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Abstract

Petal spots are aggregations of pigmented cells in distinct regions of the petal and are known to
function in pollinator attraction across multiple systems. They occur within many plant lineages, but
petal spots of the South African daisy species Gorteria diffusa are unusually complex. These elaborate
structures are richly pigmented, deeply textured, and include three distinct cell types. G. diffusa petal
spots function in attracting male bee-fly pollinators, in one of only two known cases of sexual
deception outside of the Orchidaceae. G. diffusa is comprised of geographically discrete floral
morphotypes, defined by extreme intraspecific variation in capitulum phenotype. Between-
morphotype variation in the position and complexity of petal spots is associated with differential
pollinator behavioural responses. As such, this system has much potential for understanding the
molecular development of an ecologically relevant trait within a powerful intraspecific comparative
framework.

The sexually deceptive Spring morphotype was the focus for this project, which had two main aims:
to investigate Spring population genetic structure and to characterise the genes regulating
anthocyanin pigmentation within petal spots. For the latter, two additional morphotypes were studied
to improve the robustness of conclusions based on comparisons between spotted and plain petal
tissues.

The anthocyanin cyanidin 3-glucoside was found to pigment G. diffusa ray floret petals. In petal spots
there was a high proportion of malonated anthocyanin, that was absent from other petal regions. In
the first comprehensive characterisation of a G. diffusa petal spot developmental pathway, a small
family of subgroup 6 R2R3 MYB transcription factors (GdMYBS8 proteins) were identified as potential
petal spot anthocyanin regulators. The genes encoding these proteins were found to be upregulated
within petal spots and induced ectopic anthocyanin production when stably transformed into
Nicotiana tabacum. Potential downstream targets of GAMYB8 proteins within the anthocyanin
synthesis pathway were identified. The expression patterns of genes encoding these enzymes, and
the ability of GAMYB8 proteins to bind to promoter regions of the anthocyanin synthesis genes (in
yeast), imply that GAMYBS proteins are likely to regulate G. diffusa petal spot anthocyanin production
through co-regulation of several anthocyanin synthesis enzymes.

Extending our developmental approach into one which addresses the evolution of petal spot
regulators across morphotypes, requires fundamental understanding of the genetic nature of
morphotypes and in-depth characterisation of their floral phenotypes. Toward this aim, a genotyping
by sequencing analysis of genetic structure within the Spring morphotype was conducted, along with
floral phenotypic measurements of the individuals sequenced. Limited floral trait variation was
detected within the Spring morphotype, but there was no grouping of phenotypes by locality. The
genetic analysis indicated strong isolation by distance patterns, hypothesised to be due to limited seed
dispersal. These findings suggest that limited dispersal may be a key component contributing toward
the evolution of G. diffusa floral morphotypes, pending further investigation.

Ultimately, this research enhances our understanding of the genetics underlying G. diffusa petal spot
development. It also demonstrates that isolation by distance is a major determinant of gene flow
within a subset of G. diffusa, providing a first insight into the mechanisms that may facilitate the
evolution of extreme intraspecific variation.
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1.Introduction

1.1 Angiosperm diversification and plant-pollinator interactions

1.1.1 The evolution of flowering plants

Flowering plants originated 140-250 Mya and are the most speciose plant lineage, comprising 304,000
named species and up to 156,000 unnamed species (Magallén et al. 2015; Pimm and Raven 2017;
Silvestro et al. 2015; Vamosi et al. 2018). The flower has been referred to as a key innovation in the
evolution of complex organisms; unique to angiosperms, flowers are considered pivotal to the success
of this lineage (Chanderbali et al. 2016; Soltis et al. 2019). Floral features such as a closed carpel that
enables fruit to develop from the mature ovary wall, and the process of double fertilisation, may
provide innate advantages. These advantages include enabling gametic competition, the provision of
a nutrient source (endosperm) for the embryo, and fruit as a means of dispersing seeds (Soltis et al.
2019). The angiosperm clade is described as having a ‘propensity to diversify that is evolutionarily
labile’ (Davies et al. 2004), due to repeated shifts in the rate of diversification and multiple radiations
over angiosperm evolution (Davies et al. 2004; Soltis and Soltis, 2004). This complex pattern of
diversification is likely to result from a combination of factors operating in a clade-specific manner
(Marazzi and Sanderson 2010; Onstein et al. 2014; Sauquet and Magallon 2018; Soltis et al. 2019).
Proposed drivers of diversification include whole genome duplications, extrinsic physical conditions,
ecological interactions (including mutualisms with pollinating species), and the evolution of key traits
(Hughes and Atchison 2015; Moore and Donoghue 2007; Van der Niet and Johnson 2012; O’'Meara et
al. 2016; Sargent 2004, Soltis et al. 2019; Weber and Agrawal 2014).

While we lack a holistic understanding of angiosperm lineage diversification, the evolution of key
innovations and morphological transitions has been found to drive diversification at smaller
taxonomic scales (Givnish 2010; Soulebeau et al. 2015; Vamosi et al. 2018). When relative increases
in phenotypic and functional diversity coincide with, or precede, higher level diversification shifts this
can indicate adaptive radiation (Givnish 2015). Adaptive radiation can accelerate species
diversification when ecological roles diversify and corresponding adaptations occur in different
species within a lineage (Givnish 1997 in Givnish 2015). Many examples of adaptive radiations have
been found at the genus and family level, including in Hawaiian lobeliads (Givnish 2010, 2015;
Soulebeau et al. 2015). The lobeliad genus Cyanea (76 species) has undergone parallel adaptive
radiations on different islands resulting in ecological diversity and species richness. A hierarchical
adaptive radiation appears to have occurred, in which habitat is the determinant at the genus level,
and subsequently elevation and flower-tube length drove adaptive radiations within Cyanea (Givnish
et al. 2009). Understanding processes that drive adaptive radiations and the contribution of floral
evolution to these events requires knowledge of the evolutionary and developmental mechanisms
that determine differences in phenotypes, as well as the ecological consequences of these trait
changes (Shan et al. 2019).

1.1.2 Pollinators and floral diversification

Floral variation is often attributed to pollinator mediated selection, which is considered an important
driver of flowering plant evolution (Kay and Sargent 2009; Smith et al. 2018). Plants evolve to enhance
reproductive success by attracting pollinators with floral displays and, as such, pollinators exert
selection on floral traits including scent, colour, and flower shape. The association between flowering



plants and pollinators may have been co-opted from pre-existing gymnosperm-pollinator mutualisms
(Labandeira 2010; Labandeira et al. 2007; Soltis et al. 2019). Animal pollination occurs in
approximately 78-94% of flowering plants (Ollerton 2011). Bees are major pollinators of many
flowering plant species, and the origin of the crown bees 123 Mya is thought to coincide with
diversification of the eudicots, which contain 75% of angiosperm species (Cardinal and Danforth 2013;
Hu et al. 2008). Specialisation between flowering plants and pollinators has been cited as a mechanism
driving divergence (Armbruster et al. 2014; Armbruster and Muchhala 2009).

Spatial variation in pollinator assembly can cause divergent selection on plants in different
geographical locations. Ongoing pollinator evolution results in shifting floral phenotypic optima,
potentially leading to assortative mating. The consequent reduction in pollen transfer between plants
with different phenotypes can promote floral isolation (Grant and Grant 1965; Grant 1949; Kay and
Sargent 2009; Schemske 2009). The pollinator-shift model (Grant and Grant 1965; Stebbins 1970)
explains that transitions between communities of pollinators on a macroevolutionary scale result in
alterations to multiple floral traits (Smith and Kriebel 2018). Studies largely conducted within species
and between species pairs have found strong relationships between the evolution of floral traits and
pollination systems (e.g. Pérez-Barrales et al. 2007; Streisfeld and Kohn 2007). However,
macroevolutionary analyses are required to determine how shifts between major pollinator groups
contribute toward speciation events (Van der Niet and Johnson 2012; Van der Niet et al. 2014). One
such study empirically investigated the relationship between pollination system and flower shape in
lochroma and findings were consistent with the pollinator-shift model. lochroma contains species
pollinated by hummingbirds, or both hummingbirds and insects, and insect pollination is also
predominant in closely related genera (Taura and Laroca 2004; Vercoza et al. 2012 in Smith and Kriebel
2018). Narrow, tubular flowers primarily attract hummingbirds and are the ancestral state, while
campanulate or open bowl-shaped flowers tend to attract insect pollinators. Multiple shifts occurred
from the ancestral tubular flower state to the open forms that correlated with pollination system
changes (Smith and Kriebel 2018). Floral traits such as nectar spurs, corolla tubes, and bilateral
symmetry can facilitate specialisation by accommodating only specific pollinator morphologies. These
innovations can trigger co-evolutionary arms races in which adaptations and counter-adaptations, of
both plant and pollinator, lead to highly specialised interactions that restrict gene flow and contribute
toward lineage divergence (Wozniak and Sicard 2018). It is important to note that radiations have also
occurred in multiple florally diverse groups while the specialised pollination ecology has been retained
(De Luca and Vallejo-Marin 2013; Davis et al. 2014). It is often synergy between floral isolation and
other mechanisms, such as local adaptation and postzygotic isolation, that provides strong barriers to
gene flow, thus driving speciation in angiosperm lineages (Kay and Sargent 2009).

1.1.3 Floral signalling

Plant reproductive success is reliant on the transfer of pollen to and from conspecific flowers. In
reciprocally beneficial interactions, pollinators receive floral rewards during pollen collection and
deposition that are advertised through floral displays. Nectar and pollen are floral rewards with
nutritional value, and pollinators can also gain nesting materials, heat sources, and sites for sleeping,
brooding, and mating (Balamurali et al. 2015). Effective communication is integral to the success of
plant-pollinator mutualisms, with floral signals optimised to provide stimuli that inform the receiver
and ensure detection of flowers within a noisy environment (Endler 1992). These stimuli can be visual,
thermal, tactile, and olfactory. The context of olfactory stimuli can alter the information that is
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transmitted. Stimulus presentation can differ depending on its concentration and timing, while
receiver condition (e.g. gender and experience) can alter signal interpretation (Raguso 2008). Methyl
salicylate is a plant volatile that exemplifies these context-dependent effects, acting as an attractant
to orchid bees (Eltz et al. 2005), reducing honeybee visitation (Henning et al. 1992), and stimulating
hunting behaviours in carnivorous mites that predate plant herbivores (De Boer and Dicke 2004).
Complexity is also evident in signal properties, with visual signals varying in factors such as size,
pattern, iridescence, colour, and symmetry (Leonard et al. 2011). The functioning of visual and
olfactory stimuli, and the synergism between them, has been demonstrated through pollinator choice
experiments (Klahre et al. 2011); for example, the hawkmoth Manduca sexta feeds on the nectar of
Datura wrightii but requires both olfactory and visual cues to induce this feeding response (Raguso
and Willis 2005). Floral signals from different modalities can also act redundantly - when pollinators
do not exploit all sensory cues. Floral signal complementation occurs when, for example, one modality
serves as a long distance attractant and the second enables precise location of the floral reward
(Raguso 2004). The sensory capabilities of the pollinator determine whether floral traits can be
detected and pollinator responses to these signals are derived from learning abilities, innate
preferences, and pre-existing biases (Balamurali et al. 2015; Kelber et al. 2003; Peitsch et al. 1992).
Some insect pollinators prefer floral volatiles that are also produced by insects, providing an example
of potential exploitation by the plant of these pre-existing biases (Raguso 2008; Vlasakova et al. 2008).
The relationship between floral signal and receiver interpretation has resulted in some specific floral
attributes evolving to attract particular pollinator groups. However, this relationship is also influenced
by the compatibility of pollinator physiology with particular floral forms (Shan et al. 2019).

1.1.4 Pollinator-attracting floral traits

Floral organs develop traits that are often crucial for pollinator attraction and defence against
pathogens and florivores, including olfactory, visual, and gustatory features (Shan et al. 2019). A
typical eudicot flower has four types of floral organ arranged in whorls: sepals, petals, stamens and
carpels, respectively from the periphery to the centre of the receptacle. Alterations to these organs
result in diverse floral phenotypes, for example, an increase or reduction in size of petals or stamens
in particular positions can produce a bilaterally symmetrical (zygomorphic) flower. Evolutionary shifts
to zygomorphy are traditionally associated with specialised pollination (Endress 2012; Fenster et al.
2004; Shan et al. 2019), supported by a recent meta-analysis of floral visitation networks showing that
species with floral zygomorphy tended to have fewer floral visitors than species with actinomorphic
(radially symmetric) flowers (Yoder et al. 2020). Changes in symmetry are necessary for the
development of within-whorl heterogeneity, regarding floral organ shape and size. Altering floral
organ dimensions, within or between floral whorls, can impact the overall flower shape and these
differences in shape can be detected by bat and insect pollinators (Gémez et al. 2006; Muchhala and
Serrano 2015; Yoshioka et al. 2007). Differences in flower size are also recognised by hummingbird
and insect pollinators, with bumblebees exhibiting slower foraging between flowers of a smaller size
(Brody 1992; Kaczorowski et al. 2012; Spaethe et al. 2001). The deformation of floral tissue caused by
regional alterations to cell proliferation and cell expansion can produce highly specialised structures
(Shan et al. 2019). Fusion (i.e. a lack of separation) of floral organs also provides new structural
variation and, in Campsis grandiflora flowers, pollen removal is enhanced by fusion of the anthers
(Ren and Tang 2010; Specht and Howarth 2015). Complex floral shapes can be advantageous to
pollinators with compatible morphologies but prevent access to floral rewards for other species. Long
nectar spurs, for example, are typically associated with pollination by moths with a proboscis long



enough to reach nectar at the base of the spur (Darwin 1862). In Impatiens burtonii the nectar spur
acts as a resource for short-proboscid and long-proboscid pollinators that occupy different temporal
and spatial niches; long-proboscid pollinator visitation increases as nectar levels decrease over the
course of the day, and vice versa (Vlasankova et al. 2017).

During maturation of the floral organs, petal epidermal cells change shape influencing texture and
colour, volatiles form floral scent profiles, and flower colouration develops through pigmentation and
structural colour (Moyroud and Glover 2017). Flavonoids, including the pigment anthocyanin, may
protect the flower by acting as feeding deterrents to herbivores and contributing toward plant stress
tolerance by providing a shield against UV damage (Ferrer et al. 2008; Narbona et al. 2018; Tripp et al.
2018; War et al. 2012). It is well established that pollinator selection is affected by changes in flower
colour in groups including moths, bees, and hummingbirds (Davies et al. 2012; Hoballah et al. 2005;
Papiorek et al. 2016; Sheehan et al. 2012). Hummingbirds are major pollinators of the red-flowered
Mimulus cardinalis, whereas Mimulus lewisii is pink-flowered and mainly bee-pollinated (Bradshaw Jr
et al. 1995). Crossing these species to form hybrids, and then near-isogenic lines (NIL), produced M.
cardinalis plants with dark pink flowers and M. lewisii plants with orange flowers (Bradshaw Jr and
Schemske 2003). Bees preferred pink M. cardinalis flowers over red-flowered wild types and
hummingbirds preferred orange M. lewisii flowers over the pink-flowered wild type (Bradshaw Jr et
al. 1995; Schemske and Bradshaw 1999). This experiment demonstrated that floral colour influences
pollinator preferences in two distantly related pollinator species. Patterns of pigmentation can also
be important for pollinator attraction including stripes, bicolour, and spots (Eckhart et al. 2006;
Gaskett 2011; Leonard et al. 2011; Moeller 2005; Shang et al. 2011). Petal spots are defined as discrete
aggregations of pigmented cells that contrast with the background colouration of the flower. Petal
spots may function in pollinator attraction in several ways including increasing floral temperature
through heat absorption (Dyer et al. 2006), acting as tactile or visual nectar guides (Leonard and Papaj,
2011), making flowers more conspicuous (de Jager et al. 2017), or by triggering mating or aggregation
behaviours (Ellis and Johnson 2010; Johnson and Midgley 1997). Dark petal spots have evolved
independently multiple times and occur in many families including Orchidaceae, Fabaceae, Liliaceae,
and Asteraceae (Martins et al. 2013). Differences in colouration between floral organs also produces
patterning. Commelina communis L. have yellow anthers that stand out against blue petals, the
anthers promote pollinator landing and appropriate orientation of the pollinator for pollination
(Ushimaru et al. 2007). Among other signals, flower colouration and pigment patterning can be very
important for pollinator attraction in a wide range of species.

1.2 Flower development

1.2.1 Plant molecular evolution

Plant developmental processes are regulated by a core subset of proteins and require intricate
coordination of complex genetic interactions. Alterations to these pathways can significantly disrupt
plant development, proving detrimental to the organism. On rare occasions, these alterations instead
lead to the acquisition of new processes or patterns that result in novel functional phenotypes (Jiggins
et al. 2016). Existing adaptations and historical contingency constrain evolution. Likened to a
‘tinkerer’, evolution opportunistically modifies existing systems, circumventing developmental
constraints ‘by using differently the same structural information’ (Jacob 1977). The regulation of gene
expression is an important control mechanism that dictates developmental processes, and enables



plants to respond to environmental stresses (Feller et al. 2011; Yang et al. 2012). As such, it is widely
acknowledged that genetic diversification in regulatory regions of genes may be key to developmental
evolution (Carroll 2008; Hoekstra and Coyne 2007; Prud’homme et al. 2007). Rapid morphological
diversification has been associated with increased rates of regulatory gene evolution in plants (Barrier
et al. 2001; Lang et al. 2010). Specifically, the formation of novel regulatory interactions through cis-
regulatory evolution has been proposed as a predominant factor in phenotypic evolution (Wittkopp
and Kalay 2012; Wray 2007). The cis-regulatory region of a gene is comprised of all DNA elements that
regulate the expression of the gene-coding region directly, without encoding intermediary factors
(Stern and Orgogozo 2008). Cis-regulatory elements are regulatory DNA sequences that contain
transcription factor binding sites (Wittkopp and Kalay 2012). The highly modular organisation of many
cis-regulatory elements enables separation and modification of developmental components
independent from other developmental processes (Ambrose and Ferrandiz 2018; Bolker 2000).
Mutations within these regulatory sequences may, therefore, be less likely to generate pleiotropic
effects detrimental to development, in comparison to mutations in coding regions (Carroll 2008;
Rebeiz et al. 2015; Stern 2000). However, redundancy and modularity of gene regulatory networks
may enable them to act as robust buffers also counteracting the potential negative pleiotropic effects
of a coding mutation in a developmental gene (Garfield et al. 2013; Hoekstra and Coyne 2007,
Prud’homme et al. 2007). From our understanding of the network governing Arabidopsis thaliana
flower development it is clear that common transcription factors are essential process integrators in
a ‘fantastically intricate web of crosstalk, feedback, and redundancy’ (Posé et al. 2012).

1.2.2 The role of transcription factors

Transcription factor proteins bind to sequence-specific regions of DNA and regulate the initiation and
rate of target gene transcription; they can both activate and repress transcription, sometimes through
interactions with other proteins (Feller et al. 2011; Lehti-Shiu et al. 2017; Yang et al. 2012). A significant
proportion of protein-encoding genes function in the regulation of gene expression; in Arabidopsis
thaliana transcription factors account for 6% of these genes, while in Caenorhabditis elegans they
account for only 3.6% (Riechmann et al. 2000). On average, 1500-2000 transcription factor genes are
found within sequenced plant genomes (Feller et al. 2011; De Mendoza et al. 2013; Mitsuda and
Ohme-Takagi 2009; Riechmann et al. 2000; Yamasaki et al. 2013). The specific sites that transcription
factors bind to occur in regulatory regions (often promoters) of target genes. They are involved in
several mechanisms coordinating the regulation of gene expression, and RNA polymerase requires
both general and specific transcription factors to bind DNA and synthesise RNA during transcription
(Feller et al. 2011; Stracke et al. 2001). To regulate gene expression transcription factors can integrate
environmental signals and internal signals, providing a complex control mechanism that both
modulates developmental processes and responds to external stresses (Lehti-Shiu et al. 2017; Yang et
al. 2012).

Transcription factors have a modular structure and have been classified into families based on
similarities in the DNA-binding domain module (Stracke et al. 2001). A lot is known about the evolution
of certain transcription factor families including APETALA2 /Ethylene Response Factor (AP2 /ERF)(Kim
et al. 2006; Mizoi et al. 2012), MADS-box (Gramzow et al. 2010; Shan et al. 2009), and MYB families
(Du et al. 2015; Feller et al. 2011; Yuan et al. 2014). Transcription factors are integral to plant responses
to environmental challenges, regulating stress-responsive transcription (e.g. Heat shock factor (Ahn
et al. 2001) and Zinc finger (Deng et al. 2014) proteins) (Nakai et al. 2013; Nakashima et al. 2012; Singh
et al. 2002) and other physiological processes dependent on environmental cues, such as fruit
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maturation (Bastias et al. 2014), circadian rhythms (Gendron et al. 2012), and flowering (Corbesier et
al. 2007). Through regulation of metabolic enzymes, transcription factors have a key role in controlling
secondary metabolite accumulation, impacting plant cellular metabolism (Lehti-Shiu et al. 2017; Yang
et al. 2012). Large transcription factor families have been found to play key roles in the evolution of
developmental processes, for example, MADS-box genes (Ambrose and Ferrandiz 2018). The copy
number of transcription factors from individual transcription factor families is highly variable across
different species. Transcription factor families that have expanded in specific plant lineages may
regulate clade-specific functions (Dias et al. 2003; Shiu et al. 2005).

Regulatory changes in gene expression can evolve in several ways including de novo through
mutations in cis-regulatory elements or via mutations in coding regions of transcription factors. The
latter produces heritable regulatory changes by causing downstream alterations that impact gene
expression spatially and/or temporally. Acquisition of a new transcription factor binding site can alter
the expression domain of a gene by repressing existing expression or activating new expression at a
particular time, location, or in certain conditions. Similarly, changes in gene expression can occur from
loss of transcription factor binding sites (Carroll 2008; Wittkopp and Kalay 2012). Some transcription
factor binding events do not appear to influence gene expression, they are perhaps remnants of past
functions and some may require specific environmental conditions or genetic backgrounds in order to
regulate gene expression (Li et al. 2008; Schmidt et al. 2010). Some genetic changes can also alter cis-
regulatory and coding regions of one or multiple genes, for example, gene loss, gene rearrangement,
or gene duplication (Stern and Orgogozo 2008). Gene duplication and polyploidy are commonplace
within the plant lineage and are considered an important source of developmental variation. In model
plant systems, paralogues functioning in transcriptional regulation are preferentially retained,
suggesting that these processes may be important contributors to the evolution of novel form and
function (Blanc and Wolfe 2004; Jiao and Paterson 2014; Rensing 2014). Following gene duplication,
novel gene functions can result from shuffling or recombination of protein domains (Kersting et al.
2012). Expansion of transcription factor families tends to occur after genome duplication, which
provides a mechanism to increase the complexity and number of gene regulatory networks and
greater opportunity for network subfunctionalisation and neofunctionalisation. In plants there is a
relatively higher rate of transcription factor duplicates retained relative to other lineages (Blanc and
Wolfe 2004; Jiang et al. 2013; Shiu et al. 2005).

1.2.3 The genetics of flower development

Extensive floral variation has evolved within the constraints of the genetic network underpinning
flower development. All floral organs undergo key developmental processes of initiation, identity
determination, morphogenesis, and maturation. Despite sharing basic developmental mechanisms,
each type of floral organ usually has a distinct trajectory during development. The culmination of
differences in these processes produces variability within and between floral organs that can manifest
as striking intraspecific diversity when considering the entire floral phenotype (Irish 2008; Moyroud
and Glover 2017; Shan et al. 2019; Walcher-Chevillet and Kramer 2016). A combination of endogenous
and environmental factors trigger floral development, when the shoot apical meristem transitions into
aninflorescence meristem that eventually leads to production of a meristem for each individual flower
(Krizek and Fletcher 2005). Floral organ primordia develop from a small number of founder cells at
floral meristem peripheries and form in a centripetal sequence through cell proliferation (Chandler
2011; Chandler et al. 2011). The phytohormones auxin and cytokinin are important in specifying the
precise location of floral organ initiation, which occurs at auxin maxima reinforced by a cytokinin
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gradient (Besnard et al. 2014). In Arabidopsis, the transcription factor LEAFY (LFY) is a master regulator
of the whole floral network, activating genes that produce floral meristem and floral organ primordia
(Benlloch et al. 2007; Blazquez et al. 2006; Irish 2010; Liu et al. 2009; Moyroud et al. 2009; Wagner
2009). APETALA 1 (AP1) is a transcription factor that is also involved in activating these processes,
directly targeted by LFY and also acting in parallel with LFY (Winter et al. 2015). In other angiosperm
species both genes have conserved regulatory functions in certain aspects of flower development but
not all (Ahearn et al. 2001; Berbel et al. 2001; Huijser et al. 1992; Kato et al. 2005; Molinero-Rosales
et al. 1999; Moyroud et al. 2009; Rottmann et al. 2000; Souer et al. 1998, 2008; Taylor et al. 2002;
Vrebalov et al. 2002). The Antirrhinum AP1 ortholog, for example, does not have any conspicuous role
in the development of individual floral organs while in Arabidopsis AP1 is involved in sepal and petal
development (Bowman et al. 1993; Irish and Sussex 1990, Huijser et al. 1992, Irish 2009).

