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Abstract

The evolution of plants transformed the Earth’s surface, atmosphere and climate and enabled
the colonisation of new habitats, promoting the diversity of other lineages spanning the tree of
life. The evolutionary history of plants has been marked by major transitions such as
multicellularity, terrestrialisation and the origin of stomata, roots and seeds. These events have
been accompanied by the gain, loss, expansion and contraction of gene families. Genome
sequencing has increased the potential insights from evolutionary analyses which includes
comparative genomics, gene family evolution and trait evolution. The overall aim of the
research presented in this thesis is to improve our understanding of genes involved in the
major transitions in plant evolution, by analysing plant genome data. First, | examine the broad
scale evolution of genes across the plant tree of life, identifying two bursts of gene novelty that
accompanied the origin of land plants. Second, | identify the modes of genome evolution
underpinning the evolution of water relations in land plants, through the morphological
innovations of stomata, vascular tissue and roots. Third, | report the spread and evolution of
drought tolerance across the plant phylogeny, a key stressor accompanying plant
terrestrialisation. This leads to the discovery that the first land plants and vascular plants were
desiccation and drought tolerant respectively. Finally, | detail an evolutionary approach for
identifying uncharacterised drought tolerance genes, through incorporating trait evolution into
a comparative genomics framework. Preliminary experimental analysis aims to provide
support for this novel technique. This work, on the common theme of plant evolution, advances
research into gene innovation and diversification as well as detailing a novel method to identify
uncharacterised drought tolerance genes. Ultimately, the research presented in this thesis
contributes to our understanding of the major transitions of plants via insights gained from the

study of genes, genomes and traits.
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1.1 Introduction

For the first four billion years of life on Earth, the terrestrial surface would have been an
inhospitable environment to inhabit with only bacteria and a few fungi able to survive in these
relatively harsh conditions (Horodyski et al., 1994; Betts et al., 2018). However, around 500
million years ago, the first plants moved from aquatic environments onto land (Morris et al.,
2018), and, following this, an immense diversity of plant life evolved. Indeed, studies have
estimated that the total number of extant plants could easily exceed 450,000 species (Pimm
et al., 2014, 2015). This evolutionary journey has seen multiple adaptations arise in the first
plants that colonised land, the independent evolution of trees and finally the evolution of seeds
and flowers (Leebens-Mack et al., 2019). The diversification of plants has changed the Earth’s
atmosphere, climate and biogeochemical cycles (Lenton et al., 2016) and has also promoted
the evolution of a huge diversity of fungal and animal species (Lutzoni et al., 2018; Li et al.,

2019).

At the core of this thesis, linking all research chapters, is the evolution of plants and the plant
phylogeny. The current framework of plant evolutionary history forms the foundation of all
analyses described in this thesis (Figure 1.1). Therefore, it is important to understand the
current depth of knowledge of the evolutionary history of plants, the limits of this knowledge
and areas of ambiguity and contention surrounding plant evolution. The major plant groups as
well as their evolutionary relationships and defining characteristics are discussed briefly

below.

1.2 The evolutionary history of plants

1.2.1 Archaeplastida

Eukaryotes are divided into six supergroups with all plant species placed in the Archaeplastida
(Burki et al., 2020). Archaeplastida (kingdom Plantae sensu lato) is a group of plants that
consist of red algae (Rhodophyta), Glaucophyta and green plants (Viridiplantae) (Figure 1.1).
The oldest fossil evidence of a member of the Archaeplastida is the red algae, Bangiomorpha

pubescens, dated at approximately one billion years old
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(Butterfield, 2000; Gibson et al., 2018). Over one billion years ago, the common ancestor of
Archaeplastida acquired a plastid via the endosymbiosis of a cyanobacterium (Rodriguez-
Ezpeleta et al., 2005; Lee et al., 2016b). This process involved the integration of a plastid into
the cell of the ancestral Archaeplastida and would have allowed it to utilise this new
photosynthetic organelle to convert light into chemical energy. This is marked as a pivotal
event in plant evolutionary history as it gave rise to the first photosynthetic eukaryotes (Collén

et al., 2013).

There are an estimated 6,000 described Rhodophyta species (Guiry, 2012). Two species,
recently described as the new phylum, Rhodelphidia, were identified as the sister group to red
algae (Gawryluk et al., 2019). Although red algae are mainly found in marine habitats, they
have been identified in diverse environments that include hot acid springs (Matsuzaki et al.,
2004; Schonknecht et al., 2013) and coastal caves (Azua-Bustos et al.,, 2012). The
multicellular red algae, Porphyra umbilicalis, or laver seaweed, inhabits intertidal zones,
experiencing desiccation, osmotic stress and extremes of ultraviolet light (Brawley et al.,
2017). Despite their diversity, there are several characteristics such as pigmentation by
phycobiliproteins (the red and blue pigments are phycoerythrin and phycoacyanin
respectively, Sfriso et al., 2018), the lack of cytoskeletal structures linked to motility and a
reduced gene set that are shared between all red algae (Qiu et al., 2015). Red algal
morphology ranges from the unicellular class, Cyanidiophyceae (Bhattacharya et al., 2013),
to branched, multicellular species as large as 2m in size. This is an example of the convergent
evolution of multicellularity in plants, with other transitions found in chlorophytes, charophytes

and land plants (Parfrey et al., 2013) which are discussed in later sections.

Glaucophyta are a small group of freshwater unicellular algae with 14 known species (Guiry,
2012). The branches of early plant evolution remain ambiguous, specifically with regards to
the placement of glaucophytes and rhodophytes in relation to green plants (Palmer et al.,
2004). However, analysis of the first glaucophyte genome, Cyanophora paradoxa, provided

strong evidence that glaucophytes and green plants are most closely related (Price et al.,
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2012, 2019; Leebens-Mack et al., 2019). Similar to red algae, glaucophytes contain
phycobilins and a plastid. Additionally, glaucophytes have flagella which enables them to be

motile (Price et al., 2019).

1.2.2 Viridiplantae

Viridiplantae (kingdom Plantae sensu stricto) consists of two major groups, Chlorophyta and
Streptophyta (Figure 1.1), that diverged approximately 970 million years ago (Ruhfel et al.,
2014; Morris et al., 2018). There are now an estimated 450,000 — 500,000 species of
Viridiplantae (Corlett, 2016; Lughadha et al., 2016). The origin of Viridiplantae is marked by
the loss of phycobiliproteins which, as mentioned, are found in rhodophytes and glaucophytes
(Tomitani et al., 1999). Also emerging in the ancestor of green plants is the photosynthetic
pigment chlorophyll b which enabled the absorption of a greater spectrum of light than was
possible for the ancestor of Archaeplastida, which only possessed chlorophyll a (Lewis et al.,
2004). Another defining feature of all Viridiplantae is the development of a more complex cell

wall, which occurs through starch synthesis within the plastid (Popper et al., 2011).

Although the relationships amongst Viridiplantae are fairly well understood, there remain areas
of the plant tree of life that are contentious. Recent analysis of the genome of the marine green
alga Prasinoderma coloniale identified a third phylum of Viridiplantae, Prasinodermatophyta,

that emerged before the divergence of Chlorophyta and Streptophyta (Li et al., 2020b).

Chlorophytes are a monophyletic group containing 8,000 described species, with a diversity
of adaptations, morphologies and life histories (Guiry, 2012). The oldest fossil evidence for
chlorophytes has been dated to 800-1000 million years old and these have been identified as
multicellular organisms (Butterfield et al., 1994; Tang et al., 2020). The ancestor of
Chlorophyta likely diversified in marine environments in the Neoproterozoic era (1000-541
mya) leading to the evolution of the core chlorophytes (Ulvophyceae, Trebouxiophyceae,
Chlorophyceae) which subsequently radiated into marine, freshwater and terrestrial

environments (Leliaert et al., 2011, 2012; Fang et al., 2017). Chlorophyte morphology ranges
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from unicellular organisms (e.g. Ostreococcus tauri, Derelle et al., 2006) to colonial (e.g.
Volvox carteri, Prochnik et al., 2010) and multicellular algae (e.g. Ulva mutabilis, or sea lettuce,
De Clerck et al., 2018). This represents another instance of the evolution of multicellularity in

plants (Umen, 2014).

1.2.3 Streptophyta

Streptophyta diverged approximately 890 mya and consist of charophytes and embryophytes
(land plants) (Figure 1.1). Unlike chlorophytes, charophyte algae are paraphyletic, which is
defined as a group of organisms descended from a common ancestor but that does not include
all descendants (in this case, Embryophyta, Civan et al., 2014). Streptophyte algae are found
in a range of brackish, freshwater and terrestrial habitats, which demonstrates the range of
adaptations within this group to water availability (Furst-Jansen et al., 2020). Similar to
chlorophyte algae, charophytes demonstrate a diverse range of morphologies further
exemplifying the convergent evolution of multicellularity in plants (Umen, 2014). Six
morphologically distinct groups have been identified (Figure 1.1): single celled Mesostigmales
(e.g. Mesostigma viride, Liang et al., 2019), sarcinoid (a cluster of cells) Chlorokybales (e.g.
Chlorokybus atmophyticus, Wang et al.,, 2019), filamentous Klebsormidiales (e.g.
Klebsormidium flaccidum, Hori et al., 2014), multicellular three-dimensional Charales (e.g.
Chara braunii, Nishiyama et al., 2018), multicellular two-dimensional Coleochaetales and
filamentous Zygnematales (e.g. Mesotaenium endlicherianum, Cheng et al., 2019). The
interrelationships between these groups have been highly contested but the latest plant
phylogenies, which are based on data from one thousand plant transcriptomes, place
Zygnematophyceae as a sister group to land plants (Wickett et al., 2014; Leebens-Mack et
al., 2019). Over 6,000 species of Charophyta have been described, with Zygnematales

recognised as the most species rich group (Guiry, 2012).

Genome analysis has identified that the transition of plants from water onto land
(terrestrialisation) was preceded by major innovations previously thought to be land plant

specific (Xu et al., 2011; Hori et al., 2014; Nishiyama et al., 2018; Wang et al., 2019). These
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include the symbiotic association of plants with beneficial fungi (Delaux et al., 2015), a partial
genetic toolkit for directing stress responses (Bowman et al., 2017; de Vries et al., 2018a,
2018b; Furst-Jansen et al., 2020) as well as cell wall modifications (Hori et al., 2014; Mikkelsen

et al., 2014; Nishiyama et al., 2018; Wang et al., 2019; Jiao et al., 2020).

1.2.4 Embryophyta

Over 500 million years ago, the first plants moved from aquatic environments onto land which
is marked as one of the most important developments in plant evolution (Morris et al., 2018).
Terrestrialisation had major impacts on global biogeochemical cycles, leading to reductions in
atmospheric CO, (Lenton et al., 2012) and an increase in oxygen production (Lenton et al.,
2016). The conquest of land also resulted in the development of new habitats for animals
(Labandeira, 2013) as well as changes to soil types and the formation of new river systems
(Gibling et al., 2012). Terrestrial colonisation has been attributed to a series of major
innovations in plant anatomy and biochemistry. Common features required for plant life on
land and therefore present in the first land plants are three dimensional growth, rhizoids (root-
like structures), stomata (pores) and the alternation of generations (Harrison, 2017). The latter
of these involves two distinct phases in the plant life cycle, alternating between sporophyte
(non-sexual phase) and gametophyte (sexual phase) forms. Recent studies have also shown
that the evolution of plants was coordinated by the evolutionary development of increasingly
complex signalling molecules (Bowman et al., 2017) and genetic networks (Catarino et al.,

2016).

Embryophyta (land plants), consisting of bryophytes (e.g. mosses) and tracheophytes
(vascular plants), diverged approximately 450 mya (Figure 1.1). The phylogeny of early land
plants is widely debated but the latest research classifies bryophytes as monophyletic (a group
of organisms that share a most recent common ancestor) and a sister group to vascular plants

(Puttick et al., 2018; Harris et al., 2020).



29

The bryophytes consist of liverworts (9000 species), mosses (12,700 species) and hornworts
(225 species) which are all closely related to the first plants that colonised land (Figure 1.1)
(Christenhusz et al., 2016). Bryophytes lack vascular tissue and true roots but possess key
innovations for life on land including the ability for 3-dimensional growth as well as specialised
morphological and physiological adaptations, such as the ability to completely dehydrate and
recover (Bowman et al., 2017). Specific structures required for life in terrestrial environments
are found in all land plants, such as rhizoids and root hairs, which are needed for water uptake
and anchorage (Jones et al., 2012). However, other structures show a marked phylogenetic
distribution in bryophytes, for example there is evidence of reductive evolution or the loss of
key traits in liverworts including rhizoid structures, sporangium development and spore wall
structures (Puttick et al., 2018). Stomata, the pores that regulate gas exchange in plants, were
present in the ancestor of land plants and are present in every lineage apart from liverworts
(Harris et al., 2020). In liverworts, the air pore complex has instead independently evolved to
enable gas exchange (Jones et al., 2017). The evolutionary development of these analogous
features likely required an individual genetic toolkit, facilitated by lineage specific gene group

novelty and expansion.

1.2.5 Tracheophyta and Euphyllophyta

Tracheophytes can be divided into two major extant plant groups, the Lycophyta and
Euphyllophyta (Figure 1.1). Distinguishing innovations of tracheophytes (also known as
vascular plants) is a vascular system for the transport of water and minerals, bifurcation which
is the division of shoots and roots into two branches, and a sporophyte dominated life cycle
(Harrison, 2017). Additionally, there are several extinct lineages of land plants that diverged
after the split of bryophytes and have been identified from fossil evidence. These include
Horneophyton and Aglaophyton which form the protracheophyte group, as well as

Rhyniopsids which are defined as early diverging tracheophytes (Kenrick et al., 1997).

The Pteridophyte Phylogeny Group summarised that the 1290 lycophyte species can be

placed into three orders, namely the Lycopodiales, Isoétales, and Selaginellales (Christenhusz
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et al., 2016; Schuettpelz et al., 2016). There are several examples of independent evolution
of important biological innovations in the lycophytes and other vascular plant groups. This
includes the evolution of roots, which occurred once in the ancestor of Lycophyta and once in
the ancestor of Euphyllophyta (Hetherington et al., 2018). Leaves have also evolved
independently at least three times, in the ancestor of Lycophyta, Monilophyta and

Spermatophyta (Tomescu, 2009).

The group Euphyllophyta, which diverged approximately 435 mya, consists of Monilophyta
(ferns and allies) and Spermatophyta (seed plants) (Figure 1.1). Monilophyta are a speciose
plant group containing an estimated 10,560 species (Christenhusz et al., 2016). As highlighted
above, the innovation shared amongst all euphyllophytes are true roots (Doyle, 2017). Another
example of convergent evolution in plants is the origin of lateral roots, which occurred in the

ancestor of seed plants and on multiple occasions in ferns (Hetherington et al., 2020).

1.2.6 Spermatophyta

Spermatophyta (seed plants) can be split into two major plant groups, the gymnosperms and
angiosperms (flowering plants) (Figure 1.1). The extinct sister group of spermatophytes are
early lignophytes such as Archaeopteris (Meyer-Berthaud et al., 1999). Fossil evidence
suggests that these plants reproduced in a similar way to lycophytes and ferns, via the
dispersal of spores through the air (Meyer-Berthaud et al., 1999). In the first seed plants, a
different method of reproduction emerged through the development of seeds. Seeds are
fertilised by pollen which can be transported by wind, water and animals (Linkies et al., 2010).
This revolutionary reproductive strategy minimised the influence of external environments and
enabled plants to proliferate in terrestrial ecosystems as their dependence on water for
reproduction was reduced. In addition to this, the ancestor of seed plants also possessed
secondary xylem and phloem, collectively known as the vascular cambium. The emergence
of secondary vasculature enabled the evolution of new plant forms, including large forest trees

and woody vines such as lianas (Spicer et al., 2010).
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Based on fossil evidence (from Elkinsia and Moresnettia) and molecular dating,
Spermatophyta emerged around 365 million years ago (Serbet et al., 1992; Morris et al.,
2018). There are approximately 1000 species of gymnosperm which can be grouped into five
subclasses, which are the Pinaceae, Cycads, Ginkgos, Gnetophytes and Cupressophytes

(Zhong et al., 2010; Lu et al., 2014; Wang et al., 2014e; Christenhusz et al., 2016).

1.2.7 Angiosperms

Flowering plants, or angiosperms, diversified only 209 mya (Figure 1.1) but represent the most
successful group of land plants in terms of both distribution and number of species (Barba-
Montoya et al., 2018; Morris et al., 2018; Li et al., 2019). Charles Darwin described the diversity
and speed of the evolution of angiosperms as the “abominable mystery” (Davies et al., 2004).
Considering angiosperms are the plant group that diversified most recently, their diversity is

unparalleled with approximately 350,000 - 500,000 extant species (Christenhusz et al., 2016).

Reports from the Angiosperm Phylogeny Group (APG) have improved our understanding of
flowering plant evolution (Bremer, 1998; Bremer et al., 2003, 2009). Current thinking assigns
the ANA grade angiosperms (Amborellales, Nymphaleales, Austrobaileyales) as the sister
group to the Mesangiosperms. Subsequently Magnoliids and Chloranthales are sister to a
clade containing Monocots, Ceratophyllales and Eudicots. According to the latest APG report,
Monocots are the sister group of Ceratophyllales and Eudicots (Chase et al., 2016). However,
there is contention over these relationships, particularly the placement of Ceratophyllales and
Chloranthales, as highlighted by analysis from the one thousand plant transcriptomes project
(Leebens-Mack et al., 2019).

Diverse and species rich families within the flowering plants include the orchid (Orchidaceae),
sunflower (Asteraceae), sedge (Cyperaceae) and mustard families (Brassicaceae)
(Christenhusz et al., 2016). Additionally, many flowering plants are of high economic,
agricultural and cultural importance (Chen et al., 2018) which is reflected in the number of

sequenced representatives, with well sequenced plant families including the legumes
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(Fabaceae) (Griesmann et al., 2018) and the grasses (Poaceae) (Goff et al., 2002; Yu et al.,
2002; Vogel et al., 2010; Zhang et al., 2014b; Stein et al., 2018).

Despite their diversity, angiosperms have many shared innovations that facilitated their rise to
ecological dominance. These mostly relate to the evolution of their reproductive biology (Jiao
et al., 2011). The carpel, a closed structure containing the ovules, is found only in flowering
plants. Additionally, in most flowering plants, double fertilisation occurs with the first event
producing the seed and the second event producing the endosperm, a nutritive tissue which
feeds the growing seed (Endress, 2011, Soltis et al., 2016). Double fertilisation and protected
ovules are both common to flowering plants, although examples of double fertilisation are
found elsewhere in the plant phylogeny (e.g. Gnetales) (Wan et al., 2018a). This provided a
competitive advantage for angiosperms by enabling plants to establish in previously hostile

environments.

An additional trait to emerge in the last common ancestor (LCA) of flowering plants were
leaves with reticulate veins, which are web or network-like patterns, enabling controlled
movement of water and food (Boyce et al., 2009). Stems with specialised xylem vessels also
emerged in the ancestor of flowering plants. These structures are in contrast to the tracheids
found in non-flowering plants which were simpler in comparison (Trueba et al., 2019). These

innovations enabled the first flowering plants to efficiently transport water throughout the plant.

Finally, the LCA of angiosperms were the first plants to evolve flowers. The earliest fossil
evidence identifies unequivocal evidence of angiosperm flowers at around 125 mya, whilst
fossilised pollen grains have been dated at ~135 mya during the early Cretaceous (Sun et al.,
1998, 2002). Recent analysis of floral traits from across the flowering plant tree of life
suggested that the ancestral angiosperm flower was likely bisexual and radially symmetric
(Sauquet et al., 2017). The emergence of these innovations enabled the rapid diversification
of angiosperms and had important implications for global biodiversity. Flowering plants have

complex interactions with microbes (Rebolleda-Gomez et al., 2019), fungi (Lutzoni et al.,
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2018), pollinators (van der Kooi et al., 2020) and seed dispersers (Eriksson, 2016) and are

therefore fundamentally important for terrestrial ecosystems (Crane et al., 1995).

1.3 Genes and genomes

Although there are several areas of contention in the plant phylogeny (for example bryophytes
as a sister group to vascular plants), the major relationships are well resolved, particularly in
comparison to the evolutionary history of animals (Jékely et al., 2015; Pisani et al., 2015;
Feuda et al., 2017; Simion et al., 2017; Whelan et al., 2017). Many of the major evolutionary
steps in the plant tree of life are also well characterised, for example the transition from water
onto land as well as the evolution of roots, seeds and flowers. Our understanding of plant
evolution is now at its most advanced, partially due to the revolution of DNA sequencing
technologies. This technological revolution has made the sequencing of problematic taxa,
more feasible, in terms of cost, speed and accuracy (Koonin et al., 2000) and has also
improved the quality and quantity of plant transcriptome data which, in turn, has improved our
understanding of the phylogenetic relationships between species (Wickett et al., 2014; Pulttick
et al., 2018; Leebens-Mack et al., 2019). This revolution has also increased the availability

and quality of plant genomes which is described in more detail below.

1.3.1 Revolution in genome sequencing

The first plant to have its genome sequenced was the model organism, Arabidopsis thaliana,
in 2000 (The Arabidopsis Genome Initiative, 2000). Following on from this, the first crop plants
to have their genomes sequenced were two subspecies of Oryza sativa, or cultivated rice, in
2002, costing approximately $100 million (Goff et al., 2002; Yu et al., 2002). In comparison, a
genome of a similar size to rice (approximately 420 megabases, or Mb) can now be
constructed de novo for around $10,000 (Li, 2018). This decline in cost can be attributed to
the improvement of existing sequencing technologies (e.g. Sanger sequencing) and the
development of Next Generation Sequencing approaches (e.g. lllumina, PacBio and Oxford

Nanopore) (Goodwin et al., 2016; van Dijk et al., 2018).
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Figure 1.2. The increasing availability of plant genomes, coloured by taxonomic group.
Information sourced from plabipd.de.

As a result of these declining costs, genome data from across the plant tree of life has been
produced at an increasingly high rate (Figure 1.2). For example, at the beginning of my PhD
research (October 2017), 178 well annotated plant genomes were available (Bowles et al.,
2020) whereas, at the time of writing this thesis, over 550 plant genomes have now been
sequenced (Table 1.1). Considering approximately 550 plant genomes have been sequenced
in the last twenty years, the availability of genomic data is predicted to increase exponentially
in the next five to ten years. This combination of a well resolved phylogeny and unprecedented
amounts of whole genome data has allowed us to begin to ask questions about the molecular

evolution of plants.
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Table 1.1. The number of publicly available, assembled genomes in 2017 and 2020.

Plant group Number of genomes Number of genomes
2017 2020
Rhodophyta 4 10
Glaucophyta 1 1
Chlorophyta 14 42
Charophyta 1 7
Bryophyta 2 8
Lycophyta 1 3
Monilophyta 0 3
Gymnosperms 3 8
Basal Angiosperms 1 4
Magnoliids 0 9
Monocots 43 92
Early diverging eudicots 5 9
Rosids 64 217
Asterids 39 141
Total 178 554

1.3.2 Genome diversity

Genomic innovation, variation and complexity is increasingly being recognised as a significant
factor in the diversification of life on Earth. For example, whole genome duplications are
considered fundamental to the expansion of many plant lineages (Clark et al., 2018). There is
large variation in both the size and structure of plant genomes, with these differences ranging
from single nucleotide polymorphisms (SNPs) to genome wide duplications, deletions and
rearrangements (Saxena et al., 2014). Whilst land plant genomes have a 2,400 fold range in
size (Pellicer et al., 2018), there are only a few species that exhibit gigantism as maintaining
a large genome is costly (Simonin et al., 2018). Paris japonica has the largest genome (149
gigabases) of any plant, as well as any eukaryotic organism, recently surpassing the last
record holder, the marbled lungfish, Protopterus aethiopicus (Pellicer et al., 2010). Ferns also

typically have larger than average genomes. For example, the genome of the whisk-fern
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Tmesipteris obliqua is only marginally smaller than Paris japonica (Hidalgo et al., 2017,
Pellicer et al., 2018). This has acted as a technological barrier to sequencing many fern
genomes (Sessa et al., 2014), meaning that to date, only three fern genomes have been
sequenced (Li et al., 2018a; Marchant et al., 2019). At the other end of the scale, Genlisea
tuberosa, a carnivorous bladderwort which inhabits nutrient poor environments, has the
smallest genome of any plant at 61 Mb (Leushkin et al., 2013). Finally Utricularia gibba, a
member of the same family as Genlisea tuberosa has a very small genome of 82 Mb (Ibarra-
Laclette et al., 2013), which contains 28,500 protein coding genes; these represent 97% of

the genome and therefore only 3% of its genome is non-coding DNA.

This large variation in the size of plant genomes can often be attributed to the frequency of
Whole Genome Duplication (WGD) events also known as polyploidy (Wendel et al., 2016).
The extra genetic material in organisms with duplicated genomes provides the potential for
evolutionary innovation of new traits that can provide a competitive advantage. A WGD event
leads to an organism gaining an extra copy of every single gene in its genome, during the cell
division phase of sexual reproduction (Jiao et al., 2011). Genome analysis of Amborella
trichopoda, an early branching angiosperm, suggested that the first flowering plants arose
when an ancestral spermatophyte underwent WGD around 150 million years ago
(DePamphilis et al., 2013). The extra genetic material gained through paleopolyploidy, an
ancestral WGD, allows for functional diversification of genes. In the case of the first
angiosperms, this provided the ability to evolve new structures such as flowers. This finding
has since been supported through the analysis of one thousand plant transcriptomes, which
has identified an additional 244 ancient WGDs across all Viridiplantae (Leebens-Mack et al.,

2019).

In addition to experiencing WGD, genomes can undergo a series of restructuring events by
families of lineage-specific transposable elements. It is important to note that these events can
lead to both genome shrinkage as well as expansion (Wendel et al., 2016). Genome

stabilisation, the regulatory processes that govern genome structure and content through
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mechanisms such as gene silencing and gene conversion, can also lead to the novel or partial
expression of genes, which are respectively known as neo- or sub-functionalisation. The
global diversification of plants can be largely attributed to the frequency of these events and

their subsequent genomic plasticity (Soltis et al., 2009).

Understanding the consequences of WGDs for gene evolution and the proliferation of gene
families are still major unanswered questions in evolutionary biology. The increasing
availability of genomic data means that our understanding of how plant genomes have evolved
has improved greatly and the variation in both genome size and structure can be explored
(Palmer et al., 2004). Crucially, we can use this information to begin to identify the genomic
changes that have accompanied the origin of different plant groups and therefore also unravel

the molecular basis of biological innovations and adaptations.

1.3.3 Gene family evolution

Maynard Smith and Szathmary’s seminal work highlighted the synthesis of DNA, the origin of
the eukaryotic cell and the evolution of multicellularity as major transitions in evolution
(Szathmary et al.,, 1995). The evolution of genes underpin these major transitions. For
example, genome analysis of the multicellular chlorophyte algae, Volvox carteri, identified the
expansion of gene families associated with multicellularity (Prochnik et al., 2010). In particular,
genes involved in the production of cyclin proteins, which are linked to the coordination of cell
division, and pherophorins, involved in increasing the complexity of the cell wall, had
diversified when compared to those in the unicellular Chlamydomonas reinhardtii. An
additional example comes from an analysis of the genome of the most morphologically
complex charophycean algae, Chara braunii, which found that multiple gene families, linked
to organismal complexity, had emerged and expanded (Nishiyama et al., 2018). For example,
730 transcription factors and regulators were identified, compared to 627 and 542 found in

Klebsormidium nitens and Chlamydomonas reinhardtii respectively.
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With a particular focus on plant evolution, other major evolutionary transitions have been
identified, including the transition of plants from aquatic environments to land and the origin of
stomata, vascular tissue, roots, seeds and flowers (as highlighted above) (Ligrone et al., 2012;
Harrison, 2017). Again, these transitions have also been accompanied by the evolution of new
genes. For example, it has recently been identified that almost all transcription factor families,
which are associated with multiple developmental processes, were present in the last common
ancestor of land plants (Catarino et al., 2016). Additionally, an analysis of Zygnematophyceae
genomes, the closest extant relatives of land plants, found that many phytohormone signalling
and biosynthesis genes emerged in the first land plants (Cheng et al., 2019; Jiao et al., 2020).
Genome analysis of the first lycophyte genome, Selaginella moellendorffii, identified that the
ancestor of Tracheophyta contained at least 7247 gene families; 27 of these emerged
alongside the origin of Tracheophyta and were linked to developmental innovations of vascular
plants (Banks et al., 2011). Finally, analysis of an early diverging flowering plant, the blue-
petal water lily (Nymphaea colorata), found that the ancestor of the genus experienced a whole
genome duplication event and that the retained genes from this event included those involved
in regulating flowering transition and development (Zhang et al., 2019a). Such changes in the
gene content of organisms form the foundation for biological innovation. These examples of
gene family emergence or expansion can be seen across the plant tree of life and are linked

to a plethora of major transitions.

Equally important for the evolution of plants are the genes that underpin key adaptations and
traits. Many interesting examples of genes underlying adaptations have been elucidated by
studying extremophile plants and crop wild relatives (Oh et al., 2013; Bechtold, 2018; Boulc’h
et al., 2020). For example, there are only two flowering plant species found in the Antarctic,
Colobanthus quitensis (Cho et al., 2018) and Deschampsia antarctica (Lee et al., 2013), which
both exhibit high expression of core environmental stress response genes, for example Late
Embryogenesis Abundant proteins and Ice Recrystallisation Inhibition proteins, that are vital

for surviving low temperatures. Wild relatives of the model organism Arabidopsis thaliana have
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also been studied extensively to understand the molecular basis of extreme adaptations.
Genome analysis of a close relative of A. thaliana, Crucihimalaya himalaica, which has been
proposed as a model for high altitude adaptation, revealed that gene families linked to intense
radiation, DNA repair and low temperatures showed signs of positive selection (Zhang et al.,
2019c). The genetic diversity of wild relatives can, in turn, be utilised to understand and
improve stress tolerance in model and crop species. A comparison of two drought tolerant
Brassicaceae species, Arabidopsis lyrata and Eutrema salsugineum, with the drought
sensitive Arabidopsis thaliana, found that increased water use efficiency and drought
resistance could be attributed to high expression of key signalling genes. These genes were
predominantly found in the abscisic acid (ABA) signalling pathways known to be intrinsically

linked to drought tolerance (Marin-de la Rosa et al., 2019).

As highlighted in the examples above the genetic basis of plant diversification and adaptation
can be illuminated by investigating gene evolution and this can also improve our
understanding of how genes have evolved in relation to traits of interest. As highlighted in the
last example above, drought tolerance is a major constraint on crop productivity but the genetic
basis of this trait is poorly understood (Fahad et al., 2017). With the ever-growing need to
develop stress tolerant crop varieties in the face of global climate change, it has been selected
from the many traits that threaten global food security, to be examined in this thesis.
Application of the evolutionary thinking described above could aid in the identification of novel

genes responsible for drought adaptations.

1.4 Outline and aims of thesis

The overarching goal of this thesis is to explore the evolution of genes involved in the major
transitions in plant evolution and the consequences of these events for some of the traits
associated with these transitions, including drought tolerance. The approach begins by
analysing plant genome data, which leads on to an experimental analysis that attempts to
validate computational findings. The research detailed in this thesis will accomplish this goal

by addressing the following aims:
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e Examine gene gains and losses across the plant tree of life.

e Investigate gene group dynamics in relation to innovations involved in drought
tolerance.

¢ Understand how drought tolerance as a trait has evolved.

e Discover unknown drought tolerance genes by incorporating trait evolution into a

comparative genomic framework.

More specifically, the work described in the first research chapter of this thesis (Chapter 2)
aims to examine the evolution of genes across the plant tree of life, thereby establishing the
genetic innovations that appear during the major transitions in plant evolutionary history.
Comparing the genomes of diverse plant species enables broad scale evolutionary patterns
to be identified. In Chapter 3 | then move on to investigate the evolutionary history of genes
that are important for the biological innovations intrinsically associated with drought tolerance,
which include stomata, vascular tissue and roots. Thirdly, the research described in Chapter
4 aims to understand how drought adaptations have emerged and evolved across the plant
tree of life. Finally, in Chapter 5, | aim to identify and characterise unknown drought tolerance
genes, by combining the definition of drought tolerance outlined in Chapter 4 with the
comparative genomic approach developed in Chapter 2. The ultimate objective of this work is
to produce plants that have a greater tolerance of drought. As such, the chapter details
preliminary experimental work which aims to identify the function of candidate drought
tolerance genes through expression analysis and the generation of genetic mutants. Research
described in Chapters 2 to 5, will be introduced and discussed in detail individually in each
respective chapter, before a general discussion and conclusion of the thesis findings are

presented in Chapter 6.
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Chapter 2 The evolution of land plants is rooted in two bursts of

genomic novelty
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2.1 Abstract

Over the last 470 million years, plant evolution has seen major evolutionary transitions such
as the move from water to land and the origins of vascular tissues, seeds, and flowers (Morris
et al., 2018). These have resulted in the evolution of terrestrial flora that has shaped modern
ecosystems, and the diversification of the Plant Kingdom, Viridiplantae, into over 374,000
described species (Christenhusz et al., 2016). Each of these transitions was accompanied by
the gain and loss of genes in plant genomes. For example, whole genome duplications are
known to be fundamental to the origins of both seed and flowering plants (Vanneste et al.,
2014; Clark et al., 2018). With the ever-increasing quality and quantity of whole genome data,
evolutionary insight into origins of distinct plant groups using comparative genomic techniques
is now feasible. Here, using an evolutionary genomics pipeline to compare 208 complete
genomes, the gene content of the ancestral genomes of the last common ancestor
of land plants and all other major groups of plant was analysed. This approach reveals an
unprecedented level of fundamental genomic novelties in two nodes related to the origin of
land plants, the first in the origin of streptophytes during the Ediacaran (629 million years ago)
and another in the ancestor of land plants in the Ordovician (473 million years ago). The
findings highlight the biological processes that evolved with the origin of land plants and
emphasise the importance of conserved gene novelties in plant diversification. Comparisons
to other eukaryotic studies suggest a separation of the genomic origins of multicellularity

and terrestrialisation in plants.

2.2 Highlights
e Comparing 208 genomes gives insight into the role of gene novelty in plant evolution
e Two bursts of genomic novelty played a major role in the evolution of land plants
(Figure 2.1)
e Functions linked to these novelties are multicellularity and terrestrialization

e The backbone of hormone signaling either predates or accompanies this transition
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New genes involved in
multicellularity

New genes involved
in terrestrialisation

Chlorophyta

Streptophyta

Figure 2.1 Graphical abstract summarising the key finding that the evolution of land
plants was preceded by two bursts of genomic novelty.

2.3 Introduction

Understanding the diversification of plant life on Earth is still one of the major challenges in
evolutionary biology. Although it is known that the diversification of plants has been driven by
the evolution of key innovations, including roots, seeds and flowers, there remains much that
is not known about the evolutionary history of plants. One lens through which to understand
the diversification of plant life is the diversity of genes and genomes. Defining the genomic
changes accompanying plant evolution is key to unravelling the molecular basis of biological
innovations. Recent studies have used comprehensive taxonomic transcriptome data to
understand angiosperm diversification rates and gene family expansion in the major plant
groups (Landis et al., 2018; Leebens-Mack et al., 2019). Furthermore, reduced genomic

datasets have been used to investigate whole genome duplications as well as gene family
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gains and losses associated with plant diversification (Vanneste et al., 2014; Wilhelmsson et
al., 2017; Li et al., 2018a). However, the role of genomic novelty in the origins of distinct plant
groups using an extensive sampling of complete genomes with a phylogenetically broad

outgroup has not been fully evaluated.

2.3.1 Comparative genomics

Detailed below is a comparative genome approach to assign proteins into groups based on
sequence similarity. These gene groups can be extracted based on taxonomic occupancy
enabling patterns of gene gains and losses across the plant tree of life to be inferred. In this
approach, similar, related proteins are clustered together into distinct groups. These proteins
share a common ancestry, whether by gene duplication or speciation and, as such, are placed

into groups of homology.

There are several approaches that aim to dissect homology relationships. Specifically, these
relationships consist of orthologous genes which are related to one another by speciation and
paralogous genes which are related by gene duplication (Koonin, 2005). These methods aim
to assign proteins into orthologous groups and include packages such as OrthoDB
(Kriventseva et al., 2019), OrthoMCL (Li et al., 2003) and OrthoFinder (Emms et al., 2015,
2019). The most widely used and accurate approach for orthology assignment is OrthoFinder
(Emms et al., 2015). As such, it is compared in greater depth to the homology assignment

approach described in this work, detailing the advantages and disadvantages of this method.

OrthoFinder begins with the reciprocal comparison of the sequence similarity between
proteins. This process, similar to the homology assignment approach, uses BLAST to identify
sequences of similarity within and between focal species. Next, a similarity matrix is produced
based on the BLAST outputs and then Markov-chain clustering (MCL) is used to place proteins
into groups. This step is also used in the homology assignment approach. However, in
OrthoFinder, the BLAST bit-score output is additionally normalised by gene length. This extra
step, as well as stricter BLAST and MCL parameters in OrthoFinder, enables the prediction of

orthology groups, as opposed to homology groups (Emms et al., 2015).
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Although these approaches are highly popular, there are several limitations that are
associated with most orthology assignment methods. For example these methods often
struggle to detect gene fusion, fission and exon shuffling (Kuzniar et al., 2008; Holland et al.,
2017). Additionally, there are issues in orthology detection for complex evolutionary scenarios.
Lateral gene transfer (LGT), which is common amongst plants, particular between plant
species (Yue et al., 2012; Li et al., 2014c; Cheng et al., 2019; Dunning et al., 2019), can be
difficult to decipher (Glover et al., 2019). Gene and genome duplication, a frequent feature of
plant genome evolution (Flagel et al., 2009; Clark et al., 2018; Qiao et al., 2019; Costello et
al., 2020), have also proved complex to disentangle, especially when this is followed by gene

loss (Kapli et al., 2020).

In light of the limitations surrounding orthology assignment detailed above, a homology group
assignment approach was instead used in this study, incorporating both orthologous and
paralogous genes in the same group. This approach is particularly suited to a plant genome
dataset, due to the increased incidence of LGT and gene duplication. Additionally, this
approach is less prone to the false positives and misassignments that are seen in orthology
detection methods. Thus, homology group assignment was used to investigate the role of

genomic novelty in plant evolution.

2.4 Results and Discussion

2.4.1 Analysing the ancestral plant gene content

Adapting a previously described (Dunwell et al., 2017; Paps et al.,, 2018) comparative
genomics pipeline, 208 eukaryotic genomes, including a broad representation of animal (10),
other unikont (11), and non-embryophyte bikont (29) genomes were compared (Methods,
Supplementary Data 2.1, Appendix 2.1). Genome quality was assessed with BUSCO analysis,
a quality control measure of genome sequencing and assembly, and genomes with more than
15% of BUSCO missing genes were discarded. Protein sequences were compared using
BLAST and MCL to identify Homology Groups (HGs). To reduce the error produced by the

complex evolutionary dynamics of genes involved in these transitions, further dissection of HG
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was not conducted (Holland et al., 2017; Paps et al., 2018). Therefore, a single HG is defined
as a set of proteins that have distinctly diverged from others. The 208 eukaryotic
genomes contain ~9 million proteins which were clustered into ~650,000 Homology Groups.
Using scripts incorporating a phylogenetic framework to inform comparative genomics, five
evolutionarily distinct classifications of HG (Ancestral, Ancestral Core, Novel, Novel Core,
Lost) were extracted (Supplementary Data 2.2, Appendix 2.2). Based on these outputs,
patterns of large gene gains and losses were identified across the plant phylogeny (Figure

2.2).

The HG categorisation juxtaposes between the traditional gene classification (e.g. gene
families, classes) and their evolutionary dynamics. Therefore a HG can either contain genes
traditionally designated as subfamilies (e.g. GA30x), gene families (e.g. Allene Oxide Cyclase)
or gene superfamilies. This recovery of traditional gene classifications demonstrates the
reliability of this clustering approach (Supplementary Data 2.3). There are limitations shared
with other BLAST-based analyses, such as the impact of gene fusion, fission and lateral gene
transfer. However, genes in broad HGs are less likely to be misassigned than orthologs and
paralogs (e.g. OrthoFinder) (Pett et al., 2019). The pipeline approach also tackles biases seen
in tree reconciliation methods, which are prone to inaccurate assignments of gene gains and

losses (Hahn, 2007).

2.4.2 The role of highly conserved gene groups in plant evolution

The evolution of Embryophyta (land plants) and Streptophyta (land plants and their closest
algal relatives, Charophyta) are arguably the most dramatic transitions in the history of plants.
These events have previously been linked with the expansion of many processes and
developmental traits including embryogenesis (Nishiyama et al., 2018), plant hormones
(Wang et al., 2015) and symbiotic interactions with arbuscular mycorrhizae and rhizobacteria
(Field et al., 2015). The analyses revealed that there was a substantial increase in the number
of highly retained gene novelties in the Last Common Ancestor (LCA) of Streptophyta and the

LCA of Embryophyta with 50 and 103 Novel Core HGs identified, respectively (Figure
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2.2). Gene Ontology (GO) analyses using Arabidopsis thaliana, which has comprehensive GO
annotations, were used to explore the modern functions of descendants of genes from Novel
Core HGs (Supplementary Data 2.4, Figure 2.3). The Protein Class category was used as this
classification is less prone to false assignments and biases (Paps et al., 2018). All other GO
categories including Molecular Function, Biological Process and Pathway were produced
(Supplementary Data 2.4). HGs present in the LCA of embryophytes are abundant in classes
involved in protein modification (e.g. transferase, oxidoreductase, ligase) and protein transport
(e.g. transporter proteins, membrane traffic proteins) whilst HGs present in the LCA
of streptophytes are abundant in gene regulation (e.g. transcription factor) and cell structure,
movement and division (e.g. cytoskeletal proteins). The origins of Streptophyta were
accompanied by the evolution of many plant-specific transcription factors (e.g. HD-ZIP) and
an increasingly complex cell wall corresponding to the high number of the protein class hits
seen in the Streptophyta Novel Core (NC) HGs (Hori et al., 2014; Wilhelmsson et al., 2017;

Nishiyama et al., 2018).

It is possible that the bursts of conserved genomic novelty could be explained by the presence
of one or multiple whole genome duplications (WGDs). Inferring WGDs in these ancestral
nodes is difficult with no events currently identified in the LCA of these groups (Van de Peer
etal., 2017; Zwaenepoel et al., 2019). Analysis of over 1000 transcriptomes has identified 244
WGDs across the green plant phylogeny (Leebens-Mack et al., 2019). These mostly occur
after the origin of vascular plants and do not appear to coincide with the burst of novelties
seen in this study. This supports the theory that there was a change in strategy from gene
family birth and expansion to WGD along the backbone of the plant phylogeny.
Another contributing factor that might explain the origins of some Novel Core HGs is the
presence of horizontal gene transfer (HGT). BLAST searches against the Swissprot database
confirmed the absence of all Novel Core HGs in outgroup taxa, validating the outputs of
the pipeline approach (Supplementary Data 2.5). Queries using the pipeline approach

revealed that 323 HGs were present in fungal and land plant genomes but absent in all other
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taxa in this study’s dataset (Supplementary Data 2.1), suggesting widespread HGT in
plants (Yue et al.,, 2012; Lutzoni et al.,, 2018). The last eukaryotic common ancestor
(LECA) is the ancestor that connects all eukaryotes including plants and fungi. Either
these HGs were in LECA and lost from all eukaryotic representatives aside from fungi and
land plants or they are the product of HGT (Margulis et al., 2006). GO analysis of 25 of
the HGs that contained at least 100 embryophyte taxa revealed that they were associated
with gene regulation and protein modification (Supplementary Data 2.6). Other possible
HGT events that could explain the marked distribution of these Novel Core HGs include
parasitism by other plants, symbiosis with other plants (e.g. transfer of a photoreceptor
gene from bryophytes to ferns) and symbiosis with rhizobacteria (Yue et al., 2012; Wickell

et al., 2019).

2.4.3 The functions of highly conserved gene groups

In streptophytes, Novel Core HGs were implicated in root, multicellular and lateral organ
development (Supplementary Data 2.7; Figure 2.4). These terms were assigned based on
the functions in extant Arabidopsis thaliana genes. In some cases, their evolutionary
emergence predates the origin of the function with which they are often associated. For
example, there is no evidence of roots outside the Tracheophyta, yet genes associated
with root development are found in older nodes (Raven et al., 2001; Hetherington et al.,
2018). Therefore these HGs are potential examples of co-option of old genes for new

processes (Figure 2.5).

Other key functions include the increased complexity of the cell wall which is crucial for
multidimensional cell growth (Becker et al., 2009). Further indicators of multicellularity in
the predecessor of land plants are HGs involved in the regulation of transcription, cell
adhesion and division. The findings here also support an expansion of cellular signal
transduction pathways associated with growth, development and stress

responses in streptophytes.
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Many of the Novel Core HGs identified in the study have not previously been associated
with the origin of land plants. These include proteins involved in plant organ
development, cell wall construction and host microbe interactions (Raffaele et al.,
2007). Other HGs are related to terrestrialisation, with functions related to the synthesis of
lignin, UV light protection and cell signalling. The latter comprise plant hormones
(phytohormones) linked with growth such as auxin (body plan definition, Finet et al., 2013),
brassinosteroids (photomorphogenesis, Zhu et al., 2013) and gibberellins, as well as those
associated with environmental responses such as abscisic acid (ABA), salicylic
acid and jasmonic acid (primordial root growth, Briggs et al., 2006). Several Novel Core
HGs including bHLH transcription factors, receptor like kinases (LRR-RLKs) and three
families of heavy metal-associated isoprenylated plant proteins (HIPPs) have
been previously linked to the origin of embryophytes, further validating the results

(Supplementary Data 2.7) (Liu et al., 2017a).

