_00008932 0.006 AMT1-5 plasma membrane [GO:0005886]; ammonium
At3g24290 transmembrane transporter activity [GO:0008519];
K7M?2.6 ammonium homeostasis [GO:0097272]; ammonium
transmembrane transport [GO:0072488]
GMOD_00008972 0.024
GMOD_00009175 0.020 PIGM PNT1 endoplasmic reticulum membrane [GO:0005789];
At5g22130 glycosylphosphatidylinositol-mannosyltransferase | complex
T6G21.34 [GO:1990529]; alpha-1,4-mannosyltransferase activity
[GO:0051751]; glycolipid mannosyltransferase activity
[GO:0004376]; mannosyltransferase activity [GO:0000030];
GPI anchor biosynthetic process [GO:0006506]
GMOD_00009671 0.004
GMOD_00009697 0.025 At1g64065 membrane [GO:0016020]
GMOD_00009727 0.007 RLM1A ADP binding [G0:0043531]; ATP binding [GO:0005524];
At1g64070 NAD(P)+ nucleosidase activity [GO:0050135]; NAD+
F22C12.17 nucleotidase, cyclic ADP-ribose generating [GO:0061809];
defense response to fungus [GO:0050832]; signal
transduction [GO:0007165]
GMOD_00009757 0.000
GMOD_00010067 0.041
GMOD_00010176 0.001 At2g01390/At2
g01380
F10A8.29 F219.1
GMOD_00010193 0.002
GMOD_00010209 0.001 UTP20 90S preribosome [GO:0030686]; cytoplasm [GO:0005737];
YBLO04W nucleolus [GO:0005730]; nucleoplasm [GO:0005654];
YBLO101 preribosome, small subunit precursor [GO:0030688]; small-

subunit processome [G0O:0032040]; mRNA binding
[GO:0003729]; endonucleolytic cleavage in 5'-ETS of
tricistronic rRNA transcript (SSU-rRNA, 5.8S rRNA, LSU-
rRNA) [GO:0000480]; endonucleolytic cleavage in ITS1 to
separate SSU-rRNA from 5.8S rRNA and LSU-rRNA from
tricistronic rRNA transcript (SSU-rRNA, 5.8S5 rRNA, LSU-
rRNA) [GO:0000447]; endonucleolytic cleavage to generate
mature 5'-end of SSU-rRNA from (SSU-rRNA, 5.8S rRNA,
LSU-rRNA) [GO:0000472]; maturation of SSU-rRNA
[GO:0030490]
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GMOD_00010255 0.005 EMB175 PCMP- | zincion binding [GO:0008270]; embryo development ending
H19 At5g03800 | in seed dormancy [GO:0009793]
F8F6_10
MED24_10
GMOD_00010324 0.012 PICBP calmodulin binding [GO:0005516]; defense response
At5g04020 [GO:0006952]
F8F6_230
GMOD_00010409 0.001 FH8 At1g70140 plasma membrane [GO:0005886]; plasmodesma
F20P5.14 [GO:0009506]; actin binding [GO:0003779]; actin filament
binding [G0O:0051015]; profilin binding [GO:0005522]; actin
nucleation [GO:0045010]; cell tip growth [GO:0009932]
GMOD_00010434 0.011 NPF4.6 AIT1 plasma membrane [GO:0005886]; abscisic acid
NRT1.2 NTL1 transmembrane transporter activity [GO:0090440];
NTR1:2 symporter activity [GO:0015293]; abscisic acid transport
At1g69850 [GO:0080168]; nitrate assimilation [GO:0042128];
T17F3.12 regulation of stomatal movement [GO:0010119]; response
to nematode [GO:0009624]
GMOD_00010437 0.024 WRKY36 nucleus [GO:0005634]; DNA-binding transcription factor
At1g69810 activity [GO:0003700]; sequence-specific DNA binding
T17F3.16 [GO:0043565]
GMOD_00010461 0.047
GMOD_00010491 0.038 EXO70H1 cytosol [GO:0005829]; endomembrane system
At3g55150 [GO:0012505]; exocyst [GO:0000145]; membrane
T26112.30 [GO:0016020]; nucleus [GO:0005634]; phagocytic vesicle
[GO:0045335]; vesicle [GO:0031982]; phosphatidylinositol-
4,5-bisphosphate binding [GO:0005546]; defense response
[GO:0006952]; exocytosis [GO:0006887]; positive regulation
of defense response to bacterium [GO:1900426]; response
to bacterium [GO:0009617]; response to fungus
[GO:0009620]; response to molecule of bacterial origin
[GO:0002237]
GMOD_00010511 0.040 GSTT3 GST10C cytoplasm [GO:0005737]; nucleus [GO:0005634]; plastid
At5g41220 [GO:0009536]; glutathione transferase activity
K1013.1 [GO:0004364]; toxin catabolic process [GO:0009407]
GMOD_00010521 0.031 WDR11 BRWD2 | axoneme [GO:0005930]; ciliary basal body [GO:0036064];

KIAA1351
WDR15

cytoplasm [GO:0005737]; cytoplasmic vesicle [GO:0031410];
cytosol [GO:0005829]; lysosomal membrane [GO:0005765];
membrane [GO:0016020]; microtubule cytoskeleton
[GO:0015630]; nucleus [GO:0005634]; trans-Golgi network
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[GO:0005802]; cilium assembly [GO:0060271]; head
development [GO:0060322]; heart development
[GO:0007507]; intracellular protein transport [GO:0006886];
multicellular organism growth [G0:0035264]; regulation of
smoothened signaling pathway [GO:0008589]; vesicle
tethering to Golgi [GO:0099041]
GMOD_00010733 0.045 0s08g0135800 DNA binding [GO:0003677]; metal ion binding [GO:0046872]
LOC_0s08g041
70
0J1613_G04.4-
1 PO680F05.43-
1
GMOD_00010784 0.018 At5g14285 membrane [GO:0016020]
F18022_70
GMOD_00010815 0.002 Mgat3 Gnt3 Golgi membrane [GO:0000139]; lysosome [GO:0005764];
beta-1,4-mannosylglycoprotein 4-beta-N-
acetylglucosaminyltransferase activity [GO:0003830];
glycosyltransferase activity [GO:0016757]; amyloid-beta
metabolic process [GO:0050435]; canonical Wnt signaling
pathway [GO:0060070]; cellular response to oxidative stress
[GO:0034599]; cognition [GO:0050890]; lysosomal protein
catabolic process [G0O:1905146]; N-acetylglucosamine
metabolic process [GO:0006044]; negative regulation of
lysosomal protein catabolic process [GO:1905166]; positive
regulation of protein localization to early endosome
[GO:1902966]; protein localization [GO:0008104]; protein
localization to early endosome [G0:1902946]; protein N-
linked glycosylation [GO:0006487]; regulation of cell
migration [GO:0030334]
GMOD_00011075 0.027 NUCL2 NuC2 nucleolus [GO:0005730]; ribonucleoprotein complex
PARLL1 [GO:1990904]; nucleosome binding [GO:0031491]; RNA
At3g18610 binding [GO:0003723]; rRNA processing [GO:0006364]
K24M9.11
GMOD_00011078 0.009 ATL32 membrane [GO:0016020]; metal ion binding [GO:0046872];
At4g40070 transferase activity [GO:0016740]; protein ubiquitination
T5J17.240 [GO:0016567]
GMOD_00011200 0.046 CYCB2-2 CYC2B | cyclin-dependent protein kinase holoenzyme complex

[GO:0000307]; cytoplasm [GO:0005737]; nucleus
[GO:0005634]; cyclin-dependent protein serine/threonine
kinase regulator activity [GO:0016538]; cell division
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[GO:0051301]; mitotic cell cycle phase transition
[GO:0044772]; regulation of cyclin-dependent protein
serine/threonine kinase activity [GO:0000079]
GMOD_00011294 0.047 P2A12 carbohydrate binding [G0O:0030246]
Atl1gl12710
T12C24.23
GMOD_00011382 0.031 BAD1 plasma membrane [GO:0005886]; innate immune response
At5g54610 [GO:0045087]; response to salicylic acid [GO:0009751]
MRB17.11
GMOD_00011448 0.040 0s08g0121900 membrane [GO:0016020]; glycosyltransferase activity
LOC_0s08g028 [GO:0016757]
50
B1203H11.32
OsJ_25865
OSJNBa0073J19
.9
OSJNBa0091F23
.17
GMOD_00011574 0.039 LRK10L-2.1 membrane [GO:0016020]; ATP binding [GO:0005524];
At5g38260 polysaccharide binding [GO:0030247]; protein serine kinase
MXA21.5 activity [GO:0106310]; protein serine/threonine kinase
activity [GO:0004674]; protein phosphorylation
[GO:0006468]
GMOD_00011582 0.004 LRK10L-2.7 membrane [GO:0016020]; ATP binding [GO:0005524];
LRK10L2 polysaccharide binding [GO:0030247]; protein serine kinase
At1g66930 activity [GO:0106310]; protein serine/threonine kinase
F1019.1 activity [GO:0004674]; protein phosphorylation
T4024.2 [GO:0006468]
GMOD_00011594 0.024 SWEETIE carbohydrate metabolic process [GO:0005975]; ethylene
Atl1g67140 biosynthetic process [GO:0009693]; regulation of ethylene
F5A8.5 biosynthetic process [G0O:0010364]; regulation of leaf
senescence [GO:1900055]; starch metabolic process
[GO:0005982]; trehalose metabolic process [GO:0005991]
GMOD_00011779 0.004 PAP9 FBN7a chloroplast [GO:0009507]; chloroplast thylakoid membrane
FIB7a [GO:0009535]; cytosol [GO:0005829]; plastoglobule
At3g58010 [GO:0010287]; thylakoid [GO:0009579]; thylakoid lumen
T10K17.220 [GO:0031977]
GMOD_00011829 0.048 PME41 extracellular region [GO:0005576]; aspartyl esterase activity
ARATH41 [GO:0045330]; pectinesterase activity [GO:0030599];
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At4g02330 pectinesterase inhibitor activity [GO:0046910]; cell wall
T14P8.14 modification [GO:0042545]; defense response to fungus
[GO:0050832]; pectin catabolic process [GO:0045490];
response to brassinosteroid [GO:0009741]; response to cold
[GO:0009409]; response to fungus [GO:0009620]
GMOD_00011888 0.021 EDA41
At5g52460
K24M7.21
GMOD_00011947 0.001 IMPAG6 cytoplasm [GO:0005737]; nuclear envelope [GO:0005635];
At1g02690 nucleus [GO:0005634]; nuclear import signal receptor
T14P4.3 activity [GO:0061608]; nuclear localization sequence
binding [GO:0008139]; NLS-bearing protein import into
nucleus [GO:0006607]