Floral-meristem identity genes, including LFY and AP1, regulate the expression of floral homeotic
genes that control floral organ identity. Specific combinations of these homeotic proteins are
hypothesised to form tetrameric regulatory complexes in the organ primordia of floral meristem
(Hugouvieux et al. 2019). These complexes are thought to function as transcription factors by binding
to the DNA of target genes initiating and maintaining specific floral organ identities (TheiRen 2001;
TheiRen and Saedler 1999, 2001). Mutants were identified that had certain floral organ identities
replaced with another type of floral organ, termed homeosis. In A. thaliana, these floral homeotic
mutants were categorised into A, B, and C classes (Bowman et al. 1991, Coen and Meyerowitz, 1991).
In Arabidopsis, for example, AP1 is an A function protein and AGAMOUS is a C function protein. The
(A)B(C) model provides a framework explaining how these different transcription factors specify organ
identity and correct organ positioning. This model was extended through the addition of a D class that
functions in ovule identity specification (Angenet and Colombo 1996) and, subsequently, SEPALLATA-
like genes were found to form an E class of floral organ identity genes (Pelaz et al. 2000; Ditta et al.
2004; Theien 2001). Typically, perianth organs develop from the oldest primordia, with sepals (the
calyx) developing due to the activity of A and E class proteins and petals (the corolla) arising as a result
of A and E proteins alongside B proteins. Stamens (the androecium) arise from the next primordia
through a combination of B, C, and E proteins, carpels (gynoecium) result from E and C protein
functions, and finally ovules form due to C, D, and E proteins (Coen and Meyerowitz 1991; Moyroud
and Glover 2017; Pelaz et al. 2000; Theiflen 2001, Theifen 2016). Floral morphogenesis occurs after
floral organ initiation, during which the size and shape of floral organs change. Finally, during
maturation pigmentation, scent, and gustatory traits become fully developed (Shan et al. 2019). While
the developmental trajectories of each type of floral organ differ, all involve proliferation, cell
expansion and differentiation, and the establishment of lateral-medial, proximal-distal, and adaxial-
abaxial polarities (Irish 2008; Moyroud et al. 2017; Sauret-Gieto et al. 2013; Walcher-Chevillet and
Kramer 2016).

1.2.4 MYB transcription factors

Several developmental processes that occur during floral morphogenesis and maturation are
regulated by MYB transcription factors. The MYB protein family is large and functionally diverse,
occurring in all eukaryotes but selectively expanded in plants (Dubos et al. 2010). MYB proteins are
characterised by a DNA-binding domain, called the MYB domain, that is generally comprised of up to
four imperfect amino acid sequence repeats (R) that each form three alpha helices. A helix-turn-helix
structure is formed from the second and third helices of each repeat. Different MYB protein classes
vary in the number of adjacent repeats present (1R-MYB, 2R-MYB, 3R-MYB, 4R-MYB). The prototypic
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MYB protein (c-MYB, animal cellular MYB) has three repeats named R1, R2, R3, and so repeats in other
MYB proteins are named in accordance with their similarity to the c-MYB repeats. R2R3 MYB
transcription factors, for example, are MYB proteins with two adjacent repeats within the MYB
domain. The plant lineage has a very high diversity of MYB proteins, particularly R2R3-MYB
transcription factors (Dubos et al. 2010; Katiyar et al. 2012; Martin and Paz-Ares 1997). MYB proteins
containing two or more MYB repeats bind specific DNA sequence motifs cooperatively, thought to act
like covalently linked dimers when interacting with DNA (Ogata et al. 1995). This dimerization may
enable high affinity and specificity during protein-DNA interactions. MYB transcription factors seem
to act both as immediate targets of other regulators and direct regulators of other genes, suggesting
that they function at many levels in hierarchical regulatory networks (Dubos et al. 2010; Zheng et al.
2009). The bilateral symmetry of A. majus flowers develops due to ventralizing regulators (e.g. the
MYB transcription factor DIVARICATA (DIV)), and dorsalizing regulators including CYCLOIDEA from the
TCP family and the MYB RADIALIS (Almeida et al. 1997; Luo et al. 1995). AmMMIXTA and the Petunia
protein PhMYB1 are subgroup 9 R2R3 MYB transcription factors that induce epidermal cell outgrowths
(Baumann et al. 2007; Glover et al. 1998; Noda et al. 1994). MYB transcription factors are also involved
in the biosynthesis of flavones in all tissues and have a key role in pigmentation regulation (Stracke et
al. 2007). MYB transcription factors have been associated with transcriptional regulation of betalains
(Hatlestad et al. 2015), carotenoids (Sagawa et al. 2016), and are very well characterised in the
regulation of anthocyanin pigmentation (Davies et al. 2012; Zhao and Tao 2015). The production of
many phenylpropanoid volatiles, including benzaldehyde and eugenol, are also regulated by MYB
proteins (Spitzer-Rimon et al. 2012). In A. thaliana, Petunia hybrida, and Rosa (variety Pariser Charme),
PRODUCTION OF ANTHOCYANIN 1 (PAP1) functions in the regulation of both floral anthocyanin and
volatile production (Zvi et al. 2012).

1.3 R2R3 MYBs in floral anthocyanin pigmentation

R2R3-MYB transcription factors regulate anthocyanin biosynthesis in many systems. They recognise
cis-regulatory MYB-core and AC-rich elements (Franco-Zorrilla et al. 2014; Kelemen et al. 2015; Prouse
and Campbell 2012), and different R2R3 MYB DNA-binding domains vary in DNA binding preferences,
largely within these core motifs. R2R3-MYBs have a modular structure and most regions are highly
variable; however, there is an activation or repression domain at the C-terminus and a highly
conserved MYB domain at the N-terminus. Based on these conserved regions R2R3-MYBs have been
categorised into subgroups, largely characterised from Arabidopsis (Stracke et al. 2001). Research in
other angiosperm species has led to identification of additional subgroups and expansion of existing
subgroups (Du et al. 2015; Jiang et al. 2004; Millard et al. 2019). R2R3-MYB proteins are involved in
regulating many plant specific processes including cell identity and fate, stress responses, primary and
secondary metabolism, and developmental processes (Dubos et al. 2010). Subgroups 5, 6, and 7 of the
R2R3 MYB transcription factor family are associated with anthocyanin synthesis (Feller et al. 2011;
Stracke et al. 2001).

1.3.1 The regulation of anthocyanin pigmentation

Flower colour is primarily formed through pigmentation with betalains, flavonoids, and carotenoids
(Davies et al. 2012). Flavonoids produce the greatest variety of pigments, such as white or ivory
flavones, flavonols, and flavanones; yellow chalcones and aurones; and anthocyanins. Anthocyanin is
the floral pigment with the broadest distribution across flowering plants, responsible for red, pink,
black, and blue colouration (Grotewold 2006). Anthocyanins accumulate in the vacuole and the petal
hue they produce is, in part, dependent on vacuolar pH. The pH of the vacuole can affect the flavonoid
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molecule redox state causing changes in the wavelengths of light that are absorbed (Zhao and Tao

2015). The amino acid phenylalanine is the precursor to anthocyanin synthesis, anthocyanins are
produced from one branch of the flavonoid pathway. Phenylalanine is first converted to coumarate-
CoA, which reacts with malonyl-CoA catalysed by chalcone synthase producing the naringenin

chalcone. Using this product, downstream enzymatic reactions controlled by chalcone isomerase and,
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Figure 1.1. A simplified representation of the flavonoid pathway, denoting the phenylpropanoid pathway,
providing precursors to the anthocyanin branch pathway (detailed) and other branches of the flavonoid
pathway (end-products illustrated). Transcription factors controlling the Arabidopsis and maize anthocyanin
pathway are illustrated: MYB (M), bHLH (B), and WD40 (W). PAL, phenylalanine ammonia lyase; C4H,
cinnamic acid 4-hydroxylase; 4CL, 4 coumarate CoA ligase; CHS, chalcone synthase; CHI, chalcone isomerase;
F3H, flavanone 3- hydroxylase; F3'H, flavanone 3'-hydroxylase; F3'5'H, flavanone 3'5'-hydroxylase; DFR,
dihydroflavonol reductase; FLS, flavonol synthase; ANS/LDOX, anthocyanidin synthase/leucoanthocyanidin
dioxygenase; UFGT, UDP-flavonoid glucosyl transferase; ANR, anthocyanidin reductase; LAR, anthocyanidin
reductase. EBG, Early Biosynthesis Genes; LBG, Late Biosynthesis Genes. Reprinted from Petroni and Tonelli
(2011) with permission from Elsevier.

subsequently, hydroxylases produce dihydroflavonols. The various dihydroflavonols formed are
substrates for dihydroflavonol 4-reductase, which syntheses leucoanthocyanidins. Subsequently,

anthocyanidin synthase converts these substrates into coloured anthocyanidins, for example cyanidin,
pelargonidin and delphinidin (Fig 1.1). These anthocyanidins can be decorated by transferases,
including acetylases and methyltransferases, and processed by 3-O-glycosyltransferases forming the

chemically stable and water soluble anthocyanidin-3-O-glucosides (Chaves-Silva et al. 2018).



Anthocyanin compounds are broadly distributed across the plant lineage, and the anthocyanin
pathway and its transcriptional regulation is well characterised in a diverse range of species
(Grotewold, 2005; Hernandez et al. 2009). Anthocyanin production is controlled by members of R2R3
MYB and basic helix-loop-helix (bHLH) families that form a complex (the MBW complex) with WR-
repeat (WDR) proteins to activate anthocyanin biosynthesis pathway enzymes (Gonzalez et al. 2008;
Ramsay and Glover, 2005). In many eudicot species different groups of transcriptional regulators
control early and late biosynthesis genes, although partial overlap between regulators does occur.
Comparing between species, transcriptional regulators can have differing affinities for various
anthocyanin biosynthesis genes (Petroni and Tonelli 2011). Late biosynthesis genes are regulated by
the MBW complex (Dubos et al. 2010; Ralf Stracke et al. 2007). MBW complex formation is also
necessary in certain systems, including maize, to activate biosynthesis genes acting earlier in the
anthocyanin pathway (Petroni and Tonelli 2011). Subgroup 6 R2R3-MYB transcription factors are
strongly associated with regulation of late anthocyanin biosynthesis as part of MBW complexes in
many systems and examples of anthocyanin phenotypes resulting from overexpression of these
transcription factors are illustrated in Fig 1.2 (Albert et al. 2011; Lim et al. 2016). In petunia flowers
anthocyanin synthesis is controlled by MBW complexes containing the WD40 AN11 and bHLH AN1
proteins that interact with two different subgroup 6 R2R3 MYB partners: AN2 in petals and AN4 in
anthers (Petroni and Tonelli 2011; Quattrocchio et al. 2006; Schwinn et al. 2006; Spelt et al. 2000).
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Figure 1.2. The induction of anthocyanin pigmentation from constitutive expression of subgroup 6 R2R3 MYB
transcription factors 1) Raphinus sativus L. gene RsMYB1 stably transformed into Arabidopsis thaliana (a-d)
wildtype (e-h) transgenics. 2) Petunia hybrida genes PURPLE HAZE (PHZ) and DEEP PURPLE (DPL) stably
transformed into P. hybrida. 2a) wild type 2b) PHZ transgenic line 2c) DPL transgenic line. Figures were reprinted
by permission from 1) Springer Nature: Plant Cell Reports, Lim et al. (2016), 2) John Wiley and Sons: Plant Journal,
Albert et al. (2011).

1.3.2 Floral patterning

Differences in pigmentation between cells within one floral organ or between floral organs can
produce floral patterning including spots, stripes, and bicolour flowers (Davies et al. 2012; Gaskett,
2011; Leonard et al. 2011; Shang et al. 2011). Floral pattern formation requires genetic mechanisms
that restrict the location of pigment. The flavonol and anthocyanin pathways have common precursors
and in M. lewisii competition for these substrates leads to petal patterning (Fig 1.3). The R2R3 MYB
transcription factor LAR1 represses anthocyanin production around the corolla throat, resulting in a
white patch in an otherwise pink corolla — a trait potentially important for bumblebee pollination
(Owen and Bradshaw 2011; Yuan et al. 2016). Within the white region of the petal, LAR1 activates
flavonol synthase expression and this enzyme diverts dihydroflavonol substrates to flavonol
(colourless or ivory) production and away from the anthocyanin pathway (Yuan et al. 2016). In Clarkia
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gracilis spatial restriction of dihydroflavonol-4-reductase (DFR) (an anthocyanin synthesis enzyme) is
a result of DFR activation by a spatially restricted R2R3 MYB transcription factor (CgMyb1). Cis-
regulatory differences between the promoter sequences of each CgMYB1 allele causes each allele to
be expressed in different petal regions resulting in variation in corolla spot position (Martins et al.
2013; Martins et al. 2017). The production of petal patterns requires adjacent cells to adopt distinct
fates during development and an anthocyanin regulatory network model has been developed using
Petunia data to explore this. Incorporated into the model was a putative R2R3 MYB and information
from previous research on the role of Petunia MBW complexes and R3 MYB repressors in floral
pigmentation patterning. Cell-specific anthocyanin production was presented as a result of
coordination between activator and repressor proteins that interact through a series of feedback
loops (Albert et al. 2014). Similarly, an R2R3 MYB activator and an R3-MYB repressor identified in
Mimulus regulate petal anthocyanin spots, with a mode of action compatible with (but not confirmed
as) the reaction-diffusion model or classic Turing instability (Fig 1.3) (Ding et al. 2018; Turing 1953).
The reaction-diffusion model demonstrates how spatial patterns in tissues can develop through a self-
activating activator and a repressor protein interacting, with the latter able to inhibit the activator
along a diffusion gradient (Meinhardt and Gierer 2000). Some floral phenotypes are highly complex
requiring coordinated regulation of multiple pigment pathways and different cell types, such as those
involved in the formation of sexually deceptive petal spots in Gorteria diffusa (Thomas et al. 2009).
Characterising the mechanisms that control complex patterning will prove challenging but will be
aided by further establishment of model systems to address these questions.

1.4 Floral pigmentation and species diversification

The discovery of heritable phenotypes and use of novel traits for developmental innovations are key
components of adaptation (Specht and Howarth 2015). To understand the way in which these traits
evolve requires not only a developmental perspective but also consideration of the population
genetics and specific environmental context within which the traits emerge because selection acts
upon the phenotype (Fernandez-Mazuecos and Glover 2017). Coupling insight into genetic
architecture of specific traits with understanding of how causal mutations originate and spread in
populations enables more thorough understanding of natural variation and how it can lead to
speciation (Nunes et al. 2013). Studies of colouration may provide a particularly good model for
investigating these different elements of microevolution. Adaptive colouration is an important
contributor toward plant and animal fitness, and a lot is known about the genetic control of colour
traits, with mechanisms beginning to be elucidated. Insights into the evolution of pigmentation in
systems such as the monkeyflower Mimulus and Heliconius butterflies have provided understanding
of the interplay between ecology, evolution and development (Orteu and Jiggins 2020; Wu et al. 2008;
Yuan 2019). Therefore, developing additional flower model systems could provide both information
relating to floral trait genetics and a predictive framework that contributes toward broader
developmental evolutionary understanding (Stern 2011 in Nunes et al. 2013).
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Figure 1.3. Our current understanding of the genetic processes underlying pigmentation traits in
Mimulus lewisii (depicted in the top left) petals are illustrated for (clockwise from the right)
anthocyanin spots (Ding et al. 2018), reduction in anthocyanin in the white region of the corolla throat
(Yuan et al. 2016), petal lobe anthocyanin pigmentation (Yuan et al. 2014), and nectar guide
carotenoid pigmentation (Sagawa et al. 2016). Black arrows indicate regulation of a gene/protein or
synthesis of a product, green and red arrows indicate a relative increase or decrease in a particular
substrate/enzyme/expression of a gene/product. The regulatory genes listed are R2R3 MYBs.
Reproduced with permission by Annual Reviews, Fattorini and Glover (2020).

1.5 The study system Gorteria diffusa

1.5.1 Growth habit and phylogenetic placement

Gorteria diffusa is an herbaceous and self-incompatible daisy (Asteraceae), described by Thunberg in
the 18" century. The name G. diffusa refers to the plant’s diffuse growth habit; multiple branches
emerge radially from the rootstock and grow prostrate along the ground (Duncan and Ellis 2011; Ellis
and Johnson 2010). Plants take on average three to four months to flower and have approximately
20-60 open inflorescences (Duncan and Ellis 2011; Stangberg et al. 2013). Predominantly an annual
species, there are perennial coastal populations (Ellis and Johnson 2009). Germination within G.
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diffusa is dependent on rain and suitable weather conditions, only a few achenes may germinate while
the others are dormant for one to several seasons. G. diffusa belongs to the subtribe Gorteriinae in
the largely southern African tribe Arctotoideae (Funk and Chan 2008; Karis 2006). Roessler (1959,
1973) split Gorteria into three species: G. corymbosa, G. diffusa, and G. personata. Recent
phylogenetic studies on Arctotideae - Gorterrinae demonstrated that Roessler’s taxonomic concepts
are not compatible with the evolutionary history of the group. While Gazania constitutes one clade,
Gorteria and Hirpicium species are intermingled in two additional clades (Stangberg et al. 2013). The
suggested revised taxonomy sensu Stangberg et al. (2013) is illustrated in Fig 1.4.

Taxa sensu Roessler Taxa sensu Stangberg
(1959, 1973) & Anderberg (2014)

———— Gorteria diffusa (‘Northern’) % -« "é
=3 c"
Gorteria diffusa (‘Northern’) : . %
_[ e
~
-

Gorteria diffusa subsp. calendulacea [~ Gorteria diffusa

Gorteria diffusa subsp. calendulacea .4 -— %“
Sl >
Gorteria diffusa (‘Middle’) B o el

_|: Gorteria corymbosa (13 ray florets) Gorteria warmbadica

Gorteria corymbosa (8 ray florets) Gorteria corymbosa
———— Gorteria diffusa subsp. parviligulata Gorteria parviligulata ’ Dy 7
-
Gorteria personata Gorteria personata bﬂ

——  Hirpicium alienatum (N.C.)

— Gorteria alienata

] —— Hirpicium alienatum (W.C.)
L—— Hirpicium integrifolium (W.C.) Gorteria integrifolia -3
- E =
—— Gorteria personata subsp. gracilis t ;%
— & N
—— Gorteria diffusa (‘Southern’) — Gorteria piloselloides

= Gorteria diffusa (‘Southern’)

als 9
|

OUTGROUP

Figure 1.4. Simplified phylogeny of Gorteria. Taxa sensu Roessler (1959, 1973) are denoted in the left-hand column
and taxa sensu Stangberg & Anderberg (2014) are the right-hand column. ‘Northern’, ‘Middle’ and ‘Southern’
describe the part of the G. diffusa range that samples were collected from. N.C. is ‘Northern Cape’ and W.C. is
‘Western Cape’. Photographs depict the species they are adjacent to, and the relative size of each capitulum is
approximately to scale. Modified from Stangberg and Anderberg (2014) and photographs taken with permission by
the author and publisher (International Association for Plant Taxonomy) from Stangberg et al. (2013).
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1.5.2 Habitat and geographical distribution

G. diffusa inhabits the winter rainfall zone of southern Africa, with a distribution spanning southern
Namibia to the Richtersveld and Namaqualand to the Western Cape of South Africa (Fig 1.5) (Duncan
and Ellis 2011; Roessler 1959). This semi-arid Succulent Karoo biome is considered relatively young,
as most endemic lineages originated less than 10mya. The Succulent Karoo is a biodiversity hotspot
(de Jager and Ellis 2017; Myers et al. 2000) and the Namaqualand subregion contains approximately
38000 angiosperm species and >400 species of Asteraceae in 55000km? (Snijman 2013). Aridification
that started in the Miocene is often cited as a potential pressure that increased diversification in this
biome (Diester-Haass et al. 2002; Linder 2003; Tyson and Partridge 2000; Verboom et al. 2014).
Pollinators are another potential driver of angiosperm speciation in the Succulent Karoo, as plant
species tend to have strong pollinator specialisation that may contribute toward reproductive
isolation (Ellis et al. 2014; Johnson 2010; Linder 2003). Pollinator interactions may be particularly
important because Namaqualand has a narrow temporal flowering window and high occurrence of
self-incompatible annual species (Kemp et al. 2019; de Waal et al. 2014). Each spring, G. diffusa
contributes to mass flowering displays, dominated by daisies, that characterise this region (Kemp et
al. 2019). G. diffusa grows in large colonies, from late July to early October, in sand or clay soil, on flats
and rocky hill slopes (Duncan and Ellis 2011). Abundant floral visitors to Namaqualand plant
communities include flies (Bombyliidae, Tabanidae), Hopliini beetles (Scarabacidae), and bees
(Apoidea) (Ellis and Johnson 2009; Struck 1994). The most prevalent daisy flower colour present varies
geographically, for example the majority of daisies in upland areas are orange and white colouration
is dominant in coastal plains. Changes in pollinator community composition occur over small distances
and this variability in pollinator assemblage is consistent with a role in promoting these clustered
assemblies of flower colour patterns. The dominant pollinators in each community investigated (flies:
Megapalpus capensis and Rhigioglossa sp. respectively) interacted most strongly with the floral colour
patterns that were overrepresented. This is consistent with species coexistence being driven by
facilitation, or evolutionary convergence, of shared colour patterns preferred by locally dominant
pollinators (Kemp et al. 2019). The repeated evolution of different colour patterns in multiple distantly
related daisy lineages suggest that flower colour in Namaqualand daisies may be evolutionarily labile.
This is also evident in intraspecific differences in floral colour patterns that occur allopatrically within
some species, including G. diffusa (Kemp et al. 2019).

1.5.3 Asteraceae floral architecture

The Asteraceae capitulum is a compressed inflorescence consisting of many flowers on a receptacle
surrounded by bracts (Bello et al. 2013; Weberling 1992). It contains two types of flowers:
actinomorphic disc florets are centrally positioned, and at the periphery of this central zone are
zygomorphic ray florets. Ray florets have long ventral petals that are fused together and reduced
dorsal petals (Bello et al. 2013; Garcés et al. 2016). The capitulum functions as an effective
reproductive unit, with disc florets specialised for reproductive processes and ray florets functioning
in pollinator attraction. This morphology provides ‘a more flexible basis for breeding system evolution
than does a single flower’ (Lane, 1996 and Jeffrey, 2009 in Bello et al. 2013). In G. diffusa
actinomorphic disc florets are male in the centre and male or hermaphroditic towards the periphery
of the capitulum. The disc florets mature acropetally and so before the central florets open the outer
disc florets are often pollinated, and the capitulum wilts (Johnson and Midgley 1997; Thomas et al.
2009). G. diffusa ray florets are sterile and attract pollinators using a ligule of four fused petals that is
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brightly coloured. Dark petal spots develop across this ray floret corolla (Karis 2007; Thomas et al.
2009).
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Figure 1.5. Map of the West coast of South Africa. Black lines indicate approximate boundaries
between different rainfall regions indicated on the map as winter, year-round, and summer rainfall
based on Chase and Meadows (2007). Coloured overlay depicting different regions are based on those
outlined in (Cowling 2015). Points indicate locations where G. diffusa has been sampled — this is not
an exhaustive representation. Map was taken from google maps.