2.4.4 The evolution of phytohormone signalling

Some of these innovations have evolved in an incremental fashion. For example,
phytohormone signalling genes identified as Novel Core to Streptophyta include Ethylene-
overproduction protein 1, ETO1 and Ethylene Insensitive 3, EIN3 (Appendix 2.3).
However, genes involved in ethylene signalling have been shown to originate before (1-
aminocyclopropane-1-carboxylate synthase, ACS) and after (1-aminocyclopropane-1-
carboxylate oxidase, ACO) this point in the evolutionary history of plants (Nishiyama et al.,
2018). Therefore these assigned functions do not demonstrate an establishment of these

features but the additive developments contributing to their origin and evolution.

Using the same comparative genomics approach, the evolutionary origins and
conservation of phytohormone pathways in plants were inferred (Appendix 2.3). The
fundamental backbone of the biosynthesis and signalling pathways of all phytohormones

either predates or accompanies the land plant transition (Ju et al., 2015b; Bowman et al.,
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2017; de Vries et al., 2018b; Nishiyama et al., 2018). Genes involved in gibberellic acid
production and signalling originate with plant terrestrialisation (Figure 2.5). However, the
role of hormones may have changed during land plant evolution, as recently highlighted
for ABA signalling (McAdam et al., 2016). Important innovations in land plants include
tightly controlled responses to drought and salt stresses, which require the production and
perception of ABA. The results show that ABA biosynthesis and perception evolved earlier
than previously thought and is highly conserved across the plant phylogeny (Figure
2.5). The ABA receptor, PYL, has recently been identified in Zygnema circumcarinatum
but is absent in other streptophyte algae (de Vries et al., 2018b). In combination with the
analysis presented here, this confirms that PYLs are conserved across
Zygnematophyceae and Embryophyta. PP2Cs and SnRK2s, known to be present across
Viridiplantae, are here supported as an Archaeplastida novelty (Bowman et al., 2017).
Identifying these HGs is a significant step in understanding the evolution of

phytohormones and their implications for plant diversification.
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Figure 2.5 Evolution of abscisic acid (ABA) and gibberellic aicd (GA) biosynthesis
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MALATE TRANSPORTER,; AVP, ARABIDOPSIS VACUOLAR H+-
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NUCLEOTIDE GATED CHANNEL; GORK, GATED OUTWARDLY RECTIFYING K+
CHANNEL; KAT, GUARD CELL INWARDLY RECTIFYING K+ CHANNEL; MAPK,
MITOGEN ACTIVATED KINASE-LIKE PROTEIN; MYB, MYB DOMAIN PROTEIN;
PLDa1, PHOSPHLIPASE Dai1; PP2C, PROTEIN PHOSPHATASE 2C; RBOH,
RESPIRATORY BURST OXIDASE HOMOLOG PROTEIN; SLAC, SLOW ANION
CHANNEL; VHA, VACUOLAR H+-ATPASE. GA biosynthesis: CPS, ENT-COPALYL
DIPHOSPHATE SYNTHASE; KS, KAURENE SYNTHASE; KO, ENT-KAURENE
OXIDASE; KAO, ENT-KAURENOIC ACID OXIDASE; GA200x, GIBBERELLIN 20
OXIDASE 1; GA3ox, GIBBERELLIN 3-BETA-DIOXYGENASE; GA20x, GIBBERELLIN 2-
BETA-DIOXYGENASE. GA Signalling: GID1, GIBBERELLIN-INSENSITIVE DWARD
PROTEIN 1, DELLA; SLY1, SLEEPY1; SCF, SKP1-CULLIN-F-BOX. This figure 2.has
been adapted from previous publications for ABA (Yamauchi et al., 2004; Cai et al., 2017)
and GA (Middleton et al., 2012; Freschi, 2013). See also Appendix 2.4.

2.4.5 Other evolutionarily distinct gene groups of ancestral plant genomes

Genomic novelty is considered to have played an important role in the establishment of
new features during the origins of land plants and other taxa. Genomic novelty in the LCA
of distinct plant groups was substantial (Figure 2.2). In the LCAs of Streptophyta and
Embryophyta, 753 and 1167 Novel HGs were identified respectively, similar to values
found in other studies (Supplementary Data 2.4) (Li et al., 2018a; Nishiyama et al., 2018).
In contrast to other plant nodes, these values are relatively low compared to the 2525 HGs
identified in the origin of Mesangiospermae. As mentioned, WGD in plants is common and
multiple events have been identified across the angiosperm phylogeny (Clark et al., 2018).
Two WGD events have been established in the ancestors of seed plants (Spermatophyta)
and flowering plants (Angiospermae) which could explain the 1432 and 713 Novel HGs

identified in these nodes (Jiao et al., 2011; Ruprecht et al., 2017).

The analyses also identify that the LCA of extant land plants (Embryophyta) contained at
least 8654 Ancestral HGs (Supplementary Data 2.4). This number is likely lower than the
total number of gene families present in the ancestral Embryophyta gene content because

a HG can contain multiple genes, and HGs and genes can be lost from all extant
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representatives. Arabidopsis thaliana and Brachypodium distachyon genomes contain
27,655 and 34,310 genes clustered into 13,345 and 14,235 HGs respectively, with 60-
70% of their genes present in the LCA of land plants. 2254 of these ancestral HGs were
retained (Ancestral Core) by at least 157 of the embryophyte genomes, demonstrating
extensive gene loss has occurred across land plant evolution (Supplementary Data 2.4).
GO analysis revealed genes derived from HGs present in the LCA of embryophytes are
abundant in gene regulation (e.g. nucleic acid binding, transcription factors) and protein

modification (e.g. hydrolase, transferase; Supplementary Data 2.4).

Furthermore, the analyses recognise HG losses (Supplementary Data 2.4). Drosophila
melanogaster was used as a representative of a well-annotated non-plant genome in
the GO analyses of HGs lost in plant evolution. A total of 1756 HGs were absent in the
LCA of Streptophyta comprising protein classes involved in gene regulation (e.g. nucleic
acid binding, transcription factor), cell signalling (e.g. enzyme modulator, signalling
molecules) and catalytic activity (e.g. hydrolase, oxidoreductase). Lost HGs were also
identified in Embryophyta suggesting that gene turnover was prolific during the evolution
of the ancestors of streptophytes and land plants (Figure 2.2). Large losses were also
identified in branches leading to the LCA of eudicots and Archaeplastida with 1196 and

1741 HGs respectively.

2.4.6 Comparisons with animal evolution

A previous study using the same comparative approach used in this study revealed an
increase of genomic novelty during the origin of the Animal Kingdom, with an increase of
conserved genomic novelty (Novel Core HGS) in a single node: the LCA of metazoans
which comprises 25 Novel Core HGs associated with multicellular processes; this
represents a 5-fold increase from previous ancestors (Paps et al., 2018). The origin of land
plants shows two nodes with an increase of conserved genomic novelty, one in the LCA
of streptophytes (in the Ediacaran, 629 mya, Morris et al., 2018) and another the LCA of

land plants (Ordovician, 473 mya, Morris et al., 2018). Moreover, plants show higher
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numbers of conserved gene novelties than animals, representing a 10-fold increase
compared to older ancestors (e.g. Novel Core HGs originating in the respective ancestors
of Viridiplantae and Archaeplastida). In green plants, multicellularity has multiple
independent evolutionary origins with chlorophycean and charophycean algae showing a
patchy distribution, but is a trait that is conserved in all embryophytes (Umen, 2014; De
Clerck et al., 2018). Here, gene content data of the ancestral genomes of the Plant
Kingdom (Viridiplantae) supports a decoupling between the emergence of multicellularity
(streptophytes) and terrestralisation (embryophytes), which is in contrast to a single burst
of novelty in the Animal Kingdom (Metazoa), whose origins did not involve a change of
environment. In the future, the inclusion of new genomes may change the reconstruction
of HGs at each node. Specifically recent sequencing of the first two fern genomes and a
second charophyte genome would help to fill phylogenetic gaps (Li et al., 2018a;
Nishiyama et al., 2018). Results from BLAST searches of Novel Core HGs against these
phylogenetically important genomes supported the pipeline outputs, further validating the
analyses (Supplementary Data 8, Appendix 2.5). In addition, this study solely focusses on
protein-coding genes, however, non-coding genes, regulatory regions and epigenetic
modifications most likely contributed to the diversification of plant life. The analysis
presented here, which incorporates genomic data for 208 taxa from across the tree of life,
provides new insight into the composition of ancestral plant genomes and emphasises the

role of genome evolution in the emergence of terrestrial flora.

2.5 Methods

2.5.1 Materials Availability

Genome sources and software (e.g. BLAST) are listed (Supplementary Data 2.1) and
referenced (Appendix 2.1) and all scripts used are available on Github listed below. This

study did not generate any new, or unique reagents.
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2.5.2 Compiling genomic dataset

A detailed description of the pipeline utilised here can be found elsewhere (Paps et al.,
2018). Briefly, the pipeline uses the protein coding genes of whole genome sequences to
identify homologous groups of proteins within and between species (Appendix 2.1). Broad
taxonomic sampling of genomic data was implemented to be able to accurately infer the
phylogenetic origin of different HGs (Supplementary Data 2.1). 208 eukaryotic genomes
were downloaded equating to 9,204,593 predicted proteins including 178 Archaeplastida
genomes (including 158 land plant genomes) and 30 from a diverse representation of
eukaryotic outgroups (Supplementary Data 2.1, Supplementary Figure 2.1). BUSCO
analysis was used to assess the quality of the genome annotation, using a <15% of
missing genes in the BUSCO Eukaryota dataset as a benchmark to accept a genome for

further analysis (Supplementary Data 2.1, Supplementary Figure 2.2) (Siméo et al., 2015).

2.5.3 Homology assignment

Sequence similarity for all predicted proteins was identified with an all-versus-all BLAST
(Altschul et al., 1990) (version 2.7.1) using an e-value of 10e5 resulting
in 84,724,532,295,649 comparisons with 3,680,714,880 significant BLAST hits. The
BLAST search was launched on 7" February 2018 and therefore any genomes published
after this date were not included in the analysis. Within the MCL protocols, it is
recommended to assess the effects of changing of the granularity score which is the
fineness of the clusters produced (Enright et al., 2002). Outputs for granularity scores 1.2,
2, 4 and 6 were used to compare the phylogenetic appearance and clustering of plant
gene families against published datasets of Banks et al (2011) and the transcription factor
families from Catarino et al (2016) (Supplementary Data 2.3). After testing the impact of
altering this inflation value, BLAST outputs were clustered using MCL with the default
granularity score (I = 2.0, Supplementary Data 2.3) (Enright et al., 2002). This approach

identified 661,545 groups of homologous genes across all proteins.
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2.5.4 Phylogenetically Aware Parsing Script

The MCL output was processed by modifying the Perl scripts described (Paps et al., 2018)
with Perl version 5. In the form of three Perl scripts, the pipeline can be used to identify the
origin or loss of homologous groups of proteins (HGs) based upon their taxonomic
occupancy (Supplementary Data 2.2). Different sets of HGs can be analysed (initially

defined (Paps et al., 2018));

o Ancestral (HGs present in the Last Common Ancestor of a clade),

o Ancestral Core (HGs present in every representative species within a clade or
absent only in one genome),

o Novel (HGs present in the Last Common Ancestor of a clade and absent in all
outgroup taxa),

¢ Novel Core (HGs present in every representative species within a clade or absent

only once and absent in all outgroup taxa),

Lost (HGs lost in the Last Common Ancestor of a clade).

A more detailed explanation of these query terms with examples is available (Appendix
2.2, Supplementary Figure 2.3). The main tree figures were made in FigTree (Rambaut A,

2012) and edited in Inkscape (The Inkscape Project, 2019).

2.5.5 Novel Core HG validation

To confirm accurate identification of conserved gene novelties, Arabidopsis thaliana
(and Brachypodium distachyon for Liliopsida novelties) genes for each HG were tested,
by performing BLASTP searches against the Swissprot database (Bairoch, 2000) (25™
July 2018) excluding in-group sequences with the option negative_gilist (Altschul et al.,
1990) (Supplementary Data 2.5). This offers the maximum breadth of taxonomic sampling
possible. Based on sequence similarity, e-value and taxonomic occupancy, BLAST

searches further validated the identification of novel core Homology Groups.
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Three evolutionarily significant genomes have recently been published, the first two fern
genomes (Li et al., 2018a) and the second charophyte genome (Nishiyama et al., 2018).
Novel Core HGs from all groups were BLASTP searched against the protein coding genes
of these genomes (Supplementary Data 2.4). Based on sequence similarity, e-value and
taxonomic occupancy, these BLAST searches refined the number of Novel Core HGs

identified (Appendix 2.5).

2.5.6 Functional annotation

To obtain a functional description for all types of HG for every Archaeplastida node,
their Arabidopsis thaliana genes were assessed using Panther GO (Mi et al., 2017)
(Version 11). The number of Gene Ontology hits for all GO classifications were collated:
Protein Class, Molecular Function, Biological Process, Cellular Component, Pathways
(Supplementary Data 2.4). A literature search further revealed the functions of the Novel
Core Homology Groups (Supplementary Data 2.7). Graphics were produced in R (R Core

Team, 2014) using packages tidyr (Henry, 2018) and GGplot2 (Wickham, 2016).

2.5.7 Inferring Horizontal Gene Transfer

Inferences about potential HGT were made. Based on the taxon sampling in the dataset,
the pipeline was used to produce the query: Atleastl-fungi present, Atleastl-Embryophyta
present and Outgroups absent. 323 HGs were identified which were subsequently whittled
down to 25 HGs by stipulating that at least 100 land plant taxa must be present. Similar to
the above, GO analysis was used to reveal the functions of these HGs (Supplementary

Data 2.6).

2.5.8 Data and Code availability
All genomic data used in the study is publically available with sources listed in
Supplementary Data 2.1. The code used to process the outputs of MCL and extract the 5

evolutionarily  distinct Homology  Groups is available on  Github at
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https://github.com/AlexanderBowles/Plant-Evomics and in Supplementary Data 2.9 along

with the outputs of MCL.
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Chapter 3 Different genome evolution modes underline the

evolution of water relations in land plants
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3.1 Abstract

The relationships between plants and water have changed dramatically over the last billion
years. The first land plants emerged from aquatic environments around 500 million years
ago and, since then, their descendants have adapted to variable water availability through
the evolution of key innovations. Although the origins of these adaptations have been
characterised, the evolution of the genetic toolkit that underpins these adaptations, in
terms of development and function, is less well understood. Here, by comparing 208
genomes, the evolutionary origin and diversification of genes involved in the development
and regulation of stomata, vascular tissue and roots is investigated. This approach reveals
that novel genes led to a single origin of stomata in the ancestor of land plants. However,
stomatal control, which enables active regulation of water exchange, is the product of gene
duplications in the ancestor of seed plants. Gene networks involved in vascular tissue
development have emerged through a complex of evolutionary mechanisms. Root
evolution has also been shaped by the emergence of key novel genes. The findings
highlight the role of water as a driver of plant evolution and provides insights into the

molecular mechanisms enabling plants to conquer land.

3.2 Introduction

Water is essential for life on Earth although, in the case of plants their relationship with
water has changed dramatically over the last billion years. Within green plants, the
divergence of chlorophyte algae, which are almost exclusively aquatic, and Streptophyta
which include algae and land plants, occurred approximately 1 billion years ago (Morris et
al., 2018). Streptophyte algae are found in a range of brackish, freshwater and terrestrial
habitats, which demonstrates their ability to adapt to a range of different niches that vary
in terms of their water availability (Furst-Jansen et al., 2020). Emerging from aquatic
environments 500 million years ago, the first land plants and their descendants have had
to adapt to variable water availability in order to survive and conquer new terrestrial

environments (Morris et al., 2018). Genome analysis has identified that terrestrialisation
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was preceded by major innovations previously thought to be land plant specific, for
example the associations with substrate microbiota (Hori et al., 2014; de Vries et al.,
2018a; Nishiyama et al., 2018; Cheng et al., 2019; Wang et al., 2019). However, although
many key genes evolved prior to the transition of plants onto land, specific adaptations
and the genetic re-wiring of developmental and stress response pathways occurred later
in land plant evolution, increasing their adaptive plasticity to water availability (Harrison,

2017; de Vries et al., 2018a; First-Jansen et al., 2020).

Plant features that are important for water regulation and transport appear to have evolved
in a stepwise manner. For example, three of the most important features for water
regulation, and the focus of this study, are stomata, vascular tissue, and roots which
evolved approximately 500 mya, 450 mya and 435 mya, respectively (Morris et al., 2018).
Stomata, vascular tissue, primary roots and lateral roots have emerged sequentially in the
ancestors of Embryophyta, Tracheophyta, Euphyllophyta and Spermatophyta respectively
(Harrison, 2017). Stomata, which are a key adaptation to dry environments and emerged
in the ancestor of land plants, are pores in plant tissue that open to allow gas exchange
and close to regulate water loss (Sussmilch et al., 2019). Vascular tissue then enables
efficient water transport throughout the plant, and is common to all tracheophytes (also
known as vascular plants), although vascular like systems have also been identified
outside of tracheophytes (Brodribb et al., 2020). Roots, which emerged in the ancestor of
euphyllophytes, provide multiple functions including anchorage, nutrient and water uptake

(Kenrick et al., 2014).

3.2.1 The genetic toolkit for root development

Briefly described below is our current understanding of the genetic pathways and
mechanisms that are involved in the development of root hairs, primary roots, lateral roots
and vascular tissue, as well as the development and functioning of stomata. They are
described in the order in which water enters and leaves a plant, namely roots, followed by

vascular tissues and then by stomata.
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3.2.1.1 Root hairs

Root hair development begins with cell fate determination which determines whether an
epidermal cell becomes a root hair cell or non-root hair cell. The determination of a root
hair cell, triggers a transcription factor cascade, inhibiting GLABRAZ2 (GL2) expression.
This inhibition leads to the expression of the ROOT HAIR DEFECTIVE 6/ ROOT HAIR
DEFECTIVE 6-LIKE 1 (RHD6/RSL1) gene, which initiates the development of the root hair
(Vissenberg et al., 2020). This genetic toolkit is heavily influenced by signalling from
phytohormones; these signals enable plants to control root hair development and function

in relation to environmental factors, such as drought stress (Bobrownyzky, 2016).

3.2.1.2 Primary roots

The primary root is the foundation of dicot rooting systems and the initiator of monocot
rooting systems. Primary root initiation involves the formation and maintenance of the stem
cell predominantly through auxin (e.g. AUX1/LAX) and cytokinin gene signalling
(Moubayidin et al., 2009). The abundance of auxin controls the expression of indole-acetic
acid (IAA) genes and auxin response factor genes (ARFs) (De Smet et al., 2010). Under
high levels of auxin, ARF proteins are released from IAAs and then are able to activate

many root development genes (Goh et al., 2012).

Additionally, important for the specification of the stem cell are the transcription factors
encoded by the genes SHORTROOT (SHR) and SCARECROW (SCR). These genes are
crucial for controlling primary root initiation, root patterning and regulation of cell division
(Lucas et al., 2011). The DELLA transcription factors, GIBBERELLIN INSENSITIVE (GAl),
REPRESSOR OF GAl (RGA) and RGA-LIKE (RGLSs) are, in turn, important for cell

division and root elongation (Ubeda-Tomas et al., 2008; Fonouni-Farde et al., 2019).

These steps involved in root initiation, development and elongation are essential for root
system development as a whole. If these initial stages of root development are affected

by environmental factors, then downstream development can be impacted, resulting in
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irregularities in gravitropic growth, root elongation and lateral root emergence (Jung et al.,

2013).

3.2.1.3 Lateral roots

Lateral roots emerge from the primary root, enabling plants to access nutrients and water
from a greater soil area (Nibau et al., 2008). Similar to primary root development, auxin
signalling and the IAA/ARF complex is also important for lateral root development (e.g.
IAAB/ARF7) (Verstraeten et al., 2014; Santos Teixeira et al., 2019). Auxin concentrations
define the cell fate of the lateral root founder cells, initiating the lateral root primordium
(Van Norman et al., 2013). Asymmetric division leads to the emergence of the lateral root
primordium from the primary root (Benkova et al., 2010). Auxin also tightly controls the
patterning of the lateral root primordium and facilitates its emergence (Swarup et al., 2008;

Péret et al., 2012).

Lateral root growth is regulated by a complex of molecular factors and regulators (Nibau
et al., 2008). For example, GATA23 is involved in the specification of the lateral root
founder cell (Lavenus et al., 2013) whilst Lateral Organ Boundaries-domain (LBD) proteins
actively regulate lateral root formation (Okushima et al., 2007). Similar to primary root
development, the transcription factors SHORTROOT (SHR) and SCARECROW (SCR)

are important for lateral root development, patterning and emergence (Lucas et al., 2011).

Drought is known to inhibit the development and growth of lateral roots which is
predominantly mediated through abscisic acid (ABA) (Shkolnik-Inbar et al., 2010; Xu et
al., 2013b). Typically, drought stress can lead to shorter primary roots and a reduced

number of lateral roots (Zolla et al., 2010).

3.2.2 The genetic toolkit for vascular tissue development

The evolution of the vascular system enabled plants to efficiently transport water from root

to shoot, approximately 450 million years ago (Morris et al., 2018). The vascular system
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consists of important tissue types including the xylem and phloem which are connected
by the undifferentiated cambium. Procambial and cambial cells function as vascular stem
cells which differentiate into specialised cells of xylem and phloem (Vaughan-Hirsch et al.,
2018). The development of vascular tissue involves a set of highly coordinated
consecutive processes which are coordinated by the expression of particular genes and

transcription factors which are detailed below.

Auxin signalling plays a crucial role in asymmetric cell division, leading to the development
of provascular cells. The auxin response transcription factor MONOPTEROS (MP) is
involved in the process of asymmetric cell division, which eventually leads to xylem cell
development. Target genes of MP, the transcription factors TARGET OF MONOPTEROS
5 and LONESOME HIGHWAY (TMO5/LHW), are also involved in orientating the divisions
of procambium cells which, in turn, establishes the different vascular cell types (Smet et
al., 2019). The maintenance of the vascular stem (cambial) cells is regulated by PHLOEM
INTERCALATED WITH XYLEM (PXY). VASCULAR-RELATED NAC-DOMAIN 1-7
(VND1-7) genes specify the cell fate of xylem. Other NAC domain proteins, notably
SECONDARY WALL - ASSOCIATED NAC DOMAIN PROTEIN1 (SND1) and NAC
SECONDARY WALL THICKENING PROMOTING FACTOR 1 -2 (NST1 - 2), regulate the

differentiation of xylem (Ruonala et al., 2017).

Vascular tissue emerges through this series of developmental stages which are regulated
by a number of transcription factors. However, although much is known about the
development of xylem, many of the genes involved in the development of the vascular

system still remain uncharacterised.

3.2.3 The genetic toolkit for stomatal development and function

3.2.3.1 Stomatal development
The stomatal development process involves a series of cell-fate transitions leading to the

formation of guard cells. This process begins with a meristemoid mother cell (MMCSs).
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MMCs divide asymmetrically to produce a smaller meristemoid and a larger stomatal
lineage ground cell (SLGC). This process is regulated by the bHLH transcription factors
SPEECHLESS (SPCH) and ICE/SCREAM (SCRM) (Chater et al., 2017). The SLGC either
forms a pavement cell or divides further to become a satellite meristemoid. Meristemoids
next differentiate into a guard mother cell (GMC) which is regulated by the bHLH
transcription factors MUTE and SCRM (Macalister et al., 2011; Lau et al., 2012). Finally,
GMCs divide symmetrically to form the guard cells of stomata. This process is coordinated

by activity of the bHLH transcription factors FAMA and SCRM (Le et al., 2014).

3.2.3.2 Stomatal signalling

Stomatal closure, which enables plants to actively control water loss, is predominantly
mediated by the phytohormone abscisic acid (ABA), particularly in flowering plants
(Brodribb et al., 2017; Cai et al., 2017; Sussmilch et al., 2017a, 2019). ABA is detected by
the receptor PYR/PYL/RCAR (PYLs) (Gonzalez-Guzman et al., 2012). When ABA is
perceived, PYLs bind to ABA which, in turn, increases the binding affinity of PYLs to
PROTEIN PHOSPHATASE 2Cs (PP2Cs). Together, they form a PYL-ABA-PP2C complex
which inhibits the activity of PP2Cs (Park et al., 2009; Komatsu et al., 2013). Under normal
conditions (in the absence of ABA), PP2Cs are bound to SNF1-RELATED PROTEIN
KINASE 2s/OPEN STOMATA 1 (SnRK2s/OST1), a family of protein kinases which are
enzymes that modify other proteins (Lind et al., 2015). The binding of PYLs and PP2Cs
releases SNRK2s/OST1 which then activates downstream genes including SLOW ANION
CHANNEL-ASSOCIATED 1 (SLAC1) (Geiger et al., 2009), GUARD CELL OUTWARD
RECTIFYING K(+) (GORK) (Hosy et al, 2003), POTASSIUM CHANNEL IN
ARABIDOPSIS THALIANA 1 (KAT1) (Sato et al., 2009) and QUICK-ACTIVATING ANION
CHANNEL 1 (QUAC1) (Imes et al., 2013) anion channels as well as membrane water
channels (aquaporins) such as PLASMA MEMBRANE INTRINSIC PROTEIN 2-1 (PIP2-

1) (Grondin et al., 2015).
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3.2.4 Insights into the evolution of plants on land

As highlighted above, roots, vascular tissue and stomata play a key role in regulating plant
water uptake and loss and the genetic toolkits underpinning these innovations are fairly
well characterised. However, the evolution of the gene networks underpinning these
innovations remains poorly understood. To address questions surrounding the origins of
these key biological innovations in the context of the evolution of water regulation, a
comparative genomics approach was used to investigate the evolution of the genetic
toolkit that regulates the development and function of roots, vascular tissue and stomata

(Figure 3.1).
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Figure 3.1. Plant-water relations have evolved in a stepwise manner. The tree
demonstrates the evolutionary relationships of plants with silhouettes below (sourced from
phylopic.org) illustrating species in each group. The dashed lines leading to each different
water regulatory innovation denotes their origins. The colour is repeated within the boxes
illustrating the genetic mechanisms associated with each innovation (Light blue: stomatal
development, Dark blue: stomatal signalling, Orange: vascular tissue development, Light
green: root hair, Green: primary root, Dark green: lateral root development). A key

demonstrates the numbers of novel, duplicated and co-opted genes in the boxes.
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3.3 Results and Discussion

3.3.1 Insights into root evolution

3.3.1.1 Novel genes in land plants enabled the development of root hairs

A bioinformatic approach was taken to identify homologous groups (HGs) of proteins of
208 genomes including 178 plant species and an outgroup of 30 eukaryotic species
(Bowles et al., 2020). HGs are identified as a set of proteins that have distinctly diverged
from others. Genes important for root hair, primary root and lateral root development,
vascular tissue development and stomatal development and signalling were identified in
the literature (see Methods). The HGs containing these genes were extracted from the
genomic dataset based on gene ID and taxonomic occupancy was analysed to identify
novel and co-opted genes (Figure 3.1, Supplementary Data 3.1). A novel HG was defined
as a set of genes present in the Last Common Ancestor (LCA) of a clade and absent in all
outgroups. A co-opted HG was defined as a set of genes whose evolutionary emergence
predates the function it is associated with (e.g. HG originating in the LCA of land plants
linked to vascular tissue development). Co-opted HGs were identified as genes conserved
across a clade of interest and present in sister group taxa. To investigate the diversification
of genes, gene trees were inferred (Methods, Supplementary Data 3.2) and gene

phylogenies were examined to identify the prevalence of gene duplications.

Roots have functions related to nutrient and water uptake as well as anchorage and
symbiosis. Under water stress, plants adjust their root system architecture by stimulating
deeper primary and lateral root growth (Uga et al., 2013; Bao et al., 2014; Orosa-Puente
et al., 2018; Ogura et al., 2019; von Wangenheim et al., 2020; Xiao et al., 2020). Root
hairs in vascular plants and rhizoids in bryophytes act as the interface between plants and
soil, enabling water uptake and transport (Jones et al., 2012; Kenrick et al., 2014). The
analyses show that most genes involved in root hair development emerge with or before

the origin of land plants (Figure 3.2). CAPRICE (CPC), TRIPTYCHON (TRY) and
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ENHANCER OF TRY AND CPC 1 (ETC1), are in a single HG and emerge in the ancestor
of Spermatophyta, to promote root hair cell differentiation in flowering plants by repressing
GLABRA 2 and 3 (Tominaga et al., 2008). This suggests that non-spermatophyte land
plants develop root hairs without these genes and that greater control of root hair

development evolved in the last common ancestor (LCA) of seed plants.
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Figure 3.2. The genomic basis of the evolutionary development of root hairs. Genetic
network leading to the development of root hairs. Each gene is coloured based on its

phylogenetic appearance. Phytohormones are coloured in solid orange.

3.3.1.2 Novel genes in euphyllophytes enabled root growth towards water

Fossil evidence supports at least two origins of roots in the evolutionary history of plants,
once in the ancestor of lycophytes and the other in the ancestor of euphyllophytes (Raven
et al.,, 2001; Hetherington et al., 2018). Analysis of genes involved in primary root

development revealed many HGs were conserved across land plants (Figure 3.3). The
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search of HGs in two fern genomes (Li et al., 2018a) shows that two HGs, ARABIDOPSIS
RESPONSE REGULATOR 12 (ARR12) and LATERAL ROOT ORGAN DEFECTIVE
(LATD), have emerged in the LCA of euphyllophytes (Supplementary Data 3.3). Both HGs
have been shown to modulate primary and lateral root growth and development, with

responses to ABA and water deprivation.

ARR12 regulates cell differentiation and meristem growth (Dello loio et al., 2007;
Yokoyama et al., 2007; Moubayidin et al., 2010). The dynamics between ARR12 and
PLETHORA (PLT) control meristem expansion, particularly the rate of cell differentiation
during early development (Xie et al., 2018; Salvi et al., 2020). ARR12, ARR11 and ARR1
triple mutants exhibit abscisic acid (ABA) hypersensitivity of primary root growth and
increased drought tolerance (Huang et al., 2018). Under drought, ARR12 is down-
regulated as an adaptive mechanism to control root growth to cope with water deficit
(Nguyen et al.,, 2016). These genes therefore play crucial roles in plant growth and
development but also in the response to changes in water availability. LATD is also
required for root and nodule meristem development (Léran et al., 2014). LATD mutants
display defects in ABA responses and meristem organisation, arresting primary and lateral
root growth (Liang et al., 2007). LATD modulates reactive oxygen species (ROS) levels in
the root and in concert with ABA, modulate primary root elongation (Zhang et al., 2014a)
thus providing a potential mechanism for controlling root growth under water stress

conditions.
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Figure 3.3. The genomic basis of the evolutionary development of roots. Genetic

network leading to the development of roots. Each gene is coloured based on its

phylogenetic appearance. Phytohormones are coloured in solid orange.

3.3.1.3 Novel and duplicated genes in seed plants enabled lateral root growth

towards water

Lateral roots are found on most euphyllophytes (Liu et al., 2018), but have evolved

independently on multiple occasions (in ferns and in the LCA of seed plants) (Hetherington

et al., 2020) (Figure 3.1, Figure 3.4). The origin of lateral root branching mechanisms in

seed plants would have enabled greater phenotypic plasticity to water availability, allowing

the LCA of spermatophytes to adapt to more diverse environmental conditions (Motte et

al.,, 2019). The data presented here demonstrate that the majority of lateral root

development genes predate the emergence of lateral roots, originating in the ancestors of

Streptophyta (e.g. PIN 1, 2, 3) and Embryophyta (e.g. IAA 8, 14), which contribute to other
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functions in these rootless plants (Mutte et al., 2018; Vosolsobé et al., 2020). Three key
genes, which after confirmation of absence in the two fern genomes, appeared with the
origin of lateral roots (INDOLEACETIC ACID-INDUCED PROTEIN 12 & 28 (IAA12, 28),
INFLORESCENCE DEFICIENT IN ABSCISSION (IDA) and RAPID ALKALINIZATION

FACTOR (RALF) (Supplementary Data 3.3)).

IAA12 and IAA28 are auxin-responsive proteins important in lateral root initiation and
patterning (Stoeckle et al., 2018). Specifically, IAA28, in conjunction with ARFs and
GATAZ23, is involved in the spacing of the lateral root founder cell, optimising the
distribution of new root organs (De Rybel et al., 2010). IAA12, by suppression of ARF5, is
involved in lateral root initiation, patterning and organogenesis, by activating the cell cycle
to form lateral root primordia (Stoeckle et al., 2018). IDA is required for cell wall dissolution,
by facilitating the separation of epidermal tissues, enabling lateral root primordia
emergence (Zhu et al., 2019b). IDA is strongly induced by auxin, specifically through the
module of IAA3 and ARF7 (Kumpf et al., 2013). Lateral root branching to water is
dependent on the regulation of this auxin module, which subsequently influences IDA
(Orosa-Puente et al., 2018). RALF, a signal peptide, regulates cell growth and expansion
by interrupting brassinosteroid signalling (Bergonci et al., 2014). RALF1 inhibits cell
elongation for primary root growth, lateral root formation and lateral root density (Bergonci
etal., 2014; Murphy et al., 2014). Under drought stress, RALF1 modulates root hair growth
and cell size, and together with other RALFs is implicated in stress responses of lateral

roots (Murphy et al., 2014; Zhu et al., 2020).

Hydrotropism is the directional growth of plant roots towards water and may help plants to
efficiently obtain water under drought stress. However the precise signalling governing
hydrotropism remains elusive (Dietrich et al., 2017; Shkolnik et al., 2018). Two genes,
known to be involved in root development and hydrotropism, are MIZ1 and MIZ2/GNOM
(Dietrich, 2018). Upon detection of a water gradient, the phytohormone, cytokinin, induces

the expression of MIZ1 and negatively regulates auxin levels to control lateral root growth.
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The data presented here infer that MIZ1 emerged in the ancestor of Embryophyta and
diversified through a duplication event, also in the LCA of Embryophyta (Figure 3.4,
Supplementary Data 3.2). Knockout mutants in MIZ1 showed no major differences in root
growth but display altered hydrotropism (Iwata et al., 2013), suggesting that hydrotropism
evolved in the ancestor of Embryophyta, and that root hydrotropism may have been crucial
for the colonisation of land contributing to drought avoidance mechanisms (Supplementary
Data 3.2) (Kobayashi et al., 2007; Shkolnik et al., 2018). The HG containing MIZ2/GNOM
was present in the ancestor of Eukaryota with genes duplicating in the ancestor of seed
plants, potentially responsible for hydrotropism of lateral roots (Figure 3.4, Supplementary

Data 3.2).

WOX genes, a subgroup of eukaryotic homeobox transcription factors, have important
roles in plant development, particularly stem-cell maintenance and organ formation (e.g.
roots) (van der Graaff et al., 2009). Due to their significance for plant development, all
known Arabidopsis WOX genes were queried which were clustered into three HGs
(Supplementary Data 3.1). Intermediate-clade WUSCHEL-RELATED HOMEOBOX (IC-
WOX; WOX 8,9,11,12) and WUSCHEL-clade WOX (WC-WOX; WOX 1-7) genes are
clustered into two distinct HGs, with IC-WOX originating in euphyllophytes (after
confirmatory queries of the fern genomes, Supplementary Data 3.3) and WC-WOX as
conserved across tracheophytes. WC-WOX genes also have roles in vascular tissue
development suggesting this as the initial explanation for their emergence. The results
presented here corroborate recent work to infer that the origin and divergence of IC-WOX

genes in euphyllophytes promoted root initiation (Liu et al., 2018; Yu et al., 2020).

The development of increasingly morphologically complex rooting systems in the
ancestors of Embryophyta, Euphyllophyta and Spermatophyta has enabled plants to
access previously unavailable water sources and control growth in response to water

availability. The data presented above demonstrates that a combination of novel and
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duplicated genes is responsible for the emergence of plants with true roots with lateral

branches.
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Figure 3.4. The genomic basis of the evolutionary development of lateral roots.
Genetic network leading to the development of lateral roots. Each gene is coloured based

on its phylogenetic appearance. Phytohormones are coloured in solid orange.

3.3.2 Insights into the evolution of vascular tissue

3.3.2.1 Vascular tissue evolved through a complex of genetic mechanisms

In tracheophytes, also known as vascular plants, transport tissues xylem and phloem
enable water to be transported through the plant and evaporated through stomata (Lucas
et al., 2013). Lignified vascular tissue also provides mechanical support enabling plants to
increase their body size and dominate terrestrial habitats. For example, the first trees in

the fossil record are early vascular plants (Stein et al., 2007).
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Only 3 HGs involved in vascular system development originated in the ancestor of
vascular plants (Figure 3.5, Supplementary Data 3.2). These included WC-WOX4,
SUPPRESSOR OF ACAULIS (SACLs) and NAC45/NAC86-DEPENDENT
EXONUCLEASE-DOMAIN PROTEIN (NEN) families which are crucial components in
vascular development (Vera-Sirera et al., 2015). Besides these novel genes, PHLOEM
INTERCALATED WITH XYLEM (PXY) and TARGET OF MONOPTEROS 5 (TMO5)
predate the origin of tracheophytes and are all involved in xylem differentiation and
underwent duplications in the ancestor of tracheophytes (Figure 3.5, Supplementary Data
3.2). Finally, several genes involved in the vascular system emerged in the ancestors of
land plants, showing a patchy distribution in non-tracheophytes but are present in all
tracheophytes. This retention of genes in the LCA of Tracheophyta suggests a vital
function in vascular plants. Nine HGs fitted this criterion of co-option with either losses in
Marchantia polymorpha or Physcomitrella patens (Figure 3.1). These HGs were found in
all elements of vascular development pathways. These findings support the importance of
gene duplications as well as repurposing of old genes for novel functions in the
evolutionary development of the vascular system. Together these genetic processes
contributed to the origin and evolution of one of the most successful plant groups,

approximately 450 million years ago (Morris et al., 2018).



81

CLE I Cambium specification I

41,44
Eukaryota
Bikonta
Auxin Ethylene
Archaeplastida
- Viridiplantae
2 ‘ Streptophyta :l

ERF: Embryophyta
wox | | wo | =¥ ¢ '

L Tracheophyta
14 X4 (YCD
aes l Spermatophyta -
Angiospermae

ANT
Cell proliferation

Xylem differentiation

Cc
I Xylem differentiation I
KNAT1/ STM
NST1,2/SND1 VND VND
// \ ‘L
BOP BOP
E2Fc A 0
REV/PHB
Secondary cell wall development Xylem fiber differentiation

Figure 3.5. The genomic basis of the evolutionary development of vascular tissue.
A. Heatmap displaying absence (white), partial presence (grey) and presence in all
species (black) for genes involved in vascular tissue development. The tree at the top
illustrates plant evolutionary relationships and the origin of vascular tissue (orange). B.
Genetic network involved in cambium specification. Each gene, in figure 5B and 5C, is
coloured based on its phylogenetic appearance. Phytohormones are coloured in solid
orange. Duplicated genes are highlighted by boxes with dotted edges and co-opted genes
are highlighted by boxes with dashed edges. C. Genetic network involved in xylem

differentiation.
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3.3.3 Insights into stomatal evolution

3.3.3.1 Stomata evolved once in the ancestor of land plants

Stomata in bryophytes demonstrate a patchy distribution with absences in all liverworts
and some mosses, but are found across all tracheophytes (Duckett et al., 2018).
Functionally, stomata also differ between bryophytes and tracheophytes. In bryophytes,
stomata are found only on sporangia and promote water loss for spore desiccation. In
tracheophytes, stomata open to enable CO, uptake and close to prevent water loss
(Sussmilch et al., 2019; Harris et al., 2020). This raised questions about the single origin
of stomata in the LCA of land plants or convergent evolution in the ancestors of vascular

plants, mosses and hornworts.

Of the 23 stomatal development genes, 21 predated or accompanied the origin of land
plants (Figure 3.6, Supplementary Data 3.1). Using a genomic dataset for 178 plant
genomes with comprehensive outgroup sampling (30 genomes), the stomatal
development pathway was inferred to have originated in the LCA of land plants, reinforcing
studies using transcriptome and other sequence data (Chater et al., 2017; Harris et al.,
2020). Stomatal formation involves a sequence of cell-fate transitions, from a meristemoid
mother cell, to a meristemoid, to a guard mother cell, and eventually to the guard cell. In
Arabidopsis thaliana, the basic helix-loop-helix (bHLH) genes SPCH, MUTE and FAMA
are required consecutively to determine stomatal development (Figure 3.6). Additionally,
the bHLH transcription factor SCREAM interacts with SPCH, MUTE and FAMA (Lau et al.,
2012). In the analysis, SCREAM was identified in all land plants, even Marchantia
polymorpha, which does not have stomata. MUTE, SPCH and FAMA were identified to
have originated in the LCA of Embryophyta and subsequently lost in Marchantia
polymorpha, potentially accompanying the loss of stomata in liverworts. This suggests that
bryophyte stomata and by extension the stomata of the first land plants develop in a similar

manner to vascular plant stomata. Finally STOMAGEN, known to positively regulate
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stomatal density (Sugano et al., 2010), appears in the origin of vascular plants, the first

time stomata appear on leaf-like structures (Figure 3.6).

Of the three features investigated in this study, stomata were the only innovation with a
strong association with the appearance of novel genes. In previous work, it was shown
that the origin of the embryophytes was accompanied by a high number of gene novelties
(Bowles et al., 2020). These HGs were found in all, or all bar one, land plant species in
the genomic dataset. The data show that SCREAM is characterised as a novel gene family
present in all Embryophyta. However, FAMA, SPEECHLESS and MUTE are lost in
species of Alismatales, an order of monocots which are mostly aquatic, corroborating
findings of gene loss from the genomes of Zostera marina (Olsen et al., 2016) and Z.
muelleri (Lee et al., 2016a). Equally STOMAGEN involved in the regulation of stomatal
density was lost in Alismatales species with the transition into aquatic environments

(Figure 3.6).
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Figure 3.6. The genomic basis of the evolutionary development of stomata. A.
Heatmap displaying absence (white), partial presence (grey) and presence in all species
(black) for genes involved in stomatal development. The tree at the top illustrates plant
evolutionary relationships and the origin of stomata (blue). B. Genetic network leading to
the development of stomata. Each gene is coloured based on its phylogenetic

appearance. Phytohormones are coloured in solid orange.

3.3.3.2 Gene duplication enabled active stomatal control in the ancestor of seed
plants

Although stomata appear to have evolved in the ancestor of land plants, the regulation of
stomatal function shows a clear distinction between different plant lineages. In bryophytes,
fully differentiated stomata are unable to close, and are thought to have originally evolved

to desiccate plants (Chater et al., 2016; Renzaglia et al., 2017). In vascular plants, they
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are able to open and passively close offering some basic water saving capacity, although
active stomatal closure has been identified in some fern species (Cai et al., 2017). In seed
plants, active regulation of opening and closing provides rapid responses to water
availability triggered by the accumulation of abscisic acid (ABA) (McAdam et al., 2013;
Brodribb et al., 2017). This draws into question the evolutionary origin of active stomatal

closure.

Here it is demonstrated that genes involved in stomatal closure experience multiple
duplications, predominantly in the ancestor of seed plants, suggesting potential
neofunctionalisation of duplicate genes (Figure 3.7, Supplementary Data 3.2). Genes
involved in the signalling of potassium and anion channels important for stomatal closure
(QUACL, KAT2, AKT1, GORK, CLC-C, CNGC) were present before the origin of land
plants. Gene tree inferences revealed that these genes experienced duplications in the
ancestor of seed plants (Figure 3.7, Supplementary Data 3.2). Importantly, the core
SNRK2 (SNF1-RELATED PROTEIN KINASE 2) dependent ABA signalling pathway
(PYL-PP2C-SNRK?2) is found in all land plants, including in species without stomata. It
has previously been shown the ancestor of land plants contained all genes necessary for
ABA synthesis (Bowles et al., 2020) and has been suggested that the downstream
signalling pathway has subsequently been co-opted during the evolutionary history of
plants to actively regulate gas exchange (Brodribb et al., 2011; McAdam et al., 2012;
Ghosh et al., 2016). The results presented here identify that SNRK2s are duplicated in the
ancestor of Euphyllophyta. Furthermore, a HG containing PP2Cs (Protein Phosphatase
2Cs), that regulates ABA activation, duplicated twice, once in the ancestor of
Euphyllophyta and again in the ancestor of Spermatophyta. Additionally, important in the
ABA induced stomatal closure signalling pathway is a group of PYLs (1-3) (PYR1-LIKE 1),

an abscisic acid receptor, identified as present in the ancestor of seed plants (Figure 3.7).

The data presented support the genetic re-wiring of ABA responses in the ancestor of

Euphyllophyta, particularly the PP2C — SnRK2 complex. However further diversification of
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genes in the ancestor of seed plants supports an evolutionary distinction of active stomatal
control of monilophytes and seed plants. These duplications, in most notably anion and
potassium channels, are associated with the specific mechanisms of stomata closure and
therefore support the origin and evolution of active stomatal control in the ancestor of
Spermatophyta. There is a possibility that there are unidentified genes in ferns that
contribute to stomatal closure, that are absent in seed plants. This could mean that
elements of the genetic toolkit for active stomatal closure evolved independently in the
ancestor of ferns and seed plants, possibly with the convergent evolution of leaves
(Tomescu, 2009). The significance of guard cell-specific expression of genes has been
highlighted as important for stomatal closure and remains to be identified for many of these

genes (Geiger et al., 2009).