GMOD_00012037 0.014 ERD10 LTI29 cytoplasm [GO:0005737]; cytosol [GO:0005829]; extrinsic

LTI45 component of membrane [GO:0019898]; membrane

At1g20450 [GO:0016020]; nucleus [GO:0005634]; plasmodesma

F5M15.21 [GO:0009506]; actin binding [GO:0003779]; copper ion

F5M15_20 binding [GO:0005507]; lipid binding [GO:0008289]; nickel
cation binding [GO:0016151]; phosphatidylcholine binding
[GO:0031210]; phosphatidylserine binding [GO:0001786];
protein folding chaperone [G0O:0044183]; cellular water
homeostasis [G0:0009992]; cold acclimation [GO:0009631];
protein stabilization [GO:0050821]; regulation of membrane
permeability [GO:0090559]; regulation of seed germination
[GO:0010029]; response to abscisic acid [GO:0009737];
response to cold [GO:0009409]; response to water
deprivation [GO:0009414]

GMOD_00012054 | 0.039 RNR2B cytoplasm [GO:0005737]; metal ion binding [GO:0046872];
ribonucleoside-diphosphate reductase activity, thioredoxin
disulfide as acceptor [GO:0004748]; deoxyribonucleotide
biosynthetic process [GO:0009263]; DNA replication
[GO:0006260]

GMOD_00012156 0.002

GMOD_00012237 0.015 PCMP-E42

PCMP-E60
At1g50270
F1413.12
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GMOD_00012379 0.003 NFYC6 nucleus [GO:0005634]; DNA-binding transcription activator
At5g50480 activity, RNA polymerase Il-specific [GO:0001228]; DNA-
MBA10.3 binding transcription factor activity [GO:0003700]; protein
heterodimerization activity [GO:0046982]; transcription cis-
regulatory region binding [GO:0000976]; regulation of DNA-
templated transcription [GO:0006355]
GMOD_00012845 0.026 CYP716A1 membrane [GO:0016020]; heme binding [GO:0020037]; iron
At5g36110 ion binding [GO:0005506]; monooxygenase activity
MAB16.5 [GO:0004497]; oxidoreductase activity [GO:0016491];
oxidoreductase activity, acting on paired donors, with
incorporation or reduction of molecular oxygen, NAD(P)H as
one donor, and incorporation of one atom of oxygen
[GO:0016709]; sterol metabolic process [GO:0016125];
triterpenoid metabolic process [GO:0006722]
GMOD_00013016 0.005 CHS1 cytoplasm [GO:0005737]; nucleus [GO:0005634]; ADP
Atlgl7610 binding [G0O:0043531]; NAD(P)+ nucleosidase activity
F1L3.31 [GO:0050135]; NAD+ nucleotidase, cyclic ADP-ribose
generating [GO:0061809]; borate transport [GO:0046713];
defense response [GO:0006952]; signal transduction
[GO:0007165]
GMOD_00013175 0.038 At2g19130 plasma membrane [GO:0005886]; ATP binding
T20K24.15 [GO:0005524]; calmodulin binding [GO:0005516];
carbohydrate binding [GO:0030246]; protein serine kinase
activity [GO:0106310]; protein serine/threonine kinase
activity [GO:0004674]; ubiquitin protein ligase binding
[GO:0031625]; protein phosphorylation [GO:0006468];
recognition of pollen [GO:0048544]
GMOD_00013335 0.001 LECRK11 plasma membrane [GO:0005886]; ATP binding
At3g45330 [GO:0005524]; carbohydrate binding [GO:0030246]; protein
F18N11.90 serine kinase activity [GO:0106310]; transmembrane
receptor protein serine/threonine kinase activity
[GO:0004675]; defense response to bacterium
[GO:0042742]; defense response to fungus [GO:0050832];
defense response to oomycetes [GO:0002229]; protein
phosphorylation [GO:0006468]
GMOD_00013370 0.031 NPF2.3 plasma membrane [GO:0005886]; nitrate transmembrane
At3g45680 transporter activity [GO:0015112]; cellular response to salt
T6D9.10 stress [GO:0071472]; nitrate assimilation [GO:0042128];
nitrate transmembrane transport [GO:0015706];
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HSP98.7
At2g25140
F13D4.100

CODEML
Desc_ID Pvalue Gene Names Gene Ontology (GO)
oligopeptide transport [GO:0006857]; response to
nematode [GO:0009624]
GMOD_00013398 0.002 At1g67720 membrane [GO:0016020]; ATP binding [GO:0005524];
F12A21.30 protein serine kinase activity [GO:0106310]; protein
serine/threonine kinase activity [GO:0004674]; protein
phosphorylation [GO:0006468]
GMOD_00013423 0.016 ABCG33 PDR5 plasma membrane [GO:0005886]; ABC-type transporter
At2g37280 activity [GO:0140359]; ATP binding [GO:0005524]
F3G5.7
GMOD_00013425 0.023
GMOD_00013757 0.001
GMOD_00013759 | 0.002 ABCF4 GCN4 cytosol [GO:0005829]; ATP binding [GO:0005524]
At3g54540
T14E10.110
GMOD_00013851 0.009 GSO2 EDA23 Casparian strip [GO:0048226]; plasma membrane
At5g44700 [GO:0005886]; ATP binding [GO:0005524]; protein serine
K23L20.3 kinase activity [GO:0106310]; protein serine/threonine
kinase activity [GO:0004674]; cell wall organization
[GO:0071555]; embryo sac development [GO:0009553];
protein phosphorylation [GO:0006468]; regulation of cell
division [GO:0051302]; regulation of cell fate specification
[GO:0042659]; regulation of root development
[GO:2000280]; regulation of root morphogenesis
[GO:2000067]; specification of plant organ axis polarity
[GO:0090708]
GMOD_00013873 0.020 At3g19880
MPN9.12
GMOD_00014090 0.008 usf hydrolase activity [GO:0016787]
GMOD_00014100 0.014 At2g32630
T26B15.19
GMOD_00014169 0.006
GMOD_00014333 0.019 CLPB4 CLPB-M chloroplast [GO:0009507]; chloroplast envelope