1.5.4 Intraspecific variation

G. diffusa floral phenotype is highly variable between populations across its distribution (Thomas et
al. 2009). Groups of geographically proximal populations were observed to have similar phenotypes,
with sharp boundaries where floral traits varied dramatically in adjacent populations. Based on this
geographical variation in G. diffusa inflorescence phenotype, populations were assigned to different
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floral morphotypes (by Allan Ellis and Steve Johnson) named after the areas in which they were found
(Fig 1.6). A quantitative investigation across the species range was then conducted, focussing
particularly on whether clusters of discrete geographical floral forms occur or whether floral variation
is continuous. 240 populations were located across succulent Karoo vegetation, by driving along public
roads and stopping every 20-30 km — covering an area of 35000 km?. Capitulum trait measurements,
including spot structural traits, were taken from 5 - 7 plants in each of 53 populations and used in
cluster analyses. If floral forms were discrete, multiple populations of a morphotype should have
combined trait variation levels equivalent to that within-populations. Clusters did comprise several
populations of the same floral form, demonstrating that capitulum traits differ between floral
morphotypes — with a few exceptions including Okiep and Kleinzee, and the spot traits of Rich and
Kleinzee. A caveat of cluster analysis is that it always finds discrete groups, but population trait scores
also revealed discrete clusters in multidimensional scaling space; for inflorescence and spot traits, five
and eight clusters were found, respectively. Single clusters always contained all individuals from a
population and several geographically adjacent populations, with the exception of the Okiep - Kz
complex (Ellis and Johnson 2009). There is variability in floral phenotype within morphotypes, for
example, variation is relatively high in Okiep populations (Ellis and Johnson 2009) and Stein contains
both spotted and non-spotted individuals (personal observation, Allan Ellis observation). Within other
floral forms, such as Cal, floral phenotype is highly consistent. It is evident that the G. diffusa species
complex contains several geographically discrete floral forms identifiable by differences in capitulum
phenotype.

Phenotypic comparisons between greenhouse grown individuals and wild plants found no significant
differences in floral trait measurements for all morphotypes tested, except an increase in flower size
in greenhouse populations (Ellis and Johnson, 2009; Thomas et al. 2009; personal observation). This
demonstrates that the specific phenotypes of each floral form are heritable. Contact regions occur
between many morphotypes and usually there is a steep clinal transition between floral forms.
Individuals with intermediate phenotypes are found in some of these contact zones (Ellis and Johnson
2012). DNA samples from transects spanning two adjacent floral morphotypes, and the corresponding
contact zone, are being used to determine how G. diffusa genetic structure is organised (by Boris
Delahaie). This should provide insight into reproductive isolation and patterns of introgression in the
system. The species has undergone recent taxonomic revision, as G. diffusa was found to be
polyphyletic and the most Southerly morphotype (Worcester) is now considered a separate species.
The presence of three well supported and phenotypically distinct groups prompted the suggested
taxonomic classifications illustrated in Fig 1.4. While seven morphotypes from the ‘Northern’
distribution area formed an unresolved polytomy, the most Northerly morphotypes Khubus and Rich
formed a sister group to this clade (bootstrap=89%, PP=1). Nieuw, from the ‘Middle’ distribution area,
was resolved as a sister group to both of these clades but with low support (bootstrap=74%, PP=0.87).
Ultimately, to determine the appropriate taxonomic status of each G. diffusa floral morphotype will
require a well-resolved molecular phylogeny of the species (currently in progress), crossing
experiments, and rigorous examination of floral and vegetative trait variation (Ellis and Johnson 2009).
The genetic similarities between morphotypes, despite stark floral phenotypic differences, imply
potential recent and rapid floral evolution (Stangberg et al. 2013). As such, once morphotype
taxonomic status is resolved, G. diffusa will provide an excellent system for investigating the evolution
of ecologically relevant floral traits in a species potentially undergoing incipient speciation.
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Figure 1.6. The morphotypes of G. diffusa. a) Two photographs of the capitula of each morphotype, with the morphotype name given in the blue box. * indicates some
individuals produce simple black spots at the base of the ray florets, but this is not depicted in the images provided. Where text is black these morphotypes are included
in the phenotypic characterisation of Ellis and Johnson (2009) white text indicates more recently identified morphotypes not included in this analysis. Underlined
morphotypes were included in the quantitative characterisation of spot phenotypes in Ellis et al. (2014). b) Map of Namaqualand in South Africa indicating the distribution
of 13 of the G. diffusa floral morphotypes. Points represent the occurrence of G. diffusa colour-coded by morphotype and crosses are sites where Gorteria did not occur.
Photographs in a) were taken by Allan Ellis, Réisin Fattorini, and Matthew Dorling. Figure b) was reproduced with permission by John Wiley and Sons from Ellis and
Johnson (2009).



1.5.5 Petal spots

Ellis and Johnson (2009) found that the inflorescence traits contributing most to differentiation
between floral forms included spotted ray floret number, presence of raised spot florets, and presence
of a black capitulum ring. These criteria complement the loose categorisation of G. diffusa spot types
by Stangberg et al. (2013): (1) Simple dark basal spots on all ray florets; (2) Raised spots typically
present on 1-5 ray florets within a capitulum —these tend to be more structurally complex, comprised
of multiple epidermal cell types (Thomas et al. 2009); (3) Curvature of the ray floret lamina resulting
in spots with a raised appearance, which are present on all ray florets in a capitulum. These (3) spots
are generally structurally complex, although without the epidermal protrusions (papillae) sometimes
present in (2). Spot types are not all mutually exclusive, with some capitula having both simple dark
basal spots and raised spots on 1-5 ray florets. The number of raised spots per capitulum can vary
within a plant and, in some morphotypes, spots can be completely absent from some individuals
within a population. Spot types and variation are illustrated in Fig 1.7. Preliminary evidence suggests
that spot presence can also vary within plants of the morphotype Stein, but this needs to be verified
with a larger sample size using individuals from every Stein population.

The morphotype Nieuw was used in a detailed morphological analysis of complex raised petal spots.
Nieuw petal spots were described as ‘deeply textured and richly coloured, such that the overall
appearance is a shimmery, almost iridescent elaboration of the petal’ (Fig 1.8) (Thomas et al. 2009).
This intricate phenotype is due to three specialised cell types that have distinct size, shape, and
pigmentation - compared to unspecialised pavement epidermal cells of the ray floret. Central highlight
cells have a smooth cuticle and outer cell wall, they are relatively small, have little pigmentation
(appearing white), and reflect UV. Interior cells are relatively short and round, with pigmentation that
is variable and appears to be cell autonomous. Petal tissue composed of interior cells appears green
and textured, undulating around smooth highlight cell tissue. Multicellular papillae are iridescent
groups of swollen epidermal cells containing high concentrations of anthocyanin; these structures
form an arc around the periphery of the spot. Papillae are absent in several morphotypes and papillae
shape and elaboration also vary between G. diffusa morphotypes. Other differences in complex spots
between morphotypes include the number of highlights present, and the arrangement of spot cell
types relative to one another (Thomas et al. 2009). As the spot develops at the base of four
congenitally fused petal lobes, specialised cell types span all or several lobes. Spot patterning develops
within a zygomorphic flower, across a subsection of the corolla, but is only present on 1-4 ray florets.
As such, spot development in Nieuw is complex over several morphological scales: at the cellular level
(spot), considering the whole floral organ (ray floret), and in overall inflorescence development
(capitulum) (Thomas et al. 2009). While simple basal spots are found in other Gorteria species and
South African Asteraceae genera, the morphology of Nieuw spots is unusual. Gazania and Arctotis also
contain species developing intricate petal spots, but the complex patterning is mostly caused by
pigment accumulation. This also applies to non-daisy taxa such as Pelargonium (Geraniaceae) and
Rhododendron (Ericaceae). It is the substantial elaborations and modification of the epidermis in G.
diffusa petal spots that makes them highly unusual morphologically. The presence of spots on only a
subset of ray florets is also unique amongst the aforementioned spotted species (Thomas et al. 2009).
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Simple* dark
basal spot on
all ray florets

Raised spot on all
ray florets

Raised spot
usually on 1-5
ray florets

|~ = Forms where individuals with dark basal spots
k= == occur together with individuals lacking basal
spots.

* ‘Simple’ here includes dark flat basal spots
with white highlights as in (A) G. parviligulata
(M) Soeb morphotype (K) G. personata.

Figure 1.7. Graphical representation of the petal spot types in Gorteria (as described by Stangberg and Anderberg, 2014) and the dynamic complexity within
the system. This is not an exhaustive description of the variation within Gorteria, for example, there are also some non-raised spots that are not present on
all ray florets. All images are G. diffusa as defined in Stangberg et al. 2013 except for (A) G. parviligulata and (K) G. personata. Photographs were taken with
permission by the author and publisher (International Association for Plant Taxonomy) from Stangberg et al. (2013). 20



. ' ‘
Figure 1.8. G. diffusa complex petal spots in two morphotypes. The petal spot epidermis is rich in anthocyanin
and composed of three specialised cell types: green interior cells (black arrow), multicellular papillae (white
arrow), and white highlight cells (grey arrow). a) A light micrograph of the Nieuw morphotype, reproduced with

permission by John Wiley and Sons from Thomas et al. (2009). b) A photograph of the Spring morphotype (taken
by Boris Delahaie).

1.5.6 Petal spot evolution and pollinators

G. diffusa petal spots attract the Bombyliidae bee fly Megapalpus capensis (Wiedermann). This is a
widespread and abundant pollinator in the Succulent Karoo, it feeds on the nectar and pollen of many
angiosperm species, including G. diffusa, and is considered a dominant pollinator of multiple daisy
genera (Ellis and Johnson 2009; de Jager and Ellis 2013; Johnson and Midgley 1997). M. capensis
pollinates taxa with convergent dark spots in the capitulum, or dark reproductive organs; implying this
bee-fly may have contributed toward the evolution of the ‘dark spotted’ pollination guild in
Namagqualand (de Jager and Ellis 2012; Johnson 2010). To compare pollinator species across floral
forms, G. diffusa capitula were inspected in 62 populations. Floral visitors were identified and checked
for the presence of G. diffusa pollen. M. capensis visited all 10 floral morphotypes surveyed, bees were
found collecting pollen on northern floral forms, and horse flies (Tabanidae) frequented three
morphotypes and were occasionally found on three additional floral forms. The visitation rates of M.
capensis were mostly higher than those of other pollinators, but Soeb had more tabanid Rhigiolossa
spp visitors. M. capensis flies always made contact with stigmas during floral interactions and all
inspected flies were carrying Gorteria pollen, suggesting M. capensis is an effective G. diffusa
pollinator (Ellis and Johnson 2009).

M. capensis exhibits three different behaviours on G. diffusa capitula: pollen and nectar feeding, brief
inspection visits, and active attempts to copulate with the spot (Fig 1.9) (Ellis and Johnson 2010;
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Johnson and Midgley 1997). This is one of only two cases of pollination by sexual deception reported
in a family other than Orchidaceae, with the other being Iris paradoxa (Vereecken et al. 2012). The
petal spots are thought to mimic females, as only male flies attempt copulation (Ellis and Johnson
2010; Johnson and Midgley 1997). This pseudocopulatory response is only observed on specific
morphotypes with raised complex spots on a subset of ray florets (Spring, Buffels, and Nieuw) (Ellis
and Johnson 2010; Thomas et al. 2009). Capitula with simple spots on each ray floret elicited feeding
behaviours only, while male inspection behaviours occurred on more elaborate spots. Spot models
investigating how visual, tactile, and olfactory components contribute to M. capensis attraction found
contrasting preferences between male and female flies, for example, only males had a preference for
spots with papillae (de Jager and Ellis 2012). As floral odour extract did not trigger male copulation
behaviour, it is unlikely to contain gender-specific pheromonal signals contributing to the sexual
deception. However, it is possible that not all relevant compounds were extracted, and males did show
preference for odour extracts of spotted ray florets in the model combining all sensory components.
Therefore, G. diffusa may be using multimodal signals to deceive males, activating different fly sensory
systems to improve signal detection (Candolin 2003; de Jager and Ellis 2012).
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Figure 1.9. The behavioural responses that Megapalpus capensis flies exhibit upon visitation to G. diffusa
floral morphotypes (A) male flies (B) female flies. Behaviour is indicated by bar colour: light grey (feeding),
dark grey (inspection), black (mating). Data were collected during controlled cage experiments. The number
of observed visits were listed and the number of flies used in the experiment are given in parentheses.
Asterisks indicate floral morphotypes where male and female flies exhibited combinations of behavioural
responses that were significantly different. This figure was reproduced with permission from Ellis and
Johnson (2010).
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As mate-seeking flies are more active than feeding flies, this behaviour may be advantageous for the
plant by enabling more effective pollen transfer between individuals and so increasing outcrossing
rates (Ellis and Johnson 2010). Fly mimicry may have evolved in G. diffusa through antagonistic
coevolution, as deceived males learn to avoid female-mimicking spots over time (de Jager and Ellis
2014). In this scenario, sexual deception would impose a reproductive cost on male M. capensis and
this would be selected against through learned discrimination between real females and petal spots.
In turn, the plant is under selection to retain the pollinator to maximise reproductive success, so the
spot phenotype becomes more deceptive — reducing the ability of the fly to detect the deception. It is
evident that the high intraspecific variation within G. diffusa evolved without pollinator shifts.
However, contrasting fly behaviours and pollinator environments between floral forms could still,
theoretically, have contributed to divergence within this species. Contrasting preferences for spot
phenotype between male and female M. capensis could impose divergent selection on G. diffusa. If
the fly sex ratios varied between populations, but remained stable over generations, selection exerted
by the most abundant gender could determine floral phenotype (de Jager and Ellis 2012).
Geographically variable, but stable, variation in the effectiveness of each gender as pollinators could
also promote floral divergence. Flies do not have preferences for G. diffusa floral forms based on the
plant community context or innate preferences, so assortative visitation based on floral phenotype is
unlikely to be a factor in maintaining floral morphotypes at contact regions (Ellis and Johnson 2012).

So far investigations into how M. capensis may have contributed to G. diffusa floral divergence have
yielded no clear explanations. Floral variation may also have evolved due to selection from other types
of floral visitors such as other pollinators, herbivores, and seed predators (Galen 1999, Gémez 2003,
Rey et al. 2006). Additional potential barriers to gene flow between morphotypes include ecological
isolation, postzygotic isolation mechanisms, and physical geographical barriers. The latter is possible
for certain floral forms, as boundaries between them and adjacent morphotypes occur at landscape
features, such as rivers, that may reduce gene flow. The isolated G. diffusa populations could then
diverge through the neutral process of genetic drift (Ellis and Johnson 2009). Potential prezygotic and
postzygotic barriers to gene flow are currently being investigated.

1.5.7 Current research into G. diffusa

A phylogeny resolving the evolutionary relationships between G. diffusa morphotypes is currently
underway (Mellers 2016; Delahaie unpublished). The genetic processes underlying phenotypic
differentiation between morphotypes within G. diffusa are being investigated through analyses of
genetic structure across morphotype hybrid zones, coupled with ecological research to establish
potential intraspecific barriers to gene flow. Candidate genes that may contribute toward key aspects
of petal spot development have been identified from a recent transcriptome, these include genes that
may regulate papillae development (Kellenberger unpublished). The developmental aspect of this
project follows on from previous work by Mellers (2016) and Walker (2012). The previous work
established that G. diffusa petal ray florets are pigmented by the anthocyanin cyanidin in the subset
of morphotypes investigated (Thomas et al. 2009, Walker 2012). A G. diffusa MYB gene (GdMYB8) was
isolated from a Spring transcriptome analysis as a potential petal spot anthocyanin regulator (Walker
2012). This gene clustered within subgroup 6 of the R2R3 MYB transcription factors and could induce
anthocyanin production in a heterologous host (Mellers 2016).
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1.5.8 Project objectives

The overall project objectives were two-fold: to further our understanding of the genes regulating G.
diffusa petal spot development and to provide a first insight into G. diffusa population genetic
structure. Investigations were primarily conducted within a single morphotype (Spring) to provide a
comprehensive knowledge base which can be used in future as a key resource for between-
morphotype comparative research. Spring was chosen as the focal morphotype because it has been
used for previous investigations conducted within the laboratory and Spring petal spots are
particularly interesting regarding functionality, as they are sexually deceptive to male bee fly
pollinators.

Investigating the spatial scale of gene flow across the Spring morphotype range

During a field season in the Northern Cape of South Africa, several plants were sampled within
multiple populations across the Spring morphotype range. Floral phenotypic measurements were
recorded, and leaf samples taken. DNA was extracted from these samples and used in a genotyping
by sequencing analysis to investigate population genetic structure. The data were analysed using a
number of complementary approaches and the relationship between genetic differentiation and
geographical distance between sites was investigated. We hypothesised that the spatial scale of gene
flow may be relatively small, due to limited seed dispersal. Phenotypic data was collected to enable a
comparison of genetic structure with any phenotypic differentiation present. This is the first
population genetics study conducted within G. diffusa. The results will contribute toward
understanding of the genetic structure of species within the Succulent Karoo biodiversity hotspot.

Characterising anthocyanin petal spot regulators

Several candidate R2R3 MYB transcription factors were identified as potential petal spot anthocyanin
regulators, homologous to the GdMYBS8 gene previously identified. The expression patterns of these
genes were determined across three G. diffusa morphotypes (Spring, Cal, and Stein) using qRT-PCR.
Genes that were upregulated in spotted petal tissue were stably transformed into N. tabacum to
assess whether these genes were sufficient to induce ectopic anthocyanin production in a
heterologous system. The expression patterns of the transgenes and N. tabacum anthocyanin
synthesis enzymes were determined through qRT-PCR to provide insight into the functioning of the
transgenes within N. tabacum. Potential downstream targets in the anthocyanin synthesis pathway
were characterised and expression patterns investigated to determine the contribution of these genes
to pigmenting petal spots.

Investigating the function of requlatory proteins within G. diffusa

Attempts were made to further develop a G. diffusa stable transformation protocol to enable
overexpression of GAMYB8 genes within G. diffusa. Biochemical assays were used to determine
whether GdMYB8 proteins could bind to promoter motifs of candidate anthocyanin synthesis
enzymes. The assays conducted were yeast one-hybrid experiments, enabling assessment of whether
GdMYBS proteins could bind to promoter fragments and activate gene transcription within yeast, and
gel shift assays which are currently ongoing. Promoter regions of GdAMYB8 genes were isolated
through genome walking as a resource for identifying candidate MYBS8 regulators once an efficient G.
diffusa stable transformation has been developed.
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2. General methods

Methods common to multiple data chapters are listed here, while more specific procedures are given
within the relevant data chapter.

2.1 Plant growth conditions

(Relevant for all data chapters)

Seeds of Gorteria diffusa were collected from wild populations in Namaqualand, South Africa between
June - September 2013 (morphotype Spring collected by Greg Mellers), 2016 (multiple morphotypes
collected by Alan Ellis), and 2018 (multiple morphotypes collected by Boris Delahaie, Rdisin Fattorini,
Jurene Kemp). Whole fruits were soaked in water for approximately 16 hrs before being sown in a
mixture of 20% sand and 80% Levington’s M2 potting compost. The plants collected were grown in
either (1) Plant Sciences Department greenhouse kept at 21°C, with a photoperiod of 16 hrs and
approximately 60% humidity, (2) Cambridge University Botanic Garden greenhouse at 16 - 33°C, a
photoperiod of 16 hrs, and ambient humidity or (3) Cambridge University Plant Growth Facility (16 hrs
light/8 hrs dark, 20°C, 60% humidity). The following morphotypes were grown: Spring, Cal, Stein.

2.2 RNA and DNA extractions
(Relevant for all data chapters)

2.2.1 Tissue preparation for DNA and RNA extraction

Tissue were harvested for DNA/ RNA extraction and immediately flash frozen in liquid nitrogen. The
plants used for tissue harvesting were > 4 weeks old and 100mg of tissue was taken, either young
leaves (approx. 0.5 — 4cm in length), whole flower buds, or developing ray florets were used in the
extractions (Sections 4.2, 5.2, 6.2). While frozen, the tissue was pulverised either using a sterile pestle
and mortar or using a tissue lyser (Qiagen Tissuelyser Il). For the latter, a glass bead (5mm diameter)
was added to the microcentrifuge tube containing the sample and the tubes were shaken at 30Hz for
20 - 30 secs.

2.2.2 Extraction of genomic DNA

DNA was extracted from powdered leaves using cetylmethylammonium bromide (CTAB). 500ul of
CTAB buffer (Appendix 1) were added to approximately 100mg of leaf powder, vortexed, and
incubated at 55°C for 1 hr. 5ul of RNase A were added and samples were incubated for 30 mins at
37°C. Each sample was mixed with 500ul chloroform: iso-amyl alcohol (24:1), vortexed, and
centrifuged (10 mins at 12000xg). The aqueous phase was retained, the volume was estimated, and it
was mixed with an equal volume of chloroform: iso-amyl alcohol (24:1). Again, the solution was
vortexed, centrifuged, and the aqueous phase was retained. Based on the estimated volume of the
aqueous phase, 0.08 volumes of ammonium acetate and 0.58 volumes of isopropanol were added.
Samples were kept at -20°C for 1 hr — 16 hrs. Following centrifugation for 15 mins at 12000xg, the
resulting pellet was washed with 70% (v/v) ethanol and 100% (v/v) ethanol before resuspension in
20ul of sterile water. DNA extracts were stored at -20°C. Whether or not the extraction was successful
was determined by nanodrop readings and visualisation of the DNA on an agarose gel (Sections 2.3.6
and 2.3.8).

Extraction of gDNA for genotyping was done using a quicker method. 250ul of extraction buffer
(Appendix 1) were added to the approximately 15mg of leaf material, which was ground with a pestle
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and then vortexed and centrifuged (1 min at 12000xg). The supernatant was extracted and mixed with
200ul of isopropanol, the solution was incubated at room temperature for 2 mins before
centrifugation (5 mins at 12000xg). The resulting pellet was washed with 70% (v/v) ethanol before
resuspension in 30-50ul of TE buffer (Appendix 1).

2.2.3 CTAB RNA extraction

20 - 100mg of frozen ground tissue were added to 700ul of CTAB buffer (Appendix 1) and vortexed.
This solution was mixed, through vortexing, with 700ul of chloroform: isoamyl alcohol (24:1) and
incubated at 55°C for 15 mins. Following centrifugation for 15 mins at 10,000rpm (at 4°C) the upper
phase was transferred to a clean tube. Once again, chloroform: isoamyl alcohol was added — an equal
volume to the upper phase removed in the last step; the mixture was vortexed, centrifuged
(10,000rpm, 15 mins, 4°C) and the upper phase was removed to a clean tube. 0.33 of the volume of
the upper phase was calculated and this amount of chilled 8M lithium chloride was added to
precipitate the DNA, mixed by pipetting, and incubated at 4°C overnight. This solution was then
centrifuged for 20 mins at 10000rpm (at 4°C) to pellet the RNA. The supernatant was removed and
kept for later DNA precipitation. 150ul of 3M sodium acetate and 500l of 100% (v/v) ethanol were
added to the RNA pellet before centrifugation for 20 mins at 13000rpm (at 4°C). The supernatant was
removed, 700ul of 70% (v/v) ethanol were added, and the pellet was centrifuged for 20 mins at
13000rpm (at 4°C). The supernatant was discarded, and the RNA pellet was left to air-dry before
resuspension in 25ul of sterile deionised water.

2.2.4 Removing DNA contamination from RNA

Turbo DNA-free kit

Due to the time taken to collect plant material for gPCR, small quantities were obtained for RNA
extraction. As such, TURBO DNA-free kit (Ambion) was used to maximise the final concentration of
RNA obtained. The final reaction volume was 25ul - 28ul depending on the starting concentration of
RNA and was made up to this volume using sterile deionised water. TURBO DNase buffer (0.1 volumes
of 10x buffer) and 1ul of TURBO DNase were added to the RNA and mixed by pipetting before
incubation at 37°C for 30 mins. DNase inactivation reagent (0.1 volumes) were added and mixed by
pipetting. The solution was incubated at room temperature for 5 mins and then centrifuged at
10000rpm for 1.5 mins. 22ul of the supernatant, containing the RNA, were transferred to a clean tube
and stored at -80°C.

Incubation with DNase |

Deoxyribonuclease | (thermofisher) was added to RNA samples to remove any contamination by
genomic DNA. 10ug of RNA were treated in a 100ul reaction containing 1ul (1U) of DNase | and 1x
concentration of buffer (Appendix 1) and incubated at 37°C for 1 hr. The DNase was then removed
using the phenol-chloroform clean-up detailed below.

Phenol-chloroform clean-up of RNA

A phenol-chloroform clean-up of the RNA was used to remove the DNase enzyme from the previous
step and purify the RNA. The reaction volume was made up to 500ul using sterile deionised water and
500ul of cold 28:24:1 phenol:chloroform:isoamyl alcohol were added, and the solution was vortexed.
Following centrifugation at 14000rpm for 5 mins (at 4°C), the upper phase was transferred to a clean
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tube. To precipitate the RNA 750puL of 95% (v/v) ethanol 5% (v/v) sodium acetate (pH 5.5) were added,
mixed by pipetting, and incubated at -20°C for an hour. The solution was centrifuged for 5 mins at
14000rpm (at 4°C) to pellet the RNA. The supernatant was discarded and 500pl of 70% (v/v) ethanol
were added, before centrifugation for 5 mins at 13000rpm. Following removal of the supernatant the
pellet was left to air-dry and then resuspended in 20ul of sterile deionised water.