These findings suggest that gene duplications played an essential role in the transition
from passive to active stomatal closure in the ancestor of Euphyllophyta and
Spermatophyta, allowing plants to preserve water by actively restricting transpiration rates.
These may be the product of whole genome duplication in the ancestor of seed plants
(Jiao et al., 2011; Ruprecht et al., 2017; Leebens-Mack et al., 2019) or frequent gene

duplication.

3.4 Concluding paragraph

The ancestor of land plants likely lacked the inability to regulate water content via structural
or functional methods (Proctor et al., 2002). The evolution of stomata, vascular tissue and
roots have increased the capacity of water transport and regulation of seed plants. The
development of water regulatory features at every major step in the evolutionary history of
plants highlights the role of water as a driver of plant evolution. Here the results
demonstrate the role that gene novelty, gene duplication and gene co-option played in the
evolution of water regulatory traits. Some of these genes evolved at the same time as the
morphological innovation they are associated with (i.e., stomatal development genes),

while others are older indicating that co-option was concomitant to the evolution of these
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traits. Overall, the analyses shed new light on the evolution of the genetic basis of water
regulation, highlighting the role of genome dynamics in the diversification of the Plant

Kingdom.
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Figure 3.7. The genomic basis of the evolution of stomata signalling. Genetic network
involved in stomatal signalling. Each gene is coloured based on its phylogenetic
appearance. Phytohormones are coloured in solid orange. Duplicated genes in the
ancestor of Spermatophyta are highlighted by boxes with dotted edges. Duplicated genes
in the ancestor of Euphyllophyta are highlighted by boxes with dashed edges. Duplicated
genes in the ancestor of Tracheophyta are highlighted by boxes with dot-dash-dot edges.
Asterisks indicate a HG that duplicates twice once in the ancestor of Euphyllophyta and

again in the ancestor of Spermatophyta.
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3.5 Materials and Methods

3.5.1 Homology assignment

The pipeline approach has previously been described (Paps et al., 2018; Bowles et al.,
2020). Briefly, proteins were extracted for 208 plant genomes and similarity between
proteins was identified with an all-vs-all BLAST (Altschul et al., 1990). Sequences were
clustered into Homology Groups (HGs) using Markov Clustering (MCL) with a granularity
score of 2 (Enright et al., 2002). Additionally for this study, HGs were extracted based on
Uniprot gene IDs using the MCL_search_by_gene_name_2.pl script (Supplementary Data

3.1) (UniProt Consortium, 2018).

3.5.2 Genetic toolkit of stomatal development and signalling, vascular tissue
development and root development

Literature was searched to identify genes involved in developmental and signalling
pathways of stomata, vascular tissue and roots. For stomatal development, a composite
figure was made from Chater et al (Chater et al., 2017), Lau et al (Lau et al., 2012) and Le
et al (Le et al., 2014). Stomatal signalling genes were identified from Cai et al (Cai et al.,
2017), Albert et al (Albert et al., 2017), Cotelle & Leonhardt (Cotelle et al., 2016). For the
development of vascular tissues, genes from Ruonala et al were used (Ruonala et al.,
2017). Root development genes were identified in Jung & McCouch (Jung et al., 2013)
whilst root hair development genes were identified in Vissenberg et al (Vissenberg et al.,
2020). For lateral root development, genes from Teixeira et al (Santos Teixeira et al.,
2019), Oh et al (Oh et al., 2018) and Verstraeten et al (Verstraeten et al., 2014) were used.
The evolutionary development of stomata, vascular tissue and roots, is based on
characterised genes in flowering plants, specifically based on Arabidopsis thaliana.
Therefore, genes that are involved in stomatal, vascular tissue and root development in

non-flowering plants are absent from the analysis.
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3.5.3 Gene tree inference

A curated list of species was collated with representatives for each major plant group and
was used to build gene trees. These were Cyanidioschyzon merolae (Rhodophyta),
Cyanophora paradoxa (Glaucophyta), Bathycoccus prasinos (Chlorophyta),
Klebsormidium flaccidum (Charophyta), Marchantia polymorpha, Physcomitrella patens
(bryophytes), Selaginella moellendorffii (Lycophyta), Picea abies (Gymnosperms),
Amborella trichopoda (ANA grade), Oryza sativa indica, Brachypodium distachyon
(Monocots) and Arabidopsis thaliana (eudicots). Homology Groups were extracted based
on the IDs for each gene and a file containing all gene IDs for all species was used to
extract the protein sequences wusing the perl one liner ‘perl -ne

if(IN>(\S+)/){$c=$i{$1}}$c?print:chomp;$i{$_}=1 if @ARGV' ids.file all_fasta.file’.

Homologous sequences were aligned using MAFFT using —auto parameter which
automatically selects an appropriate alignment strategy (Katoh et al., 2002). Multiple
sequence alignments were trimmed with Trimal using the heuristic method, automated1,
to identify and remove poorly aligned positions. Gene trees (bootstrapped maximum
likelihood phylogenies) were inferred using IQ-TREE, using the Bayesian Information
Criterion (BIC) to select the best-fitting substitution model, specifying 100 bootstrap
replicates (Nguyen et al., 2015). Trees were rooted against the latest plant phylogeny to
infer gene innovations, duplications and losses. Trees were visualised in iTOL (Letunic et

al., 2019).

Trees were analysed to understand the evolutionary relationships of HGs to the
innovations they are associated. Novel, Duplicated and Co-opted HGs were identified
using the search criteria from Figure 3.8 (Figure 3.1, Appendix 3.1, 3.2, 3.3, 3.4). The trees

discussed in the text can be found in Appendix 3.5.
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Figure 3.8. Evolutionary distinct classifications of HGs. For all examples of
evolutionary distinct HGs, the genes relate to the origin of flowers, highlighted by the
magnolia silhouette (sourced from https://phylopic.org). i. Novel HGs: as in Chapter 2, a
Novel HG contains genes in the clade of interest, angiosperms, which here are
represented by A. trichopoda, O. sativa and A. thaliana and absent outside the clade of
interest (e.g. absent in G. biloba). ii. Duplicated HGs: These HGs contain genes that
have duplicated in the ancestor of the clade of interest, in this case the LCA of
angiosperms. These can be identified by comparing the gene tree (ii) to the species tree

(iv). The black line connecting genes highlights two orthologous genes, related by
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speciation. The green line connecting genes highlights two paralogous genes, related by
duplication. iii. Co-opted HGs: Genes in these HGs predate the innovations they relate,
e.g. the origin of flowers. Genes are present in the sister group (gymnosperms) to the
clade of interest (angiosperms). However, in the sister group, they show a patchy
distribution highlighted by plus (green) and minus (minus) symbol. Genes in these HGs
are found in all species in the clade of interest suggesting that co-option of old genes for
new functions occured. iv. Species tree: Species tree for comparison with example gene

trees.
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Chapter 4 Life out of water: the origin of drought and desiccation
tolerance in plants
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4.1 Summary

It is commonly known that drought stress is one of the major constraints limiting crop
production, decreasing productivity more than any other abiotic or biotic stress. Drought
stress and associated drought resistance mechanisms are therefore under intense
investigation with the view to future crop production with greater capacity for drought
tolerance. Understanding the evolution of the highly complex and ambiguous trait, drought
tolerance, may inform us about patterns of gene gain and loss in relation to diverse
adaptations. By unravelling the evolutionary history of plants, the impacts of natural
selection shaping genomes to adapt to stressful environmental conditions can be
examined. Here, the evolution of drought and desiccation tolerance across the plant
kingdom, Viridiplantae is investigated. First the transition of plants from water to land, and
the role of desiccation tolerance in enabling this transition are considered, before
discussing the first drought tolerant plant and common drought responses amongst
vascular plants. Next, the distribution of a collective “drought adaptation” trait in ~180
extant plant species defined in broad terms to encompass different experimental systems
and definitions used in the current literature is reviewed and classified. By completing
ancestral state reconstruction incorporating these definitions, the evolutionary history of
this drought tolerance trait is mapped onto the plant tree of life. With an ever growing
population, novel approaches need to be considered to sustainably feed future
generations. Finally comments are provided on how incorporating this information into an
evolutionary genomics framework can provide insights into the molecular mechanisms
underlying drought adaptations which could offer insight for producing crops with greater

capacity for tolerating drought.

4.2 The pathway to the first land plants
4.2.1 Water relations
Water is essential for life on Earth. However, the relationships of the plant kingdom

(Viridiplantae) with water has changed dramatically. The common ancestor of extant
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Viridiplantae were photosynthetic eukaryotes adapted for life in aquatic environments. The
divergence of Chlorophyta and Streptophyta occurred approximately 1 billion years ago
(Morris et al., 2018). The evolutionary innovations associated with this development
enabled ancestral streptophytes to respond to novel environmental challenges which
included extremes of UV, temperature and light (de Vries et al.,, 2018a, 2018b).
Streptophyte algae are found in a range of brackish, freshwater and terrestrial habitats,
which demonstrates their range of adaptations to water availability (Delwiche et al., 2015;
First-Jansen et al., 2020). Adaptations to these conditions involve many similar features
of terrestrial stressors such as desiccation, salinity, pH and nutrient variation (de Vries et
al., 2016). As such, it has been remarked that the adaptations needed for plants on land
and shallow or transient water are highly similar (Donoghue et al., 2020).

Studies of charophyte algae are revealing that features once thought to be unique to land
plants, in fact first appeared in the ancestor of close algal relatives (e.g. associations with
substrate microbiota) (de Vries et al., 2018a, 2018b; Nishiyama et al., 2018; Cheng et al.,
2019; Liang et al., 2019; Wang et al., 2019). To a certain extent, the ancestors of
Streptophyta (and subgroups e.g. Phragmoplastophyta) were pre-adapted to life on land
(Delaux et al., 2015). Sequencing of the Klebsormidium flaccidum genome revealed that
ancestral charophytes acquired the fundamental machinery for land plant adaptation
including hormone signalling, high intensity light and desiccation tolerance (Hori et al.,
2014). Analyses of further streptophyte algae have been shown they are able to tolerate
periods of desiccation (Hori et al., 2014; Holzinger et al., 2015b). Whole genome
sequencing of species either side of the transition to land is revealing much about the
genetic innovations accompanying the development of land plants (Bowman et al., 2017;
De Clerck et al., 2018; de Vries et al., 2018a, 2018b; Nishiyama et al., 2018).

By using comparative analysis, the genetic toolkit aiding the conquest of land is being
elicited. It is becoming clear that the backbone of phytohormone signalling, required for
stress responses, either predates or accompanies the transition to land (Wang et al., 2015,

2019; Bowman et al., 2017; Bowles et al., 2020; Cannell et al., 2020). However, there are
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differences in responses to water availability between charophyte algae (extreme) and
land plants (specialised). This means that although many key genes evolved prior to the
transition to land, specific responses and genetic re-wiring of stress response pathways
occurred later in land plant evolution, allowing for greater adaptive plasticity to water

availability.

4.2.2 The first land plants

Based on the latest fossil evidence and molecular dating, the first plants transitioned from
aqguatic to terrestrial environments approximately 500 million years ago in the Ordovician
— Cambrian period (Rubinstein et al., 2010; Morris et al., 2018). All extant land plants
descend from a single common ancestor (Wickett et al., 2014; de Vries et al., 2018a) and
have since diversified into almost 400,000 species that have shaped modern ecosystems
(Kenrick et al., 1997; Willis, 2017). Their rise to ecological dominance has enabled plants
to colonize every continent on Earth. This involves adaptations to many extreme
environments including arid deserts (Xiao et al., 2015; Copetti et al., 2017), marine
environments (Olsen et al., 2016) and even the Antarctic (Lee et al., 2014). The origin of
the first embryophytes was accompanied by the production of novel developmental and
morphological mechanisms for adaptation to life on land (Bowman et al., 2017). Analysis
of fossils from the Rhynie Chert, a well maintained fossil deposit in Scotland, suggests
that in the Early Devonian, ~400 million years ago, plants were tolerant to high salt levels
and osmotic stress, a key component of drought stress (Channing et al., 2009).

Land plants have many adaptations for surviving in water limited environments. A common
feature of embryophyte life cycles are reproductive structures with the capacity to survive
desiccation (e.g. spores, seeds). Based on phylogenetic evidence, the desiccation
tolerance of early land plants derived from a mechanism first developed in spores.
Furthermore it has been shown that the responses of extant bryophytes has changed very
little to those of early land plants (Oliver et al., 2005). It has been hypothesised that

desiccation tolerance would have been an ancestral trait in green plants (Oliver et al.,
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2000; Wood, 2007a). Therefore desiccation tolerance would have been a key component
for the adaptations for life on land but importantly these plants would have lacked the
ability to regulate water content, termed poikilohydry (Stevenson et al., 2016; Becker et
al., 2020). Desiccation tolerance in bryophytes is common with over 200 of 2100 species
verified as capable of this phenotype (Proctor et al., 2007; Wood, 2007b; Gao et al., 2017).
In tracheophytes, also known as vascular plants, desiccation tolerance is less common.
In the lycophytes, the majority of species are susceptible to desiccation, although a few
tolerant species have been identified including Selaginella lepidophylla (Yobi et al., 2013)
and Selaginella tamariscina (Wang et al., 2010). In the angiosperms, only 160 of 369,000
flowering plant species have been confirmed as desiccation tolerant including all species
in the genera Vellozia and Xerophyta (Wood, 2007b). Based on cladistic thinking, this
implies that desiccation tolerance was lost in the ancestor of tracheophytes. The major
occurrence of desiccation tolerance of seed plants is in the reproductive structures of
pollen and seed embryos which is thought to have derived from the desiccation tolerance

of spores (Gaff et al., 2013).

4.3 Drought tolerance

In vascular plant evolution, desiccation tolerance in vegetative tissue has been lost, in
place of desiccation tolerance in spores and seeds (Xu et al., 2018). The responses to
limited water in early tracheophytes diversified by increasing regulatory and morphological
complexity (Lu et al., 2020). The origin of tracheophytes was accompanied by the
appearance of a sporophyte dominant life cycle and vascular tissue (Harrison, 2017).
These two innovations enabled plants to tolerate dry conditions and to control the internal
movement of water and nutrients. This suggests that during the evolution of
tracheophytes, early forms of drought tolerance originated.

Throughout plant evolutionary history, controlled responses have evolved that allow plants
to respond to the temporary lack of water (Park et al., 2009; Wang et al., 2015; Bowman

et al., 2017, 2019; Nishiyama et al., 2018; Bowles et al., 2020). The developmental and
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morphological innovations linked to drought tolerance include stomata and roots.
However, as these have been discussed in the previous chapter in depth, then they will
be discussed no further. The evolution of other important features includes vascular tissue,
specialised reproduction, euphylls and seeds (Harrison, 2017). The development and
responses of these features are regulated by a network of genes and signalling molecules.
Next, in this work, these key signalling pathways and genes for drought tolerance are

discussed, investigating how these gene families have evolved across the plant

phylogeny.

4.3.1 Phytohormone signalling

Studies have recently provided new insights into the evolution of phytohormone signalling
pathways (Wang et al., 2015; Bowman et al., 2017, 2019; Nishiyama et al., 2018). It is
becoming apparent that many components of phytohormone signalling pathways were
present in the LCA of streptophytes. In the context of drought tolerance, abscisic acid
(ABA) signalling is of particular importance (Franks et al., 2007). Comparison of
phytohormone signalling in the streptophyte algae, Chara braunii, and the liverwort,
Marchantia polymorpha, demonstrated that the majority of cytokinin, ethylene and ABA
signalling pathways were present in the LCA of Streptophyta (Bowman et al., 2017,
Nishiyama et al., 2018). PYLs, an important receptor in the ABA signalling process, have
previously been identified to be highly conserved across all Embryophyta (Bowman et al.,
2017; De Clerck et al.,, 2018; Nishiyama et al., 2018). A recent study of six major
streptophyte algal lineages identified the presence of PYLs in the charophycean algae,
Zygnema circumcarinatum (de Vries et al., 2018b). This indicates that drought stress
responses developed earlier than previously thought and are a key factor that enabled
streptophytes to colonise terrestrial habitats (Ruszala et al., 2011).

Bryophyte ancestors recruited PROTEIN PHOSPHATASE 2Cs (PP2Cs) to be able to
regulate the pre-existing ABA mediated desiccation tolerance signalling pathways

(Komatsu et al., 2013). Later in the evolution of land plants, response specific pathways
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evolved (e.g. the SLAC1 anion channel modulated by SnRK2s for stomatal closure)
(Brodribb et al., 2011). This ability to provide tightly regulated responses to drought
through distinct ABA signalling channels would have provided ancestral land plants and
descendants with a competitive advantage, contributing toward their proliferation.

In extant plants, phytohormones function in drought responses of leaf shedding, cell
division in plant roots and seed dormancy. It has been demonstrated that there are many
land plant specific phytohormones allowing for tighter regulation of responses to abiotic
stresses, for example, jasmonic and gibberellic acid were demonstrated to have emerged
and evolved within embryophytes (De Clerck et al., 2018). However, studies have also
shown these pathways may have served different functions in ancestral plants to their

functions in extant plants (McAdam et al., 2016).

4.3.2 Drought and Desiccation Tolerance Gene families

Although, drought tolerance is a complex trait with many genes involved in the expression
of responses, several gene families play a fundamental role. Cellular protection is known
to be coordinated by LATE EMBRYOGENESIS ABUNDANT (LEA) proteins (Hundertmark
et al., 2008). Originally involved in desiccation tolerance, LEA proteins have since been
shown to enhance drought and heat stress tolerance in the vegetative plant tissue
(Delahaie et al., 2013; Magwanga et al., 2018). Evolutionary analysis of LEA proteins
found that gene families underwent rapid diversification in the ancestor of land plants,
enabling adaptations to water limited environments. Furthermore, the study also identified
subsequent diversification of the Group 4 LEA protein family in angiosperms, which
accumulate under water stress (Artur et al., 2019). Detailed analysis of the expansions of
LEA proteins in non-flowering plants and implications for plant adaptations to water limited
environments remains to be determined.

DEHYDRATION RESPONSIVE ELEMENT BINDING (DREB) transcription factors are
another important gene family for drought responses (Agarwal et al., 2017) and are a

subfamily of the AP2/ERF gene family (Xie et al., 2019). It has been demonstrated that
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AP2/ERF transcription factors originated in the ancestor of Viridiplantae and have
subsequently diversified in the LCA of Embryophyta (Catarino et al., 2016). It is yet unclear
the specific timing of the diversification of DREB transcription factors and the biological

implications of their diversification.

4.3.3 Distribution of drought adaptation in the plant phylogeny

As highlighted above, many important physiological, structural and regulatory adaptations
have arisen in response to drought stress, over the course of plant evolutionary history.
Analysing the distribution of drought and desiccation tolerance in embryophytes could give
important insights into the evolution of land plants, as well as the origins of drought
tolerance. A similar approach has previously been used to map the distribution of
halophytes, salt-tolerant plants, onto the land plant phylogeny. This demonstrated that salt
tolerance evolved independently across different plant lineages (Flowers et al., 2010). In
order to conduct such evolutionary analyses, it is important that the trait of interest (for
example salt or drought tolerance) is clearly defined (Delaux et al., 2019). As such, in this
chapter, a collective “drought adaptation” trait for the plant species in the genomic dataset
described in Chapter 2 is defined, by conducting a thorough literature search. This
definition is then applied in Chapter 5 to investigate the distribution of drought tolerance

genes across the plant phylogeny.

4.4 Methods

4.4.1 Defining a drought adapted plant

The great diversity of plant species means that it is easy to distinguish between plants
requiring water to survive (defined as mesophytes) and plants adapted to live without it
(xerophytes) (Xi et al., 2018). For example, the desert species Anabasis syriaca is a
xerophyte since it can live without water for long periods of time, whereas Spinacia
oleracea is described as a mesophyte since it requires a constant supply of water
(Baydoun et al., 1985). However, plants with less extreme disparity in adaptation are much

harder to classify. The diversity of plant species in a variety of climates indicates that there
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are a plethora of drought responses that have evolved including morphological,
physiological and regulatory adaptations.

The responses of individual plant species to drought are not always well-documented and,
as such, the definition of drought adaptation is sparse across the plant phylogeny. Well
studied species, such as Arabidopsis thaliana and Oryza sativa, have clearly defined and
tested responses to drought stress. The drought responses of dehydration adapted plants
are also evident, for example in the case of the resurrection plant, Boea hygroemetrica
(Xiao et al., 2015) and the desert tree, Populus prunoisa (Yang et al., 2017b). However,
there still remain many enigmatic plant species whose ability to tolerate drought has not
been clearly evaluated or defined.

Therefore, in this chapter, a literature search is conducted to create a collective definition
of a drought adapted (and a drought sensitive) plant. A drought adapted plant would be a
plant adapted to periods of variable precipitation and that is able to maintain biomass
under such conditions. The literature search was conducted using relevant search terms
and in relation to a species hame (Table 4.1; Appendix 4.1). Terms were inputted into
PubMed, Web of Science and Google Scholar. Based on the resulting papers, species
were then categorised into drought adapted or drought sensitive classes. Species were
said to be undefined if a drought term could not be clearly associated with a particular
species in a paper in the literature. Additionally species were said to be undefined if there
had been no attempts to characterise their response to drought. Short of characterising
the drought adaptation of species individually, as has been completed for species in the
genus Vigna (Iseki et al., 2016, 2018), this is an approach that can provide definitions for

a range of well characterised and poorly studied plants.
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Table 4.1. Terms used in the literature search to categorise plants according to their

drought response.

Drought adapted Drought sensitive

Drought tolerance Drought sensitive

Drought avoidance Drought susceptible
Drought escape Drought prone

Desiccation tolerance

4.4.2 Ancestral State Reconstruction

Following the classification of plant species as either drought tolerant or drought sensitive,
both Maximum Likelihood (ML) and Bayesian approaches were used to reconstruct the
ancestral states of drought characters. Both methods are commonly used in phylogenetics
but they differ in terms of input data and their methodology (Svennblad et al., 2006). Thus,
outputs were compared between the two approaches. The ML approach aims to identify
the character states at ancestral nodes that maximise the probability of the observed
character states in extant plants (Felsenstein, 1981). Bayesian approaches aim to sample
character histories from the posterior probability of the given data. Posterior probability is
the probability of character states at ancestral nodes, given the distribution of character
states in extant plants (Rannala et al., 1996). Similar support from both approaches for the

evolutionary history of drought tolerance would provide robustness to the findings.

4.4.2.1 Likelihood approach for ancestral state reconstruction

Character states for each species (Appendix 4.1) and species relationships were entered
into Mesquite. The species relationships were based on the NCBI taxonomy used in
Chapter 2 (Federhen, 2012) and were entered in the form of a species tree without branch
lengths. The Trace Character History option was used to analyse the evolutionary history

of the drought tolerant and sensitive characters using maximum likelihood approaches.
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Additionally, a domestication status (cultivated or wild species) was incorporated to
investigate the influence of domestication on the loss of drought adaptations. The
definitions of a cultivated and wild species were sourced from the genome papers of these

plant genomes detailed in Appendix 2.1.

4.4.2.2 Bayesian approach for ancestral state reconstruction

4.4.2.2.1 Concatenation approach to build a species tree

To complete the Bayesian approach to infer the evolution of drought tolerance, a species
tree with branch lengths was required. To produce this tree, genes from 315 homology
groups (HGs) present in all Archaeplastida were extracted from the computational pipeline
described in Chapter 2. Specifying presence of all genes in all Archaeplastida species in
the pipeline query ensures that data for all species is present. Due to the broad clustering
of homology groups (compared to orthogroups), each HG contained more than one protein
sequences per species. However, for gene tree inference, one gene per species per HG
is required. As such, the first gene for each species for each HG was selected.

There are several methods with which to build species trees from multi-gene datasets.
These include a single step coalescent, two step coalescent approach and a gene
concatenation approach. The later of these, the concatenation approach, has several
strengths and has been used to infer the origin and early diversification of land plants
(Wickett et al., 2014). This approach, incorporating phylogenetic inference from multiple
gene alignments, provides a strong phylogenetic signal with which to build a robust
species tree.

As in previous chapters, the genes from each HG were individually aligned using MAFFT
with the --auto parameter (Katoh et al., 2002) and trimmed using trimal with the
automatedl option (Capella-Gutiérrez et al., 2009). PhyUltility was used to concatenate
the trimmed gene alignments into a supermatrix, with the command ‘phyutility -concat -in
*aligned.trimmed.files -out concatenated_supermatrix.nexus’ (Smith et al., 2008). Once

this concatenated supermatrix was produced, a partition file was created which is used to
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identify each trimmed gene alignment. This was completed with the bash command ‘head
-n 3 concatenated_supermatrix.nexus | tail -n 1 | sed 's/A*\[/lg' | sed 'sN\s\].*$//g' | sed
's/.fa.mafft.trimal_gene.\s/=/g" | tr " " "\n" | sed 's/AUTO,\s/g' >> partitions.txt’.

Different sequences have different rates of evolution (Lopez et al., 2002). To account for
this, parameters were altered in 1QTree to determine the different rates of sequence
evolution for each individual gene alignment (Nguyen et al., 2015). To improve the speed
of analysis, the command ‘iqtree —s concatenated_supermatrix.nexus -spp partitions.txt -
m TESTMERGE —rcluster 10 -bb 1000° was used. The option —-m TESTMERGE specifies
that a subset of models of evolution, which are invariable site and Gamma rate
heterogeneity, are used to save computational time (Lanfear et al., 2017). The —rcluster
10 option specifies that only the top 10% of partition merging schemes are considered.
The —bb 1000 option specifies 1000 ultrafast bootstraps. The species tree produced was

used in subsequent analysis (Supplementary Data 4.2).

4.4.2.2.2 Ancestral State Reconstruction using the Bayesian approach

Phytools can be used to estimate ancestral character states for discretely valued traits
(Revell, 2012), in this case drought adaptations. Phytools was run using a continuous-time
Markov chain (MCMC) model. Initially, data were mapped onto the species tree built from
the concatenation approach detailed above (Fig. 4.1). The MCMC approach is used to
sample character histories from their posterior probability distribution, termed stochastic
character mapping (Huelsenbeck et al.,, 2003). To sample a greater portion of the
distribution of the character history, 100 stochastic maps were produced and plotted (Fig.
4.2). The results of these sets of stochastic maps were then summarised and have been

plotted in the results section (Fig. 4.5).
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Figure 4.1. The distribution of drought response categories on a species tree of 178

plant species built from concatenation analysis of 315 universal genes. The colours

of terminal nodes represent the drought response status of each species as defined by a

literature search (See Appendices 4.1).
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Figure 4.2. 100 stochastic character trees with the mapped drought response

categories (Drought adapted: red, Drought sensitive: yellow, Drought response

uncharacterised: blue, Outgroup taxa: black).

4 5 Results

4.5.1 Definition and distribution of drought tolerant plants

Of the 178 plant species included in the literature search, 74 were recognised as drought

adapted, 29 were identified as drought sensitive and for 75 species no clear definition
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could be assigned (Appendix 4.1). These species were found to be distributed across the

plant phylogeny, occurring in all major evolutionary groups (Figure 4.1).

4.5.2 Maximum Likelihood approach to ancestral state reconstruction of
drought adaptation

Using the likelihood approach in Mesquite, ancestral state reconstruction of drought
adaptations was completed for all green plants (Fig. 4.3). The analysis suggested that the
last common ancestor (LCA) of Streptophyta was likely to be drought adapted. Further
investigation of the literature suggests that these plants were desiccation tolerant, which
is the capacity to survive near complete dehydration (Oliver et al., 2000), since the early
diverging extant species are also desiccation tolerant (Fig. 4.3). This includes the
streptophyte algae Klebsormidium flaccidum (Hori et al, 2014) and Zygnema
circumcarinatum (Becker et al., 2020) and the bryophytes Physcomitrella patens (Xiao et
al., 2018) and Tortula ruralis (Proctor et al., 2007).

Furthermore, the analysis revealed that the LCA of vascular plants was likely to have been
a drought adapted plant (Figure 4.3). This further suggests that tolerance to drought as an
adaptation was acquired once which potentially occurred with the development of vascular
tissue and a sporophyte dominated lifestyle (Harrison, 2017). Drought tolerance appears
to have been highly retained which suggests that, for any drought sensitive species that
appear later than this ancestor, the ability to adapt to drought has subsequently been lost.
Spirodela polyrhiza (duckweed) (Wang et al., 2014d), Zostera marina (Olsen et al., 2016)
and Zostera muelleri (Lee et al., 2016a) are in the order Alismatales and have all adapted
to an aquatic lifestyle (i.e. Zostera are a genus of seagrasses). Thus, drought tolerance

has been lost in these plants due to their transition back into aquatic environments.
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Figure 4.3. Distribution and Ancestral State Reconstruction of drought adaptation
across the plant phylogeny. Blue terminal nodes indicate where a plant is drought
adapted, white terminal nodes indicate drought sensitivity and grey striped nodes indicate
that a drought status could not be assigned. Internal nodes indicate ancestral state

reconstruction of drought adaptations completed using likelihood methods in Mesquite.
The green dot denotes the last common ancestor of Streptophyta and the orange dot

denotes the last common ancestor of Tracheophyta.
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During the domestication process, artificial selection can lead to the loss of genetic
diversity (Doebley et al., 2006). For example, common signatures of selection include
grain retention (for example, in rice, barley and wheat), reduction of lateral branching (for
example in maize and sunflowers) and modifications to flowering-time (Ross-Ibarra et al.,
2007; Olsen et al., 2013; Kantar et al., 2017). Such indirect effects of domestication have
also led to the loss of particular stress tolerance traits, including drought tolerance (Yu et
al., 2008; Zhu et al., 2019a; Wang et al., 2020b, 2020a).

In the same manner as drought adaptations above, domestication statuses for the same
set of plant species were assigned. These statuses were exclusively sourced from the
genome paper of each plant genome. To investigate the impact of domestication on the
loss of drought tolerance, both the domestication history and plant drought statuses were
mapped across the plant phylogeny (Fig. 4.4). Drought sensitivity appears to be common
amongst many of the major crop species. In fact, drought sensitivity is predominantly found
in crop species, suggesting domestication could potentially explain the loss of drought
tolerance for many species. The only cases of loss of drought tolerance in wild species
were found in the order Alismatales, as well as in the non-flowering plants, Selaginella
moellendorffii and Gnetum monatum. The ancestral states of the last common ancestor of
land plants was drought adapted and wild. Therefore, for any plants that are drought

tolerant and cultivated, this likely represents the ancestral state.
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Figure 4.4. Distribution of domesticated and drought adapted species across the
plant phylogeny. Grey striped nodes indicate that a drought status could not be assigned.
Ancestral state reconstruction was completed using likelihood methods in Mesquite. The

green dot denotes the last common ancestor of Streptophyta and the orange dot denotes
the last common ancestor of Tracheophyta.
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4.5.3 Bayesian approach to ancestral state reconstruction of drought
tolerance
The species tree built to infer the evolutionary history of drought tolerance broadly
supports the most up-to-date view of plant evolution (Figure 4.5). The analysis identifies
that Rhodophyta are sister to a clade containing Glaucophyta and Viridiplantae (Figure
4.5), which is in agreement with a recent analysis of early Archaeplastida evolution from
the 1000 plant transcriptomes project (Leebens-Mack et al., 2019) and also a previous
study investigating the Cyanophora paradoxa genome (Price et al., 2012). The
relationships of the remaining non-flowering plants are broadly in agreement with current
evolutionary thinking. The charophyte, Klebsormidium flaccidum, is sister to land plants
whilst gymnosperms are recovered as the sister group to flowering plants (Figure 4.5).
The only discrepancy in the evolutionary tree is that Selaginella moellendorffii, a lycophyte,
is placed in a clade with the two bryophytes in the dataset (Figure 4.5). This difference
might be caused by the fact that the first gene from each Homology Group was chosen for
building the species tree, as opposed to the longest gene which might have provided a
greater amount of sequence information with less fragmentation. Alternatively, this could
be caused by variation in sequencing quality across the Selaginella moellendorffii genome
(Banks et al., 2011). Broadly, the flowering relationships supported the current view of
plant evolution, that is, that the ANA grade angiosperm, Amborella trichopoda, is a sister
to the Mesangiospermae, which consists of the Eudicots and Monocots (Figure 4.5, Chase
et al., 2016).
As the species tree supports the most current topology of plant evolution it could reliably
be used for the ancestral state reconstruction of drought tolerance. A Bayesian approach
to ancestral state reconstruction identifies similar patterns for the evolution of desiccation
and drought tolerance to those identified using the maximum likelihood approach
described above (Figures 4.3-4.5). For instance, the LCAs of land plants and seed plants
were drought adapted, most likely desiccation tolerant and drought tolerant respectively

(Figure 4.5). Equally, similar patterns can be identified that are associated with the loss of
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drought tolerance with such losses identified in the order Alismatales and also across

many crop species (Figure 4.5).
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common ancestor of Streptophyta and the orange dot denotes the last common ancestor
of Spermatophyta.

4.6 Discussion and Conclusion

4.6.1 Ancestral state reconstruction of drought adaptations

In this chapter, a collective ‘drought adaptation’ trait was defined by querying the literature
for drought response terms in reference to each species in the genomic dataset. Ancestral
state reconstruction, using both maximum likelihood and Bayesian methods, was then
used to map this trait onto the plant phylogeny. This revealed that the last common
ancestor of Streptophyta was drought adapted. Based on a further search of the literature,
this suggested that the ancestor of Streptophyta was desiccation tolerant and the ancestor
of vascular plants was drought tolerant. The major occurrences of drought sensitivity were
in crop species suggesting plant domestication as the selective pressure leading to the
loss of drought adaptation.

An important point to note here, is that the majority of genomes are those of crop species
and are mainly found within the flowering plants. It has previously been noted that a greater
number of plant genomes from a diversity of plant species will be needed to understand
the evolution of key traits and the diversity of plant life (Rensing, 2017). The inclusion of
further genomic data will improve our understanding of a diverse number of adaptations
and aid gene discovery for the improvement of crop stress tolerance. It would also provide
further clarity on whether there are a greater number of instances in which drought
sensitivity occurs in wild plant species and whether there are further factors that have

driven the loss of drought adaptations other than the indirect effects of domestication.

4.6.2 Defining a collective drought tolerance trait

Defining a collective ‘drought adaptation’ trait is complex as there are a wide range of
responses that plants adopt in response to drought. In this work, a collective ‘drought
tolerance’ trait was defined by querying the literature for drought response terms in

reference to each species in the genomic dataset. This collective ‘drought adaptation’ trait,



115

therefore, produces a binary outcome, where a plant is either drought adapted or drought
sensitive. In reality, drought tolerance responses are far more diverse, but approaches
that aim to capture this diversity are limited.

Work on a method to define drought tolerance has begun in the TRY trait database, a
global database of curated plant traits (Kattge et al., 2020). The database release in 2020
investigated the prevalence of species tolerance to drought which incorporated a low,
medium and high level of tolerance. This approach aims to categorise a drought tolerance
trait for a broader range of taxa. To date, the ‘species tolerance to drought’ trait has been
categorised for 3324 species (Kattge et al., 2020), although this does not cover all the
species in the genomic dataset. There are limitations with this method, similar to the
approach detailed in this study, that there are only three categories of drought tolerance.
The TRY database is also still under construction, with trait representation only for
euphyllophytes.

An additional approach for defining a collective ‘drought tolerance’ trait could be to include
information about the geographical distribution of plant species. Some genome papers
provide information about the geographical location of the plant material used to sequence
the plant genome. For some species, this data is even listed as longitude and latitude
coordinates, for example, plant material for the Zostera marina genome was sourced from
Faro Island, Sweden (latitude: 59° 55.234' N, longitude: 21° 47.766' E, Olsen et al., 2016).
Additionally, the global occurrence and severity of drought has been investigated
(Sheffield et al., 2008). With information about the geographical occurrence of drought,
plant species could be defined based on their location in a drought prone region. However,
there are limitations with this approach, for example, plant material sampled from a botanic
garden or grown in a laboratory which are outside a plant’s natural geographical range.
Additionally, drought can be experienced at a highly localised level which may not be

captured by broad-scale geographic data.
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4.6.3 Potential impact for gene identification

Despite the caveats given above, it was demonstrated, in this body of work, that drought
adapted plants are present across the plant phylogeny. This has highlighted how plant
relationships with water have changed over the last billion years. Defining drought
tolerance, understanding its evolution and the loss of this trait in certain lineages has
important consequences for our mechanistic understanding of drought responses and
could have implications for our ability to manipulate crop productivity. Drought tolerance
is repeatedly referred to as one of the major constraints limiting crop production
(Ramegowda et al., 2017; Yu et al., 2017; Roca Paixao et al., 2019; Bao et al., 2020). It
therefore threatens global food security which has become increasingly important given
the severe effects of global climate change accompanied by human population growth
(Godfray et al., 2010, 2014).

Despite the predicted increase in the frequency of droughts, there are still relatively few
drought tolerant crops. Stress tolerant crops will be crucial for sustainably feeding future
populations (Godfray et al., 2010; Garnett et al., 2013). Novel approaches that can be
used to identify candidate genes could be valuable for improving drought tolerance in
crops (Tuberosa et al., 2006; Umezawa et al., 2006; Cattivelli et al., 2008; Ashraf, 2010).
For example, crop wild relatives are considered to be a pool of genetic resources for
engineering stress tolerant crops (Iseki et al., 2018). With this in mind, examining the
distribution of drought responses across the plant phylogeny may shed light on shared
genes and their potential functions in drought tolerance. By exploring the genetic
framework underlying these traits in the context of evolution, the genes and the associated
changes in gene sequences responsible for diverse adaptations may be illuminated.
Patterns of gene gain, loss, diversification or contraction can be indicative of gene function.
For example, an analysis of transcriptome and genome data from across green plants
found that the LCA of Streptophyta gained genes for fungal symbiosis before the transition
to land. This algal ancestor was preadapted for this beneficial interaction, potentially aiding

the colonisation of land. Subsequent genes emerged in the ancestor of land plants
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enabling closer relationships with arbuscular mycorrhizae, which further promoted the
diversification of land plants (Delaux et al., 2015).

An example of gene loss being indicative of gene function comes from the analysis of 37
flowering plant genomes, of which, some species exhibit nitrogen-fixing root nodule
symbiosis (Griesmann et al., 2018). Predominantly found in legumes, this symbiosis
enables plants to benefit from nitrogen produced by bacteria hosted in root nodules.
Analysis found that the loss of a key symbiotic regulator gene NODULE INCEPTION could
explain the loss of nitrogen-fixing root nodule symbiosis. This information suggests a
single origin of this symbiosis in the ancestor of Fabales, Rosales, Cucurbitales and
Fagales followed by multiple independent losses (Griesmann et al., 2018).

Equally, lineage specific gene group expansion and contraction could relate to novel
drought adaptations. Some gene groups, in reference to a plant lineage, can radiate more
or less readily and this can act as an indicator of the biological adaptation they relate to
(Brockington et al., 2015; Yang et al., 2015). For example, genome analysis of the orchid
species, Apostasia shenzhenica, Phalaenopsis equestris and Dendrobium catenatum,
found that distinct diversification patterns of MADS-box genes (MINICHROMOSOME
MAINTENANCE FACTOR 1/ AGAMOUS/ DEFICIENS/ SERUM RESPONSE FACTOR)
are responsible for orchid flower developmental evolution (Zhang et al., 2016, 2017a). In
P. equestris, B-AP3 Class and E Class MADS-box gene families have expanded leading
to the development of a specialised labellum, the part of an orchid flower that attracts
pollinating insects. In A. shenzhenica, AGL12 (AGAMOUS-LIKE 12) and ANR1
(ARABIDOPSIS NITRATE REGULATED 1) gene families have also expanded enabling
adaptations to terrestrial habitats in this orchid; these genes have been lost in P. equestris
which is an epiphytic orchid.

Therefore, as exemplified above, the origin and diversification of genes in relation to
adaptations of interest can be investigated, in this case, to predict potential drought
tolerance genes. By comparing gene content of the genomes analysed in the Chapter 2

in relation to the drought adaptations defined in this body of work, these patterns of marked
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gene loss and gene family contraction can be elucidated and, as such, will be further

investigated in Chapter 5.
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Chapter 5 Identifying and characterising novel drought tolerance
genes
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5.1 Abstract

Feeding the world sustainably is becoming a major global challenge, particularly with the
forecasted increase in world population growth and climate change. The development of
stress tolerant crops will be crucial to enable us to attain this increase in yield. To achieve
this, novel techniques need to be developed, for example those that facilitate the
identification and characterisation of candidate genes that confer greater ability to tolerate
abiotic stressors, including drought stress. Detailed here is a novel evolutionary approach
to identify candidate drought tolerance genes that may function across a clade. Gene
expression analysis provides preliminary evidence of the role of these identified candidate
genes for plant adaptations to drought. Additional work is also described which would allow
for the full characterisation of these candidate genes. It is hoped that the application of
this novel gene identification approach could allow for the development of stress tolerant

plants and would therefore contribute to future-proofing global food demands.

5.2 Introduction

Food security has become an increasingly important issue on the global agenda, as it is
estimated that, by 2050, the world population will have risen to between 9 and 9.7 billion
people (Godfray et al., 2010). Feeding an additional 2 - 2.7 billion people in less than 30
years, but in a sustainable manner, represents an enormous challenge (United Nations
DESA., 2015). Due to this pressure, there is an increasing emphasis on developing

methods that enable the sustainable intensification of agriculture.

Drought is one of the major abiotic stressors which adversely affects crop plants, limiting
their growth and yield potential. Developing crops that have a greater tolerance of such
stressors is likely to play an important role in producing higher yields from the same area
of land (Godfray et al., 2014). With an emphasis on sustainably intensifying agriculture,
identifying the natural variation associated with plant adaptations to drought has become

a major focus for improving the food security of future generations (Garnett et al., 2013).
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A common method of improving crop adaptations to water shortages is to study the genetic

underpinnings of drought tolerance.

Increasingly, novel approaches are needed to identify drought tolerance genes. Very few
studies have used phylogenetic approaches which investigate the evolution of drought
tolerance across a broad range of taxa. However, with the advent of modern sequencing
technologies, genetic and genomic data are becoming increasingly available for a wide
range of plant species, allowing for powerful insights into plant diversification (Li, 2018).
By unravelling the evolutionary history of plants, the genomic consequences of plant

adaptation to differing environmental conditions can be examined.

One way to understand the evolution of adaptations to stressors such as drought is to
examine the origin and diversification of genes associated with these adaptations (Nagy
et al., 2020). In Chapter 2 of this thesis, the origin of land plants was identified to have
been accompanied by the emergence of a large number of novel genes, more than have
arisen at any other point in the history of the plant kingdom. In Chapter 3, distinct patterns
of gene novelty and diversification were identified which were associated with specific
anatomical innovations. In Chapter 4, drought adaptations were mapped onto the plant
phylogeny to understand the emergence and evolution of this trait. By combining the
rationale behind these three bodies of work, it may be possible to detect signatures of
genome evolution related to the occupancy of traits, such as drought tolerance, in

particular lineages.

Carrying this work forward, patterns of gene retention in relation to lineage specific
adaptations could be indicative of gene function. For example, a recent comparative
analysis of 72 streptophyte genomes, which focussed on the evolution of metabolic
pathways, found that genes essential for the synthesis of selenocysteine were present in
streptophyte algae but absent in land plants. Previously, selenocysteine, which is required
for optimal growth, has been identified in bacteria, mammals and green algae but never in

land plants (Novoselov et al., 2002). Therefore the results from comparative genome
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analysis confirm the metabolic loss of selenocysteine biosynthesis during land plant

evolution (Cannell et al., 2020).

A further example of patterns of gene loss in relation to lineage specific adaptations comes
from an analysis of Alismatales genomes, an order of predominantly aquatic flowering
plant species (Wang et al., 2014d; Lee et al., 2016a; Olsen et al., 2016). Due to its aquatic
lifestyle, the Spirodela polyrhiza (common duckweed) genome is characterised by the loss
of genes that are associated with water transport as well as those involved in cell wall
organization which is consistent with its specialized morphology (Wang et al., 2014d).
Similarly, an analysis of the genomes of two species of seagrass, Zostera marina and Z.
muelleri, revealed major losses of genes related to UV light resistance, stomatal
differentiation, volatile production (for airborne communication) and ethylene biosynthesis,

consistent with its marine lifestyle (Lee et al., 2016a; Olsen et al., 2016).

In addition to gene losses, lineage specific gene group expansion and contraction could
equally be related to novel drought adaptations. Some gene groups, in reference to a plant
lineage, can radiate more readily and this can serve as an indicator of the biological
adaptation they relate to (Brockington et al., 2015; Yang et al., 2015). For example, an
analysis of the genomes of the Venus flytrap and other carnivorous plants found that the
expansion of specific gene groups enabled the evolution of particular hunting strategies
e.g. snap traps, pitfall traps, flypaper traps. The analysis also identified large scale gene
loss and gene group contractions in relation to root development and nutrient acquisition

(Palfalvi et al., 2020).