[GO:0009941]; chloroplast stroma [GO:0009570]; cytoplasm
[GO:0005737]; mitochondrion [GO:0005739]; ATP binding
[GO:0005524]; ATP hydrolysis activity [GO:0016887];
cellular response to heat [GO:0034605]; protein refolding
[GO:0042026]
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GMOD_00014549 0.031 UBC23 ATP binding [GO:0005524]; ubiquitin conjugating enzyme
At2g16920 activity [GO:0061631]
F12A24.10
GMOD_00014630 0.022 DTX14 membrane [GO:0016020]; plant-type vacuole
Atlg71140 [GO:0000325]; antiporter activity [GO:0015297];
F23N20.13 transmembrane transporter activity [GO:0022857];
xenobiotic transmembrane transporter activity
[GO:0042910]; xenobiotic detoxification by transmembrane
export across the plasma membrane [GO:1990961];
xenobiotic transport [GO:0042908]
GMOD_00014643 0.023 WHY2 DNA repair complex [G0O:1990391]; mitochondrion
Atl1g71260 [GO:0005739]; DNA binding [GO:0003677]; mRNA binding
F3117.9 [GO:0003729]; single-stranded DNA binding [GO:0003697];
defense response [GO:0006952]; DNA repair [GO:0006281];
regulation of DNA-templated transcription [GO:0006355]
GMOD_00014713 0.011 At3g47200 plasma membrane [GO:0005886]
F13112.250
GMOD_00014767 0.027 At4g33290
F17M5.50
GMOD_00014856 0.036 MES2 ACL ME8 cytosol [GO:0005829]; vacuole [GO:0005773]; carboxylic
At2g23600 ester hydrolase activity [G0:0052689]; hydrolase activity,
F26B6.25 acting on ester bonds [GO:0016788]; methyl indole-3-
acetate esterase activity [GO:0080030]; methyl jasmonate
esterase activity [GO:0080032]; methyl salicylate esterase
activity [GO:0080031]; jasmonic acid metabolic process
[GO:0009694]; nicotinate metabolic process [G0:1901847];
oxylipin biosynthetic process [GO:0031408]; salicylic acid
metabolic process [GO:0009696]
GMOD_00014876 0.032 AATP1 ASD endoplasmic reticulum [GO:0005783]; mitochondrial
At5g40010 membrane [GO:0031966]; mitochondrion [GO:0005739];
MYH19.21 ATP binding [G0:0005524]; ATP hydrolysis activity
[GO:0016887]; fruit development [GO:0010154]; response
to abscisic acid [GO:0009737]; response to cold
[GO:0009409]; response to salt stress [GO:0009651];
response to water deprivation [GO:0009414]; seed
maturation [GO:0010431]
GMOD_00014934 0.031 XBAT35 cytoplasm [GO:0005737]; nucleus [GO:0005634]; metal ion
At3g23280 binding [GO:0046872]; ubiquitin-protein transferase activity
K14B15.19 [GO:0004842]
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GMOD_00014992 0.002 At3g22940
F5N5.12
GMOD_00015035 0.027 CLE43 apoplast [GO:0048046]; extracellular space [GO:0005615];
At1g25425 F2)7 | receptor serine/threonine kinase binding [G0:0033612];
cell-cell signaling involved in cell fate commitment
[GO:0045168]
GMOD_00015121 0.001 ABCG24 WBC25 | membrane [GO:0016020]; ABC-type transporter activity
At1g53390 [GO:0140359]; ATP binding [GO:0005524]; ATPase-coupled
F12M16.28 transmembrane transporter activity [GO:0042626];
transmembrane transport [GO:0055085]

GMOD_00015184 0.002

GMOD_00015203 0.034 At3g28330 nucleus [GO:0005634]; zinc ion binding [GO:0008270]; cell

MZF16.14 cycle [GO:0007049]; cell division [GO:0051301]; protein
ubiquitination [GO:0016567]

GMOD_00015205 0.046 ubiquitin-protein transferase activity [GO:0004842]; SCF-
dependent proteasomal ubiquitin-dependent protein
catabolic process [GO:0031146]

GMOD_00015207 0.013

GMOD_00015585 0.021 At3g49450

T1G12.15
T9C5.50

GMOD_00015645 0.002 SAT acyltransferase activity [GO:0016746]; oxidoreductase
activity [GO:0016491]; alkaloid metabolic process
[GO:0009820]

GMOD_00015668 0.035

GMOD_00015682 0.015 AAP19-1 AP-1 adaptor complex [GO:0030121]; intracellular

At2g17380 membrane-bounded organelle [GO:0043231]; clathrin
F5J6.14 adaptor activity [GO:0035615]; intracellular protein
transport [GO:0006886]; vesicle-mediated transport
[GO:0016192]
GMOD_00015706 0.019 BSK12 SSP cytoplasmic side of plasma membrane [GO:0009898]; ATP
At2g17090 binding [GO:0005524]; protein serine/threonine kinase
F6P23.23 activity [GO:0004674]; brassinosteroid mediated signaling

pathway [GO:0009742]; positive regulation of intracellular
signal transduction [G0O:1902533]; protein phosphorylation
[GO:0006468]; suspensor development [GO:0010098];
zygote elongation [GO:0080159]
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GMOD_00015712 0.031 REL2 plasma membrane [GO:0005886]; cell differentiation
LOC_0Os10g413 [GO:0030154]
10
0s10g0562700
OsJ_32472
OSJNBb0089A1
7.4

GMOD_00015743 0.022 yagkD BSU23640 | membrane [GO:0016020]

GMOD_00015780 0.003 STARD7 GTT1 mitochondrial outer membrane [GO:0005741]; lipid binding
[GO:0008289]

GMOD_00015824 0.004

GMOD_00015840 0.001 At4g20800 extracellular region [GO:0005576]; plant-type cell wall

F21C20.150 [GO:0009505]; FAD binding [GO:0071949]; oxidoreductase
activity [GO:0016491]

GMOD_00015847 0.013 At4g20460 Golgi cisterna membrane [GO:0032580]; UDP-arabinose 4-

F9F13.110 epimerase activity [GO:0050373]; UDP-glucose 4-epimerase
activity [GO:0003978]; capsule polysaccharide biosynthetic
process [GO:0045227]; galactose metabolic process
[GO:0006012]; UDP-L-arabinose biosynthetic process
[GO:0033358]

GMOD_00015858 0.009 VPS2.2 CHMP2- | ESCRT Ill complex [GO:0000815]; multivesicular body

2 At5g44560 [GO:0005771]; endosome transport via multivesicular body

MFC16.25 sorting pathway [GO:0032509]; late endosome to vacuole
transport [GO:0045324]; protein transport [GO:0015031]

GMOD_00015991 0.001 At4g00315 negative regulation of long-day photoperiodism, flowering

A_1G005110.18 [GO:0048579]; regulation of short-day photoperiodism,

F5110.18 flowering [GO:0048587]

GMOD_00015997 0.028 At4g09580 endoplasmic reticulum [GO:0005783]; membrane

T25P22.20 [GO:0016020]

GMOD_00016037 0.040 cytoplasm [GO:0005737]; dynein complex [GO:0030286];
microtubule [GO:0005874]; motile cilium [GO:0031514];
microtubule-based process [GO:0007017]

GMOD_00016148 0.002 RPA1E RPA70E DNA replication factor A complex [GO:0005662]; damaged

At4g19130
T18B16.100

DNA binding [GO:0003684]; single-stranded telomeric DNA
binding [G0O:0043047]; zinc ion binding [GO:0008270]; DNA
unwinding involved in DNA replication [GO:0006268];

double-strand break repair via homologous recombination

[GO:0000724]; meiotic cell cycle [GO:0051321]; nucleotide-
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excision repair [G0O:0006289]; telomere maintenance via
telomerase [GO:0007004]
GMOD_00016175 0.005 NGA3 nucleus [GO:0005634]; DNA binding [GO:0003677]; DNA-
At1g01030 binding transcription factor activity [GO:0003700]; flower
T25K16.3 development [GO:0009908]; leaf development
[GO:0048366]; regulation of DNA-templated transcription
[GO:0006355]; regulation of leaf morphogenesis
[GO:1901371]
GMOD_00016206 0.001 At2g05300
F5G3.20
GMOD_00016223 0.026 At1g20795
F2D10.29
GMOD_00016351 0.007 PER44 P44 extracellular region [GO:0005576]; plant-type cell wall
At4g26010 [GO:0009505]; heme binding [GO:0020037];
F20B18.120 lactoperoxidase activity [GO:0140825]; metal ion binding
[GO:0046872]; peroxidase activity [GO:0004601]; hydrogen
peroxide catabolic process [GO:0042744]; response to
oxidative stress [GO:0006979]
GMOD_00016420 0.018
GMOD_00016422 0.002 SBT1.3 extracellular region [GO:0005576]; serine-type
At5g51750 endopeptidase activity [GO:0004252]; proteolysis
MI024.12 [GO:0006508]
GMOD_00016520 0.003 ACD6 endoplasmic reticulum membrane [GO:0005789];
At4g14400 membrane [GO:0016020]; plasma membrane
di3240w [GO:0005886]; cell death [GO:0008219]; cellular response
FCAALL.190 to salicylic acid stimulus [GO:0071446]; defense response to
bacterium [GO:0042742]; positive regulation of defense
response to bacterium [GO:1900426]; positive regulation of
defense response to oomycetes [G0O:1902290]; protein
ubiquitination [GO:0016567]; regulation of defense
response to fungus [G0O:1900150]; regulation of salicylic
acid mediated signaling pathway [GO:2000031]; response to
bacterium [GO:0009617]; response to freezing
[GO:0050826]; response to light stimulus [GO:0009416];
response to salicylic acid [GO:0009751]; response to virus
[GO:0009615]
GMOD_00016781 0.037 RPS6 ADP binding [GO:0043531]; NAD(P)+ nucleosidase activity

[GO:0050135]; NAD+ nucleotidase, cyclic ADP-ribose
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generating [GO:0061809]; defense response [GO:0006952];
signal transduction [GO:0007165]
GMOD_00016802 0.008 TAF1 GTD1 transcription factor TFIID complex [GO:0005669]; histone
HAC13 HAF1 acetyltransferase activity [GO:0004402]; RNA polymerase Il
TAF1A general transcription initiation factor activity [G0:0016251];
At1g32750 RNA polymerase Il general transcription initiation factor
F6N18.13 binding [G0O:0001091]; TBP-class protein binding
[GO:0017025]; chromatin organization [GO:0006325]; DNA-
mediated transformation [GO:0009294]; RNA polymerase ||
preinitiation complex assembly [GO:0051123]
GMOD_00016979 0.004 BSU1 cytoplasm [GO:0005737]; nucleus [GO:0005634]; plasma
Atl1g03445 membrane [GO:0005886]; metal ion binding [GO:0046872];
F21B7.7 myosin phosphatase activity [GO:0017018]; protein
serine/threonine phosphatase activity [GO:0004722];
brassinosteroid mediated signaling pathway [GO:0009742];
positive regulation of brassinosteroid mediated signaling
pathway [GO:1900459]; regulation of protein localization
[GO:0032880]
GMOD_00017116 0.026 At1g58390 ADP binding [GO:0043531]; ATP binding [GO:0005524];