Checking for gDNA contamination

Following procedures to remove DNA contamination and purify RNA samples, PCR reactions were
conducted to ensure DNA contamination was not present at detectable levels. RNA samples were
diluted 3 - 5 fold in ddH,0 and used as templates in PCRs with GdActin primers (Appendix 2), along
with positive gDNA controls and a negative control (no template). 15ul - 20ul of the PCR product was
run on an agarose gel. As RNA is not amplified by PCR, DNase treatment was considered successful if
no DNA band was present on the gel in RNA lanes. If a band was produced through PCR amplification
of an RNA sample, DNase treatment was repeated, and the RNA sample checked for DNA
contamination through PCR and visualisation on a gel again.

First-strand cDNA synthesis

To synthesise cDNA for PCR, reverse transcription of RNA was performed using BioScript reverse
transcriptase (Bioline). 1ul of Oligo dT primer (Invitrogen) was mixed with 1-4ug of DNase treated RNA
and heated for 5 mins at 70°C. The Oligo dT primer complements and binds to the poly-adenine tail of
the mRNA molecules present. 1ul 40mM dNTP, 4ul 5X reaction buffer, 1ul BioScript (50U), and 1pl
RNase inhibitor were added, mixed, and the solution was incubated for 40 mins at 42°C and then 85°C
for 5 mins to denature the reverse transcriptase. The cDNA was stored at -20°C. In cases where the 3’
end of a particular transcript was unknown and needed to be amplified, GeneRacer Oligo dT primer
(Invitrogen) was used in the reaction rather than Oligo dT primer. The GeneRacer Oligo dT primer also
complements and binds to the poly-adenine RNA tail but adds an additional known sequence
(sequence 1) to the 3’ end of the gene. In subsequent PCR reactions, a reverse primer specific to
sequence 1 was coupled with a forward primer in the known gene sequence, enabling amplification
of the end of the gene and the 3’UTR. To synthesise cDNA for gqRT-PCR SuperScript lll reverse
transcriptase was used. 400-1000ug RNA were mixed with 1ul of 40mM dNTP and 1ul of 50uM Oligo
dT primer. The reaction volume was made up to 13ul with sterile deionised water and incubated for
5 mins at 65°C. The samples were left on ice for 5 mins before being mixed with 4l of 5X first strand
buffer, 1ul of 0.1M DTT, RNase OUT (40U) (ThermoScientific) and SuperScript Il reverse transcriptase
(200U). The reaction mix was incubated for 1 hr at 50°C and then heated for 15 mins at 70°C to
denature the enzymes. The cDNA was stored at -20°C. To assess whether cDNA synthesis was
successful, the cDNA was used as a template in PCRs conducted using primers that amplify the GdActin
(G. diffusa) or NtActin (N. tabacum) — depending on the cDNA species of origin.

2.3 Isolating DNA sequences

(Relevant for Chapters 4, 5, and 6)

2.3.1 Primer design

Previous and current work on G. diffusa generated comparative transcriptomes from spotted and non-
spotted ray florets (Walker 2012, Kellenberger unpublished), and gene hunting through PCR was
previously undertaken by Greg Mellers (Mellers 2016). These sequences were used as a basis for
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primer design to isolate specific genes. Unless otherwise stated, primers were designed to be 18 -
30bp long, with GC content 40 - 60%, and primer pairs had melting temperatures within 5°C of each
other. All primers were ordered via Integrated DNA Technologies (www.eu.idtdna.com).

2.3.2 Polymerase chain reaction (PCR)

A generalised PCR programme and master mix solutions are outlined in Appendix 2, but this protocol
was modified when applying PCR to specific experiments. PCR was carried out by the following PCR
machines: TECHNE TC-4112, Techne 3Prime, and Labnet Multigene OptiMax Gradient Cycler. Agarose
gel visualisation was used to determine the success of PCR reactions (Section 2.3.6).

2.3.3 Genome walking (inverse PCR)

Modified from the Ren et al. 2005 method

Following CTAB gDNA extraction from the morphotype Spring, pairs of restriction enzymes that
produced compatible sticky ends were used to digest the G. diffusa genome. The compatible sticky
ends of the gDNA fragments annealed forming circular DNA — some of which contained the target
gene sequence and adjacent genomic regions. The following pairs of restriction enzymes were used in
gDNA digestion to create genomic libraries: Bgl Il/ Bam HI, Pst I/ Nsi |, Pst I/ Shf I, Sal I/ Xho |, and Eco
RI/ Mfe I. 50U of each enzyme was used to digest 10ug of gDNA in a 500ul reaction with the
corresponding buffer, found using NEB double-digest-finder (https://nebcloner.neb.com/#!/redigest).
This solution was incubated for 16 hrs in a 37°C oven. Following digestion, the DNA solution was
purified using a phenol-chloroform method and the resultant DNA pellet was washed in 70% (v/v)
ethanol, left to air-dry, and resuspended in 11l of sterile H,0. 500ng of this purified DNA were ligated
at 16°C for 16 hrs in a 50pul reaction mix containing 2ul T4 ligase (NEB), 5ul T4 ligase buffer, and sterile
H.,0. Following circularisation of the digested gDNA, this DNA was used as a template in PCR reactions.
Primers and nested primers (detailed in relevant Chapter) were designed from the known gene
sequence to amplify outwards into regions flanking the gene. Two consecutive PCRs were conducted
using PCR Bio (PCRBIOSYSTEMS). The PCR product from the first reaction was diluted 1:50 and used
as a template in the second PCR reaction using nested primers.

Using Universal GenomeWalker 2.0

Following CTAB gDNA extraction, 4 gDNA libraries were created using Dra |, Eco RV, Pvu Il, and Stu |
restriction enzymes as detailed in  Universal GenoeWalker 2.0 User Manual
(https://www.takarabio.com/assets/documents/User%20Manual/Universal%20GenomeWalker%20
2.0%20User%20Manual_040314.pdf). Briefly, genomic DNA was used to produce adaptor-ligated
genomic DNA fragments, by digesting the gDNA with restriction enzymes and then ligating this to the
GenomeWalker Adaptor provided. These genomic DNA libraries were then used as templates for PCR
and nested PCR — using forward primers that annealed to the adaptor and reverse primers designed
from the gene of interest. The PCR enzyme PHUSION (NEB) was used (as per the manufacturer’s
instructions) and PCR product from the first reaction was diluted 1:50 and used as a template in the
subsequent nested PCR. The nested PCR product was run on a gel and bands were gel extracted
(outlined in Section 2.3.7) and sequenced. Alternatively, the PCR product was first cloned and then
sent for sequencing.
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2.3.4 Degenerate primers

Degenerate primers were designed to amplify the full length of genes, when either the beginning or
end was unknown, and to try to characterise 5’ regions. The G. diffusa portion of the gene available
from either a transcriptome (Walker 2012), or previous gene hunting (Mellers 2016) was BLASTed
using nucleotide BLAST on NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi) against Asteraceae
sequences (Asteraceae (taxid:4210)). These sequences were downloaded and aligned in Geneious
(https://www.geneious.com). Using these alignments, sections of sequences that were relatively
conserved were selected to design degenerate primers from. Within these selected regions SNPs were
categorised into those that vary between 2 nucleotides (e.g. in all sequences that base pair position is
either an A or a C) and those that vary by 4 (i.e. all bases are present at the position across sequences).
Primers were designed so that multiplication of the variable sites present did not surpass 64, for
example, if 2 sites varied by 2 nucleotides and 2 sites varied by 4 nucleotides 2*2*4*4 = 64. Once the
sequence sections were determined for each primer the correct degenerate base symbols were found
using IUPAC code.

2.3.5 Rapid amplification of cDNA ends (3'RACE)

Amplification and sequencing of 3’ ends of cDNA fragments was undertaken using a 3’RACE protocol.
As described in Section 2.2.4, cDNA was synthesised with a known adaptor sequence of DNA added
to the 3’ end of every strand. Primers specific to the adaptor sequence were used in a nested pair of
PCR reactions with gene specific primers — enabling amplification of unknown 3" mRNA regions. The
initial PCR product was diluted 1:50 with ddH,0 and this was used as the template in the nested PCR
reaction.

2.3.6 Agarose gel electrophoresis

The success of nucleic acid extraction and amplification was determined using agarose gel
visualisation. Agarose was dissolved in 0.5x TBE buffer (Appendix 1) by heating to achieve a final
concentration of 1-1.5% (w/v) and ethidium bromide (EtBr: 0.1ug/ml) was added. The gel was set in a
gel cassette and nucleic acid samples were mixed with gel loading buffer (Appendix 1) and loaded onto
the gel. A current of 110V was passed through the gel, separating DNA fragments according to size.
DNA bands were visualised using UV light (Syngene G:Box), as EtBr fluoresces upon binding with
nucleic acid. The bands were compared to a DNA ladder (Hyperladder 1Kb Bioline) containing bands
of known size, which was run on the gel simultaneously with the samples.

2.3.7 Agarose gel extraction and purification

To isolate DNA fragments of the correct length, relevant bands were excised from the gel under a UV
light using a razor blade. DNA was purified using either a Monarch DNA Extraction Kit (NEB #T1020),
a Clontech NucleoSpin PCR Clean-Up and gel extraction kit, or an Invitrogen Purelink quick gel
extraction kit according to the manufacturer’s guidelines. Extraction and purification involved the
insertion of solubilised gel into a column and cleaning with an ethanol solution. Subsequently, the
purified DNA was eluted from the column membrane in 20ul of sterile water.

2.3.8 Quantifying DNA and RNA concentration
The concentration of DNA and RNA was quantified using a NanoDrop 2000 UV-Vis spectrophotometer.
Measurements were made relative to a blank sample composed of the solute in which the RNA/ DNA
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was resuspended and stored. The absorbance for DNA was quantified at 260nm and for RNA at 280nm.
Purity of the samples was assessed by checking the absorbance graph for a smooth curve and the
absorbance ratios at 260/280nm and 260/230nm. Low values indicate the possibility of protein
contamination and salt/ solvent contamination, respectively. In combination with this, agarose gel
visualisation was used to provide an approximation of DNA/ RNA quantity by comparing the brightness
of the DNA band to that of a ladder band of known quantity.

2.4 Cloning and sequencing

(Relevant for Chapters 4, 5, and 6)

2.4.1 Producing chemically competent E. coli DH5a

Chemically competent E. coli DH5a cells were produced in the laboratory. DH5a are used for cloning
because they recombine at a low rate, which is advantageous for plasmid replication. DH5a cells from
a glycerol stock were grown for approximately 16 hrs in a 37°C incubator. 4ml of this culture were
inoculated in 120ml of LB (Appendix 1) and incubated at 37°C for 3 hrs. The cells were pelleted by
centrifugation for 5 mins at 1844xg, resuspended in 10ml of magnesium chloride (100mM
concentration), and kept on ice for 5 mins. The cells were pelleted through centrifugation (as
described above) and resuspended in 2ml of E. coli freezing solution (Appendix 1). Cells were
aliquoted, frozen in liquid nitrogen, and stored at -80°C.

2.4.2 PCR product ligation into a plasmid

For cloning purposes, DNA fragments amplified through PCR were ligated into plasmids. Two vector
systems were employed for cloning: pGEM — T Easy (Promega Corp.) or pBluescript SK(-) vector cut in
house with EcoRV. pBluescript SK(-) vectors were prepared by digesting the plasmid with EcoRV,
cleaning the digested plasmid using phenol-chloroform (detailed in Section 2.2.4), and resuspending
the resulting pellet in 50ul of TE. Ligation into the pGEM vector occurs through annealing of ‘sticky
ends’ — extended regions of single stranded deoxyadenosine nucleotides produced from polymerases
that terminate with adenine (e.g. PCR biotaq), these regions overlap with the pGEM vector
complementary single stranded deoxythymidine. In PCR reactions using polymerases that produce
blunt ends (e.g. Phusion DNA polymerase), PCR products were ligated into pBluescript SK(-) vector.
5ul ligation reactions included T4 DNA ligase, 0.5ul T4 DNA ligase buffer, 0.5ul 10mM dNTPS, and 0.5-
3.5ul DNA template (dependent on DNA concentration). Ligation reactions were left at 16°C for 16
hrs.

2.4.3 Transformation of plasmids into E. coli and plasmid purification

25ul of chemically competent DH5a cells (Section 2.6.1) were added to 5ul of DNA ligated into vectors
(Section 2.6.2), mixed, and left on ice for 10 mins. The mixture was heated at 42°C for 1 min 10 secs,
promoting the uptake of the vector, containing the DNA fragment of interest, by competent cells.
Subsequently, cells were left on ice for 5 mins. 700ul of LB liquid media (Appendix 1) was added,
solutions were mixed, and incubated at 37°C for 30 mins — 1 hr. Prior to this, LB agar plates were
prepared using LB agar medium (Appendix 1) containing 100mg/l ampicillin to select for antibiotic
resistance. 100mM IPTG and 20ul X-Gal (50mg/ml) were added to the surface of the set agar plates to
enable recognition of colonies containing the transgene through blue-white selection (explained
below). Following incubation of the competent cells in liquid LB, 100ul of cell suspension were plated
onto LB agar plates. The remaining cell suspension was centrifuged at 5000xg for 10 mins, 500ul of
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supernatant were removed, and the pellet was resuspended in the remaining liquid and plated. Once
dry, plates were incubated at 37°C for 16 hrs to allow colony growth.

Colonies that were potentially successfully transformed with the desired DNA fragment were white as
opposed to blue. An antibiotic resistance gene within the vector ensured that only E. coli colonies
transformed with the vector successfully grew on the media. Colony colouration indicated whether
the vector contained a foreign DNA insert, as vector cloning sites are within the lacZ operon - which
functions in lactose metabolism (encoding 8-galactosidase). IPTG present in the medium induces the
lac operon, while X-gal is a 8-galactosidase enzyme substrate. If the operon is interrupted by a foreign
gene insert, the X-gal will not be digested by 8-galactosidase and so colonies appear white as opposed
to blue resulting from X-gal digestion. Individual colonies were sampled using a sterile cocktail stick,
which was then shaken into 25ul of sterile water. Subsequent incubation for 5 mins at 95°C lysed
bacterial cells and 5ul of this solution were used as a template in a PCR reaction to determine vector
insert size. Primers were used in colony PCR reactions (Appendix 2, unless otherwise stated in
methods), the enzyme eco-Taq DNA polymerase (homemade) was used in these reactions and master
mix components are listed in Appendix 1. Successfully transformed colonies were identifiable through
gel electrophoresis, as having a product length of the gene insertion plus an additional 230-260bp of
vector. Once identified, cells from these colonies were cultured in 3ml LB and 100mg/I ampicillin for
16 hrs at 37°C.

Desired plasmids were extracted and purified using an alkaline lysis method. Following overnight
growth, cultures were pelleted by centrifugation at 1600xg for 1 min and all LB was removed. 300ul
of cold Solution 1 (Appendix 1) and 5ul RNase A were added and the solution was vortexed. 300pl of
Solution 2 (Appendix 1) and 300ul of Solution 3 (Appendix 1) were added and mixed by inversion.
Solutions were left on ice for 5 mins and then centrifuged for 10 mins at 16000xg. The supernatant
was removed, retained, and mixed with 640ul of isopropanol. Following centrifugation, the DNA pellet
was washed with 70% (v/v) ethanol before being left to air dry and resuspended in 20pl of sterile
water. DNA concentration of purified plasmid was determined using a nanodrop 2000 (ThermoFisher)
spectrophotometer.

2.4.4 Sanger sequencing
Sanger sequencing was completed by the Department of Biochemistry, University of Cambridge.

2.5 Vector creation

(Relevant for Chapters 4, 5, and 6)

2.5.1 Gibson assembly

The Gibson assembly method was used to produce DNA fragments encoding individual MYB8 proteins
with attached histidine tags and to ligate this into an existing vector (pETM11 Appendix 3). PCRs were
conducted to create 2 bricks of DNA for use in the Gibson assembly reaction. Each brick was created
by primers designed to amplify the desired DNA fragment, while adding additional base pairs identical
to a section of the second target DNA fragment at either end. As extended regions of each DNA brick
overlapped with one another, bricks could subsequently be annealed and ligated into a single vector
during the Gibson assembly reaction. Following PCR, gel extraction and gel purification (outlined in
Section 2.3.7) were conducted, and the DNA concentration of each brick was determined using the
nanodrop. The volume of each solution required to give a concentration of 50ng of DNA brick was
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calculated and used as a template in the Gibson assembly reaction —a 20ul reaction (4l 5x isothermal
buffer, 0.08ul T5 exonuclease (1U), 0.25ul Phusion DNA polymerase (2U), 2ul Tag DNA ligase (40U),
ddH20 8.67ul) assembled on ice and incubated at 50°C for 1 hr. PCR product was cloned and sent for
sequencing.

2.5.2 Digestion with restriction enzymes

The pGREEN Il plasmid (vector map in relevant chapters) was used to constitutively express the MYB8
transcription factor proteins in tobacco and G. diffusa. This plasmid contains two copies of the CaMV
35S promoter sequence and a single 35S terminator sequence. The MYB8 coding sequences were
amplified from G. diffusa cDNA using gene specific primers and the high-fidelity DNA polymerase
Phusion (NEB). The amplified products were inserted into pBLUESCRIPT SK- vectors which were used
to transform DH5a E. coli. The transformed E. coli were cultured before the DNA was purified (Section
2.4). The pBLUESCRIPT SK- plasmid and pGREEN Il vector were digested using restriction enzymes. 1ug
of each vector was mixed with a relevant restriction enzyme/ pair of restriction enzymes (detailed in
relevant data chapter). Restriction enzymes were chosen that produced a DNA fragment with the full
MYB8 cDNA sequence from the pBLUESCRIPT SK- intact and in the correct orientation for insertion
into the pGREEN Il vector to enable regulation by the CaMV 35S sequences. The pGREEN Il plasmid
was cut at one site in between the second 35S promoter sequence and the 35S terminator sequence.
The plasmids were digested using the appropriate restriction enzyme/s and buffer (determined using
the enzyme manufacturer instructions), incubation was at 37°C for 1 hr 30 mins. The digested products
were run on an agarose gel (Section 2.3.6) and the relevant bands, determined by fragment length,
were cut out of the gel, and extracted using an Invitrogen extraction kit as detailed in the manufacturer
guidelines. The extracted DNA concentration was quantified using a nanodrop (Section 2.3.8). A
ligation reaction of 400U of T4 ligase, T4 ligase buffer, and 50ng of vector with a 3:1 insert to vector
ratio was used to generate a pGREEN Il vector containing a GdAMYBS insert. Digestion with restriction
enzymes was also used to insert promoter fragments into the pHISi vector for use in a yeast one-
hybrid assay (detailed in relevant data chapter). Primers to amplify the desired DNA insert from gDNA
through PCR were designed with restriction sites for two different enzymes, one restriction site per
primer. PCR products then contained the DNA fragment of interest flanked by the restriction sites.
The relevant restriction enzymes were used to digest the PCR products and the pHISi vector, digestion
and ligation were conducted as described above.

2.5.3 Gateway cloning

Plasmids were constructed for yeast one-hybrid experiments using Gateway cloning (Invitrogen). This
method of cloning enables transfer of DNA fragments between plasmids using recombination
sequences, while maintaining the reading frame. Primers were designed to amplify a product
consisting of the target DNA sequence for vector insertion and two flanking recombination sequences
‘attB’. This product was inserted into a pDONR vector through recombination during the ‘BP reaction’
using BP clonase mix. Once in the pDONR vector, the DNA is flanked with ‘attLl’ and ‘attL2’
recombination sites. These pDONR vectors were transformed into DH5a E. coli, transformed colonies
were grown and plasmid purified (Section 2.4). The Gateway LR recombination reaction was then used
to recombine the DNA fragment into the pC-ACT2 vector, which were transferred into E. coli, cultured,
and the plasmid purified. The reactions were conducted as per the manufacturer’s instructions
(http://www.igmm.cnrs.fr/wp-content/uploads/2017/11/gateway_pdonr_vectors.pdf).
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2.6 Transformation of Nicotiana tabacum
(Relevant for Chapters 5 and 6)

2.6.1 Agrobacterium tumefaciens strain GV3101

Agrobacterium tumefaciens strain GV3101 was used to transform Nicotiana tabacum cv. Samsun to
produce transformed plants constitutively expressing MYB8 proteins. The GV3101 strain has a
chromosomal rifampicin resistance gene, a gentamicin resistance gene in a disarmed Ti plasmid
(pPMP90), and tetracycline resistance from a pSOUP plasmid. The Ti plasmid enables tDNA insertion
and the pSOUP plasmid promotes replication of the pGREEN plasmid.

2.6.2 Producing electrocompetent A. tumefaciens

A. tumefaciens strain GV3101 cells were made electrocompetent. The cells were streaked on an LB
agar plate with 25mg/l gentamycin and 50mg/| rifampicin. Following incubation for 2 days at 30°C, a
colony was picked and grown in LB media with 10mg/| tetracycline, 25mg/| gentamycin, and 50mg/I
rifampicin. The LB culture was grown for two days and then subcultured (1ml culture into 100ml LB
media containing 25mg/l gentamycin, and 50mg/I rifampicin) and grown overnight at 30°C. This
solution was centrifuged at 3000xg at 4°C for 20 mins to pellet the cells, the supernatant was
discarded, and the pellet resuspended in 100ml of cold sterile HEPES. Pelleting and resuspension in
HEPES were repeated twice more. The pellet was then resuspended in 8ml of cold sterile 10% (v/v)
glycerol, aliquoted, and these aliquots snap frozen in liquid nitrogen and stored in the -80°C freezer.
Electrocompetent A. tumefaciens cells were transformed with the relevant pGREEN plasmid through
electroporation. 1pl of purified 100ng/ul pGREEN plasmid was mixed with 50ul of A. tumefaciens cells
onice, prior to electroporation in a Gene Pulser XCell (BIO-RAD). The solution was pipetted into a 2mm
GenePulser cuvette (BIO-RAD) and electroporated at 2.4V, 200Q and a capacitance of 25uF. 1ml of LB
was added immediately after electroporation and the cells were incubated at 30°C for 3 - 4 hrs at
180rpm. 50ul of cell culture were then spread onto LB-agar plates containing 25ug/ml gentamicin and
50ug/ml kanamycin. These plates were incubated at 30°C for 48 hrs.

2.6.3 Identifying and culturing transformed A. tumefaciens

To identify which A. tumefaciens cells were transformed with the plasmid of interest, colony PCRs
were conducted on individual colonies. A. tumefaciens colonies were picked and mixed with 20ul of
20mM sodium hydroxide, incubated for 10 mins at 37°C and heated for 5 mins to 98°C. 2ul of lysed
cells were then used in subsequent colony PCRs as described in Section 2.4. A glycerol stock was
created for long term storage of the transformed cells by adding a single transformed colony of A.
tumefaciens to 5ml of LB containing 25ug/ml gentamicin and 50pg/ml kanamycin, growing the culture
overnight at 180rpm and 30°C, adding 50% (v/v) glycerol, shaking the mixture, and then flash freezing
in liquid nitrogen. This stock was then stored at -80°C.

A. tumefaciens cells containing the plasmid of interest were prepared for plant transformation as
follows: cells from the glycerol stock were streaked onto LB agar plates containing 25ug/ml gentamicin
and 50ug/ml kanamycin. The plates were incubated for 2 days at 30°C so that a single colony could be
obtained. A liquid culture of A. tumefaciens was produced by mixing a single colony with 50ml of LB
(with 25ug/ml gentamycin and 50ug/ml kanamycin) in a sterile conical flask and incubating for 24 hrs
at 30°C and 180rpm. 1ml of this culture was then added to a fresh conical flask containing the same
antibiotic concentrations and grown for 18 hrs. At this point the optical density of the subculture was
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measured at 600nm in an Eppendorf Biophotometer AG 22331 — blanked with LB. The subculture was
then poured into falcon tubes so that each contained approximately 50ml, these tubes were
centrifuged at 10°C and 5000rpm for 5 mins and the supernatant was discarded. The pelleted cells
were then resuspended in a volume of sterile half-MS (Appendix 1) that provided an ODggo of 0.5. This
solution was used to inoculate tobacco leaves during the tobacco transformation procedure described
below.