In the previous chapter, it was identified that the last common ancestor of land plants was
desiccation tolerant (tolerant of extreme water shortages) and the last common ancestor
of vascular plants was likely to be drought tolerant (tolerant of intermittent water
shortages). With this ancestor being drought tolerant, any cases of drought sensitivity

therefore represent a loss of drought tolerance. These cases of drought tolerance loss are
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likely to have been accompanied by marked patterns of gene loss and gene family

contraction related to drought tolerance.

By comparing gene content in relation to the drought adaptations defined in Chapter 4,
these patterns of marked gene loss and gene family contraction can be elucidated.
Tackling this challenge from an evolutionary genomics perspective is a novel approach
and aims to reveal undiscovered genes that aid plant adaptations to drought. The
motivations for this research are twofold; first, to address fundamental questions about
how the diversity of plant life arose and, secondly, to apply this evolutionary thinking to
produce transgenic plants with a greater tolerance of drought. Applying this comparative
genomic approach could allow the development of high yielding, sustainable crop varieties
with greater water use efficiency. Additionally, applying this approach to other abiotic
stressors and lineage specific adaptations could reveal genes that are relevant to other

biological adaptations, such as salt tolerance and nitrogen fixation.

The work below describes a novel method to identify a list of candidate genes that are
thought to be involved in drought tolerance. Subsequently, experimental analysis is
detailed that aims to characterise the function of a selection of these candidate drought
tolerance genes. The model organism Arabidopsis thaliana and a wild extremophile
relative, Thellungiella parvula, were chosen for experimental analysis of putative
candidate drought tolerant genes. This is based on the evidence, as shown in Chapter 4,
that A. thaliana is a drought sensitive plant whilst Thellungiella parvula is a drought
adapted plant. Several recent studies have used overexpression and gene knockout
experiments to highlight the function of genes involved in plant drought tolerance
(Ramegowda et al., 2017; Yu et al., 2017; Roca Paix&o et al., 2019; Bao et al., 2020).
Therefore, the proposed experimental design aimed to knock out candidate genes from T.
parvula and overexpress them in A. thaliana to investigate the impacts of gain and loss of

candidate genes for drought responses.
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5.3.1 Methods overview
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The methods detailed below described the evolutionary approach to identifying and

characterising novel drought tolerance genes. A summary of this approach is provided

below (Figure 5.1), which begins by analysing plant genome data in relation to drought

adaptations, leading to experimental analysis that attempts to validate computational

findings.
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Figure 5.1 Overview of methods used in this chapter. Blue squares highlight

computational analysis, orange squares highlight experimental analysis and green

squares highlight outputs from computational analysis.



125

5.3.2 Identifying novel drought tolerance genes

The drought adaptation status for each plant within the genomic dataset described in
Chapter 4 (containing 178 plant genomes) were incorporated into scripts of the
computational pipeline. In Chapter 2, the pipeline was queried with an interest in
taxonomic occupancy to identify gene novelties that accompanied the origin of land plants
and other taxonomic groups (Supplementary Data 5.1). In the same manner, the pipeline
was queried with an interest in the occupancy of drought tolerance. Preliminary queries
investigated broad scale occupancy of genes across the plant tree of life in relation to
drought adaptations. Secondary queries of the pipeline investigated gene absences in
drought sensitive species to establish whether cases of drought sensitivity were linked to
losses of the same genes. Further to this, the presence of these genes was quantified
across the remaining land plant species to confirm that these genes were likely to be

important in drought tolerance and were not simply lost in the majority of land plants.

5.3.3 Small Scale Gene Loss

To investigate gene loss within closely related taxa, clades with representatives for
drought tolerant and drought sensitive species were identified. Gene loss at the clade level
was next investigated by querying the pipeline using gene presence (for drought tolerant
species) and gene absence (for drought sensitive species). To identify a list of candidate
genes, a series of taxonomic queries of the computational pipeline were conducted,
specifying gene absence in drought sensitive species and gene presence in drought
tolerant species (Supplementary Data 5.2). As introduced above, these genes needed to
be absent in A. thaliana (drought sensitive) and present in T. parvula (drought adapted).
With this in mind, homology groups (HGs) were filtered to ensure absence in A. thaliana
and presence in T. parvula. The outputs of these queries were then used in downstream

analyses (Supplementary Data 5.3).
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5.3.4 Analysis of protein domains

To predict the potential function of candidate genes and reduce the list of candidate genes
to a number that was viable to experimentally validate, protein domains of each HG were
analysed based on T. parvula genes. Specifically, pfam (Finn et al., 2014) and
interproscan (Jones et al., 2014) analyses were conducted to provide insights into any
known classification and function of protein domains of the potential drought responsive

HGs identified in the small scale gene loss queries.

5.3.5 Synteny analysis of possible DT genes

Due to the taxonomic nature of the queries of the genomic dataset, that is ensuring gene
absence in A. thaliana and gene presence in T. parvula, there are no genes in A. thaliana
that are homologous to the candidate drought tolerance genes identified in T. parvula. As
one of these homology groups was identified as a potential retrotransposon (see results)
and could therefore potentially control the expression of surrounding genes, synteny
analysis was used to identify any blocks of genes shared between A. thaliana and T.
parvula adjacent to the focal genes for all HGs. The Gevo and SynFind function of CoGe
(CoGe: Comparative Genomics, 2020) and Genomicus plants (Louis et al., 2013, 2015)
were used to view the syntenic regions surrounding the focal gene of interest. Outputs

were illustrated in Inkscape (The Inkscape Project, 2019).

5.3.6 Primer design

Based on HG taxonomic occupancy, pfam and synteny analysis, a selection of candidate
drought tolerance genes and their syntenic counterparts in A. thaliana were chosen and
their expression was tested via qPCR in the laboratory. Forward and Reverse primers
were designed for each gene using Primer 3 (Untergasser et al., 2012), factoring in the
likelihood of primer dimers forming during amplification, as well as other secondary
structures (Table 5.1). Primers were also designed for two housekeeping genes (PP2AA2

and Actin) to enable gene expression data to be normalised for each plant species.
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Table 5.1. List of primer sequences used in qPCR experiments to validate the

expression of candidate drought tolerance genes. HG = homology group number. HK

= housekeeping genes used for normalising gene expression data.

HG Gene Sequence Annealing
temperature

72 Tp4g06740 F TCGTTCACCTTGTCTGAGCT 58.96
72 Tp4g06740 R TAAACCGGCCCAAATCCTCC 60.03
72 Tp4g06680 F AATACAGTTCAGCCCCGTGG 60.04
72 Tp4g06680 R CTCTGTCCACCCACGTCAAA 59.89
72 Tp4g06700 F TCTGGAGGAGAAAGGAGGGA 58.91
72 Tp4g06700 R GCGGTCCTTTGCACACATAA 59.12
72 ARSK1 (AT2G26290) F CACGGAGGGAACAAAGCCTA 59.68
72 ARSK1 (AT2G26290) R | ACCTGAGCCGCTTCTGTTTT 60.18
72 GPA1 (AT2G26300) F GCAAGAGTTCGCACAACTGG 60.04
72 GPA1 (AT2G26300) R ACCCACGTCAAACAATCGGT 60.18
72 Tp7904180 F ACGAGTGGCTCATCAAGGTG 60.04
72 Tp7g04180 R AGGTCTTCTTGCATCGCCTC 60.11
72 Tp7904210 F TGGATGTGGAGTTGTGGTGG 59.89
72 Tp7904210 R ACCCCAAGTCACACATATCCC 59.44
72 NIP4;2 (AT5G37820) F TCTCTGGATGTGGAGTAGTGGT | 59.96
72 NIP4;2 (AT5G37820) R CCCCAAGTCACACAGATCCC 60.04
72 Tp7904200 F CGGAAAGGAGGGGAGTTAGC 59.82
72 Tp7904200 R GCTGATCTTCGTTGGGACCA 60.04
72 OXP1 (AT5G37830) F GCTAGTAGAGGTCACCACGC 59.9
72 OXP1 (AT5G37830) R GCAGCTCCTTCCTCCCAAAT 60.03
72 Tp7904170 F GGTTGTTCCCCTGGCTTCTA 59.3
72 Tp7904170 R AAGCTTCCCTGCCATCTTCC 60.03
72 SOS4 (AT5G37850) F AATGACGACGCCTCCAGTTC 60.39
72 SOS4 (AT5G37850) R CCTGAACAGTGTGGGATTGGA | 59.93
2909 | Tp1lg09090 F GTGGACGGTGTGCTTCTG 58.36
2909 | Tp1g09090 R AACACGAATGCCTTACCCGG 60.68
2909 | GLP7 (AT1G10460) F GACCCGCTCCAAGACTACTG 59.83
2909 | GLP7 (AT1G10460) R GGCTTGTGTCGGATCTTTGC 59.83
5775 | Tp2g19280 F TCCCCTGCCTCTTTTGTTCT 58.85
5775 | Tp2¢g19280 R TCTTGTGGGCATTCTGGTGG 60.25
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5775 | AT5G48890 F TCCCCTGCCTCTTTTGTTCT 58.85
5775 | AT5G48890 R CTCCTTCTTGTGGGCGTTCT 59.96
7522 | Tp2922420 F TCTTTTGCACCACCAGAGCT 59.82
7522 | Tp2g22420 R CCTCACTGTTCCTCCTTCCAC | 60

7522 | Tp2g22410 F TTCGCCAAAGTCGCTAGAGG 60.11
7522 | Tp2g22410 R TGTGACAGAAATCGACGGCT 59.68
7522 | Tp2922430 F TGGAGTTTCGGAGCAGCTTT 59.89
7522 | Tp2922430 R GAAAGAGTGAGCACCGTGGA | 59.97
7522 | CIPK25 (AT5G25110) F | GGGAGGAAAGGACAGATCGC | 60.18
7522 | CIPK25 (AT5G25110) R | CCGCCGACTTACACAACTCA 60.32
7522 | AT5G25100 F TCCCTCTTGTCTTTGTCGGC 59.97
7522 | AT5G25100 R TGTTGGTTTTCACGGGGTCA 60.03
9215 | Tp6g08250 F GGCAATCTCCCACCGTTGAA 60.61
9215 | Tp6g08250 R GGGTTACAGAAGGACAAACGC | 59.47
9215 | Tp6g08200 F TCGTGAACTGCGGTCATTGA 59.97
9215 | Tp6g08200 R TTGCTCTTCAGAAGCCGGTT 59.89
9215 | ATAG09340 F AGTGGCTGGGTTTGAACTGT 59.74
9215 | ATAG09340 R ACTCCAACCCGTCTGTTTCA 59.17
10098 | Tp7g915080 F GGTACTGGGTGGAGTCGAGA | 60.32
10098 | Tp7g915080 R GCCTTTTCGTTGTGGATGGG 59.76
10098 | Tp7g15100 F ATACTGCTGGCCACCTGAAC 60.04
10098 | Tp7g15100 R TTGCAACATTTCACCAGGCG 59.97
10098 | Tp7g15110 F GCTGGGAAAGGAGTGAAGCT | 59.96
10098 | Tp7g15110 R ACAATCATCATCCTCCCCGC 59.89
10098 | RGF6 (ATAG16515) F | AATGGTGGAGAAAGGAGGCG | 60.04
10098 | RGF6 (ATAG16515) R | TTGTGGATCGGAGGCTTACG 59.83
10098 | AT4G16530 F TGGCGTTGATGGAGATTTGGA | 60

10098 | AT4G16530 R TCTTCAAGCCCTCGTACCAA 58.66
HK | AT3G18780 (Actin) F ACAGCAGAGCGGGAAATTGT 60.25
HK | AT3G18780 (Actin) R GGTTTCCATCTCCTGCTCGT 59.75
HK | AT3G25800 (PP2AA2) F | ATGCCGATGGTAAGGAGAGC | 59.61
HK | AT3G25800 (PP2AA2) R | AACGTCGGTCTTCAAATGCG 59.49
HK | Tp2g15040 (Actin) F TTCACCACAACAGCAGAACG 58.99
HK | Tp2g15040 (Actin) R GAGGTCTCCATCTCCTGCTC 58.96
HK | Tp3g16870 (PP2AA2) F | TCCACATTGCATACCCAAGC 58.53
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HK | Tp3g16870 (PP2AA2) R | CTCTCCGCACCATAGGCATA 59.03

5.3.7 Drought experiment

To test the expression levels of candidate drought genes (and syntenic genes in A.
thaliana) between well-watered and drought stressed plants, a drought experiment was
conducted. Seeds from Arabidopsis thaliana Col-0 and Thellungiella parvula were sown
on compost and kept at 4°C for 3-4 days to break dormancy. Seeds were then placed in a
growth cabinet at room temperature under short day conditions (8h-light, 16h-dark) for 7
days. Seedlings were then pricked out into individual pots. After 4 weeks of growth,
Arabidopsis thaliana Col-0 and Thellungiella parvula pots were saturated with water on
Day 1 and then subjected to 12 days without watering. Control plants for Arabidopsis
thaliana Col-0 and Thellungiella parvula were grown alongside but remained well-watered
throughout the experiment. Pots were weighed every two days to calculate the relative
water content as a proxy for the severity of drought treatment. For each treatment, 15

plants were analysed.

5.3.8 RNA extraction, cDNA synthesis, qPCR

To test the expression of candidate drought genes, RNA was extracted from plants that
had been grown under the drought and well-watered conditions in the experiment detailed
above. This was completed using the method below, followed by cDNA synthesis and

gPCR.

5.3.8.1 RNA extraction

Leaf material was taken from three samples per treatment for each plant species and
placed immediately into liquid nitrogen. RNA was extracted using a Trizol extraction
protocol which is described below (Rio et al., 2010). A single leaf (~0.1g of material) was
sampled per plant and ground with a pestle and mortar in liquid nitrogen. Samples were
transferred into tubes that had been placed on dry ice. 1 ml of TRIzol reagent (Invitrogen)
was added to the ground sample and vortexed for 30 seconds. This step allows for

homogenisation of plant tissue without degradation of RNA. Samples were allowed to
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stand for 3 minutes at room temperature. 200 pl of chloroform (Sigma Aldrich) was added
and then vortexed for 15 seconds. Samples were centrifuged for 15 minutes at 4°C at
13000 x g to separate the RNA from proteins and lipids. The aqueous phase, containing

the RNA, was transferred into new tubes.

1 volume of isopropanol (~600 pl) was added, mixed by inversion and then placed at room
temperature for 10 minutes. The isopropanol is used to precipitate the RNA from the
solution. Samples were centrifuged for 15 minutes at 4°C at 13000 x g to separate RNA
from the surrounding solution. The supernatant was discarded leaving a white pellet
containing the RNA. The pellet was washed with 1 ml of 75% ethanol (Sigma Aldrich) to
purify the extraction. The ethanol was then discarded and the pellet air dried for 10 minutes

to remove any remaining liquid.

The pellet was dissolved in 26 pl of RNase-free water. 1 pl of DNAse enzyme (Invitrogen)
and 3 ul of DNA buffer (Invitrogen) were added and incubated at 37°C for 1 hour to remove
any genomic DNA from the RNA sample. 1.8 pl of Ethylenediaminetetraacetic acid (EDTA)
(Invitrogen) was added and incubated at 65°C for 10 minutes to deactivate the DNase
enzyme. 60 pl of ethanol and 15 pl of Ammonium acetate were added to precipitate the

RNA. These samples were placed in a -20°C freezer overnight.

Samples were centrifuged for 15 minutes at 4°C at 13000 x g to separate RNA from the
surrounding solution. The supernatant was discarded leaving a white pellet containing the
RNA. The pellet was washed with 1 ml of 75% ethanol. The ethanol was then discarded
and the pellet air dried for 10 minutes to remove any remaining liquid. Finally, the RNA
pellet was dissolved in 30ul of RNase-free water. RNA quality and quantity was then

assessed using a nanodrop spectrophotometer.

5.3.8.2 cDNA synthesis
For cDNA synthesis, 1000 ng of RNA was added to RNA-free water equaling a total

volume of 11 pl. 1 pl of random hexamer primers (Invitrogen) was added to the RNA/ water

solution. This mix was then placed in a thermocycler at 65°C for 10 minutes to denature
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the sample and primers and then immediately placed on ice. To this reaction, 4 pl of 5X
Reverse Transcriptase buffer (Invitrogen), 2 pl of 10mM dNTPs (Invitrogen), 1 ul of
Reverse Transcriptase (Invitrogen) and 1 pl of RNA-free water were added to make a total
volume of 20 pl. The 20 pl cDNA synthesis reaction was then incubated at 42°C for 60
minutes in a thermocycler. Following this enzymes were inactivated by increasing the

temperature to 70°C for 5 minutes. Samples were then stored at —20°C until further use.

5.3.8.3 qPCR protocol

To assess the expression of each candidate drought tolerance gene between well-watered
and drought stressed plants, gPCR reactions were set up. A reaction mix containing 10 pl
of SYBR Green master mix (Sigma Aldrich), 6 pl of RNA-free water, 0.4 pl of each primer
(forward and reverse for each gene of interest or housekeeping genes, Table 5.1) and 0.2
pl of Taqg polymerase per sample was created. For each well of a 96 well plate, 3 pl of
cDNA and 17 pl of master mix were added to create a total volume of 20 ul. Gene
expression was measured in a BioRad qPCR Detection System. The qPCR program
consisted of an initial step of 95°C for 5 minutes to denature the DNA, followed by 40
cycles of 15 seconds at 95°C, 45 seconds at 60°C and 30 seconds at 72°C. These steps
further denature the DNA, enable primer annealing and allow for primer extension before
repeating. A melt curve analysis was performed after the qPCR run by ramping the
temperature by 0.5°C every 10 seconds from 55°C to 95°C. This step was used to confirm

the synthesis of a single PCR product, in which case a single peak is observed.

5.3.8.4 Statistics and figures

All statistics were conducted in R version 3.6.3 (R Core Team, 2014). A two-sample t-test
was used to test differences in gene expression between drought induced and well-
watered plants. Figures were produced using ggplot2 (Wickham, 2016) and tidyr (Henry,

2018).
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5.3.9 Mutant design

Based on the results of the qPCR experiments, a subset of syntenic genes were
investigated further via loss-of-function A. thaliana mutants. To assess the impact of gene
loss, Arabidopsis thaliana mutants were selected and ordered from the Nottingham
Arabidopsis Stock Centre (NASC) (O’'Malley et al., 2015). For each syntenic A. thaliana
gene, two mutants were ordered (Table 5.2). This was completed to ensure that any
phenotype seen in the mutant plants was a result of a correct knockdown/knockout for the
focal gene, rather than a knockout of any other polymorphisms associated with a mutant
line.

Table 5.2. SALK lines selected for investigating the effects of syntenic gene loss on

the drought response in A. thaliana. HG= homology group number. Line IDs A and B

refer to the NASC IDs for the two lines of mutant plant used to investigate each syntenic

gene.

Gene name HG Function of A. thaliana gene Line DA | LineID B
Negative and positive regulation of ABA

AT2G26300 72 (Pandey et al., 2004; Chakraborty et al., N528135 | N561522
2015, 2019; Jangam et al., 2016)
Glutathione catabolic process (Ohkama-

AT5G37830 79 Ohtsu et al., 2008)/ Glutathione enhances | N590917 | N668525
plant abiotic tolerance (Hasanuzzaman et
al., 2017)

AT5G37850 79 Hypersalinity response/ Root hair | N618343 | N638992
development (Shi et al., 2002)

AT1G10460 Cold and osmatic stress tolerance (Kumar et | N572453 | N533384

2909

al., 2016)
Negative regulation of flower development

AT5GA48890 5775 | (Weingartner et al., 2011)/ Enhance salt N818436 | N546014
tolerance in rice (Zhang et al., 2018b)

AT5G25100 Protein localisation to membrane (Parsons | N608055 | N529679

7522

et al., 2013)

AT4G09340 9215 | Uncharacterised N552021 | N533044
Regulation of root growth (Moubayidin et al.,

ATAG16515 10098 | 2010; Sozzani et al., 2014; Shinohara et al., N633489 | N573605
2016)

AT4G16530 10098 | Uncharacterised N577075 | N593165




133

5.3.10 Mutant confirmation

Once received from NASC, seeds from all mutant lines were sown on compost and kept
at 4°C for 3-4 days to break dormancy. Seeds were then placed in a growth cabinet at
room temperature under short day conditions (8h-light, 16h-dark) for 7 days. Seedlings
were then pricked out into individual pots. After 4 weeks, one leaf was sampled from each
plant of every line for DNA extraction and placed on dry ice. To each sample, a small
amount of sand and 200 pl of cetyl trimethylammonium bromide (CTAB) DNA extraction
buffer were added to the leaf and ground with a micro pestle until the leaf had dissolved.
Samples were then placed at 65°C for 30 minutes to increase DNA yield by promoting the
breakdown of cell and nuclear membranes. Solutions were cooled to room temperature
before adding 200 ul of chloroform under a fume hood. Samples were vortexed and then
centrifuged at 13000 x g for 15 minutes. The aqueous phase was extracted, added to a
new tube and the solid phase discarded. 180 pul of isopropanol was added to the
supernatant and mixed well by inversion. Samples were again centrifuged at 13000 x g
for 15 minutes. The supernatant was then discarded, ensuring the pellet remained. The
pellet was then washed with 500 pl of ice cold 70% ethanol. The ethanol was then
discarded and the pellet was dried completely before eluting in 50 ul of RNA free water.
Extracted DNA was quantified on a hanodrop spectrophotometer and then stored at -20°C

for later work.

Successful mutants all contain a tDNA insert with a known DNA sequence (Appendix 5.1).
It is possible to isolate the genomic junction of this insert through additionally designing
primers for the left border region of the tDNA insert; amplification of the tDNA insert
confirms successful knockdown/ knockout of the gene of interest (O’Malley et al., 2015).
These primers were designed for each SALK line using

http://signal.salk.edu/tdnaprimers.2.html (Table 3). These primers were ordered from

Primer3 (Untergasser et al., 2012) as described above. To confirm successful mutation,

PCRs were run for every plant line using 3 primer mixes. Firstly, the left border primer


http://signal.salk.edu/tdnaprimers.2.html
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(Table 3) and the Forward primer (Table 1) of the focal gene were used to test insertion.
The left border primer (Table 3) and the Reverse primer (Table 1) of the focal gene were
also used to test successful insertion. Amplification when the Forward primer and Reverse
primer (Table 1) of the focal gene were used together would confirm that the plant was in
fact a wild type plant. For each PCR reaction, the following reaction mix was made: 2 pl
DNA, 1.25 pl of each primer, 2.5 pl of 10x buffer, 0.5 pl 10mM dNTPs, 0.5 pl Taq
polymerase and 17 pl PCR grade water. These reactions were run in a thermocycler with
the following conditions: 4 minutes at 94°C; 35 cycles of 94°C for 30 seconds, 58°C for 30
seconds and 72°C for 60 seconds; 5 minutes at 72°C and held at 12°C. PCR products
were run on a gel to confirm successful mutant lines (Appendix 5.2). Gels were made
using 100 pl of 1x TE buffer, 0.8 g of agarose and 5 pl of SafeView Nucleic Acid Stain
(NBS Biologicals). To each well, 15 ul of DNA mixed with 2 ul of loading dye were added
alongside 5 ul of 1KB ladder.

Table 5.3. Primers sequences used to amplify the left border of the tDNA insert for

the confirmation of SALK lines. HG = homology group number.

HG Gene SALK Sequence Annealing

lines temperature

72 AT2G26300 | N528135 | GCAAAATCAGAACACCATTGG 60.36

72 AT2G26300 | N561522 | ACGCAGAAAACATCCTTCATG 60.13

72 AT5G37830 | N590917 | TGGGTGTCTCCACTCATTCTC 60.1

72 AT5G37830 | N668525 | AACACTCACAAAACCCATTGC 59.89

72 AT5G37850 | N618343 | CACTTTTCTTGCAGGGAACAG 59.9

72 AT5G37850 | N638992 | AGGACGACAACAATGACGATC 59.99

2909 | AT1G10460 | N572453 | GAATTGAACTCGGGACCTCTC 60.07

2909 | AT1G10460 | N533384 | ATGGAGAAATATGCCCCAAAG 60.16

5775 | AT5G48890 | N818436 | TCCTCTGTGTACCACAAACCC 59.88
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5775 | AT5G48890 | N546014 | ATAAAATCATGTTTTCCCGCC 60.04

7522 | AT5G25100 | N608055 | GACTTCGGGGTTTTCACTTTC 59.97

7522 | AT5G25100 | N539673 | ACCAGAGGCGATTGAATCTTC 60.59

7522 | AT5G25100 | N529679 | GAAAGTGAAAACCCCGAAGTC 59.97

9215 | AT4G09340 | N552021 | TTTGCTGAGAAGCACTACGAAG | 59.83

9215 | AT4G09340 | N533044 | TCGATGCACATTTTGACTACG 59.74

10098 | AT4G16515 | N633489 | ACCATTCATTGTTCCTTGCAG 59.99

10098 | AT4G16515 | N573605 | CGCTCATGTCTTCTGTGTACG 59.52

10098 | AT4G16530 | N577075 | AAACGCAAATCCCAAATTTTC 60.17

10098 | AT4G16530 | N593165 | TGATTGGCTCAACCTTAATGC 60.09

5.3.11 Gene overexpression
5.3.11.1 Clone design and synthesis

Based on the results of the gPCR analysis (see 5.3.7-8) four HGs were chosen for gene
overexpression analysis. For this, individual constructs were designed using the coding
sequence of each of the focal genes for T. parvula or the corresponding syntenic gene of
A. thaliana was extracted (Appendix 5.3). To the end of each sequences, attL1 and attL3
sequences were added. These are two flanking recombination sequences used to develop
a gateway entry clone. Briefly, the gateway cloning approach allows the user to quickly
insert the gene of interest into a destination vector using an LR (attL/attR) reaction (Chin
et al., 2015). This reaction takes place between attL sites of the entry clone and the attR
sites of a destination vector and leads to the creation of an expression clone for
downstream work. The constructs were synthesised and put into pUC57 by NBS
biologicals. Upon arrival, entry clones were rehydrated in 50ul of RNA free water and

stored at -20°C.

5.3.11.2 Making stocks of entry plasmid

Entry clones were stocked via transformation into Escherichia coli. To make competent E.

coli cells, a saturated overnight culture of TOP10 E. coli cells was inoculated (20 pl) into
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20 ml of Lysogeny Broth (LB: Tryptone 10 g L, NaCl 10 g L?, Yeast extract 5 g L?). This
sub-culture was then grown, shaking, at 37°C until the optical density (OD) was 0.4; OD
was measured with using an OD600 DiluPhotometer. The culture was then placed on ice
for 10 minutes and from here on, everything that came into contact with the competent
cells was kept ice cold. The culture was separated into two 50 ml falcon tubes and
centrifuged at 2700 x g for 10 minutes at 4°C. The supernatant was removed and the cell
pellet was resuspended in 100 pl of ice-cold 200 mM calcium chloride. The falcon tubes
were then incubated on ice for 20 minutes. The cells were combined and 0.5 ml of ice cold
80% glycerol was added to prevent damage to the cells during freezing. Cells were then
divided into 50 pl aliquots on dry ice and stored at -80°C until use in transformation

reactions.

For the transformation of each entry plasmid into the E. coli cells, 50 ul of the TOP10
competent cells were thawed on ice. 2 pl of DNA clone was added to the cells and then
left on ice for 30 minutes. Cells were then heat shocked by placing them at 42°C for 60
seconds to allow for the incorporation of the entry clone. Cells were immediately placed
on ice for 5 minutes and then 900 pl of LB broth was added. They were then allowed to
recover in a shaker at 37°C for 1 hour. Following this, 100 ul of the cell solution was spread
onto a petri dish consisting of LB agar, containing carbenicillin (10 pg pl™) which was used
for antibiotic selection. The designed entry clones are resistant to ampicillin but
carbenicillin was used as it is an analogous antibiotic with lower toxicity and longer half-
life. Plates were grown overnight at 37°C. A single colony was then picked off and grown
in 20 ml of LB broth with 10 pg pI* carbenicillin overnight, shaking, at 37°C. Following this,

glycerol was added to the culture in a 50:50 (v/v) ratio and stored at -80°C.

5.3.11.3 LR reaction

An LR reaction is the process of recombination between the attL sites of the entry clone
and the attR sites of the expression clone to create the destination vector, as explained

above. To complete this reaction, between 1 — 7 pl, equating to 50 — 150 ng of entry clone
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DNA, was added to 2 pl of the destination vector (35 ng *!)in a PCR tube. The destination
vector was the Gateway Binary Vector (pGWB2) which contains a 35S promoter used for
gene overexpression. This mixture was then made up to 8 pl with TE buffer and then 2 pl
of Clonase Il Enzyme Mix (Invitrogen) was added. PCR tubes were placed in a
thermocycler at 25°C for 60 minutes. After an hour, 1 ul of proteinase K (Invitrogen) was
added and tubes were placed at 37°C for 10 minutes to terminate the reaction. The
resulting expression vector was then transformed into TOP10 E. coli as detailed above
(section 5.3.11.2). Additionally, pPENTR-gus is an entry vector used as a positive control
to confirm the viability of E. coli competent cells. The pENTR-gus plasmid were also
transformed into E. coli. Successfully transformed cells were then confirmed by growth
overnight on LB agar plates containing kanamycin (10 ug pl?), the antibiotic resistance
gene present in the destination vector. A single colony was then picked off the agar and
placed in 20 ml of LB broth. This was incubated overnight at 37°C whilst shaken constantly.
50% glycerol was added to create stocks (as above) which were stored at -80°C for later

use.

5.3.11.4 Agrobacterium transformation

The expression vector was prepared for transformation into Agrobacterium tumefaciens
by inoculating TOP10 E. coli containing the completed expression vector (described
above) into 20 ml of LB broth containing 10 pug pl kanamycin. These were grown
overnight, shaking, at 37°C. Plasmid DNA was then purified from the overnight cultures
using the GeneJet Plasmid Miniprep kit. Briefly, 2 ml of overnight culture was centrifuged
at 13000 x g for 5 minutes to retrieve a pellet. Supernatant was removed and the pellet
was resuspended in 250 pl of P1 buffer. Following this, 250 pl of lysis buffer was added
and the solution was mixed by inversion. Next, 350 pl of Neutralisation buffer was then
added and the solution was mixed by inversion, before centrifuging for 5 minutes at 12000
X g. 700 pl of the supernatant was then transferred to a spin column and centrifuged for 1

minute at 9000 x g. The resulting flow-through was discarded and 350 pl of wash buffer
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was added, followed by another centrifugation step for 1 minute at 12000 x g. The resulting
flow-through was again discarded and the spin column centrifuged again for 2 minutes to
remove residual buffer. Plasmid DNA was then eluted from the column by adding 30 pl of
RNA free water and centrifuging for 1 minute at 12000 x g. DNA concentration was

assessed using a nanodrop spectrophotometer.

To transform the resulting expression plasmid into Agrobacterium tumefaciens, 2 pl of
purified plasmid DNA was added to 50 ul of electrocompotent A. tumefaciens cells.
Electroporation was then used to transform the A. tumefaciens cells. Following
electroporation, 1 ml of LB broth was added and cells were recovered at 28°C for 1 hour.
These cells were then streaked onto agar plates containing kanamycin (10 pg pl?) to select
successfully transformed agrobacterium. To stock the resulting cells, a single colony was
picked off the agar and placed into 20 ml of LB broth. This was incubated for 3 days at
28°C whilst shaken constantly. A 50% glycerol solution was then added (50:50 v/v ratio of

glycerol to culture) to create stocks which were stored at -80°C for later use.

5.3.11.5 Floral dip

5.3.11.5.1 Preparation of agrobacterium

An established protocol was used for Arabidopsis thaliana transformation as has
previously been described (Clough et al.,, 1998; Narusaka et al.,, 2010). Briefly,
transformed Agrobacterium cells were grown overnight at 28°C in 2 ml of LB broth
containing kanamycin (10 pg pl?) for selection purposes. These Agrobacterium cells were
then pelleted via centrifugation and the supernatant was discarded. 1 ml of sucrose
solution, which contains 5% sucrose and 95% RNA free water, was then added to the
pellet. Before inoculation, 4 pl of Silwet L-77 was added to the Agrobacterium/sucrose
solution. Silwet L-77 is a wetting agent that reduces the surface tension of the sucrose

solution, improving the efficiency of transformation.
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5.3.11.5.2 Arabidopsis plants

A. thaliana seeds were sown on compost and kept at 4°C for 3-4 days to break dormancy.
Seeds were then placed in a growth cabinet at room temperature under short day
conditions (8h-light, 16h-dark) for 7 days after which seedlings were pricked out into
individual pots. After 4 weeks, initial bolts were clipped to promote secondary bolts. 4-6
days after this, plants were ready for their first floral dip. For this, 5 pl of the sucrose/
Agrobacterium solution prepared in the steps above, was added to each flower bud. In
total, approximately 50-100 ul of Agrobacterium inoculum was added to each plant. Plants
were then placed under covers for 24 hours to maintain high humidity which improves the
efficiency of transformation. To increase the rate of transformation, inoculation with
Agrobacterium was repeated twice more at 7 day intervals. Plants were grown until seeds
developed at which point watering was halted and, once the plants were dry, seeds were

harvested.

5.4 Results
5.4.1 Broad scale evolutionary patterns of drought gene loss

Initial queries investigated the commonality and prevalence of gene losses across all
drought sensitive species and the presence of these same genes in all drought tolerant
species within a homology group. This first search revealed that no HGs matched this
criterion suggesting there were no common patterns of loss across drought sensitive
species within HGs. This is not surprising given the complexity of evolutionary
relationships between plants and confirms the independent loss of drought tolerance. To
understand the occupancy of HGs in relation to drought statuses, further queries were
therefore conducted. Secondary queries quantified the presence of genes within
homology groups across increasing numbers of land plant species, given their absence in
all drought sensitive species. This was to confirm whether common genes were lost across
drought sensitive plant species, which were likely to be important for drought tolerance,
and to confirm these were not simply lost in the majority of land plants. Considering 178

land plant species were included in the genomic dataset, the maximum number of species
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meeting this criterion was 16. This revealed that there are no broad scale evolutionary
patterns of the loss of drought tolerance genes. Taxa matching this query are species of
the genus Oryza that have good representation in the dataset suggesting this result may
be an artefact of their close phylogenetic relationships rather than an indicator of drought

tolerance.
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Figure 5.2. There is no kingdom wide patterns of drought geneloss. The graph shows
the number of homology groups resulting from a query searching for absences in drought

sensitive species and presence in increasing numbers of land plant species.

This data led to the conclusion that to identify candidate drought genes, individual cases
of the loss of drought tolerance would need to be investigated. As there is no kingdom
wide pattern of gene loss, then these differences in phenotypic response can be attributed

to patterns of small scale gene loss (e.g. clade specific losses).
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5.4.2 Small scale gene loss

Investigation of gene loss within specific clades of drought tolerant and drought sensitive
species identified 238 HGs in total, however the number of HGs that were present in
drought tolerant species but absent in drought sensitive species varied by clade (Figure
5.2). This differential retention between drought tolerant and drought sensitive species
across the plant phylogeny is potentially indicative of gene function (Supplementary Data
5.2). Four of these queries focussed on gene occupancy in non-flowering plants,
predominantly eliminating the lycophyte Selaginella moellendorffii and the gymnosperm
Gnetum monatum (Figure 5.3). Several other queries investigated gene loss in the
monocots, ensuring absence in the aquatic species in Alismatales and cultivated rice
species, Oryza sativa. The remaining queries investigated gene loss in drought sensitive
eudicot species. As detailed above, for experimental purposes, these HGs need to be
present in Thellungiella parvula (a drought tolerant species) but absent in Arabidopsis
thaliana (a drought sensitive species). Therefore, HGs were further selected based on
these taxonomic occupancy criteria which led 50 HGs being chosen for downstream

analysis (Supplementary Data 5.3).

5.4.3 Protein domain analysis of possible DT genes

To select a practical number of genes to experimentally test for their role in drought
tolerance, protein domains were analysed by comparing protein sequences of genes from
T. parvula against the pfam database for the selected 50 HGs (Supplementary Data 5.4).
By analysing the protein domains, the predicted function of sequences could be identified.
With this information, the differences in drought tolerance between the model organism A.
thaliana and the wild relative T. parvula could be explored. Specifically, the underlying
genes that contribute to this difference in drought phenotypes between the two species
could be investigated, for example the role of retrotransposons which may influence the

expression of drought tolerance genes.



142

Gnetum_monatum Gnetum_monatum

Picea_abies Picea_abies
Ginkgo_biloba Ginkgo_biloba
Alismatales

———————————————{Selaginella_moellendorffii
Selaginella_moellendorffii 21 - 44
|—. Physcomitrella_patens —C:Physcomltrel\aipatens
l—.Marchantla_pulymmrpha Marchantia_polymorpha

.(\Ebsmrm\d\umj\anc\dum .\ebsormwdwumﬂacudum

Cucumis_sativus Gossypium_arboreum

\

Cucumis_melo Gossypium_hirsutum

Citrullus_lanatus Gossypium_raimondii
4|:' Cucurbita_moschata 25 8

Durio_zibethinus
Linum_usitatissimum

Corchorus_capsularis

Hevea_brasiliensis Corchorus_olitorius

Jatropha_curcas Theobroma_cacao

Mimulus_guttatus Solanum_tuberosum
Sesamum_indicum 4':.
17 Solanum_pennellii
Boea_hygrometrica
.andruaﬂthus_\mpeﬂgmnsuf Solanum_lycopersicum
,—. Olea_europaea Boea_hygrometrica 3
l—. Fraxinus_excelsior
o Mimulus_guttatus
,—’ Calotropis_gigantea
|

Coffea_canephora Coffea_canephora

Gnetum_monatum Gnetum_monatum
Picea_abies Picea_abies
Ginkgo_biloba Ginkgo_biloba

Selaginella_moellendorffii
’Se\aglne\\aimne\\endurﬁu 7
Physcomitrella_patens 13

Marchantia_polymorpha Physcomitrella_patens

@ Kiebsormidium_flaccidum Marchantia_polymorpha
L Chlorophyta_atleast5 Klebsormidium_flaccidum
O it
4|:. yza saiva  — Oryza_sativa
Zoysia
L @ Zingiberales —® Onza_giaberima
Arecales 4‘ Oryza_meridionalis
. Asparagales
Alismatales L Oryza_rufipogon
4|:. Helianthus_annuus |: Spinacia_oleracea
Bet: I
Lactuca_sativa €la_vuigaris
4’ Chenopodium_guinoa
Actinidia_chinensis 11 3
{ ‘naraﬂthusihypnchuﬂdmam
Camellia_sinensis .
- . Dianthus_caryophyllus

.maramhus?hypuchumdnacus

Fagopyrum_esculentum

Solanum_tuberosum 'Arabidopsis_thaliana

— @ Solanum_pennellii 35 28 Occupancy
Hhe\lung\ella_pawu\a absent
Solanum_lycopersicum . present

®  Capsicum_annuwum ———————bught_adapted_atleast5

Figure 5.3. Query terms used in small scale gene loss searches of the genomic
pipeline. Red dots at terminal branches denote gene absences in drought sensitive
species. Blue dots at terminal branches denotes gene presences in drought adapted

species. The number of homology groups (HGSs) identified for each query are shown.
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The protein sequences of many HGs were identified as proteins of unknown function so
these were automatically discarded (Supplementary Data 5.4). Based on the protein
domains identified by pfam analysis and their reported function in the literature, 6 HGs

were chosen for the experimental phase (72, 2909, 5775, 7522, 9215, 10098) (Table 5.4).

Table 5.4. Protein domains predicted from pfam analysis of predicted drought

response HGs based on T. parvula genes.

HG Protein Domains Role in drought tolerance

72 Gag-polyprotein putative aspartyl Aspartic proteases known to be
protease involved in plant stress
Reverse transcriptase (RNA-dependent | responses, for example to water
DNA polymerase) deprivation (Simdes et al., 2004,
Retrotransposon gag protein /aspartyl | Vicient et al., 2020)
protease
His(2)-Cys(2) zinc finger
Chromo (CHRromatin Organisation
Modifier) domain
Integrase core domain

2909 Cupin Cupins have roles in plant

S25 ribosomal protein development and defense
responses inc. biotic and abiotic
defense (water deprivation)
(Wang et al., 2014f)

5775 C2H2-type zinc finger C2H2 is involved in responses to
Zinc-finger double-stranded RNA- abiotic and biotic stress (e.g. salt,
binding drought, osmotic and oxidative

stress) (Kietbowicz-Matuk, 2012;
Yuan et al., 2018)

7522 PLD-like domain Involved in Plant Growth,

Enoyl-CoA hydratase/isomerase Development and Stress
Responses (Wang, 2005)
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9215 | e Probable lipid transfer Possible role in drought stress —
no examples of a successful

mutants (Salminen et al., 2016)

10098 e HIT zinc finger Drought and salt stress tolerance
e Zinc knuckle (Li etal., 2014d)
e Domain of unknown function
(DUF4535)

5.4.4 Analysis for genes within the six HGs

The T. parvula genes from the six HGs identified in the query above (HG 72, 2909, 5775,
7522, 9215, 10098) were chosen for further analysis. The following computational and
experimental analyses apply to each Homology Group. As such, the results for these
analyses are reported by Homology Group. Although homologs of candidate genes are
not present in A. thaliana, blocks of genes may still have been preserved between species.
The physical co-location of genes in genomes of different species is termed synteny (Tang
et al., 2008). This feature enables comparisons between the genomes of different species

even if particular genes are absent across the 6 selected HGs.

5.4.4.1 HG_72

5.4.4.1.1 Synteny analysis and the function of syntenic genes

Protein domain analysis of HG 72 identified sequences containing retrotransposon and
retroviral protein domains as well as reverse transcriptase domains (Table 5.4). Focussing
on the latter of these domains, reverse transcriptases enable the copying of RNA into DNA
which can then become integrated into eukaryotic genomes. Whole genome sequencing
has revealed that a large proportion of eukaryotic genomes consist of reverse

transcriptase genes, more than any other protein coding gene (Orozco-Arias et al., 2019).

Genetic elements containing reverse transcriptase genes are termed retrotransposons.
They are able to use the reverse transcriptase to move from location to location in the

genome through an RNA intermediate (Finnegan, 2012). Transposable element
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replication also includes the activity of integrases, which facilitate the insertion of
retrotransposon DNA into the host genome, as well as aspartic proteases which process
large transposon transcripts enabling their conversion into protein products. In addition to
this, chromodomain enables the targeted integration of retrotransposon DNA into the
genome (Orozco-Arias et al., 2019). All of these domains were identified in protein domain

analysis of HG 72 (Table 5.4).

Initially, it was thought that transposable elements only had negative impacts on the host
genome (Kim, 2017). However recently, they have been shown to play key roles in
chromosome organisation (Vicient et al., 2017), genome size variations (Li et al., 2017c¢)
and genome stability after polyploidy events (Parisod et al., 2010). Additionally,
retrotransposons are able to influence genomic regulation whereby they can have effects
on the expression of neighbouring genes (Elbarbary et al., 2016; Mita et al., 2016).
Additional to the protein domain analysis of this HG, 42 copies of the same gene (with high
sequence similarity) were identified in HG 72. With the hypothesis that these 42 sequence
copies in T. parvula may act as a regulator to enhance the expression of drought and
abiotic stress tolerance genes, the functions of syntenic genes in A. thaliana were

investigated (Figure 5.4).
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Figure 5.4. Synteny plots for the genes A) Tp4g06700 and B) Tp79g04180 in HG 72.
Plots are based on outputs from Genomicus Plants. Genes that are linked with a line and

that have matching coloration denote syntenic, homologous genes.

Two of the 42 representative T. parvula genes (Tp4g06700, Tp7g04180) were chosen for
analysis based on the proposed function of adjacent genes for plant drought tolerance
(Supplementary Data 5.5, Figure 5.4). In addition to being syntenic, these genes are
homologous between T. parvula and A. thaliana, suggesting a conserved function. Close
to the first focal gene in HG 72 (Tp4g06700) was Tp4g06680 which is syntenic to GPAL
(At2g26300) (Figure 5.4a). The GPAL gene encodes a G Protein ALPHA Subunit 1, which
is known to be involved in many important drought related functions. These include
regulation of blue light signalling pathways, cell death, stomatal movement and seed
germination (Warpeha et al., 2007; Jeon et al., 2019). GPA1 also acts during abscisic acid
responses to guard cell opening (Jin et al., 2013) and regulates transpiration efficiency
and stomatal density by controlling epidermal cell size during stomatal formation (Nilson

et al., 2010).

Close to the second focal gene, Tp7g04180, in the T. parvula genome is the gene

Tp7904170, which is syntenic to SOS4 in A. thaliana (At5g37850) (Figure 5.4b). The
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SOS4 gene is known to be involved in the plant salt stress response as well as root hair
development (Shi et al., 2002). In addition to this, the gene Tp7g04210 is also near to the
candidate drought gene in the T. parvula genome; this is syntenic to the NIP4:2 gene in
A. thaliana (At5g37820) (Figure 5.4b). NIP4:2 is an aquaporin channel protein, mainly
involved in enabling the transport of water across the plant cell membrane (Di Giorgio et

al., 2016).