F9K23.8 X7J.2 defense response [GO:0006952]; response to other
organism [GO:0051707]

GMOD_00017125 0.001

GMOD_00017128 0.050

GMOD_00017139 0.037 IDM1 ROS4 nucleus [GO:0005634]; plasmodesma [GO:0009506];
At3g14980 double-stranded methylated DNA binding [GO:0010385];
K15M2.12 histone acetyltransferase activity [GO:0004402]; histone

binding [G0O:0042393]; metal ion binding [GO:0046872];
gene silencing by RNA-directed DNA methylation
[GO:0080188]; histone H3-K14 acetylation [GO:0044154];
histone H3-K18 acetylation [GO:0043971]; histone H3-K23
acetylation [GO:0043972]; regulation of DNA methylation

[GO:0044030]
GMOD_00017333 0.049
GMOD_00017334 0.000 At5g58620 cytoplasmic stress granule [GO:0010494]; P-body
MZN1.16 [GO:0000932]; DNA binding [GO:0003677]; DNA-binding
MZN1.8 transcription factor activity [GO:0003700]; metal ion binding

[GO:0046872]; RNA binding [GO:0003723]; regulation of
DNA-templated transcription [GO:0006355]; translation
[GO:0006412]
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At1g59870
F23H11.19

CODEML
Desc_ID Pvalue Gene Names Gene Ontology (GO)
GMOD_00017412 0.034 At5g22670
MDJ22.9
GMOD_00017429 0.028 PUR3 chloroplast [GO:0009507]; cytoplasm [GO:0005737];
At1g31220 phosphoribosylglycinamide formyltransferase activity
F28K20.18 [GO:0004644]; 'de novo' IMP biosynthetic process
[GO:0006189]
GMOD_00017505 0.040 Wdr70 nucleus [GO:0005634]; site of double-strand break
[GO:0035861]; enzyme binding [GO:0019899]; regulation of
DNA double-strand break processing [GO:1903775]
GMOD_00017680 0.041
GMOD_00017769 0.000 ABCG36 PDR8 chloroplast [GO:0009507]; chloroplast envelope

[GO:0009941]; endoplasmic reticulum [GO:0005783];
endoplasmic reticulum membrane [GO:0005789];
mitochondrion [GO:0005739]; plant-type vacuole
[GO:0000325]; plasma membrane [GO:0005886]; trans-
Golgi network [GO:0005802]; ABC-type transporter activity
[GO:0140359]; ATP binding [GO:0005524]; auxin efflux
transmembrane transporter activity [GO:0010329];
cadmium ion transmembrane transporter activity
[GO:0015086]; efflux transmembrane transporter activity
[GO:0015562]; mRNA binding [GO:0003729]; auxin polar
transport [GO:0009926]; auxin-activated signaling pathway
[GO:0009734]; cadmium ion transport [GO:0015691];
cellular detoxification [GO:1990748]; cellular response to
indolebutyric acid stimulus [GO:0071366]; cotyledon
development [GO:0048825]; coumarin metabolic process
[GO:0009804]; defense response by callose deposition in
cell wall [GO:0052544]; defense response to bacterium
[GO:0042742]; defense response to fungus [GO:0050832];
defense response to oomycetes [GO:0002229]; export from
cell [GO:0140352]; indole glucosinolate catabolic process
[GO:0042344]; negative regulation of defense response
[GO:0031348]; pathogen-associated molecular pattern
receptor signaling pathway [GO:0140426]; plant-type
hypersensitive response [GO:0009626]; regulation of auxin
mediated signaling pathway [G0O:0010928]; regulation of
defense response by callose deposition [GO:2000071];
regulation of lateral root development [GO:2000023];
response to auxin [GO:0009733]; response to bacterium

[GO:0009617]; response to chitin [GO:0010200]; response
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to fungus [GO:0009620]; response to heat [GO:0009408];
response to molecule of bacterial origin [GO:0002237];
response to molecule of fungal origin [GO:0002238];
response to molecule of oomycetes origin [G0:0002240];
response to oomycetes [GO:0002239]; response to salt
stress [GO:0009651]; response to water deprivation
[GO:0009414]; root development [GO:0048364]; root hair
cell development [GO:0080147]; sodium ion homeostasis
[GO:0055078]; systemic acquired resistance [GO:0009627];
thymidine metabolic process [GO:0046104];
transmembrane transport [GO:0055085]
GMOD_00017803 0.024 APUM9 cytoplasm [GO:0005737]; mRNA binding [GO:0003729];
At1g35730 negative regulation of seed dormancy process
F14D7.3 [GO:1902039]; post-transcriptional regulation of gene
expression [GO:0010608]; regulation of translation
[GO:0006417]
GMOD_00017869 0.018 CRSP SBT5.2 apoplast [GO:0048046]; serine-type endopeptidase activity
At1g20160 [GO:0004252]; serine-type peptidase activity [GO:0008236];
T20H2.6 tripeptidyl-peptidase activity [GO:0008240]; negative
regulation of defense response to bacterium [GO:1900425];
negative regulation of stomatal complex development
[GO:2000122]; proteolysis [GO:0006508]; regulation of
stomatal complex development [GO:2000038]; response to
carbon dioxide [GO:0010037]
GMOD_00018061 0.010 At2g16450
F16F14.5
GMOD_00018072 0.014 At2g29780
T27A16.12
GMOD_00018103 0.007 RL2 MEE3 RMS1 | nucleus [GO:0005634]; DNA-binding transcription factor
At2g21650 activity [GO:0003700]; embryo development ending in seed
F2G1.8 dormancy [GO:0009793]; gravitropism [GO:0009630];
response to red light [GO:0010114]
GMOD_00018126 0.011 abhd17b dendritic spine [GO:0043197]; endosome membrane

[GO:0010008]; plasma membrane [GO:0005886];
postsynaptic density membrane [GO:0098839]; recycling
endosome membrane [GO:0055038]; palmitoyl-(protein)
hydrolase activity [GO:0008474]; protein depalmitoylation
[GO:0002084]; regulation of postsynapse organization
[GO:0099175]
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GMOD_00018148 0.018 LTI65, RD29B, abscisic acid-activated signaling pathway [GO:0009738]; leaf
At5g52300, senescence [G0O:0010150]; response to abscisic acid
K24M7.3 [GO:0009737]; response to cold [GO:0009409]; response to
salt stress [GO:0009651]; response to water deprivation
[GO:0009414]
GMOD_00018172 0.010 CRRSP20 extracellular region [GO:0005576]
At3g21933
MZN24.6
GMOD_00018258 0.036 At4g11590 nucleus [GO:0005634]; protein ubiquitination [GO:0016567]
T5C23.20
GMOD_00018265 0.001
GMOD_00018286 0.011 At2g21930
F7D8.25
GMOD_00018319 0.003 F3H-3 F3H L-ascorbic acid binding [G0:0031418]; metal ion binding
0s04g0667200 [GO:0046872]; naringenin 3-dioxygenase activity
LOC_0s04g571 [GO:0045486]; flavonoid biosynthetic process [GO:0009813]
60
OSINBa0043A1
2.1
GMOD_00018399 0.026 RPK1 TOAD1 peroxisome [GO:0005777]; plasma membrane
At1g69270 [GO:0005886]; ATP binding [GO:0005524]; identical protein
F23010.15 binding [G0O:0042802]; protein kinase activity
FAN2.23 [GO:0004672]; protein serine kinase activity [GO:0106310];
protein serine/threonine kinase activity [G0:0004674];
abscisic acid-activated signaling pathway [GO:0009738];
embryonic meristem development [GO:0048508];
longitudinal axis specification [GO:0009942]; protein
phosphorylation [GO:0006468]; radial axis specification
[GO:0009945]; response to abscisic acid [GO:0009737];
response to cold [GO:0009409]; response to salt stress
[GO:0009651]; response to water deprivation [GO:0009414]
GMOD_00018426 0.034 RPP1 endoplasmic reticulum membrane [GO:0005789]; Golgi
At3g44480 membrane [GO:0000139]; plasma membrane
F14L2_30 [GO:0005886]; ADP binding [GO:0043531]; ATP binding

[GO:0005524]; innate immune receptor activity
[GO:0140376]; LRR domain binding [G0:0030275]; NAD(P)+
nucleosidase activity [GO:0050135]; NAD+ nucleotidase,
cyclic ADP-ribose generating [GO:0061809]; defense

response [GO:0006952]; defense response to fungus
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[GO:0050832]; innate immune response-activating signaling
pathway [GO:0002758]; positive regulation of plant-type
hypersensitive response [GO:0034052]; response to
oomycetes [G0O:0002239]