2.6.4 Transforming Nicotiana tabacum leaf discs

Healthy, young N. tabacum leaves were removed from the plant and sterilised in 10% bleach solution
for 15 mins. All subsequent steps were undertaken under sterile conditions. The bleach was removed
by rinsing the leaves multiple times with autoclaved DI water. A petri dish was filled with
Agrobacterium suspension (a cell suspension in half-MS described in Section 2.6.3) and single leaves
were submerged in the solution. The edges and midrib of the submerged leaf were removed and, to
maximise the surface area of the leaf susceptible to Agrobacterium infiltration, leaves were cut into
squares (approximately 5 - 7mm across). To remove excess Agrobacterium, the leaf squares were
transferred to filter paper and then placed adaxial side up on an MS9 plate (Appendix 1, with 0.5mg/ml
IAA and 1mg/ml BAP). Once three MS9 plates had been filled with leaf discs, equipment and the
Agrobacterium solution were changed to minimise the risk of contamination. The MS9 plates
containing leaf discs were then incubated for 48 hrs in the dark at room temperature to promote
Agrobacterium infection of plant cells and consequent integration of a segment of the pGREEN vector
into the chromosomal DNA of the host plant. Subsequently, leaf discs were transferred to new MS
plates (Appendix 1, with 0.5mg/ml IAA, 1mg/ml BAP, 200ug/ml ampicillin, 100ug/ml kanamycin, and
500ug/ml cefotaxime). The addition of kanamycin to the medium selects against plant cells that do
not contain the pGREEN plasmid, enabling mainly transformed cells to regenerate forming callus tissue
- from which new transformed plants will grow. All plant tissue was transferred onto fresh MS plates,
containing the hormones and antibiotics listed above, every 10 days. Once 1 - 2cm shoots had
sprouted from the calli leaf disks produced, these were cut at the base and transferred to 50ml
Hamilton jars containing MS9 (with 200ug/ml ampicillin, 100pg/ml kanamycin, and 500ug/mi
cefotaxime). After a few weeks these shoots formed roots and, once a sufficient root network had
grown, the plants were transferred to plant pots and planted in Levington’s M3 bedding compost.
Plants were grown in the PGF, kept moist through watering, and infrequently were sprayed with
0.2mg/| Intercept® (Bayer) to control herbivory. Information on genotyping and phenotyping are in
the relevant data chapter.

2.7 Analysing gene expression through quantitative real-time PCR

(Relevant for Chapters 4 and 5)

2.7.1 gRT-PCR primer design

The criteria, method of primer design, and tests for primer specificity differed depending on the gene
in question and, as such, this information is located in the methods sections of relevant data chapters.
Primers were designed using IDT-PrimerQuest (IDT-DNA) to have predicted annealing temperatures
of 60°C, GC-content of 40 - 60%, and amplify products between 70 - 140bp in length. Once primers
were selected, preliminary gRT-PCRs were conducted, and the resulting melt curve produced from
primer products assessed to check for amplification of single products and primer dimerisation. If
primer dimers were observed in melt curves, these primers were discarded, and new ones designed.
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2.7.2 Calculating gRT-PCR primer pair efficiency

During qRT-PCR, PCR product should double in quantity during the linear phase of DNA amplification.
However, efficiency can deviate from 100% and primer pairs showing efficiencies of 90 - 110% were
considered suitable for use in subsequent gRT-PCRs. Calculating efficiency also provides a cycle
threshold (C:) range within which products are linearly amplified by primers and enables differences
in efficiency to be accounted for in subsequent expression calculations. To calculate primer efficiency
a standard curve was produced by carrying out qRT-PCR on plasmids of known concentration. A series
of 10-fold serial dilutions of plasmid at 1ng/ul - 10ng/ul in a 100ng/ul yeast tRNA (ThermoFisher)
background were produced. For N. tabacum qRT-PCR cDNA was used for serial dilutions rather than
plasmid DNA (detailed in relevant data chapter). Two technical replicates and a negative control with
a template of only yeast tRNA were used in the reaction. The mean C;value for each plasmid dilution
was plotted against the log dilution factor, and a linear line of best fit was calculated. The PCR
efficiency was calculated from the slope using the gradient of the best fit line (m): Efficiency = 10¢¥/™
(Pfaffl 2004). Pairs of primers were selected for use in gqRT-PCR for gene expression only if the line of
best fit had an R? > 0.98 and efficiency was within the range 1.9 - 2.1.

2.7.3 gRT-PCR analysing candidate gene expression

All qRT-PCRs were completed using Luna Universal gPCR Master Mix (NEB) in a 10ul reaction: 5ul gPCR
master mix, 0.25ul forward primer (final concentration 0.25uM), 0.25ul reverse primer (final
concentration 0.25uM), 0.3 - 0.6ul cDNA template (of various dilutions, specified in relevant data
chapters), sterile DI water up to 10pl. gRT-PCR was conducted in CFX Real-Time PCR machines (CFX384
and CFX Connect) using the following cycle conditions: 95°C for 1 min; 35 cycles of 95°C for 15 secs,
60°C for 30 secs, a plate fluorescence reading; a post-PCR melt curve analysis 60 - 95°C with readings
taken at increments of 0.5°C. Data was analysed in the Opticon Monitor software package (BioRad
Laboratories, Inc) and the C;values (i.e. the cycles at which the threshold of fluorescence was crossed)
for each well were exported into a Microsoft Excel spreadsheet for statistical analysis.

Reactions were conducted in either 96 or 384 well plates. Three biological replicates of each sample
were independently run on separate plates. Each plate contained 3 technical replicate PCR reactions
of every sample: cDNA templates from relevant tissues and stages were used to amplify the gene of
interest and the reference gene/s along with no template controls. For G. diffusa expression analyses
the reference gene Elongation Factor-2 (GdEF-2) was selected by Mellers (2016), who assessed the
stability of several promising candidates across several floral developmental stages and samples.
GdEF-2 was identified as the most stable using the method outlined in (Chen et al. 2011).

2.7.4 Calculating relative gene expression and data analysis

Data produced from the gRT-PCR reactions were initially checked in the Opticon Monitor software
package. Any wells that exhibited abnormal melt-curves and those that had C: values >1 cycle
difference compared to the other technical replicates were discarded. All reactions from a specific
primer pair were discarded if there was amplification in the no template control with a C;value within
6 cycles of the cDNA template reactions. Reactions were also repeated with a higher concentration of
template if the C; values were outside of the tested range of C; values on the primer efficiency curve.
The geometric mean of each set of technical replicates (n=3) was calculated. Using these means,
expression of the gene of interest relative to the reference gene/s was calculated through the
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efficiency correction method (relative expression = Egene™/ Erei', where E=primer efficiency, Ci= cycle
threshold) (Pfaffl 2004). The geometric mean of relative gene expression across all three biological
replicates was then calculated, with standard error and standard deviation calculated using the
method outlined in (Ganger et al. 2017). Data were formatted in excel, while graphs and statistical
modelling were performed in R (packages:ggplot2 (Wickham 2016), Calculations were completed in
excel and graphical representation of the results were completed in R (packages:ggplot2 (Wickham
2016)). Statistical modelling was completed using R packages multcomp (Hothorn et al. 2008) and
nime (Pinheiro et al. 2012).

2.8 Anthocyanin pigment extraction

(Relevant for Chapters 4 and 6)

Pigment extraction was used for approximate quantification of anthocyanin in G. diffusa and N.
tabacum tissues. 20 - 110mg of floral tissue were collected in microcentrifuge tubes, snap frozen in
liquid nitrogen, and ground in a tissue lyser (details in Section 2.2.1). Samples were then weighed and
1ml of acidic methanol (1% (v/v) 1M HCL) was added (Day 1). The samples were vortexed and shaken
overnight on a platform shaker in the dark. The solution was then spun down, the supernatant was
transferred to fresh tubes stored in the dark at -20°C (Day 2). 1ml of acidic methanol was added to the
pelleted material, the tubes were vortexed, and left shaking overnight. The supernatant removed on
Day 3 was combined with the corresponding supernatant removed on Day 2. Anthocyanin levels were
detected using a spectrophotometer measuring absorbance at the wavelengths A530 and A657. This
allowed relative anthocyanin content per gram of tissue to be determined. Data analysis was
completed in excel and R, detailed in individual data chapters.
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Chapter 3. Genetic structure and floral phenotype across the G.
diffusa Spring range

3.1 Introduction

Establishing the spatial scale of diversification is a key component in understanding species
divergence. Reduced gene flow increases the likelihood of genetic differentiation along spatial
gradients and it is a necessary prerequisite for speciation (Doebeli and Dieckmann 2003; Slatkin 1973,
1985). This was demonstrated in a meta-analysis of population genetic studies in many taxa, including
flowering plants, which found that the probability of speciation occurring within a region tends to
decrease as the spatial scale of intraspecific gene flow increases (Kisel and Barraclough 2010).
Speciation modes explain the geographical context within which new species form. During allopatric
speciation populations are geographically isolated, while speciation in parapatry (between
subpopulations) and sympatry (within the same geographic region) occur with initial continued, but
reduced, gene flow (Dieckmann and Doebeli 1999; Doebeli and Dieckmann 2003; Heinz et al. 2009).
There has been a shift between a perspective centred on these speciation modes to more process-
driven research questions (Feder et al. 2013; Fitzpatrick et al. 2009; Ravinet et al. 2017). Many
processes can contribute toward speciation including ecological divergence (Peccoud and Simon 2010;
Rundle and Nosil 2005), selection through assortative mating (Servedio 2015), runaway sexual
selection (Day 2000), evolution following polyploidy (Ramsey and Schemske 1998, 2002), and
chromosomal rearrangements (Navarro and Barton 2003; Rieseberg 2001). The methodology we use
for defining species may bias our perspective on the relative importance of adaptive and non-adaptive
processes for speciation. If species within a biome are predominantly defined based on morphological
differences, for example, this may inflate the perceived role of adaptive speciation in promoting
diversity within that system. As such, the process of speciation must be investigated at multiple stages
along its trajectory from the initiation of genetic differentiation, among populations within existing
species, to the evolutionary mechanisms involved in reproductive isolation between populations that
ultimately lead to species formation (Ellis et al. 2013; Givnish 2010). While patterns of current and
historic gene flow determine the genetic structure of populations, signatures of all mechanisms
involved in divergence may not be distinguishable during the late stages of speciation or through sister
species comparisons (Ellis et al. 2013; Givnish 2010). Evidently, to understand initial steps driving plant
speciation requires characterisation of intraspecific genetic structure, considering genetic divergence
between populations, ecotypic variants, and geographic races; doing so in a biodiversity hotspot may
also reveal mechanisms underlying high species richness within these ecosystems (Givnish 2010;
Musker et al. 2020).

There is a complex interplay between environmental influences and genetic predisposition in
determining phenotypic evolution, with both intrinsic and extrinsic factors promoting divergence
between populations and eventual speciation (Flatscher et al. 2012). In addition to creating barriers
to gene flow, environmental heterogeneity can promote divergence by providing selective
environments that differ between populations (Rundle and Nosil 2005; Sobel et al. 2010). This leads
to adaptations associated with different ecological niches and habitats, and ecological speciation can
occur through reproductive isolation resulting from these adaptations (Schluter 2009). A meta-
analysis supporting this provided correlative evidence for the role of ecological adaptation in
contributing toward reproductive isolation across diverse taxa, including plants (Funk et al. 2006).
Climatic variation, for example, may be an important contributor towards divergence (e.g. Keller and
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Seehausen 2012; Wagner et al. 2012) and climatic adaptations can be a key component in speciation
(Lowry et al. 2008; Nosil et al. 2005). The spatial scale over which gene flow occurs is also influenced
by the specific ecological attributes, life-history traits, and species distribution of each individual taxon
— all of which impact population genetic structure (Duminil et al. 2007; Musker et al. 2020). Many of
these lineage-specific features have direct or indirect effects on gene flow through pollen or seed
dispersal. These features include pollination modes, seed dispersal modes, seed mass, plant size,
growth form (i.e. herbaceous or woody, annual or perennial), breeding system (i.e. selfed, mixed or
outcrossed), and the extent of the lineage’s geographical range (Boucher et al. 2017; Duminil et al.
2007; Givnish 2010; Thomson et al. 2011). Seed and pollen traits that determine pollinator or disperser
type can be particularly influential (Dick et al. 2008; Nathan and Muller-landau 2000; Schurr et al.
2005; Vittoz and Engler 2007). Species that self may have reduced effective population size and
increased genetic drift, resulting in different alleles becoming fixed in each population (Angeloni et al.
2011; Wright et al. 2008). Conversely, outcrossing might increase within-population gene flow and
promote gene flow between populations via pollen export (Duminil et al. 2009; Ellstrand 2014; Gamba
and Muchhala 2020). Plant habit can also be an important predictor of population genetic structure;
associations have been found between growth form (woody vs. herbaceous) and the level of genetic
differentiation between populations, although the mechanism underlying this is not understood
(Duminil et al. 2009; Gamba and Muchhala 2020). The impact of lineage-specific traits on dispersal
ability may differ between distantly related taxa, for example, variation in seed mass would likely have
different impacts on small wind-dispersed dandelion seeds compared to the oak’s large animal-
dispersed acorns. As such, determining the factors that promote population genetic differentiation
requires rigorous understanding of the species, its habit, and the wider environmental context
relevant for gene flow.

Namagqualand is a semi-arid desert located within the Succulent Karoo biome of South Africa. This
biome has ‘a flat to gently undulating topography’ (Musker et al. 2020), soils derived predominantly
from shale rocks (Bradshaw and Cowling 2014), and some of the highest levels of species richness and
endemism among arid plants globally (Cowling et al. 1998). The Succulent Karoo is characterised by
low but predictable rainfall that occurs during winter, after which spring annuals bloom in mass
flowering events (Cowling et al. 1999; Desmet 2007). Within these communities, there is often a single
dominant species with other species interspersed at lower densities (de Waal et al. 2015). Succulent
Karoo flora has high numbers of Mesembryanthemaceae, Iridaceae, and Geraniaceae, compared to
other arid land floras, and Namaqualand in particular has a high diversity of succulents (Cowling et al.
1999; Cowling and Hilton-Taylor 2001; Desmet and Cowling 1999; Hartmann 1991). Cowling et al.
(2009) suggested that the diversity of Cape flora resulted from radiations that were triggered by
geomorphic evolution and its interaction with climatic changes in the late Miocene-Pliocene, after
which, climatic stability and incremental changes to environmental heterogeneity facilitated high
diversification and low extinction rates. While pollinator-driven divergence has been investigated in
multiple Cape flora (e.g. Forest et al. 2014; Van Der Niet et al. 2014; Valente et al. 2012), there is a
deficiency of research into other mechanisms that contribute toward the initial stages of speciation
(Ellis et al. 2013). One notable exception characterised the genetic structure of Ruschia burtoniae and
Conophytum calculus, two co-occurring Aizoaceae species within the Succulent Karoo. The drivers of
population divergence were investigated at ‘coarse’ (10km) and ‘fine’ (<500m) spatial scales. In R.
burtoniae strong genetic differentiation at small spatial scales was ascribed to a combination of
edaphic specialisation, and low seed and pollen dispersal distances, in a heterogeneous environment.

38



C. calculus had divergence patterns consistent with genetic isolation by distance. These contrasting
within-species genetic patterns indicate that lineage-specific traits are important for determining the
spatial scale of gene flow within the system. These results are consistent with previous reports of
organism traits (lhlenfeldt 1994; Klak et al. 2004; Parolin 2001; Parolin 2006) and fine-scale
environmental heterogeneity (Ellis and Weis 2006; Ellis et al. 2006) contributing toward population
divergence within the Succulent Karoo. Similar studies in additional species within this system are
required to disentangle the patterns and processes that are characteristic of Succulent Karoo flora and
those that are strongly lineage dependent.

Many of the species within Namaqualand mass flowering communities are Asteraceae. Daisy species
in this region form a diverse annual flora, with high incidences of obligate outcrossing, high flower
densities, and narrow temporal windows in which to flower (De Waal et al. 2014). Specific life-history
traits and pollination modes are associated with Namaqualand daisies and these may be important in
determining clade-specific patterns of dispersal; defined as the movement of individuals or propagules
with potential effects on spatial gene flow (Ronce 2007). The evolution of daisy species within these
communities is significantly influenced by interactions with pollinators (Kemp et al. 2019). A recent
study demonstrated that Namagqualand daisies have non-random assembly of complex flower colour
patterns, which are functionally associated with specific pollinators. Communities of daisy species
within a specific area tend to have one dominant floral colour that varies across the region. The spatial
variability of pollinator climates was shown to underlie clustered assembly patterns. Pollinator
interaction networks were constructed for two community types (defined by dominant flower colour),
one predominantly pollinated by a beefly (Megapalpus capensis) and the other by horseflies
(Rhigioglossa sp.). Community type influenced pollinator interaction strength implying that flower
colour traits may be under pollinator selection. Namaqualand daisies were also found to have two
distinct syndromes regarding dispersal and selfing ability, in a study investigating annual (wind-
dispersed) species. Good dispersal abilities were associated with selfing species, while the propagules
of obligate outcrossers had lower dispersal distances. Due to the impact that both breeding system
and dispersal ability have on gene flow, evolutionary associations between them are anticipated. Self-
compatibility mitigates the risk of pollen limitation for dispersal-prone individuals during the
colonisation of new patches or, alternatively, selfing arises due to dispersal consequences. In contrast,
outcrossers that are less dispersive are better adapted for persistence in patches (De Waal et al. 2014).
These clumped spatial distribution patterns, determined by seed traits and dispersal abilities, can in
turn affect biotic interactions by changing pollinator foraging patterns (Hanoteaux et al. 2013) or
decreasing the density of heterospecific individuals and thus the amount of heterospecific pollen
transfer (Campbell 1986; de Waal et al. 2015). This highlights the dynamic interactions that can occur
between processes and factors influencing the spatial scale of gene flow. Pollinator interactions and
seed-mediated reproductive assurance are likely to have a prominent role in the evolutionary
trajectory of Namaqualand daisy species — with both of these processes directly impacting population
genetic structure (Kemp et al. 2019; De Waal et al. 2014).

Gorteria diffusa is a predominantly annual daisy species that grows in large colonies during spring
mass flowering events. It is one of multiple Namaqualand daisy species that has parapatric
polymorphisms in floral patterning and colouration, others include Dimorphotheca pinnata (Thunb.),
Dimorphotheca sinuate, and Gazania tenuifolia (Kemp et al. 2019). Here G. diffusa population-level
genetic structure was investigated to establish the spatial scale of gene flow within the Spring
morphotype, an essential parameter in understanding why G. diffusa is so diverse at such small spatial
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scales. The extensive intraspecific variation of G. diffusa makes it an ideal system for these analyses.
The relative phenotypic homogeneity of Spring populations will provide both an interesting
comparison to studies in other Succulent Karoo flora, and a counterpoint to investigations of genetic
structure across G. diffusa morphotypes that have heterogenous floral traits. It will be particularly
informative to compare these results with genetic structure analyses conducted between adjacent G.
diffusa morphotypes where inter-morphotype populations occur over similar spatial scales as those
reported here.

Patterns of genetic diversity were quantified using single nucleotide polymorphism (SNP) data
obtained from genotyping-by-sequencing (GBS). Focal populations were chosen to encompass both
the full geographic area occupied by Spring G. diffusa and to provide a range of geographical distances
between populations, with the latter enabling representation of gene flow over different spatial scales
at high resolution. Population-level genetic differentiation was explored through the analysis of
genetic structure using several complementary statistical methods, quantification of between-
population genetic differentiation, and investigation into whether isolation by distance patterns were
present. Additionally, we conducted a quantitative assessment of floral phenotype in each of the
individuals genetically characterised, so that any correlations between genetic and phenotypic
variation could be detected. Some variation is evident between the capitula of Spring individuals, but
it is currently unknown whether this trait variation is population or region specific. This phenotypic
assessment should also provide a strong basis for the subsequent developmental genetic work
outlined in this thesis by identifying traits that are fixed within the Spring morphotype. These
phenotypic observations may enable initial deductions of likely genetic mechanisms in controlling
floral traits. From an evolutionary perspective, establishing with precision which floral traits are both
qualitatively and quantitatively consistent within Spring is a prerequisite for evolutionary comparisons
between morphotypes considering the mechanisms underlying floral development.
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3.2 Methods

3.2.1 Sample collection and preparation

A total of 125 Springbok (Spring) morphotype G. diffusa individuals were sampled from the Northern
Cape of South Africa in August - September 2018 (Fig 3.2i). All of these individuals were used for
subsequent phenotypic analysis (Nper-population= 7 - 12) and 75 individuals were used in genotyping-by-
sequencing analyses (5 per population). The Spring G. diffusa distribution had been previously mapped
by Allan Ellis. Sampling locations were chosen to cover most of the distribution of Spring to enable
detection of any genetic structure at the within morphotype scale. The experimental design also
allowed a range of distances between sampling sites so that dispersal and the role of isolation by
distance in the genetic differentiation of the morphotype could be inferred. In each population a
minimum of 7 plants were selected for sampling. Within populations plants with adequate numbers
of capitula were randomly sampled, ensuring that individuals were at least 5m apart (min = 5.8m,
mean = 45.3m, s.d. = 33.8m) to avoid sampling siblings. As multiple plantlets can grow from a single
infructescence, each plant was uprooted prior to collection to avoid inadvertently sampling multiple
siblings. If multiple plants were present a single plant was selected randomly for use in the analysis.
The GPS coordinates of each plant were recorded and two fresh, mature capitula were removed and
the stems inserted into a microcentrifuge tube, containing rainwater, for storage before phenotypic
analysis. Leaf material was removed from each plant, placed into individual envelopes, and dried using
silica gel. Subsequently, flowers were dissected from one sampled capitulum per plant: all spotted ray
florets and 3 non-spotted ray florets. These florets were glued to white paper and photographed with
an AF-S VR Micro-Nikkor 105mm f/2.8G IF-ED lens mounted on a Nikon D7100 camera with a scale bar
included. The distance between the lens and the white paper was standardized.

Dried leaf samples (young leaves of 0.5 — 4cm in length were possible) were collected in paper
envelopes containing silica beads and, once dry, additional silica beads were added. The envelopes
were then sealed and transported from the field to our laboratory at the University of Cambridge. In
Cambridge, the samples were kept in dry conditions and retained in the original envelopes before
being used in gDNA extractions. Dried leaf samples were pulverised in a tissue lyser (Qiagen
TissuelLyser Il) and CTAB extractions were conducted as outlined in Section 2.2.2, although slightly
modified in that proteinase K was added to the CTAB buffer rather than B-mercaptoethanol.
Approximately 20mg of dried leaf tissue was for each extraction. The gDNA purity and concentration
were determined using a nanodrop and 2l of extracted gDNA were run on an agarose gel to ensure
that the DNA was not degraded. gDNA extractions of five individuals from each population were
selected for genotyping by sequencing analysis. Nanodrop readings indicated that the samples
selected had high gDNA content (ng/ul) and high nucleic acid purity (260/280 and 260/230 ratios),
while visualisation on an agarose gel showed that gDNA was intact and not fragmented.

Five additional Spring morphotype individuals were included in the DNA extractions and subsequent
dataset. These individuals were grown from seeds collected in the field in 2016 (by Allan Ellis). The
plants were grown in the Plant Growth Facility at University of Cambridge during 2017 (growth
conditions detailed in Section 2.1). No phenotypic data are available from these individuals as they
were initially grown and sequenced as part of a different experiment and later co-opted into the
current analysis.
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3.2.2 Genotyping-by-sequencing and data assembly

Samples were sent to BGI for library preparation and genotyping-by-sequencing analysis. The
restriction enzyme ApeKl (G| CWGC) was chosen to digest the genomes as it is a relatively rare cutter.
This allowed targeting of a sufficient sequencing depth, considering the relatively large genome size
of G. diffusa (ca. 2Gb estimated with flow cytometry (Thomas 2009)). Individuals were multiplexed
using individual barcodes and the sequencing was performed on a single lane with 150bp paired end
reads. Multiplexing was completed for 96 individuals, the 75 individuals from this experiment and an
additional 21 for another experiment.