5.4.4.1.2 Gene expression of possible drought tolerance genes

Given the identified genes in T. parvula and the syntentic genes in A. thaliana could
feasibly play a role in plant drought responses, gene expression analysis was then
conducted to assess whether the genes were differentially expressed under watered
versus drought conditions. Typically, A. thaliana genes had a higher fold change of gene
expression between well-watered and drought conditions (Figure 5.5). However, the only
significantly differentially expressed gene (P<0.05 in a two-sample t-test) is the adjacent
gene Tp4g06680 which had a higher expression under watered conditions (Figure 5.5).
This appears to be the opposite behaviour of the syntenic A. thaliana gene, GPAl
(At2g26300) which had higher expression under drought conditions, although this was not
significant (P>0.05) (Figure 5.5). Unfortunately, not all primers were successfully
confirmed due to laboratory closures and therefore expression analysis was not conducted

for all syntenic genes (see Planned further work).
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Figure 5.5. Average log fold change in gene expression of focal and syntenic genes
of HG 72 for T. parvula and A. thaliana between drought and well-watered
conditions. Gene expression was normalised against the housekeeping gene, Protein
Phosphatase 2A Subunit A2 (At3g25800). A positive log fold change suggests greater
expression under drought. Averages are based on 3 technical and 3 biological replicates
in gPCR experiments. Error bars represent standard errors. Blue shows expression of T.
parvula genes and red shows expression of the syntenic A. thaliana genes. Asterisk in the
figure highlight genes that were significantly differentially expressed between drought and
well-watered conditions (P <0.05 in a two-sample t-test). Asterisk next to gene IDs indicate

the focal gene from HG 72.

5.4.4.2 HG_2909

5.4.4.2.1 Synteny analysis and function of syntenic genes

Protein domain analysis of HG 2909 identified domains of the cupin superfamily (Table
5.4). Cupins are known to play a role in plant development, as well as in plant defense
responses to both biotic and abiotic pressures, including water deprivation (Wang et al.,
2014f). Although not homologous to an A. thaliana gene, the focal gene of HG 2909,
Tp1g09090, was found to be syntenic to At1g10460 (Figure 5.6). Atlg10460 has been

characterised as a germin-like protein (GLP7) which have previously been linked to stress
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responses in plants (Nakata et al., 2004, Li et al., 2016). This gene was originally identified
in association with germination in wheat but has subsequently been found to be involved
in plant resistance to heat treatment (Nakata et al., 2004). More recently, overexpression
of soybean GLP7 in A. thaliana improves abiotic stress tolerances most notably to drought,

salt and oxidative tolerance (Li et al., 2016).

Other genes identified in this region of the A. thaliana genome include Protein
Phosphatase 2A 2 (PP2A2), Arabidopsis Response Regulator 4 (ARR4) and Zinc Finger
Protein 5 (ZFP5). PP2A2, as discussed in Chapter 3, is involved in negative regulation of
the abscisic acid pathway for stomatal closure. Additionally, ARR4 is involved in cytokinin
signalling leading to the development of roots and ZFP5 is also involved in root and root
hair development through cytokinin mediated signalling (both are also described in more
detail in Chapter 3). This tight grouping of drought-related genes formed the hypothesis
that this region might act as an operon-like gene cluster, whereby neighbouring genes
have similar biological functions (Boycheva et al., 2014). Similar gene clusters have been
identified in plants, for example those involved in metabolism (Nitzmann, Scazzocchio
and Osbourn, 2018) or genomic hotspots found to be involved in the drought responses
of wheat (Galvez et al., 2019). The operon-like gene cluster hypothesis was also applied

to the remaining HGs (described in sections below).
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Figure 5.6. Synteny plots for genes in HG 2909. Plots are based on outputs from
Genomicus Plants. Genes connected by lines denote syntenic genes whilst genes

coloured in the same colour denote homologous genes.
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5.4.4.2.2 Gene expression of possible drought tolerance genes

To further investigate whether Tp1g09090, the focal gene of HG 2909, and its syntenic
counterpart, Atlgl10460 (GLP7) in A. thaliana, may play a role in the plant drought
response, gene expression analysis was carried out under drought and well-watered
conditions. The gPCR experiments demonstrated that At1g10460 (GLP7) was significantly
differentially expressed (P<0.05) between drought and well-watered environments, with a

greater level of expression under drought conditions (Figure 5.7).
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Figure 5.7. The average fold change in gene expression of the focal gene of HG 2909
for T. parvula (Tp1g09090) and the syntenic genein A. thaliana (At1g10460) between
drought and well-watered conditions. Gene expression was normalised against the
housekeeping gene, Protein Phosphatase 2A Subunit A2 (At3g25800). Averages are
based on 3 technical and 3 biological replicates in gqPCR experiments and error bars
represent standard errors. A positive fold change represents greater expression under
drought. Blue shows expression of T. parvula genes and red shows expression of A.
thaliana genes. Asterisks in the figure highlight genes that were significantly differentially
expressed between drought and well-watered conditions (P <0.05 in a two-sample t-test).
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5.4.4.3 HG_5775

5.4.4.3.1 Synteny analysis and function of syntenic genes

Protein domain analysis of HG 5775 identified a C2H2-type zinc finger domain (Table 5.4)
which have previously been shown to be involved in plant stress responses to a range of
abiotic and biotic pressures, including those related to high salinity, drought and osmotic
stress (Kietbowicz-Matuk, 2012; Yuan et al., 2018). Although not homologous to an A.
thaliana gene, the focal gene of HG 5775, Tp2g19280, was syntenic to At5g48890 (Figure
5.8). At5g48890 has been characterised as a LATE FLOWERING C2H2-type zinc-finger
transcriptional regulator which acts as a floral repressor (Weingartner et al., 2011).
Overexpression mutants of this gene in O. sativa exhibit increased salt tolerance, which
is thought to occur via an enhanced ability to scavenge reactive oxygen species (Zhang

et al., 2018b).
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Figure 5.8. Synteny plots for genes in HG 5775. Plots are based on outputs from
Genomicus Plants. Genes with matching colours denote homologous genes whilst genes
connected by a line are syntenic.
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5.4.4.3.2 Gene expression of possible drought tolerance genes

As above, gene expression experiments were conducted via gPCR, to identify whether
Tp2g19280, the focal gene of HG 5775, and the syntenic A. thaliana gene, At5g48890,
were drought responsive. Results showed that At5g48890 was highly expressed
compared to the T. parvula, although this was highly variable and was not found to be

significantly greater in a statistical test (P>0.05 in a two-sample t-test) (Figure 5.9).
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Figure 5.9. The average fold change in gene expression of the focal gene of HG 5775
for T. parvula (Tp2g19280) and the syntenic gene in A. thaliana (AT5G48890),
between drought and well-watered conditions. Gene expression was normalised
against the housekeeping gene, Protein Phosphatase 2A Subunit A2 (At3g25800).
Averages are based on 3 technical and 3 biological plant replicates. Error bars represent
standard errors. Positive fold changes represent greater expression under drought. Blue

shows expression of T. parvula genes and red shows expression of A. thaliana genes.
5.4.4.4 HG_7522

5.4.4.4.1 Synteny analysis and function of syntenic genes

Protein domain analysis of HG 7522 identified a PLD-like and an Enoyl-CoA

hydratase/isomerase domain (Table 5.4), which have both been shown to be involved in
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plant development and stress responses (Wang, 2005). For HG 7522, there were no
homologous or syntenic genes in A. thaliana (Figure 5.10). Instead, adjacent genes of the
focal gene were identified based on the hypothesis that this is an operon-like gene cluster
where neighbouring genes respond similarly to related biological functions (Boycheva et

al., 2014).

For HG 7522, Tp2g22410 and Tp2g22430, which are next to the focal gene (Tp2922420)
in the T. parvula genome, are syntenic to At5g25110 (CIPK25) and At5g25100 (TMN9),
respectively. CIPK25, also known as SNRK3.25, is a member of the SRNK gene family
(Colina et al., 2019) which is known to be involved in conferring tolerance to drought stress
and has also been shown to be crucial for plant adaptation to terrestrial environments
(Shinozawa et al., 2019). Specifically, CIPK25 has functions in the development of the root
meristem (Meena et al., 2019) and also confers hypoxic stress tolerance (Tagliani et al.,

2020).
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Figure 5.10. Synteny plots for genes in HG 7522. Plots are based on outputs from
Genomicus Plants. Genes with matching colours and connecting lines denote syntenic,

homologous genes.

5.4.4.4.2 Gene expression of possible drought tolerance genes

For HG 7522, patterns of gene expression under drought and well-watered conditions

were less clear and there were no significant differences in expression between drought
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and watered conditions (P>0.05 in two-sample t-tests). High levels of variation were seen
between biological replicates, as shown by the error bars (Figure 5.11). This could be
explained by the variability associated with responses to drought, although it could also
be due to poor replicability across gPCR runs. Unfortunately, it was not possible to
differentiate between these two competing explanations by running further qPCR
experiments with different primer pairs, as this work was halted due to the coronavirus
pandemic. Further work planned to complete the analysis of candidate drought genes, is

detailed in the discussion.
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Figure 5.11. The average log fold change in gene expression of the focal gene of HG
7522 for T. parvula (Tp29g22420) and the syntenic gene in A. thaliana (AT5G25100),
between drought and well-watered conditions. Gene expression was normalised
against the housekeeping gene, Protein Phosphatase 2A Subunit A2 (At3g25800).
Averages are calculated based on 3 technical and 3 biological plant replicates investigated
in gPCR experiments. Error bars represent standard errors. Blue shows expression of T.
parvula genes and red shows expression of A. thaliana genes. Asterisk next to gene IDs
indicate the focal gene from HG 7522.
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5.4.45 HG_9215

5.4.4.5.1 Synteny analysis and function of syntenic genes

Similar to HG 7522, there were no homologous or syntenic genes in HG 9215 to those in
A. thaliana (Figure 5.10). Thus, as before, adjacent genes of the focal gene in HG 9215
were identified based on the operon-like gene cluster hypothesis (Boycheva et al., 2014).
For HG 9215, Tp6g08200 is the nearest gene to the focal gene (Tp6g08250) and is
syntenic to At4g09340 in A. thaliana (Figure 5.12). The At4g09340 gene was
characterised as a SPla/RYanodine receptor (SPRY) domain-containing protein, a
member of the Trithorax gene group, which are developmental regulators that play a role

in embryogenesis (Aquea et al., 2010).
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Figure 5.12. Synteny plots for genes in HG 9215. Plots are based on outputs from
Genomicus Plants. Genes with matching colours and connecting lines denote syntenic,

homologous genes.
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5.4.4.5.2 Gene expression of possible drought tolerance genes

For HG 9215, the patterns of gene expression were also unclear (Figure 5.12), particularly
because the primer pair for the A. thaliana homolog (At4g09340) was not successfully
designed to avoid the amplification of off-target sequences and so could not be used for
the PCR experiment. Unfortunately, further work to investigate these genes was halted by
the coronavirus pandemic. Detailed below in the discussion is the work planned to
comprehensively analyse the gene expression of these candidate drought genes.
Although the focal (Tp6g08250) and adjacent (Tp6g08200) T. parvula genes showed an
increase in expression under drought conditions (Figure 5.13), this difference was not

significant (P>0.05).
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Figure 5.13. The average fold change in gene expression of the focal and adjacent
genes of HG 9215 for T. parvula between drought and well-watered conditions. Gene
expression was normalised against the housekeeping gene, Protein Phosphatase 2A
Subunit A2 (At3g25800). Averages are based on 3 technical and 3 biological plant
replicates. Error bars represent standard errors. Asterisk next to gene IDs indicate the

focal gene from HG 9215.
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5.4.4.6 HG_10098

5.4.4.6.1 Synteny analysis and function of syntenic genes

Protein domain analysis of HG 7522 revealed both HIT zinc finger and Zinc knuckle
domains, which have previously been shown to play a role in plant drought and salt
tolerance (Li et al., 2014d). Similar to HG 7522 and 9215, genes adjacent to the focal gene
(Tp7915100) in HG 10098 were identified based on the operon-like gene cluster
hypothesis. The Tp7g15080 gene, which is near to the focal gene Tp7915100, was found
to be syntenic to the At4g16515 gene in A. thaliana (Figure 5.14). The gene Tp7g15110
was also found next to Tp7g15100 in the T. parvula genome and was identified as syntenic
to At4g16530 (Figure 5.13). At4g16515 (RGF6) is a root meristem growth factor, required
for the maintenance of the root stem cell niche, root hair development and root
gravitropism (Matsuzaki et al., 2010; Fernandez et al., 2013). At4g16530 is an
uncharacterised protein, although it has been demonstrated that it is regulated by GDS1
(Growth, Development and Splicing 1) which is involved in abiotic and biotic stress

responses (Kim et al., 2016).
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Figure 5.14. Synteny plots for genes in HG 10098 based on outputs from Genomicus

Plants. Genes coloured in the same colour denote syntenic, homologous genes.

5.4.4.6.2 Gene expression of possible drought tolerance genes
Gene expression analysis identified that four of the five genes showed significantly greater

levels of expression under drought than under well-watered conditions (P<0.05 in two-
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sample t-tests) (Figure 5.14). This included the focal gene, Tp7g15100, as well as the
adjacent gene Tp7g15080 and its syntenic counterpart, At4g16515. Although Tp7g15110
(which is adjacent to the focal gene of HG 10098) was not significantly differentially
expressed (P>0.05), the syntenic gene At4g16530, which is an uncharacterised protein,

also showed significantly greater levels of expression under drought (Figure 5.15).
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Figure 5.15. The average fold change in gene expression of the focal and adjacent
genes of HG 10098 for T. parvula and the syntenic genes in A. thaliana, between
drought and well-watered conditions. Gene expression was normalised against the
housekeeping gene, Protein Phosphatase 2A Subunit A2 (At3g25800). Averages are
based on 3 technical and 3 biological replicates. Error bars represent standard errors. Blue
bars show expression of T. parvula genes and red shows expression of A. thaliana genes.
Asterisks in the figure highlight genes that were significantly differentially expressed
between drought and well-watered conditions (P<0.05 in two-sample t-tests). The asterisk

next to gene IDs indicate the focal gene from HG 10098.
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5.4.5 Loss of function mutants

To further investigate the impact of the candidate genes for all homology groups on plant
drought responses, A. thaliana loss of function mutants were ordered from NASC (Table
5.5). For all genes of interests, two SALK lines were ordered which each contained T-DNA
inserts at different locations within the same gene. These mutants were then confirmed
via PCR and gel electrophoresis (Appendix 5.2). To date, this has only been completed
for 13 of the 18 NASC mutant lines. Additionally, further characterisation of these mutants
was halted by the coronavirus pandemic. Thus, future research to comprehensively
analyse the impact of gene overexpression on drought responses is outlined in the
discussion (section 5.5).

Table 5.5. A summary of SALK lines designed for each A. thaliana gene, the

homology group (HG) they are associated with and whether mutants have been
confirmed by PCR.

Gene name HG SALK ID Confirmed
AT2G26300 NS61522 ves
AT5G37830 72 Eggggié \If\leos
AT5G37850 Hgégggg ¥:§

N633489 Yes
AT4G16515 10088 Eg;?ggg Eg
AT4G16530 N593165 Yes
AT5G48890 5775 Hﬁjﬁg‘ii xz
AT1G10460 2909 Hg;iggi T\leos
AT5G25100 7522 Hggggig ¥§§
AT4G09340 9215 H?gigﬂ T\'eos
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5.4.6 Overexpression analysis of candidate genes

The gene expression analysis provided preliminary evidence that some of the candidate
genes played a role in plant drought response pathways, particularly those that showed
differential expression under drought conditions. To further understand the role of these
candidate genes in plant drought responses, these focal genes were overexpressed in A.
thaliana. To do this, gene constructs (Appendix 5.3) were designed and transformed into
Agrobacterium and these were used to generate transgenic lines of A. thaliana by floral
dip. Unfortunately, screening of primary transgenics could not be carried out due to the
coronavirus pandemic. To date, seeds of Agrobacterium transformed A. thaliana have
been collected and await selection on antibiotic media. Thus, planned future research
designed to investigate the impact of gene overexpression on plant drought responses is

outlined in the discussion (section 5.5).

5.5 Discussion
5.5.1 Identification and function of candidate genes

The work in this chapter aimed to identify a list of candidate genes that may be involved
in plant drought tolerance, by using a novel comparative genomics approach, namely,
comparing gene content in relation to plant drought adaptations. Other studies that have
tried to link genes to traits, often have an a priori knowledge of what particular families of
genes might be involved in the trait of interest (Nagy et al., 2020). In doing this, these
studies are only examining known unknowns and are not able to identify unknown
unknowns. These are genes that have not previously been linked to the function of
interest, for example responses to drought (Dunn et al., 2016). The approach used in this
chapter has the benefit that such genes can be identified as, by examining all genes
associated with patterns of drought tolerance and sensitivity, there is no inherent bias

towards a subset of already known genes.

Using comparative genomics to identify genes for traits is still in its infancy as a field of

research. This is due to the fast evolving pace of genome sequencing and lack of
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appropriate analytical tools to identify candidate genes from large scale genome datasets
(Nagy et al., 2020). There are several approaches that have been explored to investigate
candidate genes linked to traits. These methods begin by reconstructing ancestral
character states by mapping the gain and loss of a trait of interest onto a phylogeny (as
completed in Chapter 4). Signatures of genome evolution in relation to trait evolution are
next investigated by analysing gene groups from the outputs of comparative genomics.
These approaches aim to identify patterns of gene duplication (Nagy et al., 2014),
sequence divergence rates (Chikina et al., 2016; Partha et al., 2019) and the frequency of
gene gain and loss as an indicator of the biological function of genes. The latter of these,

patterns of gene gain and loss, was the approach utilised in this chapter.

To this end, queries of the genomic pipeline revealed that there were no broad-scale
patterns of drought gene loss associated with drought sensitivity across the plant tree of
life, however, patterns of lineage specific gene loss could be identified. This enabled the
identification of 238 homology groups that were differentially retained between drought
tolerant and sensitive plants within plant clades. Further to this, protein domain analysis
identified 50 homology groups of potential interest for drought tolerance, of which, 6 were
chosen for further investigation. Based on taxonomic occupancy and protein domain
analysis, as well as the subsequent preliminary experimental analysis, some of the
selected HGs appeared to be suitable candidate drought genes. Therefore, the approach,
incorporating trait evolution into a comparative genomics framework, is potentially effective
for identifying candidate genes linked to specific adaptations. The effectiveness and

potential applicability of this approach is discussed in further detail below.

5.5.2 Mechanisms of conferring drought tolerance
5.5.2.1 Retrotransposons and drought tolerance

Protein domain analysis revealed several interesting mechanisms through which the
identified HGs could play a role in plant tolerance to drought. For example, the protein

domains of T. parvula genes from HG 72 were identified as retrotransposons and retroviral
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elements. Transposable elements (TEs) or jumping genes, are known to promote various
chromosomal rearrangements which can, in turn, alter target gene expression (Elbarbary
et al., 2016; Mita et al., 2016). TEs can operate thousands of nucleotides away from the
genes that they regulate, however, in many instances they are also found to be proximal
to their target gene. As a result of their ability to alter the expression of other genes, the
activity of TEs has been linked to differential plant stress responses. For example, it has
been shown in tomato plants (Solanum lycopersicum) that drought stress regulates the
activation of Rider retrotransposons in the tomato plant genome which subsequently
results in a greater level of drought tolerance (Benoit et al., 2019). As a result of their
potential impact on gene expression, it was hypothesised that the combination of the 42
retrotransposon sequences identified in HG 72 in this chapter, and their location in the T.
parvula genome, may be responsible for altering drought phenotypes. The results of g°PCR
experiments suggested that for the focal gene of this HG, the majority of adjacent and
syntenic genes were not differentially expressed under drought conditions. However,
results of gPCR experiments were highly variable across replicates and so it is difficult to
make firm conclusions about whether or not these genes are involved in plant drought
tolerance. Further experiments that could help to validate the role of HGs in drought
tolerance, such as RNA sequencing experiments and the characterisation of mutant

plants, are discussed below (section 5.5.4).

5.5.2.2 Regulation of root development

Plants are known to alter their root and shoot growth rates in response to drought (Smith
et al., 2012) as highlighted in previous chapters. Under water stress, plants adjust their
root system architecture by stimulating deeper primary and lateral root growth (Bao et al.,
2014; Orosa-Puente et al., 2018; von Wangenheim et al., 2020). Protein domain analysis
revealed that several of the HGs and syntenic genes identified in the analysis above were
involved in the regulation of root development. For example, CIPK25 was identified as

being syntenic to Tp2g22410 (HG_7522) and is known to function in root meristem
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development (Meena et al., 2019). In loss of function CIPK25 mutants, plant roots have
been shown to be shorter than in wild type A. thaliana (Meena et al., 2015). Under drought,
the differential regulation of CIPK25 may be involved in conferring greater tolerance

(Meena et al., 2015).

Other homology groups also contained genes that may contribute to plant drought
tolerance via altered root development. The gene At4gl6515 was identified as being
syntenic to Tp7g15080 (in HG 10098) and has previously been characterised as a root
meristem growth factor (RGF6). The RGF gene family have been shown to control the
pattern of root growth and lateral root development (Meng et al., 2012). Therefore, the
regulation of these genes may also be altered under drought, leading to a difference in
drought responses via root development. Indeed, this gene was found to be significantly
upregulated under drought conditions relative to well-watered conditions in gPCR

experiments.

5.5.2 Gene expression

Upon identification of candidate HGs and syntenic genes, attempts were made to validate
the comparative genomics approach, by assessing the relative expression of identified
candidate genes under drought and well-watered conditions. There were a couple of
promising results from these experiments, for example, both the focal gene of HG 10098
as well as all but one of the adjacent and syntenic genes tested in gPCR experiments,
showed significantly greater levels of expression under conditions of drought compared to
well-watered conditions. This suggests that these genes are likely to be drought
responsive and could play a role in the plant stress response. However, the gene
expression analyses was not entirely clear cut for all homology groups, making it difficult
to decisively conclude whether the comparative genomic approach taken in this chapter
is a valid method of identifying unknown drought tolerance genes. For instance, there were
cases (such as in HG 2909 and HG 72) where the focal and syntenic candidate genes

showed different patterns of expression under drought. This could suggest that the genes
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that were not significantly differentially expressed were not drought responsive. However,
there was also a high degree of variability in the levels of gene expression seen across
biological plant replicates. It is possible that this could reflect the high variability of
responses to drought seen across individual plants (Guo et al., 2014; Pabuayon et al.,
2016). Another important factor that could have impacted upon the levels of gene
expression observed for individual plants is the degree to which each individual plant was
stressed during the drought experiment. Multiple factors could have affected the severity
of drought experienced, including the placement of plants in the growth cabinet (for
example, near a fan). In future repeats of these experiments, these factors should be
considered and mitigated. Further house-keeping genes could also be included as controls
in qPCR experiments to further normalise the gene expression data and control for

variability across individual plants (Guo et al., 2014; Pabuayon et al., 2016).

5.5.4 Planned further work

Due to the coronavirus pandemic, there are several components of this experimental
chapter that could not be completed. The proposed future work to further validate the
comparative genomics approach to finding novel drought genes is therefore discussed

below.

Firstly, gene expression analysis (via gPCR) of the remaining genes that could not be
completed prior to lockdown would be conducted. To date, 22 primer pairs have been
successfully confirmed for both drought and well-watered samples. The primers for these
7 genes (72: At2g26290, 72: Tp7g04210, At5g37820, At5g37850, 5775: Tp2g22410,
At5g25110, 9215: At4g09340) had been re-designed but further analysis would need to
be completed to finalise conclusions about the expression of all candidate and syntenic

genes (Table 1.1).

Secondly, there were many candidate genes that could not be investigated. 238 Homology
Groups were originally identified to be differentially retained between drought tolerant and

drought sensitive species, of which only 6 have been investigated in this body of work.
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Instead of conducting further gPCR expeirments, an RNA-seq experiment would enable
all of these 238 homology groups to be comprehensively characterised. Such an
experiment would compare gene expression across all genes under drought and well-
watered conditions for T. parvula and A. thaliana. This would also help to validate the

findings of gPCR experiments presented in this chapter.

In addition to these experiments, the full characterisation the loss of function A. thaliana
mutant lines (from NASC) would provide insight into the potential functions of the identified
candidate syntenic genes and their potential role in drought tolerance. To do this, mutant
lines would be subjected to drought and well-watered conditions. Key physiological traits
would then be compared between wild type and mutant plants, such as leaf area, rosette
weight and root growth. Finally, overexpression experiments would be completed, to
assess whether the identified focal genes in T. parvula could confer drought tolerance on
A. thaliana plants. As with loss of function mutants, drought experiments with these

transgenic plants would provide insights into the function of these genes.

5.6 Conclusion

In this chapter, genes from six Homology Groups have been identified that are potentially
involved in plant drought tolerance. These were identified based on their occupancy
amongst drought tolerant and sensitive species. Protein domain analysis and gene
expression experiments under drought conditions provide initially promising insights into
the function of these genes. Further analysis, as described above, would reveal the extent
to which these genes are able to produce plants with greater drought tolerance while
maintaining growth and may help to validate the comparative genomics approach applied
here as a method to identify novel drought tolerance genes. If valid, this approach could
be used to identify genes involved in other key plant adaptations such as salt tolerance

and nitrogen fixation.
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Chapter 6 Discussion and Conclusions
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6.1 Understanding plant evolution through genome analysis
The overarching goal of this thesis, as outlined in the introduction, was to explore the
evolution of genes involved in the major transitions in plant evolution and the
consequences of these events for some of the traits associated with these transitions,
including drought tolerance. As detailed in chapters 2-5, plant evolution was investigated
through the analysis of genes, genomes and traits. Specifically this was completed by

addressing four aims below.

Examine gene gains and losses across the plant tree of life

¢ Investigate gene group dynamics in relation to drought tolerance innovations

¢ Understand how drought tolerance as a trait has evolved

e Discover unknown drought tolerance genes by incorporating trait evolution into a

comparative genomic framework

The progress made in addressing these aims is discussed below, placing the findings of

each chapter in the context of the thesis as a whole.

6.2 Loss and gain of homology groups during plant diversification
Understanding the role of gene novelty and gene loss is intrinsically linked to our

understanding of organismal evolution. It has previously been established that gene
novelty was integral to the origin of animals (Paps et al., 2018). In the first research chapter
of this thesis (Chapter 2), it was identified that patterns of gene novelty were equally
important for plant diversification. Specifically, the origin of Streptophyta (50 HGs) and
Embryophyta (103 HGs) were associated with large bursts of gene novelty. These novel
genes in Streptophyta were associated with increasing complexity of the cell wall,
signalling pathways and stress responses which are indicators of multicellularity. In
Embryophyta novel genes, functions were linked to UV light protection, environmental
stress signalling and host microbe interactions which are hallmarks of terrestrialisation.
Other major nodes within land plants also display genomic novelty although in a lesser

degree, for example, 8, 55 and 16 Novel Core HGs were identified in the LCA of
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Tracheophyta, Spermatophyta and Angiosperms respectively. This indicates that novelty
was important for these groups and enabled re-wiring of genetic toolkits, increasing the

adaptive plasticity of plants to changing environments.

These findings highlight a broader aspect of plant evolution. In “On the Origin of Species”,
Charles Darwin postulated that species arose over long periods of time through a
mechanism of slow and gradual change (Darwin, 1859). However, what could not be
established at the time was the genetic basis of this gradual change and how it enabled
evolution to occur. Since then, technological revolutions have transformed our
understanding of the diversity of life at the DNA level (Li, 2018; Li et al., 2018b). Through
this study of plant DNA, the mechanisms by which plant species diversify are becoming
better understood. It has since been suggested that organisms can also undergo rapid
bursts of evolutionary change, termed punctuated equilibria (Gould et al., 1993). This
process is consistent with the two bursts of genomic novelty leading to the evolution of

land plants, suggesting dramatic evolutionary change.

These findings alone can only offer partial insight into the genetic factors contributing to
the evolutionary history of plants. There are distinct biological patterns that can be
attributed to unbalanced gene novelty seen across the Archaeplastida phylogeny. Recent
analysis of one thousand plant transcriptomes investigated patterns of gene birth,
expansion and contraction for 23 gene families (Leebens-Mack et al., 2019). Gene birth
(or novel genes) and gene family expansion were common to Viridiplantae, Streptophyta
and Embryophyta whilst gene family contraction was most common in the origin of
flowering plants. Although only based on a small sampling of genes, this result is
consistent with the findings in this chapter that there was a switch from gene novelty to

more complex gene family dynamics in the evolutionary history of plants.

This highlights the complexity of plant genomes and the processes contributing to plant
genome evolution. Plant genomes are characterised by multiple rounds of whole genome

duplications (Leebens-Mack et al., 2019) which is followed by genome regulatory
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processes such as loss of duplicate genes and repetitive elements, chromosome
restructuring and genome downsizing (Wendel et al., 2016). This can lead to large
expansions of gene family size through gene duplication and diversification, which can
enable the radiation of diverse plant forms and functions (Harrison, 2017). For example,
many gene families linked to flowering plant development are found in the ancestor of
Embryophyta and have diversified throughout the evolutionary history of plants (Rensing
et al., 2008; Hori et al., 2014). Due to the broad clustering of HGs, as opposed to orthology
groups, patterns of gene duplication could remain undetected. Duplicated genes are likely
to be placed within the same HG and as such further analysis, such as gene tree inference,
would be needed to distinguish the orthology and paralogy relationships of genes within

the same HG.

It has also been shown that many flowering plant transcription factors, known to be
involved in plant development, have homologs in early diverging land plants (e.g. bHLH,
Homeobox transcription factors) (Catarino et al., 2016). This suggests there was an
ancient repertoire of genes in the ancestral land plant and that many have been recruited
to coordinate the development of new structures (Pires et al., 2012). This process, of using
old genes for novel functions, is termed co-option. To a certain degree, the role of these
two other genetic factors forms the basis of research questions that Chapter 3 aims to
begin to address. Other factors such as horizontal gene transfer (Yue et al., 2012; Cheng
et al., 2019; Wickell et al., 2019) and parasitism (Kado et al., 2018; Vogel et al., 2018),
which are common to plants, can impact gene content. Furthermore, non-coding regions,
such as the activity of transposable elements, can have consequences for genome

architecture and function (Wendel et al., 2016).

Additionally, the inclusion of new, taxonomically significant genomes may change the
clustering of Homology Groups which is discussed in more detail below (section 6.5).
These genomes would include the first two fern genomes (Azolla filiculoides, Salvinia

cucullata (Li et al., 2018a)), the first hornwort genomes (Anthoceros sp. (Li et al., 2020a;
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Zhang et al., 2020b)) and a number of genomes from streptophyte algal lineages including
Chlorokybus atmophyticus, Mesostigma viride (Wang et al., 2019), Chara braunii
(Nishiyama et al., 2018) and Spirogloea muscicola (Cheng et al., 2019). However, to date,
this is the largest published comparative genomic study of plants, incorporating genome
data from a diverse range of plant taxa with comprehensive outgroup sampling using

complete genomes, providing unprecedented insight into plant genome evolution.

6.3 Gene group dynamics for the evolution of plants on land
As highlighted above, other genetic factors, other than conserved gene novelty, are crucial

for plant evolution. With an interest in investigating the evolution of drought tolerance,
three innovations (stomata, vascular tissue, roots) were investigated that play an integral
role in plant drought responses. The work in this chapter identified the role of gene novelty,
gene duplication and gene co-option for the evolution of these innovations (Chapter 3).
These finding suggest that distinct evolutionary mechanisms are responsible for the
evolution of each of these innovations. They also emphasise the role of water during the
course of plant evolutionary history for driving adaptations to novel environments. This is
due to the stepwise nature of the emergence of stomata, vascular tissue, primary roots
and lateral roots in the ancestors of land plants, vascular plants, Euphyllophyta and seed

plants respectively.

Typically, across all innovations, the pattern of switching from gene novelty in early land
plant evolution to more complex evolutionary dynamics of genes was observed. Co-option,
the repurposing of old genes for new functions, appears to be a common feature of plant
developmental pathways. Clear signatures of novel genes were generally not identified for
the evolution of innovations that originated after the divergence of land plants (Figure 3.1).
This finding could have important implications for the evolution of the entire gene repertoire
of plants. Expanding sampling across all plant genes to analyse patterns of gene

duplication and co-option could be an interesting future avenue.
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There is strong debate around the origin of active stomatal closure in plants, in the
ancestor of seed plants (Brodribb et al., 2011; McAdam et al., 2012, 2013) or earlier
(Ruszala et al., 2011; Cai et al., 2017). The analysis presented here suggest that active
stomatal closure originated in the ancestor of seed plants. However, this process occurred
in a stepwise manner through duplication of core regulatory genes in the ABA signalling
pathway in the euphyllophyte ancestor. Active control of seed plant stomata occurs in
response to ABA under drought stress (Sussmilch et al., 2017b). Carrying this work
forward, it would be interesting to investigate the function of duplicate genes for drought

induced stomatal closure.

As confirmed in this work, and in other studies, stomata were present in the ancestor of
land plants and are present in every major lineage apart from liverworts (Chater et al.,
2017; Harris et al., 2020). This loss of stomata in liverworts and some mosses occurred
through a process of reductive evolution (Duckett et al., 2018; Harris et al., 2020). In
liverworts, the air pore complex has independently evolved to enable gas exchange (Jones
et al., 2017). The evolutionary development of these analogous features likely required an
individual genetic toolkit, facilitated by lineage specific gene group novelty and expansion.
Future analysis of bryophyte genomes, which are now available, would enables us to ask
guestions about how the air pore complex independently evolved (Rensing et al., 2008;

Bowman et al., 2017; Li et al., 2020a).

These innovations are crucial for the evolution of plants on land, adapting to a myriad of
environmental stresses. Root hairs, primary roots and lateral roots increasingly enabled
fine-tuned responses of plants to water uptake. Vascular tissue enabled efficient water
transport, promoting the development of plants with increased height, photosynthetic
capacity and potential to colonise diverse habitats. Stomata and the evolution of stomatal
control facilitated rapid responses to desiccation and drought stress which were common

in terrestrial environments. Therefore, studying these developmental and signalling genes,
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their function and their patterns of diversification is integral to understanding the evolution

of plants on land.

6.4 The evolution of drought tolerance
In the previous chapter, the evolution of the genetic networks leading to the development

of stomata, vascular tissue and roots was explored, as these innovations were intrinsically
linked to drought tolerance. To understand the evolution of drought adaptations as a
whole, the taxonomic occupancy and ancestral state reconstruction of drought adaptations
as a collective trait was investigated (Chapter 4). This revealed that the first land plants
were drought adapted and likely capable of desiccation tolerance whilst the first vascular
plants were drought adapted and likely drought tolerant. The results from multiple
ancestral state reconstruction methods incorporating species tree information for 178
Archaeplastida species found similar results providing robust support to the research
findings. These findings highlight the changing relationship of plants with water, during the

course of land plant evolution beginning ~500 million years ago.

In a recent essay on reconstructing trait evolution, the importance of understanding the
evolutionary relationships of a study’s organisms were emphasised (Delaux et al., 2019).
Although the species tree used in this analysis described the known relationships of
Archaeplastida accurately, there were several branches that were misplaced (e.g. the
lycophyte Selaginella moellendorffii, Figure 4.1). In future analyses, multiple species tree
estimation approaches would be compared, most notably coalescent based analyses (e.g.
ASTRAL Zhang et al.,, 2018a) contrasted with concatenation based approaches.
Concatenation based approaches concatenate multi-gene alignments and analyse these
in a single analysis (Kubatko et al., 2007). Coalescent-based approaches build a species
tree by reconstructing multiple individual gene trees and then summarising the output into
a single species tree (Springer et al., 2014). This second approach has successfully been
used to understand the evolutionary relationships of Archaeplastida (Leebens-Mack et al.,

2019), Viridiplantae (Wickett et al., 2014) and Embryophyta (Li et al., 2020a). Analytical
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advances now enable species trees to be built from multiple copy genes, as opposed to
single copy genes, which would be particularly advantageous given the broad clustering

of Homology Groups (Zhang et al., 2020a).

The species used to reconstruct the evolutionary history of drought tolerance were present
in the genomic dataset. This formed the basis of the integration of drought tolerance
characters into a comparative genomics framework detailed in Chapter 5. This collective
drought tolerance trait was defined in the broadest terms for species across the tree of life.
This was completed by searching species name in relation to a series of drought
adaptation terms such as drought tolerance, drought resistant and drought sensitive
(Table 4.1). Although, applicable for the phylogenetic breadth of the dataset, this does not
capture the diversity of drought responses. For example, the tree Populus pruinosa
survives in desert environments by accessing hypersaline underground water (Yang et al.,
2017b) and the resurrection plant Boea hygrometrica by altering the expression of
dehydration responsive genes (Xiao et al., 2015). The drought adaptation, crassulacean
acid metabolism (CAM), has evolved multiple times and therefore is found across the plant
phylogeny (Liu, 2015; Ming et al., 2015; Yang et al., 2017c). This drought avoidance
mechanism enables the uptake of carbon dioxide at night when temperatures are lower,
reducing water loss (Bréautigam et al.,, 2017). To capture this diversity of drought
responses, experimental evaluation of non-terminal and terminal drought stress could be
considered, as seen for the genus Vigna (Iseki et al., 2018) for a selection of plant species
with genomic representation. Findings from this work found similar patterns of drought
sensitivity in domesticated species with the potential for improvement of drought tolerance
from crop wild relatives (Iseki et al., 2018). The experimental approach would allow for

guantification and comparison of drought responses across a broad range of taxa.

Additionally there are many more drought tolerant and drought sensitive species in the
plant phylogeny. For example, the drought adapted species within the lycophyte order

Isoetales (Li et al., 2015b), the drought tolerant tree fern species in the order Cyatheales
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(Volkova et al., 2010) and the desiccation tolerant species in the genus Xerophyta (Gaff,
1971) to name but a few. As mentioned in the discussion of Chapter 4, the work of
characterising drought response across a greater diversity of plants has begun with trait
databases such as TRY (Kattge et al., 2020). However, this data for species tolerance to
drought is only available for euphyllophytes. To fully characterise the evolutionary history
of drought tolerance, a broader taxonomic sampling of drought tolerant and sensitive

species should be completed.

Taking into account these limitations of taxonomic coverage, the LCA of Embryophyta and
Tracheophyta were likely identified as desiccation and drought tolerant respectively. With
the ancestors of these plant groups likely adapted to variable water availability, any
incidences of drought sensitivity represent loss of this trait. A major correlation for drought
sensitivity in plants were crop species that have been domesticated (Figure 4.4). This has
major implications for food security. This artificial selection process has reduced the
genetic diversity of crop species which means that many crops have lost particular stress
tolerance (Zhang et al., 2017b). In an ever changing climate, crop yield will likely become
less predictable. Therefore, crop wild relatives are being considered as a pool of genetic
diversity to improve crop stress tolerance. Additionally, novel approaches to identify stress

tolerant genes are required which was the aim of final research chapter of this thesis.

6.5 Application of evolutionary genomics approach for identifying drought
tolerance genes
The results from the previous chapter provided the rationale that any cases of drought

sensitivity will be accompanied by the loss of drought tolerance genes. In the final research
chapter of this thesis, an evolutionary approach focussing on lineage specific gene loss to
identify target drought tolerance genes is described, followed by preliminary functional
evaluation to validate these computational findings (Chapter 5). Based on taxonomic
occupancy of genes, protein domain analysis and synteny analysis, the candidate drought
tolerance genes were suitable for experimental analysis. This suggests that the application

of evolutionary thinking, integrating trait evolution with comparative genome analysis,
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could be effective in determining uncharacterised genes linked to drought tolerance.
Although initially promising, the experimental component of this work was halted by the
coronavirus pandemic. Therefore, further experimental work is needed to fully characterise

the function of candidate drought tolerance genes.

There are several important environmental stresses that limit crop productivity. Aside from
drought stress, major limitations for securing crop yield include extremes of light
availability, UV radiation, temperature, heavy metal and salinity (Pereira, 2016). Salt stress
and plant adaptations to saline environments are well characterised. Additionally, the
evolution of salt tolerance has been thoroughly investigated, finding multiple origins across
euphyllophytes (Flowers et al., 2010). As a well characterised trait whose evolution is also
well understood, salt tolerant plants may be more easily identifiable than drought tolerant
plants and, thus, could be mapped onto a phylogeny to facilitate the identification of novel

candidate genes involved in salt tolerance.

This raises a broader point about the need for novel approaches to develop stress tolerant
crop varieties. Food security is a major global agenda (Godfray et al., 2010). Coupled with
a rise in population size are issues associated with climate change which is predicted to
alter crop yields through pollinator decline, impacts from pests, pathogens, weeds and
abiotic stresses (Myers et al., 2017). Considering these factors, there is an emphasis to
sustainably intensify agriculture, by producing greater yield from the same area of land

(Garnett et al., 2013; Godfray et al., 2014).

A component of this will be producing crops with greater stress tolerance, guided by
evidence from plant genomes. Recent genome sequencing of barley (Hordeum vulgare
L.) and wheat (Triticum spp.) lines revealed the genomic diversity amongst crop lines and
wild relatives with an interest in improving breeding programs. This genome data will
provide insights into future crop cultivars, with increased vyield, stress tolerance and
adaptation to diverse environments (Jayakodi et al., 2020; Walkowiak et al., 2020). Future

sequencing of plant genomes is predicted to accelerate the development of stress tolerant
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crops by further identifying the genetic variation within crops (Lewin et al., 2018). This
highlights the significance of genome data and the revolutionary impact it will have for crop
science research (Michael et al., 2013) as well as the field of plant sciences more broadly
including everything from evolution (Soltis et al., 2020) to developmental biology (Sinha,

2011).

6.6 Future research
The genome data that supports the main body of this thesis was sourced in January 2018.

At the time, there were key phylogenetic positions where genomic representation was
missing. Since then, as highlighted by Fig. 1.2, genome availability has increased rapidly.
Additional to the genomes highlighted in Section 6.2, future analysis would include
genome data from the chlorophyte Prasinoderma coloniale (Li et al., 2020b), the moss
Calohypnum plumiforme (Mao et al., 2020), the lycophyte Selaginella lepidophylla
(VanBuren et al., 2018) and the gymnosperm Sequoiadendron giganteum (Scott et al.,
2020) to improve the evolutionary resolution of analysis for non-flowering plant genomes.
Evolutionary significant flowering plant genomes to be incorporated into future analysis
would include the ANA grade angiosperm Nymphaea colorata (Zhang et al., 2019a),
several magnoliid genomes (Chaw et al., 2019; Chen et al., 2019; Rend6n-Anaya et al.,
2019), the first Ceratophyllales genome (Yang et al., 2020) and the early-diverging eudicot

Aquilegia coerulea (Filiault et al., 2018).

In part, this genomic revolution is supported by genome sequencing projects that aim to
sequence the diversity of life. These include the 10KP project (Cheng et al., 2018), aiming
to sequence 10,000 diverse plant genomes by 2023, the Darwin Tree of Life Project
(Wellcome Sanger Institute, 2020) that aims to sequence all 60,000 eukaryotic species in
Britain and Ireland and finally the Earth BioGenome Project (Lewin et al., 2018), which
aims to sequence the genomes of all of Earth’s 15 million eukaryotic species by 2028. The

inclusion of new data from more diverse and representative plant species from these
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genome sequencing projects would improve the resolution and detail of comparative

genomic analysis.

Below are two examples of potential new insights for the major transitions in the plant tree
of life from genome analysis. Firstly, as identified in the work in Chapter 2, the origin of
land plants and Streptophyta were associated with two large groups of gene novelty. The
last common ancestor of Streptophyta emerged approximately 700 million years ago
(Morris et al., 2018). This period in Earth’s history is classified as the Cryogenian, a period
in which the Earth was almost completely frozen, known as a snowball Earth (Brocks et
al., 2017). The divergence of streptophyte algae in this environment had important
implications for the evolution of the Earth’s atmosphere, through global oxygenation
events (Lyons et al., 2014; Hoffman et al., 2017). Recent molecular phylogenetic analysis
has placed the streptophyte algal lineage Zygnematophyceae as the sister group to land
plants (Figure 1.1) (Wickett et al., 2014). It would be interesting to investigate whether the
ancestor of Zygnematophyceae and land plants were present on the ice surface in the
Cryogenian and what were the biological innovations required for life in these
environments including extremes of heat, UV radiation and a lack of water. Comparative
genomic analysis with the extra streptophyte algal genomes highlighted above would
provide detailed analysis of the processes of plant terrestrialisation, the genes that

enabled this transition and the consequences for other eukaryotic life.

Secondly, gene duplication is a common origin of biological novelty. For example, recently,
in the animal kingdom, it has been identified that gene duplication played an important role
in metazoan evolution (Fernandez et al., 2020; Guijarro-Clarke et al., 2020). Whole
genome duplication, or polyploidy, is the process that creates an organism with an
additional copy of its entire genome and is a common phenomenon in the plant kingdom
(Leebens-Mack et al., 2019). However, the frequency of whole genome duplication in
plants is widely contested (Jiao et al., 2011; Ruprecht et al., 2017). Another explanation

for large numbers of duplicated genes is high rates of gene duplication (Panchy et al.,
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2016). Regardless of the origin of duplicated genes, they are able to facilitate the
acquisition of novel components in the genetic toolkit (Moriyama et al., 2018). After gene
(or genome) duplication, additional genes are free to evolve novel functions as they are
not essential to the plant’s biology. When doubled genes evolve an advantageous
function, this can lead to phenotypic and adaptive evolution. With this new genome data,
it would interesting to assess gene family dynamics for the major transitions of plants,
specifically investigating the prevalence of gene family expansion and contraction and

biological implications of gene diversification.

Including more data to comparative genome analysis would likely change the results of
HGs identified to have emerged during the major transitions in the plant phylogeny. This
may lead to a separation of HGs at different plant nodes. For example, some Novel Core
HGs found in all seed plants may in fact be present in all Euphyllophyta. Alternatively,
extra genomic data may improve the definition of distinct HGs, providing more support for
the clustering of genes within groups. Inclusion of more data may also answer questions
about the evolution of genes important for water regulatory innovations. For example, as
discussed above, there is debate around the origin of active stomatal control. Genomic
representation for fern species may clarify the origin of stomatal signalling genes or
patterns of stomatal gene diversification. This classification could provide insights into
stomatal physiology and activity in ancestral plants under different atmospheres which
may be informative for future stomatal physiology in atmospheres with greater CO

concentrations.