GMOD_00018452

0.000

At2g42480
MHK10.20

GMOD_00018494

0.000

RD21A
At1g47128
F2G19.31

apoplast [GO:0048046]; cytoplasm [GO:0005737];
cytoplasmic stress granule [GO:0010494]; extracellular
space [GO:0005615]; Golgi apparatus [GO:0005794];
lysosome [GO:0005764]; nucleus [GO:0005634]; P-body
[GO:0000932]; plant-type vacuole [GO:0000325]; plasma
membrane [GO:0005886]; plasmodesma [GO:0009506];
secretory vesicle [GO:0099503]; vacuole [GO:0005773];
cysteine-type endopeptidase activity [GO:0004197];
cysteine-type peptidase activity [GO:0008234]; peptidase
activity [GO:0008233]; defense response to fungus
[GO:0050832]; protein ubiquitination [GO:0016567];
proteolysis [GO:0006508]; proteolysis involved in protein
catabolic process [GO:0051603]; regulation of stomatal
closure [G0O:0090333]

GMOD_00018497

0.049

AGL86
At1g31630
F27M3.17

nucleus [GO:0005634]; DNA-binding transcription factor
activity [GO:0003700]; DNA-binding transcription factor
activity, RNA polymerase Il-specific [GO:0000981]; protein
dimerization activity [GO:0046983]; RNA polymerase Il cis-
regulatory region sequence-specific DNA binding
[GO:0000978]; positive regulation of transcription by RNA
polymerase Il [GO:0045944]; regulation of transcription by
RNA polymerase Il [GO:0006357]

GMOD_00018555

0.004

ABCA3 ATH2
At3g47740
T23J7.70

intracellular membrane-bounded organelle [GO:0043231];
membrane [GO:0016020]; ABC-type transporter activity
[GO:0140359]; ATP binding [GO:0005524]; ATPase-coupled
transmembrane transporter activity [GO:0042626]; lipid
transporter activity [GO:0005319]; lipid transport
[GO:0006869]

GMOD_00018575

0.013

At3g47570
F1P2.120

plasma membrane [GO:0005886]; ATP binding
[GO:0005524]; protein serine kinase activity [G0:0106310];
protein serine/threonine kinase activity [GO:0004674];
protein phosphorylation [GO:0006468]
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GMOD_00018628 0.000 At2g28450 metal ion binding [GO:0046872]; RNA methyltransferase
T1B3.3 activity [GO:0008173]; transcription cis-regulatory region
binding [GO:0000976]; RNA processing [GO:0006396]
GMOD_00019138 0.003 LRX1 extracellular region [GO:0005576]; plant-type cell wall
At1g12040 [GO:0009505]; plasmodesma [GO:0009506]; structural
F12F1.9 constituent of cell wall [GO:0005199]; cell morphogenesis
involved in differentiation [GO:0000904]; cell wall
organization [GO:0071555]; trichoblast differentiation
[GO:0010054]; unidimensional cell growth [GO:0009826]
GMOD_00019304 0.000 DMT1 ATHIM nucleus [GO:0005634]; chromatin binding [GO:0003682];
DDM2 DMTO1 DNA (cytosine-5-)-methyltransferase activity [GO:0003886];
MET1 MET2 DNA binding [GO:0003677]; methyltransferase activity
At5g49160 [GO:0008168]; DNA methylation on cytosine within a CG
K21P3.3 sequence [GO:0010424]; DNA-mediated transformation
[GO:0009294]; maintenance of DNA methylation
[GO:0010216]; negative regulation of flower development
[GO:0009910]; regulation of gene expression by genomic
imprinting [GO:0006349]; zygote asymmetric cytokinesis in
embryo sac [GO:0010069]
GMOD_00019331 0.027 ATL56 membrane [GO:0016020]; metal ion binding [GO:0046872];
At2g18670 transferase activity [GO:0016740]; cellular response to
MSF3.5 hypoxia [GO:0071456]; protein ubiquitination [GO:0016567]
GMOD_00019396 0.046 At3g24580
MOB24.16
GMOD_00019465 0.003 At2g29810
T27A16.9
GMOD_00019487 0.038 BGLU22 endoplasmic reticulum [GO:0005783]; endoplasmic
At1g66280 reticulum lumen [GO:0005788]; mitochondrion
T27F4.3 [GO:0005739]; plasmodesma [GO:0009506]; beta-
glucosidase activity [GO:0008422]; scopolin beta-
glucosidase activity [GO:0102483]; carbohydrate metabolic
process [GO:0005975]; cellular response to cold
[GO:0070417]; cellular response to salt stress
[GO:0071472]; glucosinolate catabolic process
[GO:0019762]; response to salt stress [GO:0009651]
GMOD_00019557 0.008 NAC012 NST3 nucleus [GO:0005634]; DNA-binding transcription factor

activity [GO:0003700]; sequence-specific DNA binding
[GO:0043565]; transcription cis-regulatory region binding
[GO:0000976]; fruit dehiscence [GO:0010047]; plant-type

162




Appendix C

CODEML
Desc_ID Pvalue Gene Names Gene Ontology (GO)
secondary cell wall biogenesis [GO:0009834]; positive
regulation of DNA-templated transcription [GO:0045893]
GMOD_00019562 0.010 At1g32140
F3C3.15
GMOD_00019832 0.002 plasma membrane [GO:0005886]; ATP binding
[GO:0005524]; protein serine kinase activity [GO:0106310];
protein serine/threonine kinase activity [GO:0004674];
defense response to bacterium [GO:0042742]; protein
phosphorylation [GO:0006468]
GMOD_00019949 0.009 DTX15 membrane [GO:0016020]; antiporter activity [GO:0015297];
At2g34360 transmembrane transporter activity [GO:0022857];
F13P17.20 xenobiotic transmembrane transporter activity
[GO:0042910]; xenobiotic detoxification by transmembrane
export across the plasma membrane [G0:1990961]
GMOD_00020081 | 0.042 At3g51120 DNA binding [GO:0003677]; metal ion binding [GO:0046872]
F24M12.160
GMOD_00020176 0.005 TEN1 MDO1 chromosome, telomeric region [GO:0000781]; CST complex
At1g56260 [GO:1990879]; protein folding chaperone [GO:0044183];
F14G9.13 single-stranded DNA binding [GO:0003697]; telomerase
inhibitor activity [GO:0010521]; telomeric DNA binding
[GO:0042162]; negative regulation of telomere
maintenance via telomerase [G0O:0032211]; response to
heat [GO:0009408]; shoot system development
[GO:0048367]; stem cell population maintenance
[GO:0019827]; telomere maintenance [GO:0000723]
GMOD_00020369 0.004
GMOD_00020378 0.008 RLP26 plasma membrane [GO:0005886]
At2g33050
F25118.21
T21L14
GMOD_00020446 0.008 PCMP-E36 intracellular membrane-bounded organelle [GO:0043231];
At4g21300 RNA binding [GO:0003723]; RNA modification [GO:0009451]
T6K22.30
GMOD_00020468 0.045 DOF4.4 nucleus [GO:0005634]; DNA binding [GO:0003677]; DNA-
At4g21050 binding transcription factor activity [GO:0003700]; metal ion
T13K14.210 binding [GO:0046872]; fruit development [GO:0010154];
positive regulation of DNA-templated transcription
[GO:0045893]; regulation of DNA-templated transcription
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CODEML
Desc_ID Pvalue Gene Names Gene Ontology (GO)
[GO:0006355]; regulation of secondary shoot formation
[G0:2000032]
GMOD_00020490 0.015 At2g17723 extracellular region [GO:0005576]; defense response to
T17A5 fungus [GO:0050832]; killing of cells of another organism
[GO:0031640]
GMOD_00020503 0.038
GMOD_00020609 0.005 APRL4 membrane [G0O:0016020]
At1g34780
F1106.7
F21H2.1
GMOD_00020716 0.000 FBX9
At2g04920
F1013.5
GMOD_00020890 0.003
GMOD_00020898 0.013
GMOD_00020924 0.002 TGA2 BZIP20 cytoplasm [GO:0005737]; nucleus [GO:0005634]; RNA
HBP1B polymerase Il transcription regulator complex
At5g06950 [GO:0090575]; RNA polymerase Il transcription repressor
MOJ9.12 complex [GO:0090571]; DNA binding [GO:0003677]; DNA-
binding transcription factor activity [GO:0003700];
transcription cis-regulatory region binding [GO:0000976];
negative regulation of DNA-templated transcription
[GO:0045892]; plant-type hypersensitive response
[GO:0009626]; positive regulation of DNA-templated
transcription [GO:0045893]; response to xenobiotic stimulus
[GO:0009410]; systemic acquired resistance, salicylic acid
mediated signaling pathway [GO:0009862]
GMOD_00020950 0.006 PABN1 cytoplasm [GO:0005737]; nuclear speck [GO:0016607]; RNA
At5g51120 binding [GO:0003723]; mRNA processing [GO:0006397]
MWD22.6
GMOD_00020954 0.005 FRI nuclear speck [GO:0016607]; cell differentiation
[GO:0030154]; flower development [GO:0009908]
GMOD_00021162 0.001 WRKY19 chloroplast envelope [GO:0009941]; nucleus [GO:0005634];
At4g12020 ADP binding [GO:0043531]; ATP binding [GO:0005524];
F16J13.90 DNA-binding transcription factor activity [GO:0003700];

protein serine/threonine kinase activity [GO:0004674];