The raw data quality was assessed graphically using diagnostic plots in FastQC (Andrews 2010).
Trimgalore (https://github.com/FelixKrueger/TrimGalore) was used to remove adapter content and
trim reads to 90bp. The software Stacks v2.41 (Rochette et al. 2019) was used to assemble the
genotyping-by-sequencing dataset. As no Gorteria genome was available, a de novo analysis was
performed (the Stacks pipeline is illustrated in Fig 3.1). Loci were clustered through de novo analyses
using the wrapper program denovo_map.pl. This program executes the Stacks pipeline, running each
Stacks component. Stacks begins with ustacks, cstacks and sstacks: ustacks identifies sites that are
polymorphic within each individual, cstacks connects loci across samples in a catalogue enabling
consideration of the metapopulation, and sstacks matches individuals to the catalogued
metapopulation data (Catchen et al. 2011). The tsv2bam program stores individual-level data per locus
and concludes the locus clustering stage. gstacks uses the set of clustered forward reads (output from
ustacks-cstacks-sstacks), and corresponding reverse reads from tsv2bam, to assemble a contig for
each locus and create scaffolds. The populations program takes the assembled data from gstacks and
applies specified filters to the dataset, outputting VCF files.

Stacks was run on a subset of individuals using different combinations of parameter values, to
determine the optimal assembly parameters for the dataset. In order to obtain a representative group
of samples, a subset of sampling sites was selected that encompassed the full geographical range of
Spring and from each of these sampling sites 4 - 5 individuals were chosen. The range of these
parameter values were chosen based on recommendations in Paris et al. 2017. All combinations of
the following parameter values (defined in Table 3.1) were tested: m=3-7,M=1-8,n=M-1,n=
M, n =M + 1. The populations component of Stacks was run multiple times with an R parameter (R is
the percentage of individuals that must possess a particular locus for it to be included in the final
dataset) value of either 40, 60, or 80. From the output produced we extracted summary statistics from
each Stacks assembly using VCFtools (Danecek et al. 2011), and visualised the data in R using the
ggplot2 (Wickham 2016) and tidyverse (Wickham et al. 2019) packages. Using this information, the
optimal parameters for running Stacks on the complete dataset were inferred. m = 3 was selected and
from the m = 3 datasets the M value that maximised the number of new polymorphic loci before this
number plateaued was chosen (M =5). M = 5 was fixed and the n value that had the highest number
of polymorphic loci (n =M + 1 = 6) was selected, following the recommendations in Paris et al. 2017.
Stacks was run on the full dataset specifying M5 n6 m3 and R = 80 as parameters. VCFtools (Danecek
et al. 2011) was used to filter the data, with the parameters selected listed in Table 3.1.
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Figure 3.1. Stacks v2 pipeline overview. The four major components of STACKS are indicated by the
finger icons: (1) Processing of the sample reads (2) Analyses used for de novo assembly (3) assembling
contigs and creating scaffolds (4) Applying a population genetics frame to the data. Figure reprinted
with permission by John Wiley and Sons from Rochette et al. (2019).
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0.1

most common allele occurs in a given population. The value
indicates the minimum proportion of the dataset minor
alleles have to represent to be retained.

Parameter Final Value/s | Definition Program

m 3 Minimum number of raw reads required to form a stack —a | STACKs v2
putative allele.

M 5 Number of mismatches allowed between stacks (putative | STACKs v2
alleles) to merge them into a putative locus.

n 6 Number of mismatches allowed between stacks (putative | STACKs v2
loci) during construction of the catalogue.

R 80 Percentage of individuals that must possess a particular locus | STACKs v2
for it to be included in calculation of population-level
statistics.

MIN_DEPTH 8 Only sites with mean depth values (over all included | VCFtools
individuals) greater than or equal to the value indicated are
included.

MAX_DEPTH 100 Only sites with mean depth values (over all included | VCFtools
individuals) less than or equal to the value indicated are
included.

max-missing 0.2 Excluding sites where the proportion of missing data is | VCFtools
greater than or equal to the value indicated.

hwe 0.05 Assessing sites for Hardy-Weinberg Equilibrium using an exact | VCFtools
test (Wigginton et al. 2005) and excluding sites with a p-value
less than or equal to the value indicated.

MAF 0, 0.01, 0.05, | Minor Allele Frequency is the frequency at which the second | VCFtools

Table 3.1. Parameter values used to filter the genotyping-by-sequencing final dataset.

3.2.3 Diversity estimates

Genetic diversity within populations was assessed by calculating the observed heterozygosity (Nei

1987) using the function basic.stats in the R package hierfstat (Goudet 2005). The observed

heterozygosity:

Ho=1- ZZPkii/np,
koo

where Pkii represents the proportion of homozygote i in sample k and np the number of samples.

3.2.4 Population genetic structure
Population genetic structure was assessed using 4 types of analysis to assess the pattern of genetic

structure and strength of genetic differentiation.

Several datasets were used to explore genetic structure within G. diffusa that varied in the specified

minimum allele frequency. A single SNP per locus was used to investigate genetic structure to prevent

the confounding effects of physical linkage occurring within each locus (Lewontin and Ken-ichi 1960),

with the exception of the fineRADstructure analysis described below. This was achieved by thinning

the dataset in Stacks so that only one random SNP per locus was retained. As Minor Allele Frequency

(MAF) thresholds have been shown to affect population structure analyses (Linck and Battey 2019),

we assessed the robustness of our inferences by repeating each analyses on different MAF filtered
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datasets: no filtering, 1%, 5% and 10%. The dataset included 75 G. diffusa Spring morphotype
individuals.

Multivariate analyses
Population structure was explored using principal component analyses performed using the
snpgdsPCA function (R package SNPRelate (Zheng et al. 2012)).

Clustering methods

Individual ancestries were investigated using a clustering analysis with a maximum likelihood
approach in ADMIXTURE (Alexander et al. 2009). This analysis estimated admixture proportions by
determining the proportion of each individual’s genome inherited from each of K hypothetical source
populations (Gauthier et al. 2020). Files were formatted for ADMIXTURE analysis using the tool set
PLINK which converted vcf files into bed files (Purcell et al. 2007; Purcell and Chang 2017). ADMIXTURE
was run for K values ranging from 1 - 10, the analysis was completed 20 times for each K value. The
model with the greatest maximum likelihood was selected for every K value. The optimal value of K
was selected using a 5-fold cross validation procedure. This is an iterative procedure that involves data
being partitioned into 5 subsets, admixture estimates are calculated based on 4 of these subsets and
used to predict the estimates of the fifth. The prediction error between the expected admixture values
and actual values of the fifth subset are then determined. The k value with the lowest cross-validation
error is considered to have the best predictive accuracy, regarding the number of subpopulations that
make up the total population. Results were visualised using the R package optparse (Davis 2020) to
plot cluster assignments for each individual. The script was adapted from one created by Joana Meier
(Meier 2019).

fineRADstructure

The program fineRADstructure (Malinsky et al. 2018) was used to infer population structure based on
shared ancestry among all individuals. This program is an adaptation of the finestructure program for
reduced-representation techniques (Lawson et al. 2012). Co-ancestry estimation is based on whole
haplotypes and, therefore, does not require removal of SNPs occurring on the same locus, in contrast
to the methods used previously (PCA, admixture). This increases the power of the inference, especially
in a system with high numbers of SNPs per locus (evident from transcriptome data) such as Gorteria
diffusa. To perform this analysis, initially the —radpainter option of the populations function of Stacks
was used. Second, the RADpainter program was run to estimate the co-ancestry matrix between all
pairs of individuals. Third, finestructure was used to infer relationships between the different
populations with 200,000 MCMC iterations (burn-in period of 100,000). Results were then visualized
using the FINERADSTRUCTUREPLOT R script provided with the fineRADstructure program.

Fst estimates

Fst was calculated in the R package hierfstat (Goudet 2005) using the method and code detailed by
Thierry Gosselin (Gosselin 2020). The Fsr estimation method used in this package is outlined in Weir
and Cockerham, 1984. GPS coordinates of sampled populations were used to create a matrix of
geographical distances between every pairwise combination of populations in the package Imap
(Wallace 2012). A Mantel test (Mantel 1967) was conducted in R using the package ade4 (Dray and
Dufour 2007) to determine whether the relationship between geographical distance and genetic
distance was significant among pairs of populations.
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3.2.5 Phenotypic analysis

Automated floral trait measurements

Automated trait measurements were completed by Boris Delahaie. In order to obtain precise and
guantitative trait measurements for each individual, several dimensions were measured using a
standardized picture taken from samples described in Section 3.2.1. Each image was manually cropped
to isolate individual elements of the capitulum (individual ray and disc florets). Using the software Fiji
(Schindelin et al. 2012), several scripts were designed to perform automatic segmentation of different
parts of the flower: whole ray florets and spots. Different variables summarizing the size and shape of
these parts were then extracted (Table 3.2). All measurements were standardized to individual flower
size to account for individual variation in the size of inflorescences. Ray florets from 182 Spring capitula
were processed. Within-individual variation was investigated within 3 populations (H01, M02, R01),
with ray florets from 4 capitula per plant analysed from a total of 7 individuals per population. A
principal components analysis was conducted on these trait values (Table 3.2) using the function
dudi.pca in the R package ade4 (Dray and Dufour 2007). Scatterplots of principal component scores
were created using the R package ggfortify (Weir and Goudet 2017).

Trait Measurements
Ratio between the height of the spot and the height of the spotted ray floret

Ratio between the height of the spotted ray floret and the height of the plain
ray floret

Aspect ratio of the spot

Aspect ratio of the spotted ray floret
Aspect ratio of the plain ray floret

Circularity of the spot

Circularity of the spotted ray floret

Circularity of the plain ray floret

Table 3.2. The ray floret traits measured and used in a PCA investigating floral trait variation across
Spring morphotype individuals.

Quantifying ray floret numbers

From every Spring plant selected for GBS sampling all available capitula were removed. The number
of ray florets in total, full spotted ray florets, and partial spotted ray florets (when a complex spot was
present but not fully developed) were counted. Two generalised linear model with Poisson
distribution and log link function were used to assess whether there was a relationship between
spotted ray floret number and total ray floret number. Model 1 had total number of spotted ray florets
(full and partial spotted) as the response variable and total number of ray florets as the explanatory
variable. In model 2 the total number of full spotted ray florets was the response variable, with
number of partial spotted ray florets and total ray floret number as the explanatory variables. To
account for the fact that multiple capitula were sampled from the same plant, individual plant was
included as a random effect. Statistical analyses were conducted in the R package Ime4 (Bates et al.
2015). Checks were conducted to ensure the data met model assumptions, and model simplification
was completed using Akaike information criterion (AIC) for stepwise model selection. Graphs were
created in the R package fOptions (Wuertz et al. 2017).
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3.3 Results

Our genotyping by sequencing dataset consisted of 108.1 million reads distributed relatively evenly
between samples of individual plants, with a mean of 1.3 million reads per individual (Ningividuals = 75,
s.d. = 670,000). After initial filtering steps, the dataset contained 295,000 variant sites from 15,500
loci. The mean coverage per individual was 28.5x (s.d. = 6.3x, min = 12.8x, max = 58.2x). MAF threshold
has been reported to affect population structure inferences (Linck and Battey 2019), so analyses were
run on datasets with MAF 0, 0.01, 0.05, 0.1. As results were fairly consistent between MAF thresholds,
all of the results presented in the main text are from analyses of the MAF 0.01 data set and results
from analyses of the other MAF data sets are listed in Appendix 3. The filtering criteria outlined in
Section 3.2.2 resulted in a final dataset of 75 Spring G. diffusa individuals (5 individuals taken from
each of 15 populations, with sampling locations illustrated in Fig 3.2i) genotyped with 6,231 SNPs. The
retained SNPs had a mean depth of 32.6 (s.d. = 10.4) for MAF 0.01.

3.3.1 Diversity estimates within populations

The within-population observed heterozygosity (Ho) (defined in Section 3.2.3) demonstrated that the
level of genetic diversity within each population was relatively consistent (Table 3.3), although SP02
had notably lower heterozygosity. The heterozygosity present was within the range of values reported
in the literature for other plant systems (Huang et al. 2017; Lowry et al. 2008; Setsuko et al. 2020).

Population Ho
HO1 0.143
HO2 0.145
HO3 0.138
HO4 0.141
Mo1 0.148
MO02 0.138
MO03 0.150
NA10 0.145
NA11 0.136
RO1 0.128
R0O2 0.146

S 0.140
SPO1 0.138
SP02 0.115
SPO3 0.148

Table 3.3 The observed heterozygosity (Ho) present within each population.

3.3.2 Patterns of population genetic structure across the Spring range

Principal components analysis

To evaluate genetic structure at the level of the individual, a principal component analysis (PCA) was
conducted with the genotyping-by-sequencing dataset (Fig 3.2ii). The first three principal components
(PCs) accounted for 2.97%, 2.57%, and 2.38% of the variation present, respectively. There was clear
genetic structure, with the M cluster (M01, M02, M03) of populations differentiated along PC1 and
PC3. SP03 individuals formed a discrete grouping along PC2 and PC3, while individuals from population
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HO4 showed the greatest genetic differentiation out of all the populations, along PC1. This pattern
suggests that genetic structure may be strongly determined by geographical distance, as the patterns
of variation are indicative of isolation by distance — with the central cluster of populations lacking clear
genetic differentiation and those toward the peripheries of the sampled region (all 28km distance
from any other sampled site) more differentiated.
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Figure 3.2i. Maps of the Spring morphotype distribution. a) Locations at which Spring and adjacent morphotypes have been found are represented
by dots colour-coded by morphotype: Okiep, Naries, Spring, Buffels, Garies, Cal. * populations represent sampling sites. Ellipses provide visualisation
of which morphotypes exist in parapatry, rather than precise indications of the range of each morphotype. Grey dots represent locations were hybrid
individuals were found. Population locations were provided by Allan Ellis. b) Sampling sites in the Northern Cape of South Africa. Each dot represents
a sampled population. Sample site is indicated by a red circle on the map of Western South Africa in the corner. The colour coding of each sampling
site matches that in the PC plots of Fig 3.2ii.
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Figure 3.2ii. (On previous page) Scatterplots illustrating individual variation in principal component (PC) scores, with
values computed from a principal component analysis (PCA). Percentages indicate the amount of variation each PC
explains and datapoints are colour coded by population. Eigenvalue graphs demonstrate the percentage of variation
accounted for in the first 10 eigenvectors and red bars indicate the eigenvalues represented in the corresponding
PC plot. The location of each sampling site is shown in Fig 3.2i.

Clustering analysis

The clustering analysis ADMIXTURE was used to infer individual ancestries. ADMIXTURE uses a
statistical model to estimate ancestry proportions from each population, presented as an average over
the genome of each individual. The assumption of the model is that the genotype of each individual
has ancestry from one or several genetically distinct origins (K). The optimal number of clusters (K)
represents the most likely number of ancestral populations and is inferred by the cross-validation
errors (CV). Cross-validation errors were lowest at K=1 (CV = 0.392) (at K =2, CV = 0.421), and this
finding was consistent across different MAF datasets (see Appendix 3). This indicates that across the
range of Spring, individuals correspond to one genetic group - so the structure seen is not associated
with reproductive isolation. When number of clusters is increased weak genetic structure emerges
(Fig 3.3), evident in the tendency of clusters to be divided into geographical location, consistent with
the PCA results. The populations in the most Southerly part of the sampling region (H04, M01, M02,
MO03) cluster at K = 2, and are also the most differentiated in PC1. As the K value is increased the

formation of clusters generally tracks the geographic location of each population, for example, at K =
6 there is a Northerly cluster (SP02, SP03), two central clusters (1. NA11, RO1, R02, SP01; 2. HO1, HO2,
HO03), a South Western cluster (H04) and a South Eastern cluster (M01, M02, M03).

Figure 3.3. An admixture plot demonstrating how the genetic variants in each individual cluster into discrete
groupings. The K value indicates the number of clusters specified in the analysis, K = 2 — K = 7 is displayed.
Populations are listed along the x axis. Underlined populations are those within the central population cluster
identified in the PCA.

Model-based analysis

A model-based Bayesian clustering approach (conducted in fineRADstructure) was used to investigate
shared co-ancestry between individuals, enabling population structure inferences. The co-ancestry
matrix and cladogram (Fig 3.4) have results consistent with the previous PCA and admixture analyses.
As expected, higher levels of shared co-ancestry occur between populations located closer together
(i.e. MO1, M02, M03; HO1, HO2, HO3; SP02, SP03; R0O1, R02, NA11, SP01) compared with those more
geographically isolated. The central population cluster identified in the PCA is also visible here; readily
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distinguished from populations on the peripheries of the Spring morphotype range (H04, M01, M02,
MO03, SP03) by elevated shared co-ancestry levels within this central cluster. The cladogram also
groups this central cluster of populations.
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Figure 3.4. Clustered fineRADstructure coancestry matrix. Individuals are listed along with the population from
which they derive. The colour of each square represents the results of a pairwise comparison of estimated
coancestry between two individuals based on similarity between RAD loci. The relative coancestry is illustrated,
with high levels indicated by blue colouration and lower levels indicated by yellow. The phylogeny is illustrative of
relationships between populations but does not represent true population history. Populations highlighted in red
are those within the central population cluster identified in the PCA.



3.3.3 Genetic differentiation

Genome-wide differentiation was measured using the Fsr estimation outlined in Weir and Cockerham,
1984. Fsrcan be “regarded as the correlation due to common ancestry between random gametes from
the same subpopulation relative to random gametes from the total population” (Wang 2012). Overall
genetic differentiation averaged across all populations gave an Fsr of 0.058 (Cl: 2.5% = 0.055, 97.5% =
0.061) (Weir and Cockerham 1984). Between-population pairwise Fsr was positively correlated with
geographical distance (Mantel’s r = 0.36, p<0.0001, 9999 permutations), indicating an isolation by
distance pattern of divergence (Fig 3.5a). Some pairs of populations had relatively high genetic
differentiation at small spatial scales, relative to the general trend, including SP02-SP03 (Fsr= 0.078,
Distance = 2.82km), M02-MO03 (Fsr= 0.048, Distance = 2.09km), and HO4 with several populations (H04
and: HO1 Fst= 0.10, Distance = 14.08km; HO2 Fsr= 0.11, Distance = 13.31km; HO3 Fsr= 0.10, Distance
= 12.24km; MO3 Fst = 0.10, Distance = 10.87km). MO01 - SPO1 showed particularly low genetic
differentiation given how far apart they were geographically (Fsr = 0.033, Distance = 18.63km). The
vast majority of pairwise Fsr values were significantly different from zero (as confidence intervals did
not overlap with zero) (Fig 3.5b). Beyond a distance of 2km significant genetic differentiation was
always detected between populations. 5 population pairs were not significantly genetically
differentiated: (1) HO2 - HO3 1.12km, (2) RO1 - NA11 1.99km, (3) R02 - NA11 1.06km, (4) RO1 - R02
0.95km, and (5) RO1 - SP01 1.67km. There were 3 population pairs in closer proximity to one another
than (2) - (5), that were significantly genetically differentiated: HO1 - HO2 (Fsr = 0.021, Distance =
0.95km), M01 - M03 (Fsr= 0.030, Distance = 1.04km), and MO1 - MO02 (Fsr=0.030, Distance = 1.06km).
The highest levels of genetic differentiation were between HO4 and S, HO4 and SP02, and HO4 and
SPO3 (all have Fsr>0.12). Again, this is consistent with isolation by distance for SP02 and SP03, as these
populations are the most Northerly and HO4 is the furthest South. HO4 is 23.4km from S and, as S
individuals were collected during a different year from the other samples, this high level of genetic
variation may also be influenced a temporal component affecting genetic differentiation. Overall,
these results show that there is strong genetic differentiation over small spatial scales within the
Spring morphotype of G. diffusa.
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Figure 3.5. Pairwise Fst values demonstrating genetic differentiation between populations. a) Pairwise Fsr plotted
against geographical distance between the 2 populations. b) Matrix of pairwise Fst, mean Fsrvalues are presented in
upper right section and confidence intervals (2.5%, 97.5%) in the lower left section. Values are colour-coded according
to mean Fsrfor ease of comparison, for example, light yellow boxes have 0.03 > Fsr 20.02. Values underlined and in
bold have a lower confidence interval value that is <0.005 and genetic differentiation between these populations, as
measured by pairwise Fsr, is considered non-significant.



3.4 Variation in phenotype

Floral trait measurements were compared between populations to determine whether there was a
relationship between genetic differentiation and floral phenotypic differences. To ensure that single
trait measurements per individual were representative of variation within a plant, multiple
measurements were taken from individuals within a subset of populations. To determine the
suitability of specific traits for comparisons between localities, qualitative trait assessments were
conducted within an individual.

Ray floret trait measurements from Spring capitula were extracted from photographs taken in the
field. The measurements included size and shape variables of petal spots and ray florets (detailed in
Table 3.2). These variables were combined in a principal component analysis to investigate whether
there was phenotypic differentiation over the morphotype range. PC1 explained 45% of the variance
and PC2 19% (PC loadings are given in Table 3.4). When Spring flowers were grouped according to
locality, no signal of floral phenotypic differentiation was found between populations (Fig 3.6, Supp.
Table 2). Phenotypic variation between individuals within a population was investigated in 3
populations (Fig 3.7), with multiple capitula sampled per plant. As expected, capitula within individuals
were more similar than those between. There was often overlap between the PC scores of floral traits
from different individuals.

« | HO1

+ | HO2

* | HO3

* | HO4

Mo01

MO02

* | MO3
* | NA1O
= | NA1l

RO1

RO2
-4 SPO1
SP02
-5.0 -2.5 0.0 2.5 *= | SPO3

PC1 (45%)

Figure 3.6. Scatterplot illustrating individual variation in ray floret measurements. Principal component
(PC) scores are along each axis, with values computed from a principal component analysis (PCA).
Percentages indicate the amount of variation each PC explains and datapoints are colour coded by
population.
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Figure 3.7. Scatterplot illustrating variation in ray floret measurements between capitula. In population a) HO1 b) M02 c¢) RO1. Principal component (PC) scores are along
each axis, with values computed from a principal component analysis (PCA). Percentages indicate the amount of variation each PC explains and datapoints are colour

coded by individual.
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Trait Number PC1 PC2
1 0.195 0.698
2 -0.168 -0.271
3 -0.488 0.0869
4 -0.429 -0.217
5 0.446 -0.162
6 0.430 0.087
7 -0.311 0.586
8 0.175 -0.086

Table 3.4. The relative loadings of individual variables on each principal component (PC1 and PC2) for the
analysis presented in Fig 3.6. Traits are as follows: (1) Ratio between the height of the spot and the spotted
ray floret, (2) Ratio between the height of the spotted ray and the plain ray floret, (3) Aspect ratio of the spot,
(4) Aspect ratio of the spotted ray floret, (5) Aspect ratio of the plain ray floret (6) Circularity of the spot, (7)
Circularity of the spotted ray floret, (8) Circularity of the plain ray floret.

Quantifying ray floret numbers in Spring
The number of spotted ray florets within a capitulum does vary between capitula within a single Spring

plant (Fig 3.8a), as such this is not a suitable trait for between - locality phenotypic comparisons based
on static floral traits. In some individuals, all plain (non-spotted) ray floret petals have simple basal
spots (‘marks’) — comprising dark pigmentation but no epidermal elaborations (Fig 3.8b). A thorough
qguantification of ray floret numbers and presence or absence of marks has not previously been
conducted.

These traits were quantified in individuals across multiple populations and all capitula available in each
individual were included (npopulations = 14, Nindividuals = 122, Ncapitula = 416). The presence or absence of
marks at the base of plain ray floret petals was always consistent within an individual, either all
capitula had petals with marks or the trait was completely absent across all capitula. Overall, 73% of
individuals had the mark phenotype present within ray floret petals. Sample sizes within populations
were too small to assess within-population patterns. This would be an interesting focal trait for
phenotypic comparisons between localities, given that the genetics underlying spot pigmentation are
currently being characterised. There was a mixture of individuals with and without marks found in 11
populations and in the remaining 3 populations all individuals had marks. As such, no population
included consisted solely of individuals lacking the mark phenotype.

The number of spotted ray florets was significantly higher in capitula with a greater total number of
ray florets, both when only fully developed spots were taken into account (z=2.9, d.f. =413, p < 0.005)
and when all spotted ray florets (full and partial spots) were considered (z = 3.1, d.f. =413, p < 0.002)
(Fig 3.8c). ‘Partial spots’ here refers to the phenotype when complex spots begin to form, but do not
fully develop (Fig 3.8b). When there was a greater number of fully developed spots within a capitula,
there were fewer partial spots (z =-2.3, d.f. =413, p < 0.02).

58



Ci.