Additionally, the predicted influx of genome data will require appropriate analytical tools
for comparative genomics and phylogenetics. These tools need to balance analytical
accuracy with computational speed and data storage requirements. This work is beginning
to be produced by the scientific community, e.g. the latest version of OrthoFinder provides
a higher accuracy of orthology inference compared to earlier versions (Emms et al., 2015,

2019). DIAMOND BLAST (Buchfink et al., 2015) has become widely used to compare
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sequences and is significantly computationally faster than BLAST (Altschul et al., 1990),
which is particularly relevant when working with large datasets. These technological
advances and others to come will improve the speed and accuracy of comparative

genome analysis, providing greater insight into the plant evolution.

6.7 Conclusion
Overall, analyses reported in this thesis have investigated the evolutionary dynamics of

genes in the course of the evolutionary history of plants. Plants exhibited striking patterns
of gene, genome and trait evolution. With the increasing wealth and diversity of genome
data, intricate questions can be asked about the diversification of plants over the last billion
years, the factors that can explain this diversity and the ways this information can be used
to address applied biological questions. Major priorities for future research will be to
understand the complex patterns of plant genome evolution in extensive detail and the

implications for the major transitions in the plant tree of life.
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SUMMARY

Over the last 470 Ma, plant evolution has seen major
evolutionary transitions, such as the move from water
to land and the origins of vascular tissues, seeds, and
flowers [1]. These have resulted in the evolution of
terrestrial flora that has shaped modern ecosystems
and the diversification of the Plant Kingdom, Viridi-
plantae, into over 374,000 described species [2].
Each of these transitions was accompanied by the
gain and loss of genes in plant genomes. For example,
whole-genome duplications are known to be funda-
mental to the origins of both seed and flowering plants
[3, 4]. With the ever-increasing quality and quantity of
whole-genome data, evolutionary insight into origins
of distinct plant groups using comparative genomic
techniques is now feasible. Here, using an evolu-
tionary genomics pipeline to compare 208 complete
genomes, we analyze the gene content of the ances-
tral genomes of the last common ancestor of land
plants and all other major groups of plant. This
approach reveals an unprecedented level of funda-
mental genomic novelties in two nodes related to
the origin of land plants: the first in the origin of strep-
tophytes during the Ediacaran and another in the
ancestor of land plants in the Ordovician. Our findings
highlight the biological processes that evolved with
the origin of land plants and emphasize the
importance of conserved gene novelties in plant
diversification. Comparisons to other eukaryotic
studies suggest a separation of the genomic origins
of multicellularity and terrestrialization in plants.

RESULTS AND DISCUSSION

Analyzing the Ancestral Plant Gene Content

Understanding the diversification of plant life on Earth is still one
of the major challenges in evolutionary biology. Defining the
genomic changes accompanying plant evolution is key to unrav-
eling the molecular basis of biological innovations. Recent
studies have used comprehensive taxonomic transcriptome
data to understand angiosperm diversification rates and gene

family expansion in the major plant groups [5, 6]. Furthermore,
reduced genomic datasets have been used to investigate
whole-genome duplications as well as gene family gains and los-
ses associated with plant diversification [4, 7, 8]. However, the
role of genomic novelty in the origins of distinct plant groups us-
ing an extensive sampling of complete genomes with a phyloge-
netically broad outgroup has not been fully evaluated.

Adapting a previously described [9, 10] comparative genomics
pipeline, we compared 208 eukaryotic genomes, including a
broad representation of animal (10), other unikont (11), and
non-embryophyte bikont (29) genomes (STAR Methods; Data
S1; Figure S1). Genome quality was assessed with BUSCO, dis-
carding genomes with more than 15% of BUSCO missing genes,
and protein sequences were compared using BLAST and MCL
to identify homology groups (HGs). To reduce the error produced
by the complex evolutionary dynamics of genes involved in these
transitions, further dissection of HGs was not conducted [10, 11].
Therefore, a single HG is defined as a set of proteins that have
distinctly diverged from others. The 208 eukaryotic genomes
contain ~9 million proteins, which were clustered into
~650,000 HGs. Using scripts incorporating a phylogenetic
framework to inform comparative genomics, five evolutionarily
distinct classifications of HG (ancestral, ancestral core, novel,
novel core, and lost) were extracted (Data S2; Figure S2). Based
on these outputs, patterns of large gene gains and losses were
identified across the plant phylogeny (Figure 1).

The HG categorization juxtaposes between the traditional gene
classification (e.g., gene families and classes) and their evolu-
tionary dynamics. Therefore, a HG can either contain genes tradi-
tionally designated as subfamilies (e.g., GA30x), gene families
(e.g., allene oxide cyclase), or gene superfamilies. This recovery
of traditional gene classifications demonstrates the reliability of
this clustering approach (Data S3). There are limitations shared
with other BLAST-based analyses, such as the impact of gene
fusion, fission, and lateral gene transfer. However, genes in broad
HGs are less likely to be misassigned than orthologs and paralogs
(e.g., OrthoMCL) [12]. The pipeline approach also tackles biases
seen in tree reconciliation methods, which are prone to inaccurate
assignments of gene gains and losses [13].

The Role of Highly Conserved Gene Groups in Plant
Evolution

The evolutions of Embryophyta (land plants) and Streptophyta
(land plants and their closest algal relatives, Charophyta) are
arguably the most dramatic transitions in the history of plants.

L)
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These events have previously been linked with the expansion
of many processes and developmental traits, including
embryogenesis [14], plant hormones [15], and symbiotic inter-
actions with arbuscular mycorrhizae and rhizobacteria [16].
Our analyses revealed that there was a substantial increase
in the number of highly retained gene novelties in the last
common ancestor (LCA) of Streptophyta and the LCA of
Embryophyta with 50 and 103 novel core HGs identified,
respectively (Figure 1). Gene Ontology (GO) analyses using
Arabidopsis thaliana, which has comprehensive GO annota-
tions, were used to explore the modern functions of descen-
dants of genes from novel core HGs (Data S4; Figure 2). The
protein class category was used, as this classification is less
prone to false assignments and biases [10]. All other GO cat-
egories, including molecular function, biological process, and
pathway were produced (Data S4). HGs present in the LCA of
embryophytes are abundant in classes involved in protein
modification (e.g., transferase, oxidoreductase, and ligase)
and protein transport (e.g., transporter proteins and mem-
brane traffic proteins), whereas HGs present in the LCA of
streptophytes are abundant in gene regulation (e.g., transcrip-
tion factor) and cell structure, movement, and division (e.g.,
cytoskeletal proteins). The origins of Streptophyta were
accompanied by the evolution of many plant-specific tran-
scription factors (e.g., HD-ZIP) and an increasingly complex
cell wall corresponding to the high number of the protein class
hits seen in the Streptophyta novel core (NC) HGs [8, 14, 17].

Itis possible that the bursts of conserved genomic novelty could
be explained by the presence of one or multiple whole-genome

duplications (WGDs). Inferring WGDs in these ancestral nodes is
difficult with no events currently identified in the LCA of these
groups [18, 19]. Analysis of over 1,000 transcriptomes has identi-
fied 244 WGDs across the green plant phylogeny [6]. These mostly
occur after the origin of vascular plants and do not appear to coin-
cide with the bursts of novelty seen in this study. This supports the
theory that there was a change in strategy from gene family birth
and expansion to WGD along the backbone of the plant phylogeny.
Another contributing factor that might explain the origins of some
novel core HGs is the presence of horizontal gene transfer
(HGT). BLAST searches against the Swissprot database
confirmed the absence of all novel core HGs in outgroup taxa, vali-
dating the outputs of the pipeline approach (BLAST outputs on
Github: https://github.com/AlexanderBowles/Plant-Evomics/
tree/master/Extended%20Data). Queries using the pipeline
approach revealed that 323 HGs were present in fungal and land
plant genomes but absent in all other taxa in this study’s dataset
(Data S1), suggesting widespread HGT in plants [20, 21]. The last
eukaryotic common ancestor (LECA) is the ancestor that connects
all eukaryotes, including plants and fungi. Either these HGs were in
LECA and lost from all eukaryotic representatives aside from fungi
and land plants or they are the product of HGT [22]. GO analysis of
25 of the HGs that contained at least 100 embryophyte taxa
revealed that they were associated with gene regulation and pro-
tein modification (Data S5). Other possible HGT events that could
explain the marked distribution of these novel core HGs include
parasitism by other plants, symbiosis with other plants (e.g., trans-
fer of a photoreceptor gene from bryophytes to ferns), and symbi-
osis with rhizobacteria [21, 23].
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The Functions of Highly Conserved Gene Groups

In streptophytes, novel core HGs were implicated in root, multi-
cellular, and lateral organ development (Data S6; Figure 3).
These terms were assigned based on the functions in extant
Arabidopsis thaliana genes. In some cases, the evolutionary
emergence of HGs predates the origin of the function with which
they are often associated. For example, there is no evidence of
roots outside Tracheophyta, yet genes associated with root
development are found in older nodes [24, 25]. Therefore, these
HGs are potential examples of co-option of old genes for new
processes (Figure 3).

Other key functions include the increased complexity of the
cell wall, which is crucial for multidimensional cell growth
[26]. Further indicators of multicellularity in the predecessor of
land plants are HGs involved in the regulation of transcription,
cell adhesion, and division. The findings here also support
an expansion of cellular signal transduction pathways associ-
ated with growth, development, and stress responses in
streptophytes.

Many of the novel core HGs identified in our study have not
previously been associated with the origin of land plants. These
include proteins involved in plant organ development, cell wall
construction, and host microbe interactions [27]. Other HGs
are related to terrestrialization, with functions related to the syn-
thesis of lignin, UV light protection, and cell signaling. The latter
comprise plant hormones (phytohormones) linked with growth,
such as auxin (body plan definition) [28], brassinosteroids
(photomorphogenesis) [29], and gibberellins, as well as those
associated with environmental responses, such as abscisic
acid (ABA), salicylic acid, and jasmonic acid (primordial root
growth) [30]. Several novel core HGs, including basic-helix-
loop-helix (bHLH) transcription factors, receptor like kinases
(LRR-RLKs), and three families of heavy-metal-associated iso-
prenylated plant proteins (HIPPs), have been previously linked
to the origin of embryophytes, further validating our results
(Data S6) [31].

The Evolution of Phytohormone Signaling
Some of these innovations have evolved in an incremental
fashion. For example, phytohormone signaling genes
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Novel Core HGs

Using Arabidopsis thaliana genes as an extant
representative, protein classes were assigned for
all novel core HGs. All other GO annotations (e.g.,
molecular function, biological process, cellular
component, and pathways) were produced. See
also Data S4.
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identified as novel core to Streptophyta
include ethylene-overproduction protein
1 (ETO1) and ethylene insensitive 3
(EIN3) (Figure S38). However, genes
involved in ethylene signaling have been
shown to originate before (1-aminocyclo-
propane-1-carboxylate synthase [ACS])
and after (1-aminocyclopropane-1-
carboxylate oxidase [ACO]) this point in
the evolutionary history of plants [14]. Therefore, these assigned
functions do not demonstrate an establishment of these features
but the additive developments contributing to their origin and
evolution.

Using the same comparative genomics approach, we infer the
evolutionary origins and conservation of phytohormone path-
ways in plants (Figure S3). The fundamental backbone of the
biosynthesis and signaling pathways of all phytohormones either
predates or accompanies the land plant transition [14, 32-34].
Genes involved in gibberellic acid production and signaling orig-
inate with plant terrestrialization (Figure 4). However, the role of
hormones may have changed during land plant evolution, as
recently highlighted for ABA signaling [39]. Important innovations
inland plants include tightly controlled responses to drought and
salt stresses, which require the production and perception of
ABA. Our results show that ABA biosynthesis and perception
evolved earlier than previously thought and are highly conserved
across the plant phylogeny (Figure 4). The ABA receptor, PYL,
has recently been identified in Zygnema circumcarinatum but is
absent in other streptophyte algae [32]. In combination with the
analysis presented here, this confirms that PYLs are conserved
across Zygnematophyceae and Embryophyta. PP2Cs and
SnRK2s, known to be present across Viridiplantae, are here sup-
ported as an Archaeplastida novelty [33]. Identifying these HGs
is a significant step in understanding the evolution of phytohor-
mones and their implications for plant diversification.

Other Evolutionarily Distinct Gene Groups of Ancestral
Plant Genomes

Genomic novelty is considered to have an important role in the
establishment of new features during the origins of land plants
and other taxa. Genomic novelty in the LCA of distinct plant
groups was substantial (Figure 1). In the LCAs of Streptophyta
and Embryophyta, 753 and 1,167 novel HGs were identified,
respectively, similar to values found in other studies (Data S4)
[7, 14]. In contrast to other plant nodes, these values are rela-
tively low compared to the 2,525 HGs identified in the origin of
Mesangiospermae. As mentioned, WGD in plants is common
and multiple events have been identified across the angiosperm
phylogeny [3]. Two WGD events have been established in the
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ancestors of seed plants (Spermatophyta) and flowering plants
(Angiospermae), which could explain the 1,432 and 713 novel
HGs identified in these nodes [40, 41].

Our analyses also identify that the LCA of extant land plants
(Embryophyta) contained at least 8,654 ancestral HGs (Data
S4). This number is likely lower than the total number of gene
families present in the ancestral Embryophyta gene content
because a HG can contain multiple genes, and HGs and genes
can be lost from all extant representatives. Arabidopsis thaliana
and Brachypodium distachyon genomes contain 27,655 and
34,310 genes clustered into 13,345 and 14,235 HGs, respec-
tively, with 60%-70% of their genes present in the LCA of land
plants. 2,254 of these ancestral HGs were retained (ancestral
core) by at least 157 of the embryophyte genomes, demon-
strating extensive gene loss has occurred across land plant
evolution (Data S4). GO analysis revealed genes derived from
HGs present in the LCA of embryophytes are abundant in
gene regulation (e.g., nucleic acid binding and transcription fac-
tors) and protein modification (e.g., hydrolase and transferase;
Data S4).

Furthermore, our analyses recognize HG losses (Data S4).
Drosophila melanogaster was used as a representative of a
well-annotated non-plant genome in the GO analyses of HGs
lost in plant evolution. A total of 1,756 HGs were absent in the
LCA of Streptophyta comprising protein classes involved in
gene regulation (e.g., nucleic acid binding and transcription

factor), cell signaling (e.g., enzyme modulator and signaling mol-
ecules), and catalytic activity (e.g., hydrolase and oxidoreduc-
tase). Lost HGs were also identified in Embryophyta, suggesting
that gene turnover was prolific during the evolution of the ances-
tors of streptophytes and land plants (Figure 1). Large losses
were also identified in branches leading to the LCA of eudicots
and Archaeplastida with 1,196 and 1,741 HGs, respectively.

Comparisons with Animal Evolution

A previous study using the same comparative approach used
in our study revealed an increase of genomic novelty during
the origin of the animal kingdom, with an increase of
conserved genomic novelty (novel core HGs) in a single
node: the LCA of metazoans, which comprises 25 novel
core HGs associated with multicellular processes; this repre-
sents a 5-fold increase from previous ancestors [10]. The
origin of land plants shows two nodes with an increase of
conserved genomic novelty: one in the LCA of streptophytes
(in the Ediacaran; 629 mya) [1] and another in the LCA of
land plants (Ordovician; 473 mya) [1]. Moreover, plants show
higher numbers of conserved gene novelties than animals,
representing a 10-fold increase compared to older ancestors
(e.g., novel core HGs originating in the respective ancestors
of Viridiplantae and Archaeplastida). In green plants, multicel-
lularity has multiple independent evolutionary origins, with
chlorophycean and charophycean algae showing a patchy
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distribution, but is a trait that is conserved in all embryophytes
[42, 43]. Here, we speculate that analysis of the gene content
of the ancestral genomes of the plant kingdom (Viridiplantae)
supports a decoupling between the emergence of multicellu-
larity (streptophytes) and terrestrialization (embryophytes),
which is in contrast to a single burst of novelty in the animal
kingdom (Metazoa), whose origins did not involve
a change of environment. In the future, the inclusion of new
genomes may change the reconstruction of HGs at each
node. Specifically, recent sequencing of the first two fern ge-
nomes and a second charophyte genome would help to fill
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phylogenetic gaps [7, 14]. Results from BLAST searches of
novel core HGs against these phylogenetically important ge-
nomes supported the pipeline outputs, further validating our
analyses (BLAST outputs available on Github: https://github.
com/AlexanderBowles/Plant-Evomics/tree/master/Extended %
20Data). In addition, this study solely focuses on protein-cod-
ing genes; however, non-coding genes, regulatory regions,
and epigenetic modifications most likely contributed to the
diversification of plant life. The analysis presented here, which
incorporates genomic data for 208 taxa from across the tree
of life, provides new insight into the composition of ancestral

258



plant genomes and emphasizes the role of genome evolution
in the emergence of terrestrial flora.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited Data

SWISSPROT [46] https://www.uniprot.org/

Genome Data Data S1 N/A

Software and Algorithms

BUSCO v3 [35] https://busco.ezlab.org/

BLAST 2.7 [36] https://blast.ncbi.nim.nih.gov/Blast.cgi

mcl-14-137 [37] https://micans.org/mcl/

Phylogenetic Aware Parsing Script [10] https://github.com/PapsLab/Phylogenetic__
Aware_Parsing_Script

Panther GO v11 [47] http://www.pantherdb.org/

R 3.4.2; R - tidyr; R - GGplot2 [44, 45, 48] https://www.r-project.org/

PAPS Plant-Evomics https://github.com/AlexanderBowles/ N/A

Plant-Evomics

LEAD CONTACT AND MATERIALS AVAILABILITY

Genome sources and software (e.g., BLAST) are listed (Data S1) and referenced (Figure S1) and all scripts used are available on
Github listed below. Further information about the study and intermediary files (BLAST and MCL outputs) should be directed to
the Lead Contact, Jordi Paps (jordi.paps@bristol.ac.uk). This study did not generate any new, or unique reagents.

METHOD DETAILS

Compiling genomic dataset

A detailed description of the pipeline utilized here can be found elsewhere [10]. Briefly, the pipeline uses the protein coding genes of
whole genome sequences to identify homologous groups of proteins within and between species (Figure S1). Broad taxonomic sam-
pling of genomic data was implemented to be able to accurately infer the phylogenetic origin of different HGs (Data S1). 208 eukary-
otic genomes were downloaded equating to 9,204,593 predicted proteins including 178 Archaeplastida genomes (including 158 land
plant genomes) and 30 from a diverse representation of eukaryotic outgroups (Data S1). BUSCO analysis was used to assess the
quality of the genome annotation, using a < 15% of missing genes in the BUSCO Eukaryota dataset as a benchmark to accept a
genome for further analysis (Data S1) [49].

Homology assignment

Sequence similarity for all predicted proteins was identified with an all-versus-all BLAST [46] (version 2.7.1) using an e-value of 10°°,
resulting in 84,724,532,295,649 comparisons with 3,680,714,880 significant BLAST hits. The BLAST search was launched on
7" February 2018 and therefore any genomes published after this date were not included in the analysis. Within the MCL protocols,
it is recommended to assess the effects of changing of the granularity score which is the fineness of the clusters produced [47]. Out-
puts for granularity scores 1.2, 2, 4 and 6 were used to compare the phylogenetic appearance and clustering of plant gene families
against published datasets of Banks et al. [45] and the transcription factor families from Catarino et al. [44] (Data S3). After testing the
impact of altering this inflation value, BLAST outputs were clustered using MCL with the default granularity score (/ = 2.0, Data S3)
[47]. This approach identified 661,545 groups of homologous genes across all proteins.

Phylogenetically Aware Parsing Script

The MCL output was processed by modifying the Perl scripts described in Paps and Holland [10] with Perl version 5. In the form of
three Perl scripts, the pipeline can be used to identify the origin or loss of homologous groups of proteins (HGs) based upon their
taxonomic occupancy (Data S2). Different sets of HGs can be analyzed (initially defined in Paps and Holland [10]);

® Ancestral (HGs present in the Last Common Ancestor of a clade),
@ Ancestral Core (HGs present in every representative species within a clade or absent only in one genome),
® Novel (HGs present in the Last Common Ancestor of a clade and absent in all outgroup taxa),
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@ Novel Core (HGs present in every representative species within a clade or absent only once and absent in all outgroup taxa),
® Lost (HGs lost in the Last Common Ancestor of a clade).

A more detailed explanation of these query terms with examples is available (Figure S2). The main tree figures were made in FigTree
[48] and edited in Inkscape [50].

Novel Core HG validation

To confirm accurate identification of conserved gene novelties, Arabidopsis thaliana (and Brachypodium distachyon for Liliopsida
novelties) genes for each HG were tested, by performing BLASTP searches against the Swissprot database [51] (25" July 2018)
excluding in-group sequences with the option negative_gilist [46]. This offers the maximum breadth of taxonomic sampling possible.
Based on sequence similarity, e-value, and taxonomic occupancy, BLAST searches further validated the identification of novel core
Homology Groups.

Three evolutionarily significant genomes have recently been published, the first two fern genomes [7] and the second charophyte
genome [14]. Novel Core HGs from all groups were BLASTP searched against the protein coding genes of these genomes (Data S4).
Based on sequence similarity, e-value, and taxonomic occupancy, these BLAST searches refined the number of Novel Core HGs
identified (Table S1).

Functional annotation

To obtain a functional description for all types of HG for every Archaeplastida node, their Arabidopsis thaliana genes were assessed
using Panther GO [52] (Version 11). The number of Gene Ontology hits for all GO classifications were collated: Protein Class, Molec-
ular Function, Biological Process, Cellular Component, Pathways (Data S4). A literature search further revealed the functions of the
Novel Core Homology Groups (Data S6). Graphics were produced in R [53] using packages tidyr [54] and GGplot2 [55].

Inferring Horizontal Gene Transfer

Inferences about potential HGT were made. Based on the taxon sampling in the dataset, the pipeline was used to produce the query:
Atleast1-fungi present, Atleast1-Embryophyta present and Outgroups absent. 323 HGs were identified which were subsequently
whittled down to 25 HGs by stipulating that at least 100 land plant taxa must be present. Similar to the above, GO analysis was
used to reveal the functions of these HGs (Data S5).

DATA AND CODE AVAILABILITY

All genomic data used in the study is publically available with sources listed in Data S1. The code used to process the outputs of MCL
and extract the 5 evolutionarily distinct Homology Groups is available on Github at https://github.com/AlexanderBowles/
Plant-Evomics. Also available on Github are the BLASTSs of all Novel Core HGs against the SwissProt database and the results of
the BLASTs against the protein coding genes of Chara braunii, Azolla filiculoides and Salvinia cucullata (https://github.com/
AlexanderBowles/Plant-Evomics/tree/master/Extended%20Data).
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Appendix 2: related to work presented in Chapter 2
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Figure S8.1. Phylogeny of species sampled in this study.

Evolutionary relationships of species with whole genomes sequenced (Goffeau et al.,
1996; The C. elegans Sequencing Consortium, 1998; Adams et al., 2000; Kaul et al., 2000;

Lander et al., 2001; Yu et al., 2002; Goff et al., 2002; Armbrust et al., 2004; Hillier et al.,
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2004; Matsuzaki et al., 2004; Eichinger et al., 2005; Tuskan et al., 2006; Derelle et al.,
2006; Aury et al., 2006; Palenik et al., 2007; Jaillon et al., 2007; Merchant et al., 2007;
Ming et al., 2008, 2013, 2015; Rensing et al., 2008; Bowler et al., 2008; Paterson et al.,
2009; Schnable et al., 2009; Worden et al., 2009; Broad Institute, 2009, 2010; Haas et al.,
2009; Huang et al., 2009, 2013, 2016; Blanc et al., 2010; Prochnik et al., 2010; Blanc et
al., 2012; Schmutz et al., 2010, 2014, Velasco et al., 2010; Vogel et al., 2010; Chan et al.,
2010; EMBL-EBI, 2010; Fritz-Laylin et al., 2010; Hellsten et al., 2010, 2013; Kim et al.,
2010, 2014, 2017; Martin et al., 2010; Shulaev et al., 2011; The Brassica rapa Genome
Sequencing Project Consortium et al., 2011; Xu et al., 2011, 2013c, 2013a, 2017b, 20174,
2017c; Young et al., 2011; Alfoldi et al., 2011; Dassanayake et al., 2011; Heidel et al.,
2011; Hu et al., 2011; Banks et al., 2011; Moreau et al., 2012; Price et al., 2012; Sato et
al., 2012; Varshney et al., 2012, 2013; Wang et al., 2012d, 2012h, 2012c, 2014a, 2014c,
2014d, 2014b, 2017b; Zhang et al., 2012, 2014b, 2016, 2017a; Curtis et al., 2012; D’hont
et al.,, 2012; Garcia-Mas et al., 2012; Mayer et al., 2012; Al-Mssallem et al., 2013;
Bhattacharya et al., 2013; Nystedt et al., 2013; Peng et al., 2013; Qiu et al., 2013; Read
etal., 2013; Ryan et al., 2013; Schénknecht et al., 2013; Sierro et al., 2013, 2014; Simakov
et al., 2013; Singh et al., 2013; Slotte et al., 2013; Verde et al., 2013; Wu et al., 2013,
2014, 2015, 2016, 2017; Yang et al., 2013, 2017a, 2017b, 2017c; Albert et al., 2013; Chen
et al., 2013a, 2016; Cheng et al., 2013; Clarke et al., 2013; Davey et al., 2013; Fairclough
et al., 2013; Haudry et al., 2013; He et al., 2013; Howe et al., 2013; |Ibarra-Laclette et al.,
2013; Leushkin et al., 2013; Ling et al., 2013; Myburg et al., 2014; Bolger et al., 2014; Yagi
et al., 2014; Cannarozzi et al., 2014; Chagné et al., 2014; Chalhoub et al., 2014; Denoeud
et al., 2014; Dohm et al., 2014; Gao et al., 2014; Hori et al., 2014, 2018; Li et al., 2014b,
2015a; Liu et al., 2014, 2017b; Lukaszewski et al., 2014; Vanburen et al., 2015; Xiao et
al., 2015, 2017; Byrne et al., 2015, 2017; De Vega et al., 2015; Foflonker et al., 2015;
Hirakawa et al., 2015; Kang et al., 2015; Liu, 2015; Olsen et al., 2016; Russ et al., 2016;
Tanaka et al., 2016; Bombarely et al., 2016; Tang et al., 2016; Yasui et al., 2016; Clouse

et al., 2016; Cruz et al., 2016; Guan et al., 2016; Hanschen et al., 2016; Hoshino et al.,
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2016; lorizzo et al., 2016; Lau et al., 2016; Lee et al., 2016a; Bertioli et al., 2016; Qin et
al., 2017; Reyes-Chin-Wo et al., 2017; Roth et al., 2017; Sarkar et al., 2017; Shirasawa et
al., 2017; Sollars et al., 2017; Sun et al., 2017; Tamiru et al., 2017; Teh et al., 2017;
Bowman et al., 2017; Xia et al., 2017; Zhao et al., 2017; Fu et al., 2017; Fukushima et al.,
2017; Guo et al., 2017; Hane et al., 2017; Harkess et al., 2017; Avni et al., 2017; Hirooka
et al., 2017; Badouin et al., 2017; Islam et al., 2017; Jarvis et al., 2017; Lin et al., 2017;
Luo et al., 2017; Silva-Junior et al., 2018; Stein et al., 2018; Wan et al., 2018a; Hoopes et
al., 2018; Multicellgenome Lab, 2019). The tree was manually curated and visualised in

iTOL (Letunic et al., 2016).
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Figure S8.2. BUSCO results for genomes incorporated into pipeline.
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Figure S8.3. Five hypothetical species trees demonstrating the classification of the

different evolutionary significant HG classifications.

All definitions are with reference to the clade of interest indicated by the dot in the tree.
Ancestral HGs are genes present in the first splitting lineage of clade (Species_6) and at
least one other lineage within a clade. They may also be present in older lineages
(Species_2). Ancestral Core HGs are genes present in every single lineage of a clade
(or absent only once). They may also be present in older lineages (Species_2). Novel
HGs are genes present in the first splitting lineage of clade (Species_6) and at least one
other lineage within a clade. However they are absent outside the clade of interest. Novel
Core HGs are genes present in every single lineage of a clade (or absent only once) and
are absent in taxa outside the clade of interest. Lost HGs are genes absent in the clade

of interest but present in the closest splitting sister lineage (Species_2).
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Figure S8.4. The evolution of phytohormone biosynthesis and signalling.

Shapes represent genes or steps in phytohormone pathways. Block orange rectangles
and pentagons indicate non-genetic elements in phytohormone pathways whilst faded
shapes indicates genes involved. Squares are genes that are involved in biosynthesis,
hexagons are genes involved transport and circles are genes involved signalling. Each
gene is colour coded by its phylogenetic appearance; that is, this gene is found in at least
the Last Common Ancestor of each retrospective clade. For each of the major
phytohormones, a recent paper was sourced to inform its known genetic pathway. Figures
from the following papers were adapted to understand the evolution of each retrospective
phytohormone: Abscisic Acid (Cai et al., 2017); Auxin (Leyser, 2018); Brassinosteroid
(Clouse, 2011; Chung et al., 2013); Cytokinins biosynthesis (Hirose et al., 2007) &
signalling (Hutchison et al., 2002); Ethylene (Ju et al., 2015a); Gibberellic Acid
biosynthesis (Yamauchi et al., 2004) & signalling (Middleton et al., 2012; Freschi, 2013);
Jasmonic Acid (Wasternack et al., 2013); Salicylic Acid biosynthesis (Tamaoki, 2008) &
signalling (Caarls et al., 2015); Strigolactone signalling (Saeed et al., 2017) & biosynthesis

and Karrakin signalling (Morffy et al., 2016).
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Table S8.1. Increasing phylogenetic coverage of sampled species. Novel Core
Homology Groups removed based on BLAST against newly published genomes of Chara
braunii (Nishiyama et al., 2018) and the ferns, Azolla filiculoides and Salvinia cucullata (Li
et al., 2018a). Based on a 50% sequence similarity and a bitscore of over 150 (or over
250 if sequence similarity was below 50%), the categorisation of Novel Core Homology
Groups was assessed. The LCA of Phragmoplastophyta and Euphyllophyta could not
previously be assigned any Novel Core HGs due to genomic taxonomic sampling. Here
these HGs are assigned to these nodes in the plant phylogeny. 50 Streptophyta Novel
Core HGs supported by high sequence similarity and bitscore in Chara braunii. A further
45 HGs were assigned as Novel Core to Streptophyta but homologous sequences were
not found in Chara braunii which has extensive gene loss (Nishiyama et al., 2018). These
searches were taken as an indicator of the likelihood of homology. However, BLAST
searches alone are not entirely accurate for homology assignment (Paps et al., 2018). To
categorically confirm the inclusion of a sequence within a HG, the pipeline approach would

have to re-run.

Classification Before After BLAST
BLAST
Archaeplastida 1 1
Viridiplantae 14 10
Streptophyta 127 50
Phragmoplastophyta NA 22
Embryophyta 168 103
Tracheophyta 19 8
Euphyllophyta NA 8
Spermatophyta 65 55
Angiosperm 19 16
Mesangiospermae 1 1
Monocots 1 1
Eudicots 2 2
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Appendix 3: related to work in Chapter 3

Table S8.2. Summary of novel, duplicated and coopted HGs linked each

innovations. The origin of each innovation (root hairs, roots, lateral roots, vascular tissue,

stomatal development and signalling) is highlighted in bold.

Root hairs
Gene Strepto. | Embryo. | Tracheo. | Euphyllo. | Spermato. | Angio.
Novel 4 7 0 0 1 1
Duplicated 0 1 0 0 8 4
Co-opted 0 0 0 0 0 0
Roots
Gene Strepto. | Embryo. | Tracheo. | Euphyllo. | Spermato. | Angio.
Novel 6 7 1 3 2 3
Duplicated 1 2 5 0 8 14
Co-opted 0 0 0 0 0 0
Lateral roots
Gene Strepto. | Embryo. | Tracheo. | Euphyllo. | Spermato. | Angio
Novel 4 9 1 0 4 4
Duplicated 0 2 1 0 13 9
Co-opted 0 0 0 0 0 0
Vascular tissue
Gene Strepto. | Embryo. | Tracheo. | Euphyllo. | Spermato. | Angio.
Novel 5 15 3 0 4 3
Duplicated 0 5 2 0 17 10
Co-opted 0 0 9 0 0 0
Stomatal development
Gene Strepto. | Embryo. | Tracheo. | Euphyllo. | Spermato. | Angio
Novel 1 6 1 0 0 1
Duplicated 1 2 2 0 4 6
Co-opted 0 0 0 0 0 0
Stomatal signalling

Gene Strepto. | Embryo. | Tracheo. | Euphyllo. | Spermato. | Angio
Novel 4 5 0 0 2 0
Duplicated 3 2 2 6 15 7
Co-opted 0 0 0 0 0 0
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Table S8.3. Evolutionary dynamics of genes linked to root hairs, roots and lateral

roots. The origin of each innovation is highlighted in bold.

Gene Uniprot ID Strepto | Embryo | Trache | Euphyll | Spermat | Angios
phyta phyta ophyta | ophyta | ophyta perms
Root hairs

ZFP5 Q39264 Novel Dup.

CPC/TR | 022059/Q8GV05/ Novel

Y/ETC1 QILNI5

GL3/EGL | Q9FN69 Novel Dup.

3

TTG1 Q9XGN1 Dup.

EIN3/EIL | 024606 Novel Dup. Dup.

1

GL2 P46607 Novel Dup. Dup.

WER Q9SEIO Novel Dup.

BIN2 F4JRM5 Novel

RHD6/R | Q9C707 Novel

SL1

RSL4/RS | Q8LEG1/Q84WKO Novel Dup.

L2

ARF5 P93024 Novel

OBP4 QOWUB6 Novel Dup.

ARF7 P93022 Novel

ARF19 Q8RYCS8 Novel

ERU Q9FLJ8 Dup. Dup. Dup.
Roots

CTR1 QOwWUI6 Dup.

TTL1 Q9IMAH1 Novel Dup.

AXR2(3) | Q38825 Novel

BRX Q17TI5 Novel Dup.

ARR12 P62598 Novel

LATD D21U94 Novel Dup.

RGA Q9SLH3 Novel/ Dup.
Dup.

BRL3 QILJIF3 Novel Dup.

ASA1l F4KOT5 Dup.

PLS Q8LLV8 Novel

TAAl Q9S7N2 Novel

ABI8 Q9C9z9

ACS5(9) | Q37001 Dup. Dup.

SCR Q9M384 Novel Dup.

CKX 022213 Novel Dup. Dup. Dup.

ARR7 Q9zZWS7 Novel Dup. Dup.

ARR22 Q9M8Y4 Novel Dup.

EIN2 Q9s814 Novel

ARR1 Q940D0 Dup.

ASB1 F41AW5

SHR Q9SZF7 Novel
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IPT2 Q9ZUX7 Novel
TIR1 Q570C0 Novel Dup. Dup. Dup.
PLT1 Q5YGPS8 Novel Dup. Dup.
IPT9 Q9C5J6
AHK3 Q9C5U1 Dup.
EIN3 024606 Novel Dup. Dup.
IPTS Q94ID2 Novel Dup.
AUX1 Q96247 Dup. Dup.
B450/BR | Q8VZC2 Novel Dup.
0X62
SNE Q9LUB6 Novel
Lateral root
BRI1 022476 Novel Dup.
BAK1 Q94F62 Novel
BIN2 F4JRM5 Novel
BZR1/BE | Q8S307/F4HP45 Novel
S1
RALF QI9SRY3 Novel
PIN1,2,3 | Q9C6B8/Q9LU77/ | Novel
Q95728
Miz1 022227 Novel/
Dup.
GNOM/M | Q42510 Dup.
122
TIR1L/AF | Q570C0/Q9LW29 Novel Dup. Dup. Dup.
B
IAA12/28 | Q38830/Q9XFMO Novel
IAA8 Q38826 Novel Dup.
I1AA19 024409 Novel
I1AA14 Q38832 Novel Dup.
IAA3/SH | Q38822 Novel
Y2
ARF5,6,8 | P93024/Q9ZTX8/Q Novel Dup. Dup.
9FGV1
ARF7,19 | P93022/Q8RYC8 Novel Dup.
GATA23 | Q8LC59 Dup.
TOSL2 F4JRC5H5 Novel
RLK7 F412N7
PUCHI AOA178URC3 Dup. Dup.
LBD16/1 | Q9SLB7/022131 Novel/D | Dup.
8 up.
E2Fa QI9FNYO
CDKA1l/ | P24100
CYCB1
PLT3/4/5 | Q9ZNS0/QO0WUUG Dup.
/Q8VZ80
PLT1/2/7 | Q5YGP8/Q5YGP7/ Dup.
AOA1P8BAG9
SHR Q9SZF7 Novel Dup.
SCR Q9M384 Novel Dup.
WOX5 Q8H1D2 Novel Dup.
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IDA/AMG | Q8LAD7 Novel

HAE/HS | P47735/COLGX3

L2

MKK4/5 | O80397/Q8RXG3 Novel Dup.
MPK3/6 | Q39023/Q39026 Dup. Dup. Dup.
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Table S8.4. Evolutionary dynamics of genes linked to vascular tissue. The origin of

each innovation is highlighted in bold.

Gene Uniprot ID Strepto | Embryo | Tracheo | Euphyllo | Spermat | Angiosp
phyta phyta phyta phyta ophyta erms
Vascular tissue
MP P93024 Novel Dup. Dup.
ATHBS8 Q39123 Novel
TMO5 Q9LS08 Novel Dup. Dup.
LHW Q9XINO Novel Co- Dup.
opted
LOGs Q8RUN2 Dup.
BDL Q38830 Novel
SHR Q9SZF7 Novel Co-
opted
SCR QIm384 Novel Co-
opted
PIN1 Q9IC6B8 Novel Dup. Dup.
AHP6 Q9SSC9 Dup. Dup.
SACL1 Q9IFY69 Novel
ACL5 Q9S7X6 Dup.
BUD2 Q3E9D5 Dup.
1AA 024410/Q9M1R Novel
20/30 4
CLE Q84wW98/Q941C Novel
41/44 5
CLV1 Q9SYQ8 Novel Dup.
CLV2 080809 Novel Co-
opted
PXY QIFII5 Dup. Dup.
WOX1 Q6X7KO0 Novel Dup.
WOX10 | Q9LMS83 Dup. Dup.
ERF_01 | Q9S7L5 Novel Co- Dup.
8 opted
CYCD3; | P42753 Novel Co-
1 opted
ANT Q38914 Dup. Dup.
BIN2 F4JRM5 Novel
BES1 FAHPA45 Novel
VND6 Q9FHC2 Dup.
VND7 Q9oCcsw9 Novel Dup.
E2Fc Q9IFV70 Dup.
REV/PH | Q9SE43/00429 | Novel Dup. Dup.
B 1
NST1,2/ | Q84WP6/QIM2 Novel Co- Dup.
SND1 74/Q9LPI7 opted
KNAT1/ | P46639/Q38874 Dup.
STM
BOP1 F4IH25




276

BOP2 Q9zvcec2 Novel Co-
opted
APL Q9SAK5 Novel Co- Dup.
opted
NAC20/ | Q67Z40/A4VCM Novel Dup. Dup.
45/86 0/Q9FFI5
NEN1 Q9FLRO Novel
OPS Q9SS80 Novel
CVvP2 Q9LR47
BRX Q17TIS Novel Dup.
BAM3 065440 Novel/ Dup.
Dup.
CLE45 Q6IWA9 Novel
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Table S8.5. Evolutionary dynamics of genes linked to stomata signalling and

development. The origin of each innovation is highlighted in bold.

Gene Uniprot ID | Streptop | Embryop | Tracheo | Euphyllo | Spermat | Angiospe
hyta hyta phyta phyta ophyta rms
Stomatal Development
BAK1 Q94F62 Novel
YODA Q9CADS5 Dup.
EPF1/2 Q8s8lI4 Novel Dup.
TMM Q9SssSD1 Dup.
COP1 P43254
MPK3/6 Q39023 Dup. Dup. Dup.
Erf Q42371 Dup.
BIN2 FAJRMS Novel
BRI 022476 Novel Dup.
MKK4/5 080397 Novel Dup.
BSU1f QILR78 Dup.
Stomagen | Q9SV72 Novel
FLP Q94FL6
RBR Q9ILKZ3
CDKA1l P24100
AGO1 004379 Dup. Dup.
SCRM QOLSE2 Novel Dup. Dup.
MUTE/Sp | Q9M8K6/ Novel Dup.
eechless Q700C7
FAMA Q56YJ8 Novel
Stomatal Signalling

GEF1/4 Q932Y2 Dup. Dup.
GEF10 Q1KS66 Novel
ROP11 082481 Dup. Dup.
ABI1 004719
GHR1 COLGQ9 Novel Dup.
GTG QIXIP7
GPA TRIDC1B | Novel

G074450
PLDa Q38882 Novel Dup.
PYL1-3 Q8VvZSs8 Novel Dup.
PYLA4- 080920 Novel
6,11-13
PYL7-10 QlECF1 Novel
PP2C P49598 Dup. Dup.
SnRK2 P43291 Dup. Dup. Dup. Dup. Dup.
MAPK Q39023 Dup. Dup.
CHLH Q9FNBO
MYB QISPG6
ABl4 AOMESS8 Novel Dup.
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ABF QIM7Q5

RBOH Q9FI1J0 Novel Dup. Dup.
CAS QI9FN48

CDPK Q06850 Dup. Dup.

CAM PODH95

QUAC1 049696 Dup.

PIP2;1 P43286 Dup.
AKT1/KA | Q38998/Q Dup.

T2 38849

GORK Q94A76 Dup.

ALMT Q9SJE9 Dup.
CLC-C Q96282 Dup. Dup.

SLAC Q9LD83 Novel Dup. Dup.

CNGC 065717 Novel Dup. Dup.
VHA Q570K4

AHA P20649 Dup. Dup.

AVP P31414 Dup.
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Appendix 3.1: Phylogenetic trees discussed in the text of Chapter 3. For all trees
analysed in Chapter 3, see Supplementary Data 3.2. Values on branches indicate
bootstrap support values. For each gene, a tree with and without branch lengths is

provided for ease of viewing.

Appendix 3.1.1. Phylogenetic trees for stomatal signalling genes discussed in

Chapter 3.