transcription cis-regulatory region binding [GO:0000976];
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Desc_ID Pvalue Gene Names Gene Ontology (GO)
defense response [GO:0006952]; protein phosphorylation
[GO:0006468]; signal transduction [GO:0007165]
GMOD_00021223 0.004 MOD1 ENR-A chloroplast [GO:0009507]; chloroplast envelope
ENR1 [GO:0009941]; chloroplast stroma [GO:0009570]; fatty acid
At2g05990 synthase complex [GO:0005835]; mitochondrion
T6P5.19 [GO:0005739]; thylakoid [GO:0009579]; copper ion binding
[GO:0005507]; enoyl-[acyl-carrier-protein] reductase
(NADH) activity [GO:0004318]; enoyl-[acyl-carrier-protein]
reductase activity [GO:0016631]; fatty acid biosynthetic
process [GO:0006633]
GMOD_00021286 0.024 DRT100 chloroplast [GO:0009507]; nucleotide binding
At3g12610 [GO:0000166]; DNA repair [GO:0006281]
MMF12.5
T2E22.8
T2E22_107
GMOD_00021324 0.046 XAT3 Golgi membrane [GO:0000139]; arabinosyltransferase
0s03g0567600 activity [GO:0052636]; glycosyltransferase activity
LOC_0s03g370 [GO:0016757]; plant-type cell wall organization
10 OsJ_11476 [GO:0009664]
OSJNBa0026A1
5.4
GMOD_00021414 0.000
GMOD_00021655 0.000 At5g36200 plasmodesma [GO:0009506]
MAB16.15
GMOD_00021811 0.001 At5g39000 plasma membrane [GO:0005886]; plastid [GO:0009536];
MXF12.2 ATP binding [GO:0005524]; protein kinase activity
[GO:0004672]; protein serine/threonine kinase activity
[GO:0004674]; transmembrane receptor protein tyrosine
kinase activity [GO:0004714]; protein autophosphorylation
[GO:0046777]; response to metal ion [GO:0010038]
GMOD_00021869 0.038
GMOD_00021951 0.032 IAN3 At1g33890 | endoplasmic reticulum [GO:0005783]; plasma membrane
T3M13.9 [GO:0005886]; GTP binding [GO:0005525]; cellular response
to heat [GO:0034605]; endoplasmic reticulum unfolded
protein response [GO:0030968]
GMOD_00022038 0.001
GMOD_00022089 0.003 ATJ49 C49 endoplasmic reticulum membrane [GO:0005789]; Hsp70
At5g49060 protein binding [GO:0030544]; cellular response to

misfolded protein [GO:0071218]; chaperone cofactor-
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F12K11.4

CODEML
Desc_ID Pvalue Gene Names Gene Ontology (GO)
K19E20.16 dependent protein refolding [GO:0051085]; ubiquitin-
K20J1_3 dependent ERAD pathway [GO:0030433]
GMOD_00022566 0.015 ucc1 plasma membrane [GO:0005886]; electron transfer activity
At2g32300 [GO:0009055]; metal ion binding [GO:0046872]
T32F6
GMOD_00022700 0.027
GMOD_00022719 0.001 PAB1 cytoplasm [GO:0005737]; nucleus [GO:0005634]; RNA
KLLAOC17600g binding [G0O:0003723]; mRNA processing [GO:0006397];
mMRNA transport [GO:0051028]; regulation of translation
[GO:0006417]
GMOD_00022722 0.032 PAB2 cytosol [GO:0005829]; nucleus [GO:0005634]; plasma
At4g34110 membrane [GO:0005886]; ribonucleoprotein complex
F28A23.130 [GO:1990904]; mRNA 3'-UTR binding [GO:0003730]; mRNA
binding [G0O:0003729]; poly(A) binding [GO:0008143];
poly(U) RNA binding [GO:0008266]; RNA binding
[GO:0003723]; translation initiation factor activity
[GO:0003743]; nuclear-transcribed mRNA catabolic process,
nonsense-mediated decay [GO:0000184]; regulation of
nuclear-transcribed mRNA catabolic process, deadenylation-
dependent decay [GO:1900151]; regulation of nuclear-
transcribed mRNA poly(A) tail shortening [GO:0060211];
regulation of translational initiation [GO:0006446];
translational initiation [GO:0006413]
GMOD_00022741 0.044
GMOD_00022770 0.044
GMOD_00022788 0.025 At2g26860
F12C20.10
GMOD_00022797 0.000 At1g62000 apoplast [GO:0048046]; mucilage biosynthetic process
F8K4.19 [GO:0010192]; seed coat development [GO:0010214]
GMOD_00022850 0.004 INVH chloroplast [GO:0009507]; mitochondrion [GO:0005739];
At3g05820 glycopeptide alpha-N-acetylgalactosaminidase activity
F10A16.11 [GO:0033926]; sucrose alpha-glucosidase activity
[GO:0004575]; sucrose catabolic process [GO:0005987]
GMOD_00022973 0.028 NIH At1g06670 nucleus [GO:0005634]; ATP binding [GO:0005524]; ATP

hydrolysis activity [GO:0016887]; DNA binding
[GO:0003677]; DNA helicase activity [GO:0003678]; RNA
binding [GO:0003723]; RNA helicase activity [GO:0003724];
DNA metabolic process [GO:0006259]
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Desc_ID Pvalue Gene Names Gene Ontology (GO)
GMOD_00023000 0.014 DRM3 nucleus [GO:0005634]; DNA binding [GO:0003677];
At3g17310 methyltransferase activity [GO:0008168]; DNA methylation
[GO:0006306]
GMOD_00023005 0.032
GMOD_00023021 0.000 DUF3 plant-type vacuole [GO:0000325]; protein
Atl1g26540 homodimerization activity [GO:0042803]
T1K7.9
GMOD_00023070 0.008 At4g01037 chloroplast [GO:0009507]; mRNA binding [GO:0003729];
A_IGO02N01.30 | RNA binding [GO:0003723]; Group Il intron splicing
[GO:0000373]; mRNA processing [GO:0006397];
photosynthesis [GO:0015979]
GMOD_00023144 0.037 SPAC56F8.03 cytoplasm [GO:0005737]; cytosol [GO:0005829]; eukaryotic
48S preinitiation complex [GO:0033290]; mitochondrion
[GO:0005739]; GTP binding [GO:0005525]; GTPase activity
[GO:0003924]; metal ion binding [GO:0046872]; translation
initiation factor activity [GO:0003743]; cytoplasmic
translational initiation [GO:0002183]; translational initiation
[GO:0006413]
GMOD_00023346 0.033 GAD4 cytosol [GO:0005829]; mitochondrion [GO:0005739];
At2g02010 calmodulin binding [GO:0005516]; glutamate decarboxylase
F14H20.8 activity [GO:0004351]; pyridoxal phosphate binding
[GO:0030170]; glutamate catabolic process [GO:0006538]
GMOD_00023446 0.008 ILL6 GR1 hydrolase activity [GO:0016787]; jasmonyl-lle conjugate
At1g44350 hydrolase activity [GO:1990206]; metal ion binding
T18F15.9 [GO:0046872]; auxin metabolic process [GO:0009850];
jasmonic acid metabolic process [GO:0009694]; regulation
of systemic acquired resistance [GO:0010112]; response to
jasmonic acid [GO:0009753]
GMOD_00023487 0.028 FRS1 At4g19990 | nucleus [GO:0005634]; zinc ion binding [GO:0008270];
F18F4.90 regulation of DNA-templated transcription [GO:0006355]
GMOD_00023596 0.009 At4g22180 extracellular region [GO:0005576]; plasma membrane
T10114.10 [GO:0005886]; lipid binding [GO:0008289]; lipid transport
[GO:0006869]; xylem development [GO:0010089]
GMOD_00023632 0.002 At1g43190
F1121.14
GMOD_00023709 0.021 cytoplasm [GO:0005737]; nucleus [GO:0005634]; P-body

[GO:0000932]; mRNA binding [GO:0003729]; mRNA
processing [GO:0006397]; regulation of RNA splicing
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T1K7.25

CODEML
Desc_ID Pvalue Gene Names Gene Ontology (GO)
[GO:0043484]; regulation of translation [GO:0006417]; RNA
splicing [GO:0008380]
GMOD_00023767 0.045 At1g59780 ADP binding [G0:0043531]; ATP binding [GO:0005524];

F23H11.10 defense response [GO:0006952]; response to other

organism [GO:0051707]
GMOD_00023827 0.016
GMOD_00023935 0.036 CAMA4 calcium ion binding [GO:0005509]

At1g66410

F28G11.13

T27F4.1

GMOD_00023951 0.004 At3g22710
MWI23.8

GMOD_00023984 0.002 MYB104 nucleus [GO:0005634]; DNA binding [GO:0003677]; DNA-
At2g26950 binding transcription factor activity [GO:0003700];
T20P8.20 regulation of DNA-templated transcription [GO:0006355]

GMOD_00024201 0.008 SBT4.13 extracellular region [GO:0005576]; serine-type

At5g59120 endopeptidase activity [GO:0004252]; proteolysis

MNC17.3 [GO:0006508]

GMOD_00024289 0.008 ERF042 nucleus [GO:0005634]; DNA binding [GO:0003677]; DNA-

At2g25820 binding transcription factor activity [GO:0003700]; ethylene-

F17H15.15 activated signaling pathway [GO:0009873]

GMOD_00024467 0.038 PYRD chloroplast [GO:0009507]; chloroplast stroma

At4g20960 [GO:0009570];