4 o o
o o
= o
(%]
)
(@] °°oo
R ° A
5 3 2
) i % o° .
0
E o
= ° o g
2 o
4—9 %o - o
L : :
o
o &
1 a
o o
11 12 13 14 15 16 17 18
Total Number of Ray Florets
Cii. @
4‘3 4 o
15}
Q— [=]
m (=}
-g,- . aoo‘:" -
g 3 - i .
o % °
> -
8 “ Soo . = o
> 2 oo H =
S > : -
- =
HC_) 1 =] ; o 7 ;
qL) " L=} ° Oo 00 L=}
0
E o
=}
Z 0

11 12 13 14 15 16 17 18
Total Number of Ray Florets

Figure 3.8. Quantifying spot and ray floret number. a) The capitula from one Spring morphotype individual (M02.01), note that spot number varies between capitula.
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3.4 Discussion

Our results show that there is genetic structure within the Spring morphotype of G. diffusa across its
native range. The patterns of genetic variation were consistent with isolation by distance, whereby
individuals that are closer together geographically tend to be more genetically similar due to limited
dispersal (Slatkin 1993; Wright 1943). There was strong genetic differentiation at the population level
(global Fst=0.058) considering the relatively small spatial scale, with distances between populations
ranging from 0.95 - 31km. Floral phenotypic characterisation demonstrated that variation in floral
traits between individuals was not clustered in specific populations or regions. Both total ray floret
number and spotted ray floret number varied between capitula within an individual, demonstrating
that these traits were not suitable for assessing between population phenotypic variation. The positive
correlation between the number of ray florets and the number of petal spots within a capitula has
implications for models of G. diffusa capitulum development.

The Spring morphotype of G. diffusa has clear genetic structure across its native range. The genetic
variation follows a predictable geographic trend, evident in the positive correlation between pairwise
Fsr and between-population geographic distance. Despite obvious genetic structure, the clustering
algorithm admixture demonstrated that the Spring morphotype does not comprise distinct genetic
groupings. This provides further support that the genetic structure of Spring results from an isolation
by distance pattern, rather than differentiation resulting from a barrier to gene flow. The most
Southerly population (HO4) was consistently more genetically differentiated than other populations
across multiple analyses and, to a lesser extent, the most Northerly population also had relatively
higher genetic differentiation. Heterozygosity within HO4 and SP03 was consistent with that found in
other populations and so this higher level of genetic differentiation cannot be accounted for by
unusual within-population genetic diversity patterns. It is possible that this differentiation is simply
due to these populations being further geographically from the majority of sampling sites. However,
the two most Northerly populations had 2.82km between them and a pairwise Fsrof 0.078. Given that
one of these populations is approximately 5km from the Okiep morphotype range, this high
differentiation may have, in part, resulted from introgression of Okiep morphotype genes into one
Spring population. Our experimental design incorporated several sets of populations with equivalent
distances between them (Fig 3.2i), which provided multiple comparisons for investigation of the
spatial scale of gene flow within the Spring range. Of our six populations pairs <1.2km apart, half
exhibited levels of genetic differentiation significantly different from zero. This indicates that genetic
structure was present at even finer spatial scales than our study design incorporated.

The isolation by distance pattern found here was consistent with our expectations based on the
consistency of Spring floral phenotypes, and observations of landscape characteristics across the
morphotype range. The Spring morphotype inhabits the Kamiesberg region of Namaqualand, an area
with rolling hills and in-filled valleys between them (Desmet 2007). There was no obvious
environmental heterogeneity present within different regions, for example, topographical
differences, climatic variation, or substantial differences in community structure. Similarly, no
potential barriers to gene flow like rivers, mountains, or different drainage system, were identified.
Of course the geographically homogenous floral phenotypes of Spring do not preclude the existence
of cryptic diversity (Britton et al. 2014; Krej¢ikova et al. 2013) and there could be undetected
environmental gradients, for example, fine scale edaphic heterogeneity (Ellis and Weis 2006; Ellis et
al. 2006).
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Isolation by distance is a mechanism found to contribute to genetic structure in other Succulent Karoo
flora including Conophytum calculus (Musker et al. 2020) and Protea repens L (Prunier et al. 2017). G.
diffusa is an obligate outcrosser, a trait associated with lower dispersal abilities in a study of
Namagqualand daisy species (De Waal et al. 2014). The dispersal ability of G. diffusa diaspores have not
been investigated, but inferences can be made from diaspore phenotypes and field observations. After
floral anthesis, Gorteria receptacles lignify and enclose the fruit, these infructescences then drop off
and achenes germinate from within the infructescence (Duncan and Ellis 2011; Karis et al. 2009). These
infructescences seem to disperse primarily along the ground, moved by the wind or rolling down
slopes and the lignified involucre of the infructescence also become entangled in foliage. As such, it is
likely that seed dispersal could be inhibited even by small obstructions. These effects are evident in
the clumped distributions of G. diffusa plants and high occurrences of multiple plants growing at the
base of shrubs and boulders, and within rock crevices. The high numbers of infructescences at the
base of bushes suggests that these plant distribution patterns are not due to grazers feeding mainly
on plants that grow in the open, although this could also be a contributing factor. Limited seed
dispersal could, therefore, be a major factor contributing toward strong isolation by distance patterns
and high genetic differentiation in G. diffusa.

The dominant pollinator of G. diffusa is the bee-fly Megapalpus capensis and pollen movement may
contribute toward connectivity between populations (Ellis and Johnson 2009). It is thought that these
flies do not transfer pollen over long distances but tend to stay localised to specific areas. M. capensis
feed on Spring capitula and this morphotype has petal spots which are sexually deceptive to males,
inducing inspection behaviour and pseudocopulatory responses (Ellis and Johnson 2010; Johnson and
Midgley 1997). While all of these behaviours result in pollen transfer, sexual deceptive responses may
enhance pollen export. An experiment supported this, showing higher rates of fluorescent powder (a
pollen analogue) transfer occurred between Spring capitula when the pollinator was exhibiting mate-
seeking, rather than feeding, behaviour (Ellis and Johnson 2010). The contribution of pollen dispersal
by M. capensis to gene flow may, therefore, vary between morphotypes depending on whether or not
floral phenotype induces sexually deceptive responses in male flies. Flowering phenology could also
influence pollen dispersal patterns. G. diffusa germinates in winter, during the predictable winter
rainfall characteristic of the Succulent Karoo, and flowers in Spring (Cowling et al. 1999; Desmet 2007).
The rain showers triggering gemination do not necessarily occur simultaneously across the Spring
morphotype range and, during sampling, the growth stage of G. diffusa plants differed between sites.
These temporal differences in flowering time could reduce gene flow between geographical areas; as
flowers may not be receptive to pollen or producing pollen within the same timeframe. The
consequent reduction in cross-pollination between sites, caused by incomplete overlap in flowering
times, could enhance genetic differentiation.

Overall, population-level genetic differentiation was strong (global Fsr= 0.058), given the relatively
small sampling area (0.95 - 31km). G. diffusa is comprised of multiple floral morphotypes existing in
parapatry. Due to this high intraspecific diversity and the steepness of clines between floral forms
(Ellis and Johnson 2010), it was anticipated that G. diffusa would exhibit high levels of genetic
differentiation over relatively small spatial scales. Our findings were consistent with this hypothesis
and the within-morphotype spatial scale of gene flow was of particular interest. Studies investigating
population genetic structure in the Cape Floristic Region (adjacent to the Succulent Karoo), reported
similar levels of genetic differentiation but across much broader geographical areas. Protea repens
(Proteaceae), for example, had a global Fsr = 0.063 with some sampling sites >800km apart (Prunier
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et al. 2017). The sampling distribution for Restio capensis (Restionaceae) was >500km and global Fsr=
0.030 (Lexer et al. 2014), while the Seriphium plumosum complex (Asteraceae) also had a large span
of sampling sites and Fsr values 0.004 - 0.061 (Shaik 2019). The pattern of high differentiation found
in Spring G. diffusa was consistent with two additional studies conducted within the Succulent Karoo
considering genetic structure of Aizocaeae species at relatively small spatial scales. Argyroderma
pearsonii had sampling locations <10km apart and a global Fsr = 0.07 (Ellis et al. 2007), while an
equivalent global Fsr= 0.068 in Ruschia burtoniae, from sites spanning 17 - 42km, was considered
strong population-level differentiation by the authors (Musker et al. 2020). In the latter, Conophytum
calculus was investigated in parallel over the same geographic range and exhibited weak genetic
differentiation (Fst= 0.009). Similarly, in Protea repens (Prunier et al. 2017) and Restio capensis (Lexer
et al. 2014) adaptive processes contributed toward genetic differentiation, but environmental
differences seemed to be driving speciation exclusively in R. capensis. The differential responses of
these species is thought to derive from taxon-specific features, such as sensitivity to specific
environmental gradients and contrasting pollination systems impacting population connectivity
(Musker et al. 2020; Prunier et al. 2017). These lineage-specific idiosyncrasies are influential in
determining the spatial scale of gene flow, and caution against making generalisations on the basis of
our findings. However, high genetic differentiation within Spring G. diffusa is consistent with the
hypothesis proposed by Musker et al. (2020) that Succulent Karoo plants may have finer-scale
differentiation then plants from the neighbouring Fynbos biome. To address this hypothesis would
require further studies in many additional species.

Evidently, strong isolation by distance patterns are a major factor influencing genetic structure in
Spring G. diffusa. Genetic differentiation is present at fine spatial scales, in some cases between
populations only 1km apart. No clear genetic clustering was observed within Spring, suggesting
genetic connectivity between populations is limited primarily by geographic distance resulting from
an intrinsic limit to gene flow rather than extrinsic barriers that would create a non-clinal pattern of
structure. We hypothesise that these patterns result mainly from low dispersal abilities of G. diffusa
infructescences. A more comprehensive understanding of the relative influence of seed and pollen
dispersal on genetic structure would provide greater clarification. Characterising Spring G. diffusa seed
and pollen dispersal distances, alongside analyses into the relative contribution of maternal and
biparentally inherited loci to gene flow, could resolve these questions. Further analyses investigating
the directionality of gene flow between sites would determine if genetic patterns result from ongoing
gene flow. The alternative is that populations were initially isolated and are becoming more
homogenous through recent range expansion (Peter and Slatkin 2013; Turelli et al. 2001).The spatial
restriction of gene flow can promote divergence along ecological axes, facilitating ecological
speciation (Ellis et al. 2013). As such, limited dispersal could be a major determining factor in the high
species richness of Succulent Karoo flora. To address these broad evolutionary questions requires
much further investigation across multiple systems, with this study providing a small insight into the
genetic structure of one Namaqualand Asteraceae species.
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Chapter 4. Petal spot pigmentation and candidate regulatory genes

4.1 Introduction

The Gorteria diffusa petal spot is a heavily pigmented, three-dimensional elaboration of the petal
epidermis that forms across fused petals of a single ray floret. It is unusually complex compared to the
petal spots of several other daisy and eudicot species, which generally consist of pigment
accumulation but not epidermal modifications (Thomas et al. 2009). The deep texture and rich
colouration of petal spots in G. diffusa are created by an amalgamation of different specialised cell
types that vary in colour due to pigmentation and cuticular elaborations. Interior cells en masse have
an overall green appearance, but individually may be variably pigmented green, blue, purple or black.
Aggregations of dark papillate cells are deep purple or black. Floral colouration is determined by the
interactions of multiple components including cell shape that influences light reflection, pigment
concentration, co-occurrence of several pigments, and the environment within which pigment
accumulates, as well as the fundamental properties of the pigment itself (Brouillard 1983; Grotewold
2006). Anthocyanin pigmentation has an important role in the G. diffusa spot phenotype, although
disentangling the precise contribution of anthocyanin to spot phenotype is difficult given the
complexity of the spot.

Anthocyanins are a type of flavonoid, the glycosylated products of anthocyanidins. More than 30
naturally occurring anthocyanidins have been identified, six of which are considered common:
cyanidin, delphinidin, malvidin, pelargonidin, peonidin, and petunidin (Corradini et al. 2011). These
types of anthocyanin differ in the number and chemistry (H, OH, or OCHs) of groups added to the basic
chemical structure (Grotewold 2006). Generally, greater numbers of hydroxyl groups on the B-ring
result in a more blue colouration, for example, lochrominae species with blue flowers produce mainly
delphinidin (three hydroxyl groups), red-flowered species produce pelargonidin (one hydroxy group),
and the orange-red flowered species produces cyanidin (two hydroxy groups) (Larter et al. 2018;
Tanaka et al. 2008). Anthocyanins are stored in the cell vacuole and, due to glycosylation,
anthocyanins are less reactive and more water soluble than anthocyanidins (Corradini et al. 2011).
Typically, hydroxyl groups (-OHs) of the glycosyls of anthocyanins are acylated by organic acids
(aliphatic or aromatic acids), producing acylated anthocyanins in a process termed anthocyanin
glycosyl acylation (Osawa 1982 in Zhao et al. 2017). Anthocyanins are often stored in plant vacuoles
in the acylated form (Nakayama et al. 2003). The reactivity of anthocyanins are influenced by these
factors, and acylation has been shown to enhance the stability of acylated anthocyanins - contributing
to the stable colouration of flowers and fruits (Baublis et al. 1994; Teh and Francis, 1988; Zhao et al.
2017). The type, number, and acylation sites of the acyl groups varies; as such, glycosyl acylation
creates much diversity within anthocyanin molecules (Andersen and Jordheim 2006 in Zhao et al.
2017). Asingle anthocyanin can contain different types of acyl groups simultaneously. The violet petals
of Lobelia erinus, for example, are pigmented by Lobelinin A which contains one coumaryl, one
malonyl and two caffeyl groups (Kondo et al. 1989). One plant organ can also contain many
anthocyanins, with Ajuga reptans flowers producing diacylated and triacylated cyanins, and
triacylated delphinins (Terahara et al. 2001).

The vacuolar pH can influence the perceived colour of anthocyanin pigmentation. Vacuole
acidification in petunia flowers produces red petal colouration, and flower colour shifts to blue in
mutants that prevent the hyperacidification of vacuoles (Faraco et al. 2014). Similarly, in Ipomoea nil
blue colouration is enhanced by higher pH levels in the vacuole (Fukada-Tanaka et al. 2000). Acylation
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also influences resistance to changing pH, with unacylated anthocyanins less resistant to increased pH
values than acylated anthocyanins (Delgado-Vargas et al. 2000). At its most basal level, the factors
influencing floral colouration derive from the composition of the anthocyanin molecule and its
interaction with cellular features.

G. diffusa petal spots are pigmented with anthocyanins that are cyanidin derivatives, in the subset of
morphotypes previously investigated (Walker 2012). G. diffusa ray florets are darkly pigmented on the
abaxial side, and it is currently unclear whether the composition of anthocyanins is the same between
petal spots and abaxial pigmentation. In Clarkia gracilis petals have a purple background colouration
and a deep red/ purple petal spot. The anthocyanidins cyanidin and peonidin are only found in C.
gracilis petal regions that contain spots, whereas malvidin is found throughout the petal in spotted
and plain regions. Spot-specific anthocyanin pigments were derived from a different branch of the
anthocyanin pathway than other floral pigmentation, implying that differential regulation at these
branch points could be important for spot formation (Martins et al. 2013). An R2R3 MYB transcription
factor (CgMybl) was found to regulate spot development. CgMybl has a spatially restricted
expression domain and activates transcription of the gene encoding an anthocyanin synthesis enzyme
(Dfr2) only in specific petal regions, confining peonidin and cyanidin pigment production to petal spots
(Martins et al. 2017).

Within Asteraceae, R2R3 MYB genes involved in anthocyanin synthesis regulation have been identified
in species including Gerbera hybrida (Elomaa et al. 2003; Laitinen et al. 2008) and Chrysanthemum
morifolium (Liu et al. 2015a). Across a range of phylogenetically diverse species, the transcription of
genes encoding anthocyanin synthesis enzymes is regulated by a trimeric transcription activation
complex (MBW complex) comprised of an R2R3 MYB, bHLH, and WD40 transcription factor (Albert et
al. 2011; Carey et al. 2004; Cone et al. 1986; Gonzalez et al. 2008; Goodrich et al. 1992; Lin-Wang et
al. 2010; Ludwig et al. 1989; Paz-Ares et al. 1986, 1987; Quattrocchio et al. 1993, 1999; Ramsay and
Glover 2005; Schwinn et al. 2006; Spelt et al. 2000). The MYB and bHLH proteins have sequence-
specific DNA binding activity, while the WD40 protein provides a scaffold enabling bHLH and MYB
protein-protein interactions. Within the complex, activity of the R2R3 MYB requires interaction with
the bHLH partner. The bHLH is thought to stabilise the MYB protein and enhance activation of
anthocyanin synthesis genes that contain a conserved cis-regulatory element (Grotewold 2006;
Hernandez et al. 2004). The bHLH protein interacts with both the MYB and WD40 proteins, whereas
the MYB component only interacts with the bHLH. As such, the bHLH protein is more constrained
evolutionarily than the MYB because mutations in the former are more likely to disrupt functioning of
the whole complex. Therefore, the MYB component of the MBW complex is thought to confer the
greatest developmental specificity (Ramsay and Glover 2005). Interestingly, in A. thaliana the
constituent proteins of the MBW complex controlling trichome differentiation have been shown to
form dimers, with competitive binding of the MYB and WDA40 to the bHLH; the two types of dimer can
regulate expression of different genes (Pesch et al. 2015). A recent study in Antirrhinum majus
suggests that this may also apply to transcription factors regulating floral anthocyanins, demonstrating
that the complex of Rosea 1 (MYB) and Delila (bHLH) most effective at activating anthocyanin synthesis
may lack the WDA40 protein (Albert et al. 2020).

Analyses in several species indicate that the strict spatial control of anthocyanin pigment expression,
necessary for spot formation, is often achieved through transcriptional regulation. This is an important
mechanism for producing diverse floral pigmentation patterns in both monocots and eudicots. Within
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Antirrhinum majus, regulation of anthocyanin-pigmented venation is controlled by a bHLH protein
expressed in the epidermis and an R2R3 MYB transcription factor with circum-vein expression
(VENOSA). The venation phenotype is restricted to regions where the bHLH and MYB spatially overlap
— enabling complex formation and activation of anthocyanin production. Supporting this, the
overexpression of VENOSA in unpigmented epidermal tissue (where the bHLH is expressed) leads to
anthocyanin production. This suggests that pigment restriction is not due to repressor proteins that
inhibit either VENOSA expression or VENOSA protein activity in unpigmented regions, but is the result
of overlapping expression of bHLH and MYB proteins (Shang et al. 2011). In the petal lobes and corolla
tube of A. majus the MYB genes ROSEA1 and ROSEA2 regulate anthocyanin synthesis. The intense
colouration of the flower results from combined action of VENOSA, ROSEA1, and ROSEA2 activating
anthocyanin biosynthesis in various petal regions (Schwinn et al. 2006). Similarly, vein-associated
anthocyanin pigmentation in the corolla tubes of Petunia is regulated by the R2R3 MYB transcription
factor DEEP PURPLE and different R2R3 MYB transcription factors regulate anthocyanin production
across the corolla (An2) and in anthers and corolla tubes (An4). A fourth MYB, PURPLE HAZE, controls
light-regulated accumulation of anthocyanin on the bud abaxial petal surface (Albert et al. 2011;
Gerats et al. 1985; Gerats et al. 1984). In contrast to Petunia and A. majus, ‘splatter’ spot patterns on
the tepals of Lilium spp. are independent of vein position and appear early in flower development.
LhMYB12-Lat regulates the splatter pigmentation, while the other allele of the LhMYB12 gene is not
involved in spot regulation, instead activating background anthocyanin pigmentation in the tepals,
filaments, and styles. Lilium species also have raised spots that form increased numbers of epidermal
and parenchyma cells relative to the rest of the petal, in addition to pigmentation. The anthocyanin
pigment within these spots is regulated by the transcription factor LhMYB6 (Yamagishi et al. 2010).
Light-exposed surfaces of L. regale flower buds develop anthocyanin pigmentation regulated by
another R2R3 MYB, LrMYB15 (Yamagishi 2016). Evidently, multiple R2R3-MYB genes often operate in
a single species to regulate anthocyanin production, with the distribution of pigmentation determined
by the spatial and temporal distribution of R2R3 MYB allele or gene transcription.

Previous work determined that cyanidin-3-glucoside is the anthocyanin pigmenting the petal spots of
several G. diffusa morphotypes. A candidate petal spot regulator (GdMYBS8) was identified through a
candidate gene approach and comparative transcriptomics. Phylogenetic analysis placed this gene
within the subgroup 6 R2R3 MYBs. R2R3 MYB subgroups are defined by conserved amino acid
sequence motifs, and subgroup 6 MYBs function in anthocyanin regulation across many systems
(Petroni and Tonelli 2011; Stracke et al. 2001). This chapter aims to determine whether the type of
anthocyanin pigmentation is homogenous across different regions of G. diffusa ray floret petals, or if
anthocyanin within petal spots has a different composition from abaxial pigmentation. Potential
regulators of spot anthocyanin production are investigated and identified, expanding on previous
work. The phylogenetic relationships between these regulators and other Asteraceae subgroup 6 MYB
genes are assessed. Gene expression patterns are characterised to determine whether candidate
genes are upregulated in petal spots, supporting a role in petal spot developmental regulation. These
analyses are conducted across three G. diffusa morphotypes, two of which are thoroughly
phenotypically characterised, with the natural variation present in floral phenotype contributing to
the robustness of genetic findings. The suitability of these morphotypes for future evolutionary
analyses was assessed and the developmental genetic data presented here will, hopefully, be
expanded to a comparative evolutionary framework once the necessary tools and information are
available to conduct evolutionary developmental work within the system.
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4.2. Methods

4.2.1 Phenotypic measurements of Spring and Cal morphotypes

Samples were collected during fieldwork in the Northern Cape of South Africa in 2018. Sample
collection, preparation, and phenotypic measurements were conducted as described in Section 3.2.1.
Phenotypic measurements of individuals (n = 12 per population) were taken from 4 populations within
the Cal morphotype range. These population are considered ‘pure’ Cal (photograph in Fig 4.7) and are
situated in the central morphotype range and not toward the peripheries close to contact zones with
other morphotypes. Equivalent Spring individuals were sampled (n = 12 per population) from 6 ‘pure’
Spring populations. Measurement of phenotypic traits was automated in R (Section 3.2.5) by Boris
Delahaie and the variables measured are listed in the table below. A principal component analysis was
conducted on the trait measurements listed below (Table 4.1) in the R package nsprcomp (Sigg and
Buhmann, 2008) and visualised in the factoextra package (Kassambara and Mundt, 2017). The relative
PC loadings of each trait, and mean trait values for Cal and Spring are listed in Supp. Table 3.

4.2.2 Anthocyanin extraction

The anthocyanin extraction procedure is detailed in Section 2.8. Several different tissue types were
sampled from the morphotypes Spring, Cal, and Stein. Individual ray florets were plucked from mature
capitula and dissected with a razor blade. The same segments from different individual ray florets and
capitula within a plant were pooled and then snap frozen in liquid nitrogen. Two types of ray floret
segments were dissected, depending on the morphotype phenotype and ray floret type (Fig 4.1).

1.
Morphotype Sample | Segment
and Tissue Size Type

Cal Plain 6 1

Cal Spot 7 2

2. Spring Plain 6 1

Spring Spot 6 2

\J Spring Mark 5 2

Stein Plain 7 1

Figure 4.1 Schematic of the tissues dissected for HPLC analyses. The adaxial side of generic spotted
and plain ray florets are shown. The segments of ray florets dissected are indicated in the diagram: 1.
‘Plain” and 2. ‘Spot/ Mark’. Spot refers to a complex petal spot composed of multiple cell types, while
mark is a simple spot composed only of black pigment.

Previous analysis indicated that chlorophyll is present in the ray florets of Spring (dissected spot: 311/g
+ 32, plain ray floret 141/g + 2.8) and Cal (dissected spot: 1019/g * 54, plain section of ray floret 914/g
+ 55) (Walker 2012). As such, the absorbance of each pigment extraction (Fig 4.2) was measured at
A530 (the peak of absorption of anthocyanin) and A657 (the peak of absorption of degradation
products of chlorophyll in acidic methanol). After correcting for the dilution factor, the equation A =
As3o — 0.25A¢s7 was used to calculate the total relative anthocyanin content (Mancinelli 2020). This
value (A) was then divided by the fresh weight of the sample to give (A;). Approximate absolute
anthocyanin concentrations were calculated using the equation: concentration=(A,/34) x 484.83
(Airoldi et al. 2019), where 34 is the millimolar extinction coefficient (Gerats et al. 1982) and 484.83 is
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the molecular weight of cyanidin 3-glucoside. Calculations were completed in excel and graphical
representation of the results were completed in R (packages:ggplot2 (Wickham 2016)). Statistical
modelling was completed using R packages multcomp (Hothorn et al. 2008), ggfortify (Horikoshi and
Tang 2018; Tang et al. 2016), and nime (Pinheiro et al. 2012). A linear mixed model and Tukey honest
significant differences test were used to determine whether differences in anthocyanin content
between tissues were statistically significant. Individual plant sampled was added as a random effect
to account for variation resulting from factors specific to individuals. The anthocyanin content data
were transformed so that the data did not violate any of the assumptions of the linear mixed model.

cal G.’TGP ‘ {JQ-J & botlem
| &8y 52"'1

Figure 4.2 A subset of the anthocyanin extractions in acidic methanol. Dilutions of these samples were
used to quantify overall anthocyanin concentrations. Labels indicate the sample and weight (from left
to right): Cal plain (68mg), Cal spot (52mg), Cal plain (107mg), Cal spot (40mg), Spring spot (28mg),
Spring plain (146mg), Stein plain (80mg), Stein plain (110mg).