Appendix 3.1.1.1 Gene duplications in the ancestor of Spermatophyta

Tree scale: 1
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94 Salvinia cucullata v1.1 s0149.g023289
Marchantia polymorpha AQA176WDT7
Physcomitrella patens ASTUC?
Oryza sativa indica BBANEL
Arabidopsis thaliana Q9ZVD4 Leucine-rich repeat receptor-like protein kinase LRR-RLK
100 Arabidopsis thaliana F4IVP3 Leucine-rich repeat protein kinase family protein
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Amborella trichopoda W1INVD7
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Arabidopsis thaliana COLGQ9 Probable LRR receptor-like serine threonine-protein kinase
Arabidopsis thaliana T1T4Z8 protein GHR1

Brachypodium distachyon 11H403

Oryza sativa indica BBB7A7

100 100 |
68
100

Tree scale: 1

Nitella axillaris BAF79378.1 receptor-like kinase
Selaginella moellendorffii DESES9

Selaginella moellendorffii DBQXCE

Azolla filiculoides s0002.g001247

Salvinia cucullata v1.1 s0065.g015962

Azolla filiculoides s0114.g046041

Salvinia cucullata v1.1 s0149.9023289
Marchantia polymorpha AOA176WDT7
Physcomitrella patens ASTUCT

Oryza sativa indica BBANEL

Arabidopsis thaliana Q9ZVD4 Leucine-rich repeat receptor-like protein kinase LRR-RLK

Arabidopsis thaliana F4IvP3 Leucine-rich repeat protein kinase family protein
Amborella trichopoda WINFRO

Arabidopsis thaliana QOWR58 Probable inactive receptor kinase
Brachypodium distachyon 11GS48

Qryza sativa indica BBB4V6

Ginkgo biloba Gh 30406

Ginkgo biloba Gh 18587
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Amborella trichopoda WINVDT

* Arabidopsis thaliana COLGQS Probable LRR receptor-ike serine threonine-protein kinase
100 180 1 Arabidopsis thaliana TLT428 protein GHR1
6! Brachypodium distachyon 11H403
100 Oryza sativa indica BEBTAY

Figure S8.5. Maximum likelihood gene tree for GUARD CELL HYDROGEN
PEROXIDE-RESISTANT 1 (GHR1, Uniprot ID: COLGQ9) without (A) and with branch
lengths (B).
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Tree scale: 1
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Tree scale: 1
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Figure S8.6. Maximum likelihood gene tree for MITOGEN-ACTIVATED PROTEIN

KINASE (MAPK, Uniprot ID: Q39023) without (A) and with branch lengths (B).
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Arabidopsis thaliana 048538 Respiratary burst oxidase homolog protein F RBOHF
Arabidopsis thaliana Q95UT8 Probable respiratory burst oxidase homolog protein | RBOHI

Brachypodium distachyon ILHHBS
Brachypodium distachyon ILHHCO
Ginkgo biloba Gb 19318

76
Brachypodium distachyon ITHRS5
100 —— Oryza saliva indica A2Y6R3
93
100

Amborella trichopoda W1PENS
Arabidopsis thaliana 081211 Respiratory burst oxidase hamolog protein E RBOHE

100
80

99

29

100

99

—a— Brachypodium distachyon I1IQD9
*® i "85 Oryza sativa incca B8BCHS
yza sativa indica
100 Brachypodium distachyon I117L8
TC Oryza sativa indica BBBBAZ
Ginkga biloba Gb 28282
Ginkgo biloba Gb 10501
75 Ginkgo biloba Gb 24834
a1 Amberella trichopoda W1P925

Arabidopsis thaliana Q95BI0 Respiratory burst oxidase homolog protein B RBOHB
Brachypodium distachyon ILHF92
W‘— Oryza sativa indica Q6J2KS5 Respiratory burst oxidase homolog protein B RBOHB
Brachypodium distachyon ILIHS7
W: Oryza sativa indica BBBMC2
’— Brachypodium distachyon I1ILC5
Oryza sativa indica BSBKWG6

Arabidopsis thaliana Q9FIJ0 Respiratory burst oxidase homolog protein D RBOHD
Arabidopsis thaliana 081209 Respiratory burst oxidase homolog protein A RBOHA

100 Arabidopsis thaliana F4K6P2 Respiratory burst oxidase homolog A RBOHA

Arabidopsis thaliana Q81210 Respiratory burst oxidase homaolog pratein C RBOHC
100 \—Arabidopsws thaliana K4FZN3
Arabidopsis thaliana Q9SWL7 Putative respiratory burst oxidase homolog protein G RBOHG
WCArabidopsws thaliana F4JRUT Riboflavin synthase-like superfamily protein
’7 Selaginella moellendorfii DESFH® RHD2L8-2
Selaginella moellendorfii DERSHE RHD2LS-1
Ginkgo biloba Gb 27289

68

97

2
o Ginkgo biloba Gb 27220
Amberella trichopoda W1NIQ4
Amborella richopeda USDF75
Arabidopsis thaliana QIFIDE Putative respiratory burst axidase homolog protein H RBOHH
Arabidopsis thaliana Q9LZU9 Putative respiratory burst oxidase homolog protein J RBOHJ
Brachypodium distachyon ITHT51
T: Oryza sativa indica A2WWRO
23 98 Brachypodium distachyon ITHILG
87 \— Oryza sativa indica BSAZ16
moellendorfii DSRO78 RHD2L4-1
Selaginella moellendorfii D8SW62 RHD2L11-1
100 I: Selaginella moellendorfii DESWIE RHD2L11-2
Selaginella moellendorfii DEQTW? RHD2L5-1
29 100 L Selaginella moellendorfii DSRJRO RHD2L5-2
a0 Amborella trichopoda W1P7B1
2 a7 Ginkgo biloba Gb 34305
= 100 hAzmla f?\?culmdss 50013.9013276
Azolla filiculoides s0056.9034247
77 Azolla filiculoides 50076.9037912
15 W: Salvinia cucullata v1.1 s0186.9025060
Selaginella moellendorfii DBRTB2 RHD2L2-1
W: Selaginella moellendorfi DBSQQ5 RHD2L2-2
3 Selaginella moellendorfi DERMUS RHDZL1-1
W‘— Selaginella moellendorfii D8TADS RHD2L1-2
1 Marchantia polymorpha AOALTEWEC3
Physcomitrella patens A9TIZ1 Respiratory burst oxidase-like protein
100 Physcomitrella patens AORW38
34 100 { Physcomitrella patens AGRNB5
98 Physcomitrella patens AIRICS
Ginkgo biloba Gb 36903
43 TCAzoua filiculoides s0148.9053111

Ginkga biloba Gb 40122
Marchantia polymorpha AOAL76WII2
Selaginella moellendorfii DESPF0 RHD2L9-2
Selaginella moellendorfii DBRFZ6 RHD2L8-1
Selaginella moellendorfii DER7TWO RHD2L10-2
100 Selaginella moellendorfi DEQR25 RHD2L10-1
Selaginella moellendorfii D8SYS3 RHD2L7-2
WC Selaginella moellendorfii DSS6LO RHD2L7-1
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Pseudo-nitzschia multistriata VEU36433.1 unnamed protein product
— Cyanidioschyzon merolae M1UWF8 Similar to respiratory burst oxidase protein
100 ! Cyanidioschyzon merolae M1VG5S Similar to respiratory burst oxidase protein

Klebsormidium flaccidum ADA1Y1IPN4
T'? Klebsormidium flaccidum ADALYIHMS3 Putative respiratory burst oxidase
85 Klebsormidium flaccidum ADALY1HTS2 Respiratory burst oxidase
Ginkgo biloba Gh 23370
Arabidopsis thaliana 048538 Respiratory burst oxidase homolog protein F RBOHF
L Arabidopsis thaliana Q9SUTS8 Probable respiratory burst oxidase homolog protein | RBOHI
9 Brachypodium distachyon I1THR95
1o Oryza safiva indica A2Y6R3
g Brachypodium distachyon ITHHB9
100 Brachypodium distachyon ITHHCD
Ginkgo biloba Gb 18318
Amborella trichopoda W1PENS
Arabidopsis thaliana 081211 Respiratory burst oxidase homolog protein E RBOHE
8t L Brachypodium distachyon 111QD9
Bl Oryza sativa indica BEBCHG
100 100, Brachypodium distachyon I1I7L8
ng— Oryza sativa indica B8BBAZ
Ginkgo biloba Gb 28282
Ginkgo biloba Gb 10501
[E] Ginkgo biloba Gb 24834
a — Ambarella trichopoda W1P925
f Arabidopsis thaliana Q9SEI0 Respiratory burst oxidase homolog protein B RBOHB

- Brachypodium distachyon 11HF92
oo Oryza sativa indica Q6J2K5 Respiratory burst oxidase homolog protein B RBOHB
100 — Brachypodium distachyon 11IHS7
80 100— Oryza sativa indica BE8BMC2
Brachypodium distachyon I11ILCS
Oryza safiva indica BBBKW6E
Arabidopsis thaliana Q9F1J0 Respiratory burst oxidase homolog protein b RBOHD
94 Arabidopsis thaliana 081209 Respiratory burst oxidase homolog protein A RBOHA
65 (100 Arabidopsis thaliana FAKEP2 Respiratory burst oxidase hamolog A REOHA
5 h Arabidopsis thaliana 081210 Respiratory burst oxidase homolog protein C RBOHC
0! Arabidopsis thaliana K4FZN3
10 Arabidopsis thaliana QISW17 Putalive respiralory burst axidase homolog protein G RBOHG
100l Arabidopsis thaliana F4JRU7 Riboflavin synthase-like superfamily protein
Selaginella moellendorfii D8SFHS RHD2LS-2
ﬁ( Selaginella moellendorfii DERSHS RHD2L8-1
— Ginkgo biloba Gb 27289
Ginkgo biloba Gb 27290
Amborella trichopoda WINIQ4
9| ﬁ‘; Amborella trichopoda USDF75
B & L Arabidopsis thaliana Q9FJD6 Putative respiratory burst oxidase homoleg protein H RBOHH
100 Arabidopsis thaliana Q9LZUS Putative respiratory burst oxidase homolog protein J RBOHJ
p Brachypodium distachyon 11HT51
Oryza safiva indica AZWWR0
Brachypodium distachyon ITHILO
g Oryza sativa indica BBAZ16
— Selaginella moellendorfii DBR0O78 RHD2L4-1
Selaginella moellendorfii D8SW62 RHD2L11-1
Selaginella moellendorfii D8SWI6 RHD2L11-2
Selaginella moellendorfii DBQTW7 RHD2L5-1
Selaginella moellendorfii DBRJRO RHD2LS5-2
Amborella trichopoda W1P781
Ginkgo biloba Gh 34905
Azolla filiculoides s0013.g013276
Azolla filiculoides s0056.9034247
Azolla filiculoides s0076.9g037912
Salvinia cucullata v1.1 s0186 .g025080
Selaginella moellendorfii DBRTB2 RHD2L2-1
Selaginella moellendorfii D8SQQS5 RHD2L2-2
Selaginella moellendorfii DERMUG RHD2L1-1
Selaginella moellendorfii DBTADS RHD2L1-2
Marchantia polymorpha AOAL78WEC3
Physcomitrella patens ASTIZ1 Respiratory burst oxidase-like protein
Physcomitrella patens ASRW38
Physcomitrella patens ASRNSS
Physcomitrella patens ASRIO8
Ginkgo biloba Gb 36903
4 Azolla filiculoides s0148.g053111
Ginkgo biloba Gb 40122
Marchantia palymarpha ADAL76WII2

46|
B

6 Selaginella moellendorfii DBSPFO RHD2LS-2
160l Selaginella moellendorfii D8RFZ6 RHD2LS-1
7 Selaginella moellendorfii DER7W0 RHD2L10-2
100 Selaginella moellendorfi DBQR25 RHD2L10-1
9 Selaginella moellendorfii D8SYS3 RHD2L?-2
100[ Selaginella moellendorfii D8SBELO RHD2L7-1

Figure S8.7. Maximum likelihood gene tree for RESPIRATORY BURST OXIDASE
HOMOLOGY PROTEIN (RBOH, Uniprot ID: 081210) without (A) and with branch

lengths (B).
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Chaondrus crispus XP 005719256.1
Cyanophora paradoxa ConsensusfromContig11330

Bathycoccus prasinos KBEFU4

63

62

52

Bathycoceus prasinos K8EI64
Klebsormidium flaccidum AQALY1HPJE
Selaginella moellendorffii DBR6U2 D8R6U2 87500
Amborella trichopoda W1PNB1
33 16 Azolla filiculoides s1094.g097262
62 Salvinia cucullata v1.1 s0008.9004173
Arabidopsis thaliana Q&82Q6 TLDc domain protein
20 Brachypodium distachyon 11IMI5
69 ,— QOryza sativa indica AZZCP9
a3 Oryza sativa indica BBB144

Amborella trichopoda W1PWP4
——————— Amborella trichopoda W1PQ13
Brachypodium distachyon 1116C9

Tree scale: 1 ——m8m ——————

62

52

63
69

100 Oryza sativa indica B8BID1
65 Arabidopsis thaliana 049696 Aluminum-activated malate transporter 12 ALMT12
75 Arabidopsis thaliana Q9LS23 Aluminum-activated malate transporter 13 ALMT13
84 Arabidopsis thaliana Q9L822 Aluminum-activated malate transporter 14 ALMT14
T Ginkgo hiloha Gh 21420

L Ginkgo biloba Gb 21421
Ginkgo biloba Gb 00031
Ginkgo hiloba Gb 16081
100 | Ginkgo hiloha Gh 16082
Ginkgo biloba Gb 03302
Salvinia cucullata v1.1 s0020.g008136
100 Azolla filiculoides s0048.g030655
100 Salvinia cucullata v1.1 s0004.9002502
Azolla filiculoides s0084.g039066
99 Salvinia cucullata v1.1 s0058.9014940
99 Salvinia cucullata v1.1 s0109.g020499
73 Salvinia cucullata v1.1 s0002.9001049
55 Azolla filiculoides s0520.9075254
100 Azolla filiculoides $2694.g112699

Chondrus crispus XP 005719256.1
Cyanophora paradoxa ConsensusfromContig11330
Bathycoccus prasinos KBEFU4
Bathycoccus prasinos K8EIG4
Klebsormidium flaccidum AGA1Y1HPJIG
Selaginella moellendorffii D8R6U2 DEREUZ 87500
Amborella trichopoda W1PNB1
Azolla filiculoides $1094.9097262
Salvinia cucullata v1.1 s0008.9004173
Arabidopsis thaliana Q682Q6 TLDc domain protein
Brachypodium distachyon 11IMI5
Oryza sativa indica A2ZCP9
Oryza sativa indica B38144

— Amborella trichopoda W1PWP4

— Amborella trichopoda W1PQ13

Brachypodium distachyon 1116C9

100

77 [100 Oryza sativa indica B8BID1
6 Arabidopsis thaliana 049696 Aluminum-activated malate transporter 12 ALMT12
Arabidopsis thaliana Q9LS23 Aluminum-activated malate transporter 13 ALMT13
Arabidopsis thaliana QSLS22 Aluminum-activated malate transporter 14 ALMT14
Ginkgo biloba Gh 21420
Ginkgo hiloba Gh 21421
Ginkgo biloba Gh 00031
Ginkgo biloba Gh 16081
Ginkgo hiloba Gh 16082
Ginkgo biloba Gh 03302
Salvinia cucullata v1.1 s0020.g008136
Azolla filiculoides s0048.g030655
Salvinia cucullata v1.1 s0004.g002502
Azolla filiculoides s0084.g039066
Salvinia cucullata v1.1 s0058.9014940
Salvinia cucullata v1.1 s0109.g020499
Salvinia cucullata v1.1 s0002.g001049
Azolla filiculoides s0520.9g075254
Azolla filiculoides 52694.9112699

Figure S8.8. Maximum likelihood gene tree for QUICK ANION CHANNEL 1 (QUAC1,

Uniprot ID: 049696) without (A) and with branch lengths (B).



Tree scale: 1

285

Porphyra umbilicalis OSX77377.1 hypothetical protein BU14 015150018
Bathycoccus prasinos KBEAS2

55 Klebsormidium flaccidum ADALY1HQT6 Voltage-gated shaker-like K channel subunit beta
%'I Cyanophora paradoxa ConsensusfromCantig38097
57 Klebsormidium flaccidum AOALY1HX32 Potassium channel
— Physcomitrella patens ASPH36 inward rectifier channel aktl

G0

98 L Physcomitrella patens ASPH37 inward rectifier channel akt2

52

Marchantia polymorpha AOAL76WH55
I: Azolla filiculoides s0327.g065272
97 Salvinia cucullata v1.1 s0134.g022279

Azolla filiculoides s0116.9046303

a5

96 Salvinia cucullata v1.1 s0021.g008517

Salvinia cucullata v1.1 s0030.g010276
Salvinia cucullata v1.1 s0153.9023541
Salvinia cucullata v1.1 s0024.g009044
Azolla filiculoides 50045.g029961
55 Azolla filiculoides s0401.g068291

Ginkga biloba Gh 06791
99 |: Ginkgo biloba Gb 06792

Ginkgo biloba Gb 11173

Arabidopsis thaliana P92960 Potassium channel KAT3
Arabidopsis thaliana F4JV35 Potassium channel protein KAT3
Arabidopsis thaliana F4J¥33 Potassium channel protein KAT3
Brachypodium distachyon I1HRO1

Oryza sativa indica A2YBC4

QOryza sativa indica A2WUHS

Ginkgo biloba Gh 29861

82

26

Ginkgo biloba Gb 37804
Ginkgo biloba Gb 34207
Ginkgo biloba Gb 18871
51 Amborella trichopoda USDEP3

o7 Arabidopsis thaliana Q38898 Potassium channel AKT2

o8 Brachypodium distachyon I1HJ57
100 Oryza sativa indica A2Y4X9

Ambeorella trichopoda W1PH47
Arab\dopsis thaliana Q38849 Potassium channel KAT2

160 |: Arabidopsis thaliana Q39128 Potassium channel KAT1
100 Arabidopsis thaliana Q67YG3

Brachypodium distachyon IIHRQS
Oryza sativa indica BSBA9S0
QOryza saliva indica BBACQ3
Brachypodium distachyon I1HZ70
Oryza sativa indica BEAEX9

| Ginkga biloba Gb 14808
83 L Ginkgo biloba Gb 31891
Amborella trichopoda W1P7E8

48

Arabidopsis thaliana Q8GXES6 Potassium channel AKTE
Arabidopsis thaliana Q9SCX5 Probable potassium channel AKTS
Arabidopsis thaliana Q38998 Potassium channel AKT1
Brachypodium distachyon I1H376

Oryza sativa indica A2YINS

Brachypodium distachyon I1HPX0

Oryza sativa indica POC550 Potassium channel AKTL

Oryza saliva indica BBABW3

L
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Porphyra umbilicalis ©SX77377.1 hypothetical protein BU14 015150018
Bathycoccus prasinos KBEAS2

Klebsormidium flaccidum AQA1Y1HQTSE Veltage-gated shaker-like K channel subunit beta
Cyanophora paradoxa ConsensusfromContig38097

Klebsormidium flaccidum AQALY1HX32 Potassium channel
Physcomitrella patens A5PH36 inward rectifier channel aktl
Physcomitrella patens ASPH37 inward rectifier channel akt2

Marchantia polymorpha AOAL76WHSS

Azolla filiculoides s0327.g065272

Salvinia cucullata v1.1 50134.g022279

Azolla filiculoides s0116.9046303

Salvinia cucullata v1.1 s0021.g00B517

Salvinia cucullata v1.1 50030.g010276

Salvinia cucullata v1.1 s0153.g023541

9 Salvinia cucullata v1.1 s0024.g009044
6 Azolla filiculoides s0045.g029961
5 Azolla filiculoides s0401.g068291
Ginkgo biloba Gb 06791
¥ Qgr

Ginkgo biloba Gb 06792
Ginkgo biloba Gb 11173
Arabidopsis thaliana P92960 Potassium channel KAT3
99 100 Arabidopsis thaliana F4JV35 Potassium channel protein KAT3
€9 Arabidopsis thaliana F4JV33 Potassium channel protein KAT3
Brachypodium distachyon [1THRO1
W’E Oryza sativa indica A2YBC4
Oryza sativa indica AZWUH9
Ginkgo biloba Gb 29961
Ginkgo biloba Gb 37804
Ginkgo biloba Gb 34207
Ginkgo biloba Gb 18871
Amborella trichopoda USDEP3
Arabidopsis thaliana Q38898 Potassium channel AKT2
Brachypodium distachyon [1HJ57
Oryza sativa indica A2Y4X9
Amborella trichopoda W1PH47
Arabidopsis thaliana Q38849 Potassium channel KAT2
Arabidopsis thaliana Q39128 Potassium channel KAT1
Arabidopsis thaliana Q67YG3
Brachypodium distachyon [1HRQ5
Oryza sativa indica BBA9SD
101 Oryza sativa indica BBACQ3
8 Brachypodium distachyon [1HZ70
1001 Oryza sativa indica BSAEX9
‘E Ginkgo biloba Gb 14908
L

Ginkgo biloba Gb 31831
Amborella trichopoda W1P7ES
— Arabidopsis thaliana Q8GXEE Potassium channel AKT6
100 Arabidopsis thaliana Q9SCX5 Probable potassium channel AKTS

o Arabidopsis thaliana Q38998 Potassium channel AKT1

Brachypodium distachyon [1H376

Oryza sativa indica A2YINS

9 Brachypodium distachyon [1HPXQ0

B Oryza sativa indica POC550 Potassium channel AKT1
9 Oryza sativa indica BSABW3

Figure S8.9. Maximum likelihood gene tree for Potassium channels AKT1/ KAT2

(Uniprot: Q38998/ Q38849) without (A) and with branch lengths (B).
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Cyanidioschyzon merolae strain 10D XP 005537724.1 similar to Raf ATN-like protein kinase with ankyrin repeats

C /i ConsensusiromConlig7561
— Cyanaphora paradoxa ConsensusfiromContig10128

100

Cyanophara paradoxa ConsensusfromContig7 123
—— Cyanophora paradoxa ConsensusfromContigd539

100

—— Cyanophota paradoxa ConsensusframContig37395

Klebsormidium flaccidum AQALY1I7KS K -channel ERG and related proteins
Klebsarmidium flaccidum ADA1Y1IQ37 K -channel ERG and related proteins

100

a8

} — Klebsormidium flaccidurn AGALY1HSM2 K -channel ERG and related proteins
98 L Kiebsormidium flaccidum AGALYLISTO K -channel ERG and related proteins
Klebsarmidium flaccidum AQALYLHPP4 K transporter family protein
Azolla filiculoides s0327 g065272

74 L salvinia cucullata v1.1 s0134.g022279

5 —— Azolla filiculoides s0116.9046303
100 Salvinia cucullata v1.1 00219008517
100 Salvinia cucullata v1.1 s0024.9009044

S Azolla filiculoides 500459029961

61 L Azolla filiculoides s0401.g068291
Marchantia polymorpha AGAL76W1M3
— Azolla filiculvides s0011.9012757
L—— Salvinia cucullata v1.1 s0003.g001630
Salvinia cucullata v1.1 s0004.9002366
— Azolla filiculoides s0007.g010724
Azolla filiculoides s0011.g012765
Ambarella trichopoda WINWXS
Brachypadium distachyon 111Y43

100 L—— Oryza sativa indica A2XTX0

96

Ginkgo biloba Gb 20815

a7 Ginkgo biloba Gb 22473
-0 Ginkgo biloba Gb 20816
Amborella i WINF80
59 Arahidopsis thaliana Q94A76 Potassium channel GORK
96 100 T Arabidopsis thaliana QBMBS6 Potassium channel SKOR
100 L Arabidopsis thaliana QOWVI7 Stelar K outward reclifying channel
5 Oryza sativa indica A2YBAS
00 —— Brachypodium distachyon 11GZA3
1001 Brachypadium distachyon 11GZAT
Tree scale: 1 ——mM8M8Mm ———
Cyanidioschyzon merolae strain 10D XP 0055377241 similar 1o Ral ATN-like protein kinase with ankyrin repeats
Cyanophara paradoxa ConsensusfromContig7561
Cyanophara paradoxa CansensusiromContig10128
100 Cyanophora paradoxa ConsensusiromContig7123
CansensusfromContig2539
3 100 Cyanophara paradoxa ConsensusfromContig37395
Klebsormidium flaccidum AGALY117K5 K -channel ERG and relaled proleins
67 ————————————Klebsormidium flaccidum AQALY1IQ37 K -channel ERG and related proteins
100 Klebsormidium flaccidum AGALY1HSMZ K -channel ERG and related proteins
59 W‘— Klebsormidium flaccidum AQALY119TO K -channel ERG and related proteins
Klebsormidium flaccidum AQALYLHPP4 K transparter family protein
Azolla filiculoides s0327.gD65272
a3 o9 Salvinia cucullata vi.1 s0134.9022279
100 Azolla filiculoides 50116.0045303
Lo Salvinia cucullata v1.1 s0021.9008517
100[ — Salvinia cucullata v1.1 s0024.9009044
|| 6 Azolla filiculoides 500456029961
1 li— Azolla filiculoides s0401.g068291
Marchantia polymorpha AOAL76W1MS
B — Azolla filiculoides s0011.g012757
6 Salvinia cucullata vi.1 s0003.g001630
100 Salvinia cucullata v1.1 s0004.9002366

Figure S8.10. Maximum

Azolla filiculoides 50007.g010724

Azolla filiculoides 50011.g012765

Amboarella trichopoda WI1NWX5

Brachypodium distachyon I11Y43

Oryza sativa indica A2XTX0

Ginkgo biloba Gb 20815

Ginkgo biloba Gb 22473

Ginkgo bilaba Gb 20816

Amborella trichopoda W1NFS0

Arabidopsis thaliana Q24A76 Potassium channel GORK
Arabidopsis thaliana Q@MBSE Potassium channel SKOR
Arabidopsis thaliana QOWWVI7 Stelar K outward rectifying channal
Oryza saliva indica A2YBAS

Brachypodium distachyon I1GZA3

Brachypodium distachyon ILGZAT

likelihood gene tree for GUARD CELL OUTWARD

RECTIFYING K(+) CHANNEL (GORK, Uniprot ID: Q94A76) without (A) and with

branch lengths (B).
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Gracilariopsis chorda PXF47540.1 H Cl - exchange transporter 3
Bathycoccus prasinos KBF1A3 Chloride channel protein
Klebsormidium flaccidum AQALY1IHSO Chloride channel protein
Ginkgo biloba Gb 12445

Physcomitrella patens ASTEA4 Chloride channel pratein
Physcomitrella patens A9T2K1 Chloride channel protein
Physcomitrella patens A9TWL2 Chloride channel protein

Ginkgo biloba Gb 12444

Marchantia polymorpha AOA176VDF4 Chloride channel protein
Selaginella moellendorffii DSRZE2 Chloride channel protein
Selaginella moellendorffii DBTENZ Chloride channel protein
Klebsormidium flaccidum ADALY1IGC4 Chloride channel protein
Marchantia polymorpha A0A176VC41 Chloride channel protein
Selaginella moellendorfiii DBRUQ1 Chiloride channel protein
Selaginella moellendorffii DBQXYE Chloride channel protein
Physcomitrella patens A9TV34 Chloride channel protein
Physcomitrella patens A9SYH1 Chloride channel protein
Salvinia cucullata v1.1 s0030.g010514

Azolla filiculoides s0019.9g015167

Salvinia cucullata v1.1 01149020884

Ginkgo biloba Gb 31543

Amborella trichopoda W1NZQ1 Chloride channel protein
Arabidopsis thaliana P82943 Chloride channel protein CLC-d CLC-D
Oryza sativa indica BBAPZ1 Chloride channel protein
Brachypodium distachyon ILGPCY Chloride channel protein
Brachypodium distachyon ILGPCG Chloride channel protein
Brachypodium distachyon 11GPC8 Chloride channel protein
Klebsormidium flaccidum AOA1Y11899 Chloride channel protein
Marchantia polymorpha ADA176WDZ0

Physcomitrella patens A9RQL6 Chloride channel protein
Selaginella moellendorffii DBSGLO Chloride channel protein
Selaginella moellendorffii D8SCD2 Chloride channel protein
Selaginella moellendorffii D8SQP8 Chloride channel protein
Selaginella moellendorffii DBRTAS Chloride channel pratein
Selaginella moellendorfiii DBSZZ9 Chloride channel protein
Selaginella moellendorffii DBRUX8 Chloride channel protein
Azolla filiculoides s0173.9g055773

Salvinia cucullata v1.1 s0067.g016309

Azolla filiculoides s0801.g087542

Azolla filiculoides s0045.g030106

Salvinia cucullata v1.1 s0030.9010374

Ginkgo biloba Gb 03967

Ginkgo biloba Gb 03966

Ginkgo biloba Gh 03968

Amborella trichopoda W1NVS8 Chloride channel protein
Brachypodium distachyon I1HTX0 Chloride channel protein
Oryza sativa indica B8A715 Chloride channel protein
Arabidopsis thaliana Q96282 Chloride channel protein CLC-c CLC-C
Oryza sativa indica AZXTUS8 Chloride channel pratein
Brachypodium distachyon 111AK3 Chloride channel protein
Brachypodium distachyon 111'Y69 Chloride channel protein
Ginkgo biloba Gb 06773

Ambarella trichopoda USCW26 Chloride channel protein
Arabidopsis thaliana P60300 Putative chloride channel-like protein CLC-G
Brachypodium distachyon 1112P7 Chloride channel protein
Oryza sativa indica A2YTR4 Chloride channel protein
Brachypodium distachyon 11J214 Chloride channel protein
Oryza sativa indica AZXY74 Chloride channel protein

Ginkgo biloba Gb 17660

Amborella trichopoda W1PQL9 Chloride channel protein
Brachypodium distachyon I11IK7 Chloride channel protein
Oryza sativa indica BBBPF4 Chloride channel protein
Arabidopsis thaliana P82942 Chloride channel protein CLC-b CLC-B
Arabidopsis thaliana P82941 Chloride channel protein CLC-a CLC-A
Arabidopsis thaliana Q96325 Chloride channel protein
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Gracilariopsis chorda PXF47540.1 H Cl - exchange transporter 3
Bathycoccus prasinas K8F1A3 Chloride channel protein
Klebsormidium flaccidum AQALY 1IHSO Chloride channel protein
Ginkgo biloba Gb 12445
Physcomitrella patens ASTEA4 Chloride channel protein
Physcomitrella patens AST2K1 Chloride channel protein
210 100 I: Physcomitrella patens ASTWL2 Chloride channel protein
Ginkgo biloba Gh 12444
Marchantia polymorpha AOAL176VDF4 Chloride channel protein
2 Selaginella moellendorffii DBRZEZ Chloride channel protein
100 I Selaginella moellendorffii DETENZ Chloride channel protein
Klebsormidium flaccidum ADALY11GC4 Chloride channel protein
Marchantia polymorpha ADA176YVCA41 Chloride channel protein
Selaginella moellendorffii DSRUQ1 Chloride channel protein
Selaginella meellendortfii D8QX Y8 Chloride channel protein
Physcomitrella patens A9Tv34 Chloride channel protein
Physcomitrella patens A3SYH1 Chloride channel protein
Salvinia cucullata v1.1 s0030.g010514
Azolla filiculoides s0019.g015167
Salvinia cucullata v1.1 s0114.g020884
Ginkgo biloba Gb 31543
Ambaorella trichopoda W1NZQ1 Chloride channel protein
Arabidopsis thaliana P92943 Chloride channel protein CLC-d CLC-D
Oryza sativa indica BBAPZ1 Chloride channel protein
Brachypodium distachyon 11GPC7 Chloride channel protein
Brachypodium distachyon 11GPC6 Chloride channel protein
Brachypodium distachyon ILGPC8 Chloride channel protein
Klebsormidium flaceidum ADA1Y 11899 Chloride channel protein
Marchantia polymorpha AOAL76WDZ0
Physcomitrella patens ASRQLE Chloride channel protein
Selaginella moellendorffii D8SGLO Chloride channel pretein
Selaginella moellendorffii D8SCD2 Chloride channel protein
Selaginella moellendorffii DBSQP8 Chloride channel protein
Selaginella meellendorffii DBRTAS Chloride channel protein
Selaginella meellendorffii DBSZZ9 Chloride channel protein
Selaginella moellendorffii DBRUX8 Chloride channel protein
Azolla filiculoides s0173.g055773
Salvinia cucullata v1.1 s0067.g016309
Azolla filiculoides s0801.g087542
Azolla filiculoides s0045.g030106
Salvinia cucullata v1.1 s0030.9010374
Ginkgo biloba Gb 03967
Ginkgo biloba Gb 03966
Ginkgo hiloba Gh 03968
Ambarella trichopoda W1NVS8 Chloride channel protein
Brachypodium distachyon ILHTX0 Chlcride channel protein
Oryza sativa indica BBA715 Chloride channel protein
Arabidopsis thaliana Q96282 Chloride channel protein CLC-¢ CLC-C
4 Oryza sativa indica A2XTU8 Chloride channel protein
10 Brachypodium distachyon ILIAK3 Chloride channel protein
6 Brachypodium distachyon I11Y89 Chloride channel protein
Ginkgo hiloba Gb 06773
Amborella trichopada USCW26 Chloride channel protein
Arabidopsis thaliana P60300 Putative chloride channel-like protein CLC-G
Brachypodium distachyon I112P7 Chloride channel protein
59100 Oryza sativa indica A2YTR4 Chloride channel protein
3p 8 Brachypodium distachyon 11214 Chloride channel protein
Oryza sativa indica A2XY74 Chloride channel protein
Ginkgo biloba Gb 17660

10
5 Amborella trichopoda W1PQL9 Chloride channel protein
Brachypodium distachyon I11IK7 Chloride channel protein
100 | o0 Oryza sativa indica BSBPF4 Chloride channel protein
o Arabidopsis thaliana P92942 Chloride channel protein CLC-b CLC-B
10 Arabidopsis thaliana P92941 Chloride channel protein CLC-a CLC-A
10 Arabidopsis thaliana Q96325 Chloride channel protein

Figure S8.11. Maximum likelihood gene tree for CHLORIDE CHANNEL PROTEIN

100

100

(CLC-C, Uniprot ID: Q96282) without (A) and with branch lengths (B).
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Treescale: 1 ——mM8M8m8 ———

Chlorapicon primus QDZ21000.1 vohage-gated ion channel splice protein
Klebsormidium flaccidum ADALY1HWPL K -channel ERG and related proteins.

65 Azolla fiiculoides s0147.g0S3030
‘ 100 Salvinia cucullata v1.1 50056.9014516
92 ‘ Azolla filiculoides 00506030878
100 IESa\wua cucullala w1 1 50058 g015121
100 Savinia cucullata 1.1 50191,9025297
Azolla filiculoides s0301.063721
79 Azulla fliculoides sDUE9.g036528
a7 Salvinia cucullata v1.1 s0018.9007638
Marchantia polymorpha ADALTEIWCSE
a7 Physcomilrelia patens ABSDIS
IW: Physcomitrella patens ADTEGS
1 Selaginella moellendorffi DBSCK? SMCNGC1 1
Lo 5

Selaginella moellenderffi DESGTO SMCNGC1 2
kgo biloba Gb 31623
Arahidopsis thaliana QERWSES Probable cyclic nucleotide-gated ion channel 5 CNGCS

00 ’_Arabiduusws thaliana BQDGTL
79 T{ Arabidopsis Ihaliana 082226 Probable cyclic nucleolide-galed ion channel § CNGCE
A = 99 I;Arahidnpms thaliana QBMOAA Putative cyclic nucleotide-gated ion channel 8 CNGCa
5 100 Arabidopsis thaliana F4IQC2Z Cyelic nucleotide gated channel § CNGCE
Amborella ichopoda W1NRES
Brachypodium distachyon 1112H2
60 97 Oryza sativa indica A2XY63
= = Arabidopsis thaliana QESgNS Putative cyclic nuclentide-gated ion channel 7 CNGCT
100 Arabidupsis thaliana Q9FXHE Putative cyclic nutleotide-gated ion channel 8 CNGCE
] Brachypodium distachyan 11GQ07
100 Brachypodium distachyon 11HAQ2
100 Oryza salva indica A2ZKCH
kgo biloba Gh 32652
Ambharella richopoda W1RDT0
s Brachypodium distachyon [1GY7L
o5 99 I; Brachypodium distachyon 11HZA3
El Oryza sativa indica BBAF9IL
55 Arabidopsis thaliana 065717 Gyclic nucleatide-gated ion channel 1 CNGC1
L I:Arahldupms thaliana QILNIO Probable eychc nucleotide-galed ion channel 10 CNGC10
a8 100 Arabidapsis thaliana QILDA0 Putative cyclic nucleotide-gated ion channel 13 CNGC13
o0 Arabidopsis thaliana QSKDT Probable cyclic nuclentide-gated ion channel 3 CNGG3
100 Arabidopsis thaliana B3FXQ4 Cydlic nuclentide gated ion channel 11 ATCNGC11

Arabidopsis thaliana QASKDE Cyclic nutleotide gated ion channel 11 CNGC11
Arahidopsis thaliana B3FXQ3 Cyclic nucleotide gated ion channel 12 ATCNGC12
100 ‘ Arabitlopsis thaliana GBGWDZ Probable cyclic nucleotide-gated ion chamnel 12 CNGC12
100 IEArabidupsws thaliana Fa1193 Cyelic nucleotide-gated channel 12 CNGC12
g

Tree scale: 1 —— Arabidapsis thaliana FAII92 Cyclic nucleotide-gated channel 12 CNGC12

Chloropicon primus QDZ21000.1 voltage-gated ion channel splice protein
Klebsormidium flaccidum ADALY1HWPL K -channel ERG and related proteins
Azolla filiculoides s0147.g053030
Salvinia cucullata v1.1 s0056.9014516
Azolla filiculoides s0050.g030979
Salvinia cucullata v1.1 s0059.9015121
Salvinia cucullata v1.1 s0191.9025297
Azolla filiculoides s0301.g063721
Azolla filiculoides s0069.9036528
Salvinia cucullata v1.1 s0018.9007638
Marchantia polymorpha AQAL76WCEE
Physcomitrella patens A9SDJ9
Physcomitrella patens A9T8G5
Selaginella moellendorffii DBSCK7 SmMCNGC1 1
Selaginella moellendorffii DBSGTO SMCNGC1 2
Ginkgo biloba Gb 31623
Arabidopsis thaliana Q8RWSS Probable cyclic nucleotide-gated ion channel 5 CNGCS
Arabidopsis thaliana BSDGT1
Arabidopsis thaliana 082226 Probable cyclic nucleotide-gated ion channel 8 CNGC8
Arabidopsis thaliana Q9M0A4 Putative cyclic nucleotide-gated ion channel 9 CNGC9
Arabidopsis thaliana F4JQC2 Cyclic nucleotide gated channel 8 CNGCY
Amborella trichopoda WINRBG
Brachypodium distachyon 11J2H2
Qryza saliva indica A2XY63
Arabidopsis thaliana Q9S9N5 Putative cyclic nucleotide-gated ion channel 7 CNGCT
Arahidopsis thaliana QOFXHE Putative cyclic nucleotide-gated ion channel 8 CNGC8
Brachypodium distachyon 11GQ07
Brachypodium distachyon 11HAQ2
Oryza sativa indica A2ZKC6
Ginkgo biloba Gb 32552
Ambarella trichopoda W1PD70
Brachypodium distachyon 11GY71
Brachypodium distachyon ILHZA3
Oryza sativa indica BBAF91
Arabidopsis thaliana 085717 Cyclic nucleotide-gated ion channel 1 CNGC1
Arabidopsis thaliana QILNJO Probable cyclic nucleotide-gated ion channel 10 CNGC10
Arabidopsis thaliana Q9L D40 Putative cyclic nuclectide-gated ion channel 13 CNGC13
Arabidopsis thaliana Q9SKD7 Prabable cyclic nucleotide-gated ion channel 3 CNGC3
Arabidopsis thaliana B3FXQ4 Cyclic nucleotide gated ion channel 11 ATCNGC11
Arabidopsis thaliana Q9SKD6 Cyclic nuclectide-gated ion channel 11 CNGC11
g Arabidopsis thaliana B3FXQ3 Cyclic nucleotide gated ion channel 12 ATCNGC12
Too| Arabidopsis thaliana Q8GWD2 Probable cyclic nucleotide-gated ion channel 12 CNGC12
10@rabidopsis thaliana F41183 Cyclic nuclectide-gated channel 12 CNGC12
9% rabidopsis thaliana F41192 Cyclic nuclectide-gated channel 12 CNGC12

Figure S8.12. Maximum likelihood gene tree for CYCLIC NUCLEOTIDE-GATED ION

CHANNEL (CNGC, Uniprot ID: 065717) without (A) and with branch lengths (B).
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Galdieria sulphuraria XP 005707588.1 H -translocating PPase vacuolar
Bathycoccus prasinos KBEYL6 V-type H -translocating pyrophosphatase

100

Bathycoccus prasinos KBEQH4 V-type H -translocating pyrophosphatase

Bathycoccus prasinos KBEQBO Vacuolar proton-inorganic pyrophosphatase
Klebsormidium flaccidum ADALY1IBE7

93

Physcomitrella patens A9U2GQ2
Marchantia polymarpha ACALTEWKKD
Selaginella moellendorffii DBQMVA

Selaginella moellendorffii DBR7CE

99
a9
65

e

7

6

82
40

Salvinia cucullata v1.1 s0132.9022170
Azolla filiculoides s0008.g011393
Salvinia cucullata v1.1 s0115.g020985
Azolla filiculoides s0038.9026348
Salvinia cucullata v1.1 s0147.9023165
Azolla filiculoides s0305.g063915
Azolla filiculoides s0506.g073965

L

88

34

94

Treescale:l

50

100

100
100

Ginkgo hiloba Gb 00659

Amborella trichopoda W1NZP&

Brachypodium distachyon ITHF60

COryza sativa indica A2WPG7

Brachypodium distachyon ITHLKS

Oryza sativa indica A2YOL3

Oryza sativa indica WBQQX39

Arabidopsis thaliana P31414 Pyrophosphate-energized vacuolar membrane proton pump 1 AVP1
Arabidopsis thaliana ABMQHL Inorganic H pyrophosphatase family protein AVPL
Brachypodium distachyon 11GVG2

Cryza sativa indica A2YFJ3

Amborella trichopoda USD1S6

Oryza sativa indica AZXAPO

Brachypodium distachyon ITHOH7

Oryza sativa indica A2Y9Y6

100

100

Galdieria sulphuraria XP 005707582.1 H -translocating PPase vacuolar
Bathycoccus prasinos KBEYL6 W-type H -translocating pyrophosphatase

Figure S8.13. Maximum

likelihood gene

Bathycoccus prasinos K8EQH4 V-type H -translacating pyrophasphatase
Bathycoccus prasinos KBEQBQ Vacuolar proton-inorganic pyrophosphatase
Klebsormidium flaccidum AOALY LIBE7

Physcomitrella patens A9U2Q2

Marchantia polymorpha ADAL7EWKKO

Selaginella moellendarffii DBQMVA

Selaginella moellendorffii DBR7C6

Salvinia cucullata v1.1 s0132.9022170

Azolla filiculoides s0008.9011393

Salvinia cucullata v1.1 s0115.g020985

Azolla filiculoides s0038.9026348

Salvinia cucullata v1.1 s0147.9023165

Azolla filiculoides 50305.g063915

Azolla filiculoides s0506.9073965

Ginkgo biloba Gb 00659

Ambarella trichopeta WINZPE

Brachypodium distachyon ITHF60

Oryza sativa indica A2WPG7

Brachypodium distachyon ITHLKS

Oryza sativa indica A2YOL3

Oryza sativa indica W8QQX9

Arabidopsis thaliana P31414 Pyrophosphate-energized vacuolar membrane proton pump 1 AVP1
Arabidopsis thaliana ASMQHL Inorganic H pyrophosphatase family protein AVP1
Brachypodium distachyon 11GVG2

Oryza sativa indica A2YFJ3

Ambarella trichopeda USD1S6

Oryza sativa indica AZXAPO

Brachypodium distachyon ITHOH?