T13K14.120 diaminohydroxyphosphoribosylaminopyrimidine deaminase
activity [GO:0008835]; zinc ion binding [GO:0008270];
riboflavin biosynthetic process [GO:0009231]

GMOD_00024476 0.000 FAD-OXR extracellular region [GO:0005576]; plant-type cell wall

At4g20860 [GO:0009505]; FAD binding [GO:0071949]; oxidoreductase

T13K14.20 activity [GO:0016491]; cellular response to hypoxia
[GO:0071456]; positive regulation of hydrogen peroxide
biosynthetic process [GO:0010729]; response to jasmonic
acid [GO:0009753]

GMOD_00024485 0.003 RID1 At1g26370 | nucleolus [GO:0005730]; nucleus [GO:0005634];

spliceosomal complex [GO:0005681]; ATP binding
[GO:0005524]; ATP hydrolysis activity [GO:0016887]; RNA
binding [GO:0003723]; RNA helicase activity [GO:0003724];

mRNA processing [GO:0006397]; positive regulation of
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Desc_ID Pvalue Gene Names Gene Ontology (GO)
transcription by RNA polymerase | [GO:0045943]; regulation
of RNA splicing [GO:0043484]; RNA splicing [GO:0008380]
GMOD_00024714 0.010
GMOD_00024737 | 0.037 RLM1B ADP binding [GO:0043531]; ATP binding [GO:0005524];
At1g63880 NAD(P)+ nucleosidase activity [GO:0050135]; NAD+
T12P18.10 nucleotidase, cyclic ADP-ribose generating [GO:0061809];
defense response to fungus [GO:0050832]; signal
transduction [GO:0007165]
GMOD_00024899 0.014
GMOD_00024917 0.000
GMOD_00024921 0.042
GMOD_00025019 | 0.001 RRS1 RCH2 cytoplasm [GO:0005737]; nucleus [GO:0005634]; ADP
RRS1-R RSH4 binding [GO:0043531]; ATP binding [GO:0005524]; DNA-
SLH1 WRKY52 binding transcription factor activity [GO:0003700];
sequence-specific DNA binding [GO:0043565]; defense
response [GO:0006952]; signal transduction [GO:0007165]
GMOD_00025088 | 0.007 At1g64840 cytoplasm [GO:0005737]
F13011.14
GMOD_00025103 0.012 TIP4-1 central vacuole [GO:0042807]; membrane [GO:0016020];
At2g25810 plant-type vacuole membrane [GO:0009705]; water channel
F17H15.16 activity [GO:0015250]; water transport [GO:0006833]
GMOD_00025157 0.001
GMOD_00025172 0.039 OSCA1 OSCA1.1 | cytosol [GO:0005829]; plasma membrane [GO:0005886];
At4g04340 calcium activated cation channel activity [GO:0005227];
T19B17.6 cation channel activity [GO:0005261]; cellular hyperosmotic
response [GO:0071474]; protein tetramerization
[GO:0051262]; regulation of calcium ion import
[GO:0090279]; response to osmotic stress [GO:0006970]
GMOD_00025449 0.009 ABCG32 PDR4 peroxisome [GO:0005777]; plasma membrane
PEC1 [GO:0005886]; ABC-type transporter activity [GO:0140359];
At2g26910 ATP binding [GO:0005524]; cutin transport [GO:0080051]
F12C20.5
GMOD_00025676 0.003 CANDG6 Golgi apparatus [GO:0005794]; membrane [GO:0016020]; G
At5g02630 protein-coupled receptor activity [GO:0004930]; G protein-
T22P11.220 coupled receptor signaling pathway [GO:0007186]
GMOD_00025854 0.006 At5g41510
MBK23.3
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GMOD_00025874 0.008
GMOD_00025990 0.044 metal ion binding [GO:0046872]; metallopeptidase activity
[GO:0008237]; proteolysis [GO:0006508]
GMOD_00026045 0.012
GMOD_00026167 0.047
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Appendix Table C.6: Significantly enriched (FDR < 0.05) GO terms on our list of PSGs. n = number

of genes.
Pathway Database | GO Term Enrichment | n Pathway | Fold Genes
FDR Genes Enrichment
Biological Pathway | Negative regulation | 0.0083 6 68 12.6967 APUMS9, MAF1, FRI, DMT1,
of reproductive AGL31
process
Negative regulation |0.0138 7 124 8.1232 CRSP, APUMY, MAF1, FRI,
of multicellular MT1, AGL31
organismal process
Negative regulation |0.0242 6 104 8.3017 CRSP, MAF1, FRI, DMT1,
of post-embryonic AGL31
development
Negative regulation |0.0242 7 151 6.6707 CRSP, APUMY, MAF1, FRI,
of developmental DMT1, AGL31
process
Negative regulation | 0.0356 4 42 13.7044 MAF1, FRI, DMT1, AGL31
of flower
development
Cellular response to | 0.0356 21 1,265 2.3888 IAN3, ABCG36, BGLU22,
stress WHY2, SULTR1.2, RD29B,
LTI45, PK1, ATLS6, CLPB4,
ARP, PER28, ERCC1, TSO2,
RPP1, NPF2.3, OSCA1,
MED37D, TGA2, ATJ49
Molecular Function | NAD+ nucleosidase CHS1, RLM1B, RLM1A,
activity 0.020662 6 127 6.798228 RPP1, WRKY19, RPS6
NAD(P)+ CHS1, RLM1B, RLM1A,
nucleosidase activity | 0.020662 6 127 6.798228 RPP1, WRKY19, RPS6
NAD+ nucleotidase,
cyclic ADP-ribose CHS1, RLM1B, RLM1A,
generating 0.020662 6 127 6.798228 RPP1, WRKY19, RPS6
CHS1, RLM1B, RLM1A,
ADP binding 0.003627 9 200 6.475313 RPP1, WRKY19, RRS1, RPS6
LRK10L-2.7, RPK1, RBK2,
LECRK11, FER, CRK34,
Protein serine kinase RHS16, LRK10L-2.1, GSO2,
activity 0.046527 13 673 2.779563 TDR
LRK10L-2.7, RPK1, BSK12,
Protein RBK2, LECRK11, FER,
serine/threonine CRK34, WRKY19, RHS16,
kinase activity 0.028852 16 882 2.610355 LRK10L-2.1, GSO2, TDR
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Appendix Table C.7: Chi squared pairwise proportion comparisons with Bonferroni adjustment

comparing the survival rate for out T-DNA knockout accessions A-C with the control

(Col-0) Arabidopsis plants.

Null hyp.

Alt. hyp.

diff

p.value

chisg.value

df

2.50%

97.50%

A = Control

A not
equal to

Control

-0.529

0.001

17.412

-0.725

-0.333

B = Control

B not
equal to

Control

-0.173

0.495

3.012

-0.355

0.009

C = Control

Cnot
equal to

Control

-0.037

0.245

-0.176

0.102
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Appendix Table C.8: Summary table for a test of significant overlap between PSGs within other

Brassicaceae lineages, using the SuperExactTest method. Only those comparisons

that presented an overlap are shown. Significant P values are in bold.

Intersections

Degree

Ob

Exp

FE

Elements

Descurainia & D_nivalis

23

6.9841

3.2932

0.0000

AT1G26930, AT1G55020,
AT1G64065, AT1G64070,
AT1G67720, AT2G23600,
AT3G12610, AT3G49450,
AT4G02330, AT4G04340,
AT4G09580, AT4G14190,
AT4G20460, AT4G21050,
AT4G26010, AT5G19220,
AT5G22670, AT5G39000,
AT5G49060, AT5G49160,
AT5G53635, AT5G54610,
AT5G61480

A_halleri & D_nivalis

22

10.2751

2.1411

0.0007

AT1G01540, AT1G11990,
AT1G25480, AT1G59610,
AT1G60770, AT1G80740,
AT2G17410, AT2G17790,
AT2G24130, AT2G25050,
AT2G46920, AT3G15130,
AT3G62150, AT4G04980,
AT4G08350, AT4G27040,
ATA4G34040, ATAG34050,
ATA4G34910, ATAG38950,
AT5G49720, AT5G66170

C_lasiocarpa &

D_nivalis

5.0461

1.7836

0.0670

AT1G02340, AT2G17760,
AT3G06830, AT3G11240,
AT3G24320, ATAG27430,
AT5G04430, AT5G11010,
AT5G23720

C_lasiocarpa &

Descurainia

0.9946

3.0162

0.0782

AT1G25425, AT3G03670,
AT4G12020

A_thaliana_LM &

D_nivalis

0.6948

2.8787

0.1519

ATA4G27040, AT5G17860

C_himalacia &

D_nivalis

14

10.4945

1.3340

0.1691

AT1G06900, AT1G53570,
AT1G72740, AT2G21370,
AT3G47440, AT3G61860,
AT3G63400, AT4G25600,
AT4G35180, AT5G16020,
AT5G52790, AT5G55130,
AT5G57300, AT5G66850
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Intersections Degree |Ob |Exp FE P Elements

A_halleri & 2 1 0.2015 4.9635 |0.1834 | AT4G27040
A_thaliana_LM

C_himalacia & 2 3 2.0686 1.4503 | 0.3420 | AT1G32770, AT3G03180,
Descurainia AT3G05210

A_halleri & 2 4 3.0433 1.3144 | 0.3626 | AT1G27520, AT2G38823,
C_himalacia AT2G44440, AT2G45010
C_himalacia & 2 2 1.4946 1.3382 | 0.4417 | AT3G11220, AT3G59960
C_lasiocarpa

A_halleri & Descurainia | 2 1 2.0253 0.4937 |0.8704 | AT1G32750
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Appendix Table C.9: List of the significant overlap of Biological Process Gene Ontology of PSGs

between Cl Descurainia lineage and the high-altitude alpine Drava nivalis.

From Protein names Gene Gene Ontology (biological process)
Names
AT1G67720 | Probable LRR receptor-like At1g67720 | protein phosphorylation [GO:0006468]
serine/threonine-protein kinase F12A21.30
Atl1g67720,EC 2.7.11.1
AT1G64070 | Disease resistance protein RML1A, EC RLM1A defense response to fungus [GO:0050832]; signal
3.2.2.6 (Protein RESISTANCE TO At1g64070 | transduction [GO:0007165]
LEPTOSPHAERIA MACULANS 1A) F22C12.17
AT4G14190 | Pentatricopeptide repeat-containing At4g14190
protein At4g14190, chloroplastic di3135¢
FCAALL.115
AT2G23600 | Methylesterase 2, AtMES2, EC 3.1.1.- MES2 ACL | jasmonic acid metabolic process [GO:0009694]; nicotinate
(Protein METHYLESTERASE 8, AtMES) ME8 metabolic process [GO:1901847]; oxylipin biosynthetic
At2g23600 | process [GO:0031408]; salicylic acid metabolic process
F26B6.25 | [G0O:0009696]
AT5G49160 | DNA (cytosine-5)-methyltransferase 1, | DMT1 DNA methylation on cytosine within a CG sequence
EC 2.1.1.37 (DNA methyltransferase 01) | ATHIM [GO:0010424]; DNA-mediated transformation
(DNA methyltransferase 2) (DNA DDM2 [G0:0009294]; maintenance of DNA methylation
methyltransferase Athl, DNA Metase DMTO1 [GO:0010216]; negative regulation of flower development
Athl, M.Athl) (DNA methyltransferase MET1 [GO:0009910]; regulation of gene expression by genomic
DDMZ2) (Protein DECREASED DNA MET2 imprinting [GO:0006349]; zygote asymmetric cytokinesis in
METHYLATION 2) At5g49160 | embryo sac [GO:0010069]
K21P3.3
AT5G19220 | Glucose-1-phosphate ADG2 APL1 | glycogen biosynthetic process [GO:0005978]; starch
adenylyltransferase large subunit 1, At5g19220 | biosynthetic process [GO:0019252]
chloroplastic, EC 2.7.7.27 (ADP-glucose |T24G5.120
pyrophosphorylase) (ADP-glucose
synthase) (AGPase S) (Alpha-D-glucose-
1-phosphate adenyl transferase)
AT3G12610 | DNA damage-repair/toleration protein | DRT100 DNA repair [GO:0006281]
DRT100 At3g12610
MMF12.5
T2E22.8
T2E22_107
AT1G55020 | Linoleate 9S-lipoxygenase 1, EC LOX1 defense response [GO:0006952]; fatty acid biosynthetic
1.13.11.58 (Lipoxygenase 1, AtLOX1) At1g55020 | process [GO:0006633]; lateral root formation
F14C21.3 [GO:0010311]; lipid oxidation [GO:0034440]; oxylipin
F14C21.54 | biosynthetic process [GO:0031408]; response to abscisic
T24C10.13 | acid [GO:0009737]; response to jasmonic acid
[GO:0009753]; root development [GO:0048364]
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From Protein names Gene Gene Ontology (biological process)
Names
AT1G64065 | Late embryogenesis abundant protein | At1g64065
Atlg64065
AT1G26930 | F-box/kelch-repeat protein At1g26930 | At1g26930
T2P11.12
AT5G54610 | Ankyrin repeat-containing protein BAD1 innate immune response [GO:0045087]; response to
BDA1 (Protein BIAN DA 1) At5g54610 | salicylic acid [GO:0009751]
MRB17.11
AT4G09580 | Uncharacterized membrane protein At4g09580
At4g09580 T25P22.20
AT4G02330 | Probable pectinesterase/pectinesterase | PME41 cell wall modification [GO:0042545]; defense response to
inhibitor 41 [Includes: Pectinesterase ARATH41 fungus [GO:0050832]; pectin catabolic process
inhibitor 41 (Pectin methylesterase At4g02330 | [GO:0045490]; response to brassinosteroid [GO:0009741];
inhibitor 41); Pectinesterase 41, PE 41, |T14P8.14 response to cold [GO:0009409]; response to fungus
EC 3.1.1.11 (AtPMEpcrB) (Pectin [GO:0009620]
methylesterase 41, AtPME41) ]
ATA4G26010 | Peroxidase 44, Atperox P44, EC 1.11.1.7 | PER44 P44 | hydrogen peroxide catabolic process [GO:0042744];
(ATP35) At4g26010 | response to oxidative stress [GO:0006979]
F20B18.120
AT5G49060 | Chaperone protein dnal 49, AtDjC49, ATJ49 C49 | cellular response to misfolded protein [GO:0071218];
Atl49 At5g49060 | chaperone cofactor-dependent protein refolding
K19E20.16 |[G0O:0051085]; ubiquitin-dependent ERAD pathway
K20J1_3 [GO:0030433]
AT5G39000 | Putative receptor-like protein kinase At5g39000 | protein autophosphorylation [GO:0046777]; response to
At5g39000, EC 2.7.11.- MXF12.2 metal ion [GO:0010038]
AT5G61480 | Leucine-rich repeat receptor-like TDR PXY cell division [GO:0051301]; phloem or xylem histogenesis
protein kinase TDR, EC 2.7.11.1 (Protein | At5g61480 |[G0:0010087]; procambium histogenesis [GO:0010067];
PHLOEM INTERCALATED WITH XYLEM) | MCI2.4 protein phosphorylation [GO:0006468]; secondary shoot
(Tracheary element differentiation formation [GO:0010223]; xylem development
inhibitory factor receptor, AtTDR, TDIF [GO:0010089]
receptor)
AT5G53635 | Putative FBD-associated F-box protein | At5g53635
At5g53635 MNC6.17
AT5G22670 | Putative F-box/FBD/LRR-repeat protein | At5g22670
At5g22670 MDJ22.9
AT3G49450 | F-box protein At3g49450 At3g49450
T1G12.15
T9C5.50
AT4G21050 | Dof zinc finger protein DOF4.4, DOF4.4 fruit development [GO:0010154]; positive regulation of
AtDOF4.4 At4g21050 | transcription, DNA-templated [GO:0045893]; regulation of
T13K14.210
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From Protein names Gene Gene Ontology (biological process)
Names
secondary shoot formation [GO:2000032]; regulation of
transcription, DNA-templated [GO:0006355]
AT4G20460 | Probable UDP-arabinose 4-epimerase 3, | At4g20460 | capsule polysaccharide biosynthetic process
EC 5.1.3.5 (UDP-D-xylose 4-epimerase FIF13.110 |[G0:0045227]; galactose metabolic process [GO:0006012];
3) UDP-L-arabinose biosynthetic process [G0O:0033358]
AT4G04340 | Protein OSCA1 (CSC1-like protein OSCA1 cellular hyperosmotic response [GO:0071474]; protein
At4g04340) (Hyperosmolality-gated OSCA1l.1 tetramerization [GO:0051262]; regulation of calcium ion
Ca2+ permeable channel 1.1, At4g04340 |import [GO:0090279]; response to osmotic stress
AtOSCA1.1) (Protein reduced T19B17.6 [GO:0006970]

hyperosmolality-induced [Ca(2+)]i

increase 1)
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Appendix Figure C.1: DP - combined depth per SNP across samples (24 samples in the case
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above) QD - variant confidence standardized by depth. MQ - Mapping quality of a
SNP. FS - strand bias in support for REF vs ALT allele calls SOR - sequencing bias in
which one DNA strand is favoured over the other MQRankSum - Rank sum test for

mapping qualities of REF vs. ALT reads. ReadPosRankSum - do all the reads support a

SNP call tend to be near the end of a read
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Appendix Figure C.2: Distribution of flowering herbarium specimens (deposited within the Natural
History Museum, UK) of the seven Canary Island Descurainia species, according to

the month of collection.
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Glossary of Terms

(0] 11 {1 - SO Series of overlapping DNA sequences
endemiC....cccecuveeeeecnneeeenne, Unique to a given locality
hybridisation........c..cccecuue... Two different species breeding

Incomplete lineage sorting.. Ancestral genes that have different divergence time to that of

between species

introgression......cccoccvveeeeneee. The transfer of genetic material between species as a result of

hybridisation

[ 101 R The substrings of lengths within a DNA sequence

L50 e e The smallest number of contigs whose length sum makes up half of
genome size

N50 cooiiieeeecreee e, Length of the median contig within a genome assembly

phylogenetics.......ccccceeeunnenn. The study of evolutionary relatedness among various organisms

scaffold .....ccoeeeciveeieiiee A reconstructed DNA sequences created by chaining contigs together

speciation .......cceceeeecieeeenne, The process by which a population become differentiated, genetically

and morphological, from its parent population
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