Oryza sativa indica A2Y9Y6

tree for VACUOLAR PROTON

PYROPHOSPHATASE (AVP, Uniprot ID: P31414) without (A) and with branch

lengths (B).
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Tree scale: 0.1 ————

Chara braunii GBG66187.1 hypothetical pratein CBR g57067

[— Marchantia polymorpha ADA178WS 14

] Ph patens AOAO0S0PRG1 Guanine nucleotide exchange factor for Rop RAC small GTPase
100 Physcomitrella patens AOAOG0PRZ9 Guanine nucleotide exchange factar for Rop RAC small GTPase
37— Physcomitrella patens ADAOGOPIWS Guanine nucleotide exchange factor for Rop RAC small GTPase
Azolla filiculoides s0021.9016870
100 —— Salvinia cucullata v1.1 s0066.g016070

— Azolla filiculoides s0010.g012379
Azolla filiculoides s0084.9038941
Salvinia cucullata v1.1 s0100.g019675
Salvinia cucullata v1.1 s0188.g025530
Azolla filiculoides s0050.g030389
Salvinia cucullata v1.1 s0191.g025291
Azolla filiculoides s0580.g078306
—— Salvinia cucullata v1.1 s0195.9025455
Ginkgo biloba Gb 34956
88 Amborella trichopoda W1NM13
99 Arabidopsis thaliana Q932Y2 Rop guanine nuclectide exchange factor 1 ROPGEF1
84 — Brachypodium distachyon I1ISF6
100 Oryza sativa indica A2Y259
94 | Ginkgo biloba Gb 14425
Amborella trichopoda W1PV89
Arahidopsis thaliana Q9LZNO Rop guanine nucleotide exchange factor 7 ROPGEFT
A 79 37 — Arahidopsis thaliana F4K295 Rop guanine nucleotide exchange factor 5 ROPGEFS
T 59 | 54 Arabidopsis thaliana QIMO56 Rop guanine nucleotide exchange factor 6 ROPGEFS
66 —— Brachypodium distachyon ILHTE3
a8 Oryza sativa indica A2WX03
100 —— Brachypodium distachyon 11HIUS
93 80 | Oryza sativa indica A2YSB2
Arahidopsis thaliana QOWNP7 Rap guanine nucleotide exchange factor 4 ROPGEF4
100 — Arabidopsis thaliana Q9LQ89 Rop guanine nuclectide exchange factor 2 ROPGEF2
96 Arabidopsis thaliana A41J27 Rop guanine nucleotide exchange factor 3 ROPGEF2
oo — Brachypodium distachyon 111526
100 Oryza sativa indica B8BIS3
Brachypodium distachyon 11GUG2
100 Oryza sativa indica A2YLA2
57 ——— Brachypadium distachyon 111011

100 L Oryza sativa indica AZXWD1

65

57

g5

Tree scale: 0.1 ————

Chara braunii GBG66187.1 hypothetical protein CBR g57067
Marchantia polymorpha ADAL76WSJI4
B —_ Physcomitrella patens ADAOGOPRG1 Guanine nucleotide exchange factor for Rop RAC small GTPase
100 Physcomitrella patens ACAOBOPRZ9 Guanine nucleotide exchange factor for Rop RAC small GTPase
34; Physcomitrella patens ADADBOP JWSE Guanine nuclectide exchange factor for Rop RAG small GTPase
Azolla filiculoides s0021.g015870
W|7— Salvinia cucullata v1.1 s0066.g016070
[ Azolla filiculoides s0010.g012379
T Azolla filiculoides s0084.g038841
100 Salvinia cucullata v1.1 s0100.g019675
6 Salvinia cucullata v1.1 s0198.g025530
59 Azolla filiculoides s0050.g030989
W Salvinia cucullata v1.1 s0181.g025291
7 Azolla filiculoides sD580.g078306
57 100 Salvinia cucullata v1.1 s0185.g025455
Ginkgo biloba Gb 34956
88| Amborella trichopoda W1NM13
a9 Arabidopsis thaliana Q93Z Y2 Rop guanine nucleotide exchange factor 1 ROPGEF1
84 Brachypodium distachyon I11ISF6
B 100 Oryza sativa indica A2Y259
o4 | Ginkgo hiloba Gb 14425
Ambarella trichopoda W1PVES
Arabidopsis thaliana QSLZNO Rop guanine nuclentide exehange factor 7 ROPGEF7
79| A7 Arabidopsis thaliana F4K295 Rop guanine nucleotide exchange factor 5 ROPGEFS
5 5_4|—— Arabidopsis thaliana Q9MO056 Rop guanine nuclectide exchange factor 6 ROPGEF6
Brachypodium distachyon IIHTE2
Oryza sativa indica A2WX03
Brachypodium distachyon 11HIUS
Oryza sativa indica A2Y5B2
Arabidopsis thaliana QOWNPT Rop guanine nucleolide exchange factor 4 ROPGEF4
—_— Arahidopsis thaliana Q8LQ89 Rop guanine nucleotide exchange factor 2 ROPGEF2
9% — Arahidopsis thaliana A41327 Rop guanine nucleotide exchange factor 3 ROPGEF3
Brachypodium distachyon 111526
100 I— Oryza saliva indica B8BIS3
Brachypodium distachyon 11GUG2
100 Oryza sativa indica A2YLAZ
Brachypodium distachyon 113011
100 Oryza sativa indica A2XWD1

Figure S8.14. Maximum likelihood gene tree for RHO OF PLANTS GUANINE
NUCLEOTIDE EXCHANGE FACTOR 1 (GEF1/4, Uniprot ID: Q93ZY2) without (A) and

with branch lengths (B).
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Appendix 3.1.1.2 Gene duplications in the ancestor of Euphyllophyta

Tree scale: 1

Trebolixia sp. AL-2 KAAG420738.1 C4-dicarboxylate Transporter malic acid transport
Klebsormidium flaccidum ACATY1IHNTL S-type anion channel
Klebsormidium flaccidum AQALY1HRJI9 C4-dicarboxylate transporter
88 100 Klebsormidium flaccidum ADA1Y1HRLO S-type anion channel
95 Physcomitrella patens ASTDH3
5] ——— Marchantia polymorpha ADAL76WKHS
100 Marchantia polymorpha ADAOBTJOCT S-type anion channel MpSLACL
1—00: Marchantia polymorpha ADAL7EVXZ9
Salvinia cucullata v1.1 50004.g002304
Azolla filiculoides 50447.g070685
53 Azolla filiculoides 50099.g044050
59 Salvinia cucullata v1.1 50204.5025672
17 Azolla filiculoides s0099.g044047
34 | Salvinia cucullata v1.1 s0139.0022623
44 23 Salvinia cucullata v1.1 s0079.9017763
a7 Azolla filiculoides s0019.9015208
W: Azolla filiculoides $1105.g097655
,—Ginkgo biloba Gh 39869
50 Amborella richopoda USDDI2
\T{ ————— Arabidopsis thaliana Q9LD83 Guard cell S-type anion channel SLAC1
27 | 65 Brachypodium distachyon 11J0T9
1 W: Oryza sativa indica AZXWN1
Salvinia cucullata v1.1 s0002.g000891
Azolla filiculoides s0064.9035537
60 100 Salvinia cucullata v1.1 S0003.g001833
67 Salvinia cucullata v1.1 s0031.g010544
55 Azolla filiculoides s0107.g045132
00 Azolla filiculoides s0107 g045136
5 99 Azolla filiculoides s0107 g045141
92 Azolla filiculoides s0107.g045144
Selaginella moellendorfii ADATISWAAS SLOW ANION CHANNEL-ASSOCIATED 1a variant 2 SLACla
Selaginella moellendorfii ADATIGWAAL SLOW ANION CHANNEL-ASSOCIATED 1a variant 1 SLACla
Selaginella moellendorfii ADATIGWAAS SLOW ANION CHANNEL-ASSOCIATED 1d SLAC1d
Selaginella moellendorfii ADATIOWAAG SLOW ANION CHANNEL-ASSOCIATED 1b SLAC1b
Selaginella moellendorfii D8SQB3
Selaginella moellendorfii DBSUMO
Selaginella moellendorfii ADATISWAAT SLOW ANION CHANNEL-ASSOCIATED 1c SLAC1c
Ginkgo biloba Gb 20865
Amborella trichopoda W1PAE3
Arabidopsis thaliana Q9FLV9 S-type anion channel SLAH3
Arabidopsis thaliana Q9ASQ7 S-type anion channel SLAHZ
Brachypadium distachyon ITHPJ3
Oryza saliva indica AZWSR8
Brachypadium distachyon ITHG33
Oryza sativa indica A2Y7Z7
Brachypodium distachyon 11THKU7
Oryza sativa indica AZY1S4
Otyza sativa indica AZY1P3
Oryza sativa indica A2WQCQ

a3 _:Brachypndium distachyon 11THDG9
100 Oryza sativa indica BBAAYS

R I
76

11

91

88
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Tree scale: 1 ———M

Trebouxia sp. AL-2 KAAG420738.1 C4-dicarboxylate transporter malic acid transport
Klebsermidium flaccidum ACA1Y1HNTL S-type anion channel
Klebsermidium flaccidum AGA1Y1HRJS C4-dicarboxylate transporter

88 100 I: Klebsormidium flaceidum AGA1Y1HRLO S-type anion channel
95 Physcomitrella patens ASTDH3
[59) — Marchantia polymorpha AOA176WKHS

100 Marchantia polymorpha AOAOB7IOCT S-type anion channel MpSLAC1
ldU Marchantia polymorpha ADA176VXZ9
Salvinia cucullata v1.1 s0004.g002304
Azolla filiculoides s0447.g070685
Azolla filiculoides s0099.g044050
Salvinia cucullata v1.1 s0204.g025672

SJ'L
i Azolla filiculoides s0099.9044047
Salvinia cucullata v1.1 s0139.9022623
a2
B

Salvinia cucullata v1.1 s0079.g017763
7 Azolla filiculoides s0019.5015208
101 Azolla filiculoides s1105.9097655
Ginkgo biloba Gb 39869
!—g( Amborella trichopoda USDDI9
B 98 Arabidopsis thaliana Q9LD83 Guard cell S-type anion channel SLACL
57 sg— Brachypodium distachyon 11J0TS
5 10 Oryza sativa indica A2XWN1

Salvinia cucullata v1.1 s0002.g000891

Azolla flliculoides s0064.g035597
100 Salvinia cucullata v1.1 s0003.g001833
B 4? Salvinia cucullata v1.1 s0031.g010544

ey

Azolla filiculoides s0107.g045132

10 Azaolla filiculoides s0107.g045136
o8 ggi Azolla filiculoides s0107.g045141

El Azolla filiculoides s0107.g045144
Selaginella moellendorfii AGALIOWAAS SLOW ANION CHANNEL-ASSOCIATED 1a variant 2 SLAC1a

100 | Selaginella moellendorfii ACA1ISWAA4 SLOW ANION CHANNEL-ASSOCIATED la variant 1 SLAC1a
Selaginella moellendorfii AGALISWAAS SLOW ANION CHANNEL-ASSOCIATED 1d SLACLd
Selaginella moellendorfii AGALISWAAS SLOW ANION CHANNEL-ASSQCIATED 1b SLAC1b
Selaginella moellendorfii DBSQB3
Selaginella moellendorfii DBSUMO
Selaginella moellendorfii AGALISWAAT SLOW ANION CHANNEL-ASSOCIATED 1c SLACLC
Ginkgo biloba Ghb 20865
Amborella trichopoda W1PAE3
Arabidopsis thaliana QIFLVY S-type anion channel SLAH3
Arabidopsis thaliana Q9ASQ7 S-type anion channel SLAH2
Brachypodium distachyon 11HPJ3
Oryza sativa indica AZWSR8
Brachypadium distachyon 11HG33
Oryza sativa indica AZY7Z7
Brachypodium distachyon 1IHKUT
Oryza sativa indica A2Y1S4
Oryza sativa indica AZY1P3
Oryza sativa indica AZWQCO
Brachypodium distachyon I1THDGS
Oryza sativa indica BBAAYS

Figure S8.15. Maximum likelihood gene tree for SLOW ANION CHANNEL-

ASSOCIATED 1 (SLAC, Uniprot: Q9LD83) without (A) and with branch lengths (B).
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Tree scale: 1 —————— 1

Marchantia polymorpha AOAL76VIQ2
Marchantia polymorpha AOA176VQH1
Marchantia polymorpha AOA176W2Q8
Azolla filiculoides s0098.g043715
78 —— Amborella trichopoda USD5Y 4
689 L salvinia cucullata v1.1 $0228.g026387
5 47 ———————— Ginkgo hiloba Gb 41433
Arabidopsis thaliana Q9SVX5 Dehydration-responsive element-hinding protein 2F DREB2F
%0 47— Amborella trichopoda W1PUP9
48 —— Brachypodium distachyon 11H952
A 100 99 L Oryza sativa indica A2XD34
Ginkgo bilaba Gh 06407
100 L Ginkgo biloba Gb 06408
— Ginkgo biloba Gh 08642
35 100 L Ginkgo hilaba Gb 25878
Azolla filiculoides s0154.g053565
49 93 L Salinia cucullata v1.1 s0061.g015347
Selaginella moellendorffii D8SC70 ABI4-1
£ 100 L Selaginella moellendorffi D8T151 ABI4-2
Arabidopsis thaliana AOMES8 Ethylene-responsive transcription factor ABI4
42 Oryza sativa indica A2Y3J9
48 Amborella trichopoda W1PC93
43 L Ginkgo hiloba Gb 08781

Tree scale: 1 —m———

Marchantia polymorpha ADA176VIQ2
Marchantia polymorpha ADA176VQHL
Marchantia pelymorpha ADA176W2Q8

Azolla filiculoides s0096.5043715
78 \—|: Amborella richopoda USDEY4
69 Salvinia cucullata v1.1 s0228.g026387

Ginkgo biloba Gb 41433
Arabidopsis thaliana Q9SVX5 Dehydration-responsive element-binding protein 2F DREB2F
Amborella trichopoda W1IPUP9
Brachypodium distachyon 1LH952
Oryza sativa indica AZXD34

r Ginkgo hiloba Gb 06407
Ginkgo biloba Gb 06408

90
48 P
99 L
R —
Ginkgo hiloba Gb 08642
34 100 Ginkgo biloba Gb 25978
B Azolla filiculoides s0154.g053565
48 93 \— Salvinia cucullata v1.1 S0061,g015347
Selaginella moellendorffii D8SC70 ABI4-1
24 W‘

Selaginella moellendorffii DET151 ABI4-2
Arabidopsis thaliana AOMESE Ethylene-responsive transcription factor ABI4

85

100

a0
42 Otyza sativa indica A2¥319
48 Amborella trichopoda W1PC93
43 Ginkgo biloba Gb 08781

Figure S8.16. Maximum likelihood gene tree for ABSCISIC ACID INSENSITIVE 4

(ABI4, Uniprot: AOMESS8) without (A) and with branch lengths (B).
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Oryza sativa indica A2ZABS Serine threonine-protein kinase SAPK3
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Arabidopsis thaliana QIMIES Serine threonine-protein kinase SRK2C
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Oryza sativa indica A2YNTS Serine threanine-protein kinase SAPK2
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Ginkgo biloba Gb 11442

Arabidopsis thaliana PA3282 Serine threonine-protein kinase SRK2G
Arahidopsis thaliana QIFFPY Serine threanine-protein kinase SRK2ZH
Arabidopsis thaliana COZ2L.2

Amborella trichopoda W1PLN2

Arabidopsis thaliana QCO58 Serine threonine-protein kinase SRK2B
Arabidopsis thaliana PAZ281 Serine threonine-prolein kinase SRK2A
Arabidopsis thaliana F41786 Protein kinase superfamily protein
Brachypodium distachyon I11XT7 SAPKT

Brachypodium distachyon I11AE4 SAPKS

Oryza sativa indica B8AJD8

Arabidopsis thaliana 064812 Serine threanine-pratein kinase SRK2J
Brachypodium distachyon 11J358 SAPKS

Oryza sativa indica AZXZ95

Oryza sativa indica A2¥503

Brachypodium distachyon ITHTT1

Oryza sativa indica Q2066 Serine kinase

Oryza saliva indica AZWXEQ

Figure S8.17. Maximum likelihood gene tree for SNF1-RELATED KINASE (SnRK2,

Uniprot: P43291) without (A) and with branch lengths (B).
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Appendix 3.1.1.3 Gene duplications in both the ancestors of Euphyllophyta and

Spermatophyta

Tree scale: 0.1 +————
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Brachypodium distachyon |1H725 PP2C30
Oryza sativa indica A2XEY7
Oryza sativa indica A2Y5D5
Brachypodium distachyon IIHTB7
Oryza sativa indica B8AC29

100

75

100

28

Tree scale: 0.1 ———

Physcomitrium patens PNR45427.1 hypothetical protein
Azolla filiculoides s0298.9068185
100 S Salvinia cucullata v1.1 s0253.g026786
Amborella trichopada U5D016
. Ginkgo biloba Gb 13657
e _— Salvinia cucullata v1.1 s0058.9014901
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90 Salvinia cucullata v1.1 s0039.g012130
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100 ! Selaginella moellendorffii D8S$226 ABI1A-2
20 Brachypodium distachyen I1HQQ3
Oryza sativa indica BBA6VS
B 100 Brachypodium distachyon ILHG74
65 Oryza sativa indica BSAWVL
2 — Ginkgo biloba Gb 30416
[22 Ginkgo biloba Gb 27731
Amborella trichopoda W1NI92
10 66 Arabidopsis thaliana Q9FLI3 Probable protein phosphatase 2C 75
97 Oryza sativa indica B8AV1L
Amborella trichopoda W1PJ41
Arabidopsis thaliana P49598 Protein phosphatase 2C 37 PP2CA
Arabidopsis thaliana Q9ZW21 Probable protein phosphatase 2C 24
Arabidopsis thaliana Q9LNW3 Protein phosphatase 2C 3 AIP1
Arabidopsis thaliana QIFIF5 Probable protein phosphatase 2C 78
Brachypodium distachyon I1IPEQ
Oryza sativa indica A2YZW2

100
Brachypodium distachyon 11H725 PP2C30
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Brachypodium distachyon ILHTB7
Oryza sativa indica BBAC29

Figure S8.18. Maximum likelihood gene tree for SLOW ANION CHANNEL-

ASSOCIATED 1 (PP2C, Uniprot ID: P49598) without (A) and with branch lengths (B).
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ﬁSe\aglnella moellendorffii DBSYC1 RHO family GTPase Ropl-1
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\—Se\aginella moellendorffii DBSFP4 Rop2
Amborella trichopoda W1NTVO
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Arabidopsis thaliana Q38912 Rac-like GTP-binding protein ARAC3
ﬂ.&rah\dopsis thaliana Q5PNX9
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GAQS8691.1

Azolla filiculoides s0002.g001186

Salvinia cucullata v1.1 s0041.g012576

Ginkgo biloba Gb 36836

Azolla filiculoides s0091.9042853

Azolla filiculoides s0435.9069901

Salvinia cucullata v1.1 s0073.g017088

Physcomitrella patens Q95821 Rac-like GTP binding protein rac3
Marchantia polymorpha AOA176WR15

Ginkgo biloba Gb 18104

Azolla filiculoides s0003.g007810

Arabidopsis thaliana Q9XGUQ0 RACY Rac-like GTP-binding protein ARACS
Amborella trichopoda W1NZF2

Salvinia cucullata v1.1 s0167.g024188

Azolla filiculoides sD032.9g024979

Salvinia cucullata v1.1 sD001.g000D577

Ginkgo biloba Gb 16923

Amborella trichopoda W1PVFO

Arabidopsis thaliana Q38903 Rac-like GTP-binding protein ARAC2
Oryza sativa indica BBAGS3

Brachypodium distachyon 11HZY1

Brachypodium distachyon 11HZYQ

Brachypodium distachyon 11HZX9

Selaginella moellendorffii D8SVC1 RHO family GTPase Ropl-1
Selaginella moellendorffii DBSFP4 Rop2

Amborella trichopoda W1NTVO

Arabidopsis thaliana ©82480 Rac-like GTP-hinding protein ARAC7
Arabidopsis thaliana Q1LYV5

Oryza sativa indica A2Y6G9

Brachypodium distachyon I1HHP2

Brachypodium distachyon 11HHP3

Ginkgo biloba Gb 32146

Ginkgo biloba Gb 09833

Brachypodium distachyon I1IFD6

Oryza sativa indica A2X9H9

Amborella trichopoda W1NW60

QOryza sativa indica B8B414

Arabidopsis thaliana Q9SUG7 Rac-like GTP-binding protein ARACS
Arabidopsis thaliana 082481 Rac-like GTP-binding protein ARACI1Q
Salvinia cucullata v1.1 s0031.g010640

Salvinia cucullata v1.1 s0111.g020708

Brachypodium distachyon 11IFV3

Qryza sativa indica BBAFJS

Brachypodium distachyon I1HWI5

Ginkgo biloba Gb 40763

Arabidopsis thaliana P92978 Rac-like GTP-binding protein ARAC11
Arabidopsis thaliana Q38902 Rac-like GTP-binding protein ARAC1
Arabidopsis thaliana Q95BJ6 Rac-like GTP-binding protein ARACE
Arabidopsis thaliana Q38912 Rac-like GTP-binding protein ARAC3
Arabidopsis thaliana Q5PNX9

Amborella trichopoda W1PL29

Arabidopsis thaliana Q38937 Rac-like GTP-binding protein ARACS
Arabidopsis thaliana Q38918 Rac-like GTP-hinding protein ARAC4
Arabidopsis thaliana QOWUO07 RAC-like GTP-hinding protein ARAC4

Figure S8.19. Maximum likelihood gene tree for RHO-RELATED PROTEIN FROM

PLANTS 11 (ROP11, Uniprot: 082481) without (A) and with branch lengths (B).
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trees for vascular tissue development genes
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Amhorella trichopoda W1PK37
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Marchantia polymorpha ADAL76VYH

Selaginella moellendorffii DBSAZO

Ginkgo hiloba Gb 40752

Ginkgo hiloba Gb 01232

Physcomitrella patens A9RKRS clavatal-like receptor S T protein kinase protein CLL1A
Physcomitrella patens AQRERG clavatal-like receptor S T protein kinase protein CLL1B
Marchantia polymorpha AQAL76VGLE

Selaginella mogllendorffii DERDP3

Ginkgo hiloba Gb 40484

Amborella trichopoda W1NT85

Amborella trichopoda W1PK25

Arabidopsis thaliana QOMOGT MDIS1-ineracting receplor like kinase 1 MIKL
Arabidopsis thaliana Q9FRS6 Leucine-rich repeat receptor-like protein kinase PXL1
Brachypadium distachyon I1HW96

QOryza sativa indica A2X010

Brachypodium distachyon 11H9U1

QOryza sativa indica A2XCFT7

Arabidopsis thaliana Q9FII5 Leucine-rich repeat receptor-like protein kinase TDR
Amhorella trichopoda W1NSPS

Oryza sativa indica BBBPA2

Brachypodium distachyon 111171

Oryza sativa indica BEBPAL

Ginkgo hiloba Gb 04253

Ginkgo hiloba Gb 24543
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Arabidopsis thaliana QOFGNE Leucine-rich repeat receptor-like protein kinase LRR-RLK
Amborella wichopoda W1PK37

Figure S8.20. Maximum likelihood gene tree for PHLOEM INTERCALATED WITH

XYLEM (PXY, Uniprot ID: Q9FII5) without (A) and with branch lengths (B).
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Cyanophora paradoxa AHB62100.1 phytochrome sensor 2

Marchantia polymorpha AGAL176VWHO
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Ambeorella trichopoda W1PBL2
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Oryza sativa indica B8BBS1
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[ Arabidopsis thaliana QSLS08 Transcription factor AIG1 BHLH32
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L Arabidopsis thaliana Q9S7Y1 Transcription factor BHLH30
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Arabidopsis thaliana Q9LETO Putative transcription factor BHLH107
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Oryza sativa indica A27162
47 Brachypodium distachyon 1117A7
TC Oryza saliva indica BSEB09
Cyanophora paradoxa AHB62100.1 phytochrome sensor 2
Marchantia polymorpha AOA176VWHO
Ginkgo hiloba Gb 26672
Ginkgo biloba Gb 12744
Ginkgo biloba Gb 07689
Amborella trichopoda W1PBL2
Amborella trichopoda W1PV50
Brachypodium distachyon ILIHDAS
Oryza sativa indica A2WM43
Brachypodium distachyon 1117wW8
Oryza sativa indica BBBBS1
28 Brachypodium distachyon 11IQU6
TBL Oryza sativa indica A27247
Arabidopsis thaliana Q8XEFO Transcription factor BHLH51
Brachypodium distachyon 1LHC88
Oryza sativa indica BBADEL
5 Brachypodium distachyon ITHLG4
Oryza sativa indica A2Y0Q7
Selaginella moellendorffii DSRL49
Ginkgo biloba Gb 20754
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Arabidopsis thaliana Q8LS08 Transcription factor AIG1 BHLH32
Arahidopsis thaliana Q957Y1 Transcription factor BHLH30
Amborella trichopoda W1NU54
Arabidopsis thaliana Q9LETO Putative transcription factor BHLH107
Arabidopsis thaliana 080674 Transcription factor BHLH106
Brachypodium distachyon I1GLR7
Oryza sativa indica BBAMCO
Brachypodium distachyon 1LH791
Oryza sativa indica AZXER4
Brachypodium distachyon 111Q12
Oryza sativa indica A2Z162
Brachypodium distachyon 1117A7
Oryza sativa indica BSBBJ9

Figure S8.21. Maximum likelihood gene tree for TARGET OF MOOPTEROS 5 (TMO5,

Uniprot ID: Q9FLS08) without (A) and with branch lengths (B).
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Appendix 3.5.2. Phylogenetic trees for root hydrotropism genes discussed in

Chapter 3.
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Figure S8.22. Maximum likelihood gene tree for MIZU-KUSSEI 2 (MIZ2, Uniprot ID:

Q42510) without (A) and with branch lengths (B).
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Figure S8.23. Maximum likelihood gene tree for MIZU-KUSSEI 1 (MIZ1, Uniprot ID:

022227) without (A) and with branch lengths (B).
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Appendix 4: related to work in Chapter 4

Table S8.6. A list of the Archaeplastida species in the genomic dataset, a four letter
species code, a drought adaptation status, the literature for any drought status and
the cultivation status. For the drought adaptation status, plants were characterised as
drought adapted, drought sensitive or for plants, with no clear response drought response
uncertain, undefined. Briefly this characterisation was completed with a literature search
to create a collective definition of a drought adapted and drought sensitive plant. The
literature search queried the literature with the name of each species and a relevant
drought search term (as detailed in Table 4.1). These databases included PubMed, Web
of Science and Google Scholar. An example for a search identifying a drought adapted
species would be the query for Kalanchoé fedtschenkoi with the resulting text reporting
‘Our findings (from the genome of Kalanchoé fedtschenkoi) hold tremendous potential to
accelerate the genetic improvement of crops for enhanced drought avoidance and
sustainable production of food and bioenergy on marginal lands’ (Yang et al., 2017c). An
example of a search identifying a drought sensitive species would be the query for Gnetum
montanum with the resulting text reporting ‘Extant species of Gnetum are unusual among
gymnosperms in being restricted to warm, mesic habitats’ (Wan et al., 2018a). Species
were said to be undefined if a drought term could not be clearly associated with a particular
species in a paper in the literature. Additionally species were said to be undefined if there
had been no attempts to characterise their response to drought. For the cultivation status,
plant were defined as wild, cultured or cultivated. These were defined based on evidence
from the genome papers of these species. These genome papers are listed in Appendix
2.1.

Species Species | Drought status Source Cultivation
Code

Galdieria gsul Drought response | NA Cultivated

sulphuraria uncertain

Galdieria gphl Drought response | NA Wild

phlegrea uncertain

Cyanidioschyzon | cmer Drought response | NA Cultured

merolae uncertain

Porphyridium ppur Drought response | NA Cultured

purpureum uncertain

Cyanophora cpar Drought response | NA Cultured

paradoxa uncertain
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Bathycoccus bpra Drought response | NA Wild

prasinos uncertain

Ostreococcus oluc Drought response | NA Cultured

lucimarinus uncertain

Ostreococcus otau Drought response | NA Cultured

tauri uncertain

Micromonas mcom Drought response | NA Cultured

commoda uncertain

Micromonas mpus Drought response | NA Cultured

pusilla uncertain

Auxenochlorella | apro Drought response | NA Cultured

protothecoides uncertain

Chlorella cvar Drought response | NA Cultured

variabilis uncertain

Picochlorum sp. | psp. Drought response | NA Cultivated
uncertain

Coccomyxa csub Drought response | NA Cultured

subellipsoidea uncertain

Chromochloris czof Drought response | NA Cultured

zofingiensis uncertain

Gonium gpec Drought response | NA Cultured

pectorale uncertain

Volvox carteri vcar Drought (Jaenicke et al., 1982) | Cultured
adaptation

Chlamydomonas | crei Drought response | NA Cultured

reinhardtii uncertain

Chlamydomonas | ceus Drought response | NA Wild

eustigma uncertain

Klebsormidium kfla Drought (Holzinger et al., Cultured

flaccidum adaptation 2015a)

Marchantia mpol Drought (Bowman et al., 2017) | Wild

polymorpha adaptation

Physcomitrella ppat Drought (Li et al., 2017b) Wild

patens adaptation

Selaginella some Drought sensitive | (Dinakar et al., 2013) | Wild

moellendorffii
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Ginkgo biloba gbil Drought (Shan-An et al., 1997) | Wild
adaptation

Picea abies pabi Drought (Kohler et al., 2010) Cultivated
adaptation

Gnetum gmon Drought sensitive | (Wan et al., 2018a) Wild

montanum

Amborella atri Drought response | NA Wild

trichopoda uncertain

Spirodela spol Drought sensitive | (Cheng, 2011) Wild

polyrhiza

Zostera marina | zmar Drought sensitive | (Leuschner et al., Wild

2017)

Zostera muelleri | zmue Drought sensitive | (Lee et al., 2016a) Wwild

Dioscorea drot Drought (Loko et al., 2015) Cultivated

rotundata adaptation

Apostasia ashe Drought (Zhang et al., 2017a) | Wild

shenzhenica adaptation

Dendrobium dcat Drought (Wan et al., 2018b) Wild

catenatum adaptation

Phalaenopsis pequ Drought (Wan et al., 2018b) Cultivated

equestris adaptation

Asparagus aoff Drought (Whitmore, 2000) Cultivated

officinalis adaptation

Phoenix pdac Drought (Safronov et al., 2017) | Cultivated

dactylifera adaptation

Elaeis egui Drought (Murugesan et al., Cultivated

guineensis adaptation 2017)

Cocos nucifera chus Drought (Gomes et al., 2007) Cultivated
adaptation

Ananas acom Drought (Ming et al., 2015) Cultivated

comosus adaptation

Oryza obra Drought response | NA Wild

brachyantha uncertain

Oryza punctata | opun Drought response | NA Wild

uncertain
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Oryza oglu Drought response | NA Wild

glumipatula uncertain

Oryza rufipogon | oruf Drought (Biaolin et al., 2010) Wild
adaptation

Oryza omer Drought (Vaughan et al., 2003) | Wild

meridionalis adaptation

Oryza barthii obar Drought response | NA Wild
uncertain

Oryza ogla Drought (Bimpong et al., 2011) | Cultivated

glaberrima adaptation

Oryza nivara oniv Drought response | NA Wild
uncertain

Oryza sativa osai Drought sensitive | (Wei et al., 2016) Cultivated

Indica

Oryza sativa 0s3aj Drought sensitive | (Wei et al., 2016) Cultivated

Japonica

Leersia perrieri Iper Drought response | NA Wwild
uncertain

Phyllostachys pedu Drought (Wu et al., 2018hb) Wild

edulis adaptation

Brachypodium bdis Drought (Bertolini et al., 2013) | Cultivated

distachyon adaptation

Hordeum hvul Drought response | NA Cultivated

vulgare uncertain

Aegilops tauschii | atau Drought response | NA Cultivated
uncertain

Triticum urartu tura Drought response | NA Cultivated
uncertain

Triticum taes Drought sensitive | (He et al., 2009) Cultivated

aestivum

Triticum ttur Drought response | NA Wild

turgidum uncertain

Lolium perenne | Ipee Drought (Cheplick et al., 2000) | Cultivated
adaptation

Echinochloa ecru Drought response | NA wild

crus-galli

uncertain
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Setaria italica sita Drought (Li et al., 2014a) Cultivated
adaptation

Zea mays zmay Drought sensitive | (Agrama et al., 1996) | Cultivated

Sorghum bicolor | sbic Drought (Abdel-Ghany et al., Cultivated
adaptation 2020)

Eragrostis tef etef Drought (Degu et al., 2008) Cultivated
adaptation

Zoysia japonica | zjap Drought (Patton et al., 2017) Cultivated
adaptation

Zoysia matrella | zmat Drought (Ntoulas et al., 2012) | Cultivated
adaptation

Zoysia pacifica zpac Drought (Patton et al., 2017) Cultivated
adaptation

Oropetium otho Drought (Vanburen et al., Wild

thomaeum adaptation 2015)

Musa itinerans miti Drought (Wu et al., 2018a; Wwild
adaptation Kew Science, 2020b)

Musa balbisiana | mbal Drought (Nansamba et al., Wild
adaptation 2020)

Musa acuminata | macu Drought response | NA Wild
uncertain

Eschscholzia ecal Drought (Wilts et al., 2018) Cultivated

californica adaptation

Macleaya mcor Drought response | NA Wild

cordata uncertain

Nelumbo nnuc Drought response | NA Cultivated

nucifera uncertain

Kalanchoe kfed Drought (Yang et al., 2017c) Cultivated

fedtschenkoi adaptation

Rhodiola rcre Drought (Zhang et al., 2019b) | Wild

crenulata adaptation

Vitis vinifera vvin Drought (Gambetta et al., Cultivated
adaptation 2020)

Lupinus lang Drought (Jensen et al., 1990; Cultivated

angustifolius adaptation Kalandyk et al., 2017)
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Arachis adur Drought (Guimaraes et al., Wild

duranensis adaptation 2012)

Arachis ipaensis | aipa Drought (Azevedo Neto et al., | Wild
adaptation 2010)

Cajanus cajan ccaj Drought (Varshney et al., Cultivated
adaptation 2012)

Phaseolus pang Drought (Cortés et al., 2013) Cultivated

angularis adaptation

Phaseolus pvul Drought response | NA Cultivated

vulgaris uncertain

Vigna radiata vrad Drought (Iseki et al., 2018) Cultivated
adaptation

Glycine max gmax Drought sensitive | (Wang et al., 2017a) Cultivated

Glycine soja gsoj Drought (Jietal., 2010) Cultivated
adaptation

Cicer arietinum cari Drought (Varshney et al., Cultivated
adaptation 2014)

Medicago mtru Drought response | NA Cultivated

truncatula uncertain

Trifolium tpra Drought response | NA Cultivated

pratense uncertain

Fragaria vesca fves Drought response | NA Cultivated
uncertain

Prunus avium pavi Drought response | NA Cultivated
uncertain

Prunus mume pmum Drought response | NA Cultivated
uncertain

Prunus persica pper Drought sensitive | (Eldem et al., 2012) Cultivated

Pyrus pbre Drought (Cao et al., 2018) Cultivated

bretschneideri adaptation

Pyrus communis | pcom Drought (Paudel et al., 2019) Cultivated
adaptation

Malus domestica | mdom Drought response | NA Cultivated
uncertain

Ziziphus jujuba | zjuj Drought (Cruz et al., 2012) Cultivated

adaptation
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Morus notabilis mnot Drought response | NA Wild
uncertain
Cucurbita cmax Drought (Yasar et al., 2014) Cultivated
maxima adaptation
Cucurbita cmos Drought (Cao et al., 2017) Cultivated
moschata adaptation
Citrullus lanatus | clan Drought sensitive | (Zhang et al., 2011) Cultivated
Lagenaria Isic Drought (Mashilo et al., 2017) | Cultivated
siceraria adaptation
Cucumis melo cmel Drought (Kusvuran, 2012) Cultivated
adaptation
Cucumis sativus | csat Drought sensitive | (Wang et al., 2012a) Cultivated
Populus ptri Drought (Tang et al., 2015) Cultivated
trichocarpa adaptation
Populus ppru Drought (Yang et al., 2017b) Wild
pruinosa adaptation
Linum lusi Drought sensitive | (Dash et al., 2014) Cultivated
usitatissimum
Jatropha curcas | jeur Drought (Sapeta et al., 2016) Cultivated
adaptation
Manihot mesc Drought (Okogbenin et al., Cultivated
esculenta adaptation 2013)
Hevea hbra Drought (Kew Science, 2020a; | Cultivated
brasiliensis adaptation Plants for a Future,
2020)
Ricinus rcom Drought response | NA Cultivated
communis uncertain
Cephalotus cfol Drought response | NA Wild
follicularis uncertain
Punica granatum | pgra Drought (Catola et al., 2016) Cultivated
adaptation
Eucalyptus egra Drought response | NA Wild
grandis uncertain
Dimocarpus dlon Drought (Wiriya-Alongkorn et Cultivated
longan adaptation al., 2013)
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Atalantia abux Drought (Newton et al., 1989) | Wild

buxifolia adaptation

Citrus ccle Drought response | NA Cultivated

clementina uncertain

Citrus sinensis csin Drought response | NA Cultivated
uncertain

Citrus cich Drought response | NA Wild

ichangensis uncertain

Citrus medica cmed Drought response | NA Cultivated
uncertain

Carica papaya cpap Drought response | NA Cultivated
uncertain

Tarenaya thas Drought (Kocacinar, 2015) Cultivated

hassleriana adaptation

Eutrema esal Drought (Yang et al., 2013) Wwild

salsugineum adaptation

Thellungiella tpar Drought (Griffith et al., 2007) Wwild

parvula adaptation

Brassica napus | bnap Drought response | NA Cultivated
uncertain

Brassica bole Drought response | NA Cultivated

oleracea uncertain

Brassica rapa brap Drought response | NA Cultivated
uncertain

Sisymbrium irio | siri Drought response | NA Wild
uncertain

Barbarea bvug Drought response | NA Wild

vulgaris uncertain

Capsella rubella | crub Drought response | NA Cultivated
uncertain

Capsella cgra Drought response | NA Wild

grandiflora uncertain

Arabidopsis atha Drought sensitive | (Marin-de la Rosa et | Cultivated

thaliana al., 2019)

Arabidopsis alyr Drought response | NA Wild

lyrata

uncertain
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Theobroma tcac Drought sensitive | (Bae et al., 2008) Cultivated

cacao

Corchorus ccap Drought sensitive | (Yang et al., 2017d) Cultivated

capsularis

Corchorus coli Drought (Yang et al., 2017d) Cultivated

olitorius adaptation

Durio zibethinus | dzib Drought sensitive | (Wan Nazri et al., Cultivated
2014)

Gossypium garb Drought (Magbool et al., 2009) | Cultivated

arboreum adaptation

Gossypium ghir Drought sensitive | (Li et al., 2017a) Cultivated

hirsutum

Gossypium grai Drought sensitive | (Chen et al., 2013b) Cultivated

raimondii

Fagopyrum fesc Drought sensitive | (Jamwal et al., 2015) | Cultivated

esculentum

Dianthus dcay Drought (Wan et al., 2015) Cultivated

caryophyllus adaptation

Beta vulgaris bvul Drought sensitive | (Pidgeon et al., 2006) | Cultivated

Spinacia sole Drought sensitive | (Schwab et al., 1984) | Cultivated

oleracea

Chenopodium cqui Drought (Al-Naggar et al., Cultivated

quinoa adaptation 2017)

Amaranthus ahyp Drought (Sunil et al., 2014) Cultivated

hypochondriacus adaptation

Camptotheca cacu Drought response | NA Wild

acuminata uncertain

Camellia csie Drought sensitive | (Liu et al., 2016) Cultivated

sinensis

Actinidia achi Drought sensitive | (Mills et al., 2009) Cultivated

chinensis

Lactuca sativa Isat Drought sensitive | (Kizil et al., 2012) Cultivated

Erigeron ebre Drought response | NA Cultivated

breviscapus uncertain

Helianthus hann Drought (Badouin et al., 2017) | Cultivated

annuus adaptation
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Panax ginseng pgin Drought response | NA Cultivated
uncertain

Daucus carota dcar Drought response | NA Cultivated
uncertain

Coffea ccan Drought sensitive | (Cheserek et al., Cultivated

canephora 2012)

Calotropis cgig Drought (Tezara et al., 2011; Wild

gigantea adaptation Mutwakil et al., 2017)

Fraxinus fexc Drought (Dobrowolska et al., Wild

excelsior adaptation 2011)

Olea europaea oeur Drought (Sofo, 2011) Cultivated
adaptation

Boea bhyg Drought (Xiao et al., 2015) Wild

hygrometrica adaptation

Mimulus guttatus | mgut Drought sensitive | (Hughes et al., 2001) | Cultivated

Sesamum sind Drought (Golestani et al., Cultivated

indicum adaptation 2015; Dossa et al.,

2017)

Handroanthus himp Drought (Dombroski et al., Wild

impetiginosus adaptation 2014)

Genlisea aurea | gaur Drought response | NA Wild
uncertain

Utricularia gibba | ugib Drought response | NA Wild
uncertain

Ipomoea nil inil Drought response | NA Cultivated
uncertain

Ipomoea trifida itri Drought response | NA Wild
uncertain

Petunia inflata pinf Drought response | NA Cultivated
uncertain

Petunia axillaris | paxi Drought response | NA Cultivated
uncertain

Nicotiana nobt Drought (Su et al., 2017) Wild

obtusifolia adaptation

Nicotiana nsyl Drought response | NA Cultivated

sylvestris

uncertain
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Nicotiana ntab Drought response | NA Cultivated
tabacum uncertain
Nicotiana ntom Drought response | NA Wild
tomentosiformis uncertain
Solanum slyc Drought sensitive | (Mishra et al., 2016) Cultivated
lycopersicum
Solanum spen Drought (Egea et al., 2018) Wild
pennellii adaptation
Solanum spim Drought response | NA Wild
pimpinellifolium uncertain
Solanum stub Drought sensitive | (Boguszewska- Cultivated
tuberosum Mankowska et al.,

2018)
Capsicum cann Drought (Sahitya et al., 2019) | Cultivated
annuum adaptation
Capiscum cbac Drought response | NA Cultivated
baccatum uncertain
Capiscum cchi Drought response | NA Cultivated

chinense

uncertain
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Appendix 5: related to work in Chapter 5

Appendix 5.1: Schematic representation of T-DNA insertions for all loss of function
mutants. Black bars represents exons whilst the black line represent introns. The white
boxes represent the translational start and stop regions. The white triangle represents the
T-DNA insert and the arrow highlights the direction of the insert. Information about gene
models and tDNA inserts sourced from The Arabidopsis Information Resource (Berardini
et al., 2015). For each A. thaliana gene, the HG it corresponds with is in brackets and two
SALK lines are listed for each gene.

N528135

N561522

Figure S8.24. Schematic diagram demonstrating the location of the T-DNA insertion
for two mutant lines of At2g26300 (HG_72).

N590917

N668525

Figure S8.25. Schematic diagram demonstrating the location of the T-DNA insertion
for two mutant lines of At5g37830 (HG_72).
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Figure S8.26. Schematic diagram demonstrating the location of the T-DNA insertion
for two mutant lines of At5g37850 (HG_72).

N633489

N573605

Figure S8.27. Schematic diagram demonstrating the location of the T-DNA insertion
for two mutant lines of At4g16515 (HG_10098).

N577075

N593165

Figure S8.28. Schematic diagram demonstrating the location of the T-DNA insertion
for two mutant lines of At4g16530 (HG_10098).
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N818436

N546014

Figure S8.29. Schematic diagram demonstrating the location of the T-DNA insertion
for two mutant lines of At5g48890 (HG_2909).

«

N572453

N533384

Figure S8.30. Schematic diagram demonstrating the location of the T-DNA insertion
for two mutant lines of At1g10460 (HG_5775).

N529679

N53967

Figure S8.31. Schematic diagram demonstrating the location of the T-DNA insertion
for two mutant lines of At5g25100 (HG_7522).
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N552021

N533044

Figure S8.32. Schematic diagram demonstrating the location of the T-DNA insertion
for two mutant lines of At4g09340 (HG_9215).
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Appendix 5.2: Gel confirmation of tDNA mutant lines for all mutants used in the
preliminary drought experiment described in 5.47 (N529679 (At5g25100), N546014
(At5g48890), N572453 (At1g10460), N593165 (At4g16530), N633489 (At4g16515)). For
each tDNA mutant line, multiple plants were grown and confirmed. This is denoted by the
letter after the line ID (e.g. N633489A). For each mutant lines, three primer combinations
were run. 1: Left border and gene specific forward primer, 2: Left border and gene specific
reverse primer and 3: Gene specific forward and reverse primers. For gene specific

primers, see Table 5.1 and for left border primers, see Table 5.3 in the main text.

Figure S8.33. Example PCR of successful confirmation of a mutant line (A) and wild
type A. thaliana.
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Figure S8.34. PCR for mutant line N633489 associated with At4g16515. Plants C, D

and F were identified as homozygous mutants and chosen for analysis.
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Figure S8.35. PCR for mutant line N572453 associated with At1g10460 for plants A-
F (A) and G-K (B). Plants A and D were identified as homozygous mutants and

chosen for analysis.
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Figure S8.36. PCR for mutant line N546014 associated with At5g48890 for plants A-
F. Plants A and D were identified as homozygous mutants and chosen for analysis.



325

Figure S8.37. PCR for mutant line N633489 associated with At1g146515 for plants A
and mutant line N539673 associated with At5g25100. Plants N539673 C and D were

identified as homozygous mutants and chosen for analysis.
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Ladder

Figure S8.38. PCR for mutant line N529679 associated with AT5G25100 for plants A
and mutant line N818436 associated with AT5G48890. Plants N529679 A and

N818436 B were identified as homozygous mutants and chosen for analysis.
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Figure S8.39. Schematic representation of the gene constructs for expression in A.
thaliana. ATTL1 and ATTL2 sites were inserted for recombination during gateway
cloning. The candidate drought gene is in between these two sites. The HG that each
candidate gene relates to is placed in the ID (e.g. 72_Tp4g06700 is found in HG_72).
Constructs were used to transform A. thaliana.
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Appendix 6: Supplementary data
Appendix 6.1 Supplementary Data for Chapter 2

Supplementary Data 2.1. Genomes used in this study, species code, BUSCO scores and

phylogenetic relationships of species. Related to Methods: Compiling genomic dataset.

Supplementary Data 2.2. Number of each evolutionary distinct class of Homology Groups.

Related to Methods: Phylogenetically Aware Parsing Script.

Supplementary Data 2.3. Assessing impact of altering granularity score. Related to
Methods: Homology assignment. A) Comparison with Catarino et al. Green bars indicate
the origin of transcription factors identified in Catarino et al. For each granularity score
(1.2, 2, 4, 6), an output was created. The values in brackets indicates the number of HGs
for each transcription factor. B) Comparison with Banks et al. Analysis conducted using

criteria specified in Banks et al for each granularity score.

Supplementary Data 2.4. GO analysis of Homology Groups. Related to Methods:
Functional annotation A) Analysis for Novel Core HGs B) Analysis of Novel HGs C)
Analysis of Ancestral HGs D) Analysis of Ancestral Core HGs E) Analysis of Lost HGs GO
analysis. For GO analysis, Arabidopsis thaliana was used as an extant representative to
assign biological functions. For Monocot, Brachypodium distachyon (core novelties) and

Oryza sativa (novelties) genes were used to assign functions.

Supplementary Data 2.5. BLASTP of Novel Core HGs to validate their identification.
Related to Methods: Novel Core HG validation.

Supplementary Data 2.6. GO analysis of HGT HGs. Related to Methods: Inferring
Horizontal Gene Transfer.

Supplementary Data 2.7. Function of all Novel Core HGs with sources. Related to

Methods: Functional annotation.
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Supplementary Data 2.8. BLASTP of protein coding genes of the genome of the
charophyte, Chara braunii and first two fern genomes, Azolla filiculoides and Salvinia
cucullata. Related to Methods: Novel Core HG validation.

Supplementary Data 2.9. Processed data for 208 eukaryote genomes from this thesis
including BLASTP output, MCL analysis and all Homology Groups. Additionally included

in this folder are the scripts used to reproduce the results presented in this chapter.

Appendix 6.2 Supplementary Data for Chapter 3
Supplementary Data 3.1. Occupancy of genes linked to roots, vascular tissue and stomata

across all species within the genomic dataset.

Supplementary Data 3.2. Protein sequences, trimmed alignments and treefiles for all

genes in the study.

Supplementary Data 3.3. Outputs from blast queries against two fern genomes to confirm

presence or absence in the LCA of Euphyllophyta.

Appendix 6.3 Supplementary Data for Chapter 4

Supplementary Data 4.1. Sequence data used to build species tree.

Supplementary Data 4.2. Newick file of the species tree used for Bayesian approach to

ancestral state reconstruction.

Appendix 6.4. Supplementary Data for Chapter 5
Supplementary Data 5.1. Pipeline script used to query the genomic dataset in relation to

the occupancy of drought adaptations.

Supplementary Data 5.2. Gene occupancy for each queries of the genomic dataset,

revealing 238 HGs differentially retained between drought tolerant and sensitive species.
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Supplementary Data 5.3. Gene occupancy for each queries of the genomic dataset, after
specifying presence in the drought tolerant Thellungiella parvula and absence in the

drought sensitive Arabidopsis thaliana (50 HGS).

Supplementary Data 5.4. Protein domain analysis for 50 HGs.

Supplementary Data 5.5. 42 genes of HG 72 and syntenic blocks of genes in A. thaliana.