4.2.3 Anthocyanin HPLC-MS analysis

Tissues dissected for HPLC were from the same morphotypes and ray floret segments as that used for
overall anthocyanin quantification. The top of the Spring spotted ray floret petals was added as an
additional sample type. From visual assessment these petal sections do not appear to be pigmented
by anthocyanin. The sample size for each type of tissue was n = 3. Tissue preparation is detailed in
Section 2.8, with the modification that samples had 1ml of acidic methanol (1% (v/v) 1M HCL) added
and were shaken overnight only once, rather than this process being repeated. Pigment extractions
were put on ice and sent to John Innes Centre, Norwich and stored at -20°C until the analysis. HPLC-
MS was conducted by Lionel Hill. The samples were diluted two-fold with ddH,0, centrifuged, and
transferred to 200l glass inserts for the analysis. The samples were analysed on a Prominence/Nexera
UHPLC system attached to an ion-trap ToF mass spectrometer (Shimadzu). Separation was on a 100 x
2.1mm 2.6 Kinetex EVO column (Phenomenex) using the following gradient of acetonitrile versus 1%
(v/v) formic acid in water, run at 0.5ml/min and 40°C:

time (minutes) | % acetonitrile

0.01 2

0.50 2

5.00 10
17.00 30

25.00 90

25.80 90

26.00

30.10
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Detection was by UV/visible absorbance and positive mode electrospray MS. The diode array detector
collected spectra from 200 - 650nm at 6.25 spectra/sec, with a time constant of 0.08 secs. The MS
collected spectra from m/z 220 - 2000, with automatic sensitivity control set to a target of 70%
optimum base peak intensity. It also collected automatic (data dependent) MS2 spectra from m/z 50
- 2000 with a fixed ion accumulation time of 20msec, an isolation width of m/z 3.0, 50% collision
energy and 50% collision gas. After two spectra had been collected for a precursor ion, it was ignored
for 3 secs in favour of the next most abundant ion. Spray chamber conditions were 250°C curved
desorbation line, 300°C heat block, drying gas ‘on’, and 1.3 |/min nebuliser gas. The instrument was
calibrated immediately before analysis, using sodium trifluoroacetate cluster ions, according to the
manufacturer’s instructions. Data output was summarised in excel and graphs were made in R
(package: ggplot2 (Wickham 2016)).

4.2.4 Characterising G. diffusa subgroup 6 R2R3 MYB genes

A promising candidate for petal spot pigmentation, GdMYBS8 (here termed GdMYB8a), was previously
identified through a 454 transcriptome analysis conducted in the Spring morphotype. This gene was
shown to have spot specific expression patterns (Mellers 2016; Walker 2012). Two additional GAMYBS8
homologues, GdAMYB8b and GdMYBS8c, were identified initially through genome walking (Section
2.3.3). A more recent RNA-seq analysis (Kellenberger unpublished) led to the identification of a fourth
homologue, GdAMYB8d. The full-length sequences of these genes (including 3’UTRs) were obtained
through PCR and 3’RACE (Section 2.3.5). The primers used (Appendix 2) were designed based on
transcriptome sequences and predicted conserved regions with GdAMYB8a. To characterise the
variation in these genes, the cDNA and gDNA sequences for each of the 4 candidate genes were
obtained through PCR for multiple individuals per morphotype (with the exception of Stein GAMYBS8b).
As Spring was the focal morphotype for this analysis, more stringent characterisation was conducted.
In Spring, for each individual, 5 identical PCR reactions were conducted per gene to ensure genetic
variation was captured. All amplicons were subsequently cloned (Section 2.4) and sent for Sanger
sequencing. Sequencing data was formatted and analysed in Geneious Prime and Benchling (Biology
Software).

4.2.5 Building an Asteraceae subgroup 6 R2R3 MYB amino acid phylogeny

Asteraceae MYB subgroup 6 protein sequences were obtained through BLAST analysis in Genbank
(Benson et al. 2012), the sunflower (Helianthus annuus L.) genome
(https://www.sunflowergenome.org/, Badouin et al. 2017) the lettuce (Lactuca sativa) genome
(Lettuce Genome Resource, https://Igr.genomecenter.ucdavis.edu/, Reyes-Chin-Wo et al. 2017), and
through a literature search for papers characterising subgroup 6 MYBs in Asteraceae (Yue et al., 2018).
Hypothetical proteins and duplicates of the same gene product were removed. The G. diffusa GAMYB2
(Thomas 2009), a subgroup 9 R2R3 MYB, was added as an outgroup. G. personata gDNA was extracted
from samples taken in the field and GdMYB8a-c were amplified through PCR. Introns were predicted
by aligning the G. personata gDNA sequence with G. diffusa coding sequences, removing predicted
intron segments, and translating these DNA sequences into amino acids — no premature stop codons
were found. The phylogenetic analysis derives from RAxML analysis of amino acid sequences. The
amino acid sequences were aligned with mafft (v 7.429) (Katoh et al. 2002) using default parameters.
The model of molecular evolution was selected using PartitionFinder (v2.1.1) (Lanfear et al. 2017)
testing all amino acid models available assuming one data block. The phylogenetic tree was inferred
using maximume-likelihood optimality criterion with RAXML-NG (v.0.9.0) (Kozlov et al. 2019) while
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calculating bootstrap branch support. The phylogenetic tree was visualized by FigTree (v1.4.4) and
edited in inkscape (v1.0.2) (Inkscape 2020). Final alignments and tree building were conducted by Qi
Wang.

4.2.6 Examining expression levels of GAMYBS8 genes

The expression levels of GAMYBS8 genes within G. diffusa ray florets were tested using gRT-PCR in
Spring, Cal, and Stein. Ray floret tissue was collected at two developmental stages during spot
development, based on the developmental characterisation of the Nieuw morphotype by Thomas et
al. (2009). Spring and Cal were examined under the microscope at different developmental time points
to determine whether the timing of spot development was roughly equivalent in each morphotype.
At developmental stage 1 the spot is a small dark patch on an otherwise yellow/ green ray floret, by
developmental stage 2 specialised cell types are forming and abaxial pigment is initiating. Stage 1 was
defined as the point when ray florets had between the same height and x1.5 the height of developing
disc florets and stage 2 when the ray florets were at least double the height of developing disc florets,
but not yet fully mature (Fig 4.3). In Cal each ray floret was dissected into two latitudinally: a non-
spotted (plain) top segment and a spotted bottom segment. In Spring, the proportion of the ray floret
that the spot occupies is highly variable and at the first developmental stage the early spot is enclosed
by peripheral petals of the ray floret. Consequently, it is very difficult to accurately dissect these ray
florets into spotted and non-spotted segments. The comparison in Spring was instead done between
whole plain ray florets and whole spotted ray florets. Diagrams indicating the tissue segments used
arein Fig 4.16 and 4.17. Spring individuals with a ‘mark’ (simple spot at the base of the plain ray floret)
above a certain size were excluded, as this could confound the ‘spotted’ and ‘non-spotted’
comparison. Only non-spotted Stein plants were used for expression analysis and whole ray florets
were sampled. As some individual Stein plants have been observed to switch on and off spot
development, every ray floret was carefully checked for spots during tissue collection. Each biological
replicate consisted of 3 plants and samples were pooled within biological replicates, all tissue
collection was conducted at 9:15 - 10:30am to account for the potential confounding effects of
circadian rhythm on gene expression. Samples were prepared and RNA extracted using the procedures
outlined in Sections 2.2.3 and 2.2.4.

A Inflorescence bud

EImmature inflorescence

Figure 4.3. The developmental stages used for qRT-PCR. The Spring morphotype is pictured at
developmental stage 1 (A) and stage 2 (B). Scale bars = 1cm.
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The full gRT-PCR procedure is detailed in Section 2.7. Designing qRT-PCR primers specific to each
GdMYBS8 gene was challenging due to the similarity between them. An alignment of Asteraceae MYBs
from different subgroups was used to exclude regions conserved across MYB genes. The regions
deemed potentially suitable were then included in an alignment with all G. diffusa MYB8 sequences
so that sites consistently different between genes could be identified. Suitable segments for primer
design were found at the 3’ end of the gene and into the 3’ UTR (isolated through 3’ RACE, detailed in
Section 2.3.5). At least one qRT-PCR primer per pair was designed to be specific to one GdMYB8 gene.
Specificity of amplification by primer pairs was assessed for GdMYB8a/b/c through PCR reactions. A
serial dilution of vectors containing each GAMYBS8 gene as a template was used to determine if
amplification could be achieved with primers designed for a different homologue (example in Fig 4.4).
GdMYB8d was considered divergent enough that this specificity check was not required. Following
gRT-PCR the PCR products were sent for Sanger sequencing and the sequences analysed to check that
only the intended gene product was amplified.

GdEF-2 (Elongation Factor 2) was used as a reference gene (Section 2.7.3), but primers were originally
designed from the Spring morphotype only. GJEF-2 was here isolated (primer in Appendix 2) in Cal
and Stein to determine whether or not the primer sequences were conserved between morphotypes.
Primers to amplify GJEF-2 were designed from the Spring gene sequence previously obtained by
Mellers (2016). GdEF-2 fragments were amplified in multiple Cal and Stein individuals through PCR,
cloned, and sequenced (Section 2.3 and 2.4). There were consistent polymorphisms in the forward
primer (i.e. Stein and Cal had identical sequences, but this differed from Spring), so the GdEF-2 forward
gRT-PCR primer was redesigned (Appendix 2) and primer efficiency retested. Similarly, some of the
GdMYB8 qRT-PCR primers contained polymorphic sequences between morphotypes, these were
redesigned to make them morphotype specific, primer efficiency was tested and specificity checks
conducted as outlined above. Programs used for statistical tests and graphical representations of the
data are detailed in Section 2.7.4.

200bp

ladder

S G, G R R G e G 200bp

Figure 4.4. Example of the gRT-PCR primer specificity test. Each of the five wells per vector represent a
different concentration of template plasmid (from left to right: 0.001ng/ul, 0.01 ng/ul, 0.1 ng/ul, 1 ng/ul,
100 ng/ul). Lettering colour indicates PCR reactions using the MYB8b primer pair (blue) and MYBS8c primer
pair (green). In this case the MYB8b primers were considered sufficiently specific (not amplifying the
MYB8a or MYBSc vector at concentrations > 0.1 ng/ul), whereas the MYB8c primers were not —these were
discarded, and new primers designed. The expected length of amplicons were 170bp for MYB8b primers
and 152bp for MYBS8c primers.
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4.3 Results

4.3.1 Selecting G. diffusa morphotypes for comparative analyses

Field observations and phenotypic differences

The natural phenotypic variation between floral morphotypes provides a useful comparative
framework for understanding spot development, here used to improve robustness of genetic
characterisation. Spring was the focal morphotype and the two additional morphotypes were Stein,
which contains non-spotted individuals, and Cal that has complex spots arranged in a bullseye pattern.
Cal petal spots are raised but lack the white highlight cells and papillae found within Spring. All of
these morphotypes have been karyotyped and are diploid with 10 chromosomes in total (Thomas
2009).

Morphotypes were also assessed for suitability for comparative evolutionary analyses, although this
is beyond the scope of the current study. Pollinator behavioural assays demonstrated that the Cal
floral phenotype induces different behavioural responses in M. capensis pollinators compared to
Spring capitula (Ellis and Johnson 2010). There are Cal populations geographically adjacent to Spring
populations but no contact zones are known, and phenotype within Cal is relatively consistent based
on quantitative spot trait measurements in one Cal population (Ellis et al. 2014). The morphotype
Stein encompasses spotted and non-spotted individuals. From observations in the field, it appears
that certain populations are predominantly comprised of non-spotted individuals — while other
populations are mainly spotted, but further characterisation is required. Stein seeds collected from
several populations were grown in the glasshouse and some individuals were found to have both
spotted and non-spotted capitula (Figure 4.6). Consequently, Stein ‘non-spotted’ individuals cannot
be used as non-spotted G. diffusa representatives in evolutionary analyses because it is, currently,
unclear whether or not they are capable of switching on spot production.

Floral traits of Cal and Spring form discrete phenotypic clusters

Individuals were sampled from multiple populations of Cal and Spring morphotypes. Phenotypic
measurements of floral traits were taken, and a principal component analysis of ray floret traits was
conducted. The principal components included trait measurements relating to spot size and ray floret
colouration (detailed in Table 4.1). The first two principal components (PCs) cumulatively explained
77.7% of the variation (PC1 67.5%, PC2 10.2%) in floral traits. The trait variable loadings for each PC
and mean trait measurements for Spring and Cal are listed in Appendix 4 (Supp. Table 3). As illustrated
in Figure 4.5, there is phenotypic variation within each morphotype, but the two morphotypes are
clearly differentiated by floral traits along PC1 — clustering into two discrete groups according to
morphotype.
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Figure 4.5. Comparison of floral phenotypes between the morphotypes Spring and Cal. a) The locations of the
populations that individuals were sampled from for phenotypic analysis (notai = 120, Ncai= 48, Nspring = 72, Nperpopulation
= 12). Orange dots indicate Spring populations and green dots indicate Cal populations— an image of a typical G.
diffusa capitulum corresponding to each morphotype is pictured on the map. b) Examples of the photographs
used for automated phenotypic trait measurements are presented. The first two principal components from the
PCA of floral phenotypic measurements are represented graphically (PC1 = 67.5%, PC2 = 10.2%), with 95%
confidence ellipses. The eigenvalue graph demonstrates the percentage of variation accounted for in the first 10
eigenvectors and red bars indicate the eigenvalues represented in the PC scatterplot.
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Trait measurements

Proportion of ray florets within a capitulum that are spotted

Red values (from red-green-blue extracted values) of the plain segment of the
spotted ray floret

Green values (from red-green-blue extracted values) of the plain segment of the
spotted ray floret

The length of the plain segment of the spotted ray floret (from the top of the
spot to the tip of the ray floret)

Blue values (from red-green-blue extracted values) of the plain segment of the
spotted ray floret

Mean brightness value on the plain segment of the spotted ray floret

Aspect ratio of the spotted ray floret

Aspect ratio of the spot

The length of the plain segment of the spotted ray floret as a proportion of the
total ray floret length

The area of the spot as a proportion of the total spotted ray floret area

Table 4.1 Descriptions of the variables used in a PCA analysis comparing the phenotypic traits of Cal
and Spring spotted ray florets.

4.3.2 Ray florets are pigmented by cyanidin 3-glucoside

Most ray floret tissues contain anthocyanin

All three focal morphotypes (Spring, Stein, Cal) have purple or black pigmentation on the abaxial side
of the ray floret. The extent of this pigmentation varies between individual plants within glasshouse
grown individuals. Cal and Stein tend to have consistently darker pigmentation extending over more
of the petal area than Spring, while Spring abaxial pigmentation was more variable (personal
observation). The abaxial colouration was found to vary in individuals growing in wild populations of
G. diffusa (Fig 4.6c, d), but Cal and Stein abaxial pigmentation was not characterised in the field. Fig
4.6d gives examples of wild Cal individuals and Fig 4.5.bii shows glasshouse grown Stein. The abaxial
side of the raised spotted ray floret petals in Spring do not appear to be pigmented by anthocyanin
based on colouration.

Petals of ray florets from mature capitula of the focal morphotypes were dissected into spotted and
non-spotted segments (illustrated in Fig 4.7a), pooled according to morphotype and tissue type, and
an anthocyanin extraction in acidic methanol was performed. Anthocyanin content was quantified
and compared between tissue types (Fig. 4.7b). All tissue types contained anthocyanin. Spring spots
had the greatest range of anthocyanin content and a significantly higher anthocyanin content than
any other tissue type (comparisons to Spring spotted tissue: Cal plain: z = 3.38, p = 0.009; Stein plain:
z=4.58, p <0.001; Cal spot: z = 4.66, p <0.001; Spring mark: z =-7.02, p <0.001; Spring plain: z = 9.00,
p <0.001). This is perhaps due to high anthocyanin content within the swollen epidermal cells of the
Spring papillae (Thomas et al. 2009). Cal spots had a similar anthocyanin content to Cal and Stein plain
ray floret petals. Spring plain ray floret petals contained significantly less anthocyanin than Cal plain
ray floret petals (z = -3.57, p = 0.005). The anthocyanin content of each tissue was as follows (mean +
s.d.): Spring spots 1.05ug/mg * 0.45, Cal plain 0.48ug/mg + 0.34, Stein plain 0.36ug/mg * 0.20, Cal
spot 0.38ug/mg + 0.09, Spring mark 0.28ug/mg * 0.04, and Spring plain 0.19ug/mg + 0.07. The Cal
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spot anthocyanin content is consistent with that found by Thomas et al. (2009), who demonstrated
that Cal spot anthocyanin content was twice that of Antirrhinum majus petals.

An anthocyanin with a malonyl residue pigments petal spots

To determine the anthocyanin content of G. diffusa ray floret tissue, pigments were extracted from
mature ray florets using acidified methanol (1% (v/v) HCL) and analysed by HPLC-MS. Compounds
were detected by UV/ visible absorbance (200 - 650nm) and, subsequently, electrospray mass
spectrometry (collecting spectra from m/z 220 - 2000) was used for peak assignment and further
characterisation of the substances detected — through fragmentation of abundant ions. Samples were
analysed from spotted and plain regions of ray floret petals from the morphotypes Cal, Spring, and
Stein (Fig 4.7a).

Across all samples, the chromatogram showing UV absorbance detected a major peak at 5.059 mins.
This was the only major peak in all of the samples that did not contain petal spot tissue. The compound
mass was 449, with collision-induced dissociation (CID) of the [M]* ion at m/z 449 producing a base
peak at m/z 287. This corresponds to aglycone cyanidin and the mass loss of 162 is consistent with
loss of a glucose moiety (compound 1 in Table 4.3, peak 1 in Fig 4.8). Schiitz et al. 2006 used an acidic
methanol extraction for HPLC-MS on the Asteraceae species Cynara scolymus L. with a cyanidin 3-
glucoside reference compound. The peak that they identified as cyanidin 3-glucoside had identical
MS-MS analysis results as the major peak identified here, so we tentatively identify this substance as
cyanidin 3-glucoside.

In all petal spot samples (Cal spot, Spring spot, Spring mark) there were two additional major peaks in
the UV absorbance chromatogram. The first (compound 4, Table 4.3) had a retention time of 7.133
mins and the second (compound 5, Table 4.3) was detected at 8.283 mins. Both produced peaks at
m/z 287 and m/z 449, indicative of a cyanidin glucoside. Compound 4 had a mass of 535 and a peak
at m/z 491 — the mass loss of 44 is likely the loss of carbon dioxide from the terminal carboxylic acid
group of malonate. Compound 4 had a mass of 549 and a peak at m/z 517, the mass loss of 100 is
appropriate for a methylmalonate. There were several additional minor peaks in the UV absorbance
chromatogram present in some of the samples, the physical properties of which are outlined in Table
4.3. All peaks were identified, through MS-MS, as cyanidin (though inconclusively in one case) and all
but one contained a glucose moiety; the exception being a cyanidin with a pentose sugar moiety. In
three of the compounds caffeate was detected, for example, one peak contained the characteristic
MS peak of a cyanidin (m/z 287) with a compound mass of 611; the mass loss of 324 is appropriate for
a glucose (m/z 162) and the remainder m/z 162 for a caffeate, with the long UV retention time in the
HPLC analysis suggesting a hydrophobic decoration rather than two glucose or two caffeate moieties.

A rough estimation of the total relative anthocyanin content was calculated as the sum of all relative
peak areas (corrected by weight) in a sample and was found to be highly consistent with the results
of the anthocyanin quantification done with a larger sample size on the spectrophotometer. In the
HPLC-MS analysis the top of the spotted ray floret ‘Spring Top’ in Spring was added as an additional
sample, excluded from the previous anthocyanin quantification because it appeared unpigmented and
so would likely be below the detection threshold of the spectrophotometer. HPLC-MS demonstrated
that this tissue contained 92.3% - 98.4% less anthocyanin than the other tissues sampled. Cyanidins
containing a malonyl group were more prevalent in spotted petal tissue compared to plain petal tissue
across morphotypes and accounted for approximately 60% of the anthocyanins present within these
samples (Fig 4.7c). The simple (just pigment with no cellular elaborations) spot on plain Spring ray
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florets (‘Spring mark’) had a similar anthocyanin composition to the complex spots of Spring and Cal.
Spring spots and Spring marks contained cyanidin glucosides with caffeate residues, accounting for
approx. 3.6% and 1.6% of the anthocyanins in the samples, respectively. Anthocyanins containing
caffeate also constituted 0.6% of the anthocyanins in plain Stein ray florets but were absent or present
in trace amounts in all Cal samples, both spotted and plain. Overall, the complex spots of Spring
contained the greatest diversity of anthocyanins, however, the overall quantity of anthocyanin
analysed was greater within these samples. As such, it is possible that some of the compounds are
present in other tissues and morphotypes but not in the detectable range of the HPLC-MS.

Peonidin glucoside coelutes with the isomer of cyanidin glucoside with a malonyl group (CyanGlcMal
isomer) that was detected, so peaks cannot be easily distinguished. From the MS-MS data it also
appears that peonidin glucoside may be present, but it is ambiguous. Based on MS peak areas, a semi-
guantitative overview of which compound dominates (CyanGlcMal isomer or CyanPentose) indicated
that peonidin glucoside might be relatively more prevalent in plain tissues across all morphotypes.
Unfortunately, further consolidation is beyond the scope of the current analysis.
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Figure 4.7. (on previous page) Anthocyanin content of Cal, Spring, and (non-spotted) Stein morphotypes of G. diffusa. a) Schematics of typical inflorescences from
each morphotype. The diagrams illustrate a typical ray floret adaxial (left) and abaxial (right) surface, with locations of anthocyanin indicated by black/purple
colouration. Grey boxes indicate the tissues dissected for analyses illustrated graphically in b) and c). The blue box around the top of the Spring spotted ray floret
indicates its use as an additional tissue type in c) analyses. ‘1" indicates the segment that represents ‘Spring Mark’, it is a small patch of pigment located at the base
of plain Spring ray florets in some individuals. b) Overall approximate anthocyanin content for each tissue type (depicted in a), with the black line in each box
indicating the median value and the whiskers 25/75% quantile +/- 1.5 *IQR, respectively. Individual data points are represented by black dots. Tissues that have
anthocyanin concentrations which are significantly different from one another (p<0.05) do not share letters. Sample size n =5 - 7, where n represents pooled tissue
from a single individual. c) Summary HPLC-MS analysis results. Approximate anthocyanin content for each tissue type is shown, grouped according to whether a
malonate residue is present or absent. Sample size n = 3, where n represents pooled tissue from a single individual. ci) the proportion of anthocyanin that contains
a malonate residue cii) the approximate anthocyanin concentration, error bars are +/- S.D.

Compound

Spring Spot

Cal Spot

Spring Mark

Spring Top

Spring Plain

Cal Plain

Stein Plain

CyanGlc

CyanPentose
CyanGlcMal
CyanGlcMeMal
CyanGlcCaf
CyanGlcCafMal

CyanGlcMal isomer

CyanGlcCafMeMal

Total anthocyanins

0.3610 £ 0.0132
0.0156 £ 0.0008
0.0033 + 0.0003
0.5051 £0.0121
0.1346 £ 0.0186
0.0040 + 0.0008
0.0266 + 0.0039

0.0043 £ 0.0018
1.0544 +0.4550

0.1331 £0.0139
0.0048 £ 0.0005
trace
0.1676 £0.0121
0.0693 £ 0.0021
trace
trace

0
0.3761 +0.0945

0.1087 £ 0.0084
0.0038 £ 0.0004
0.0005 + 0.0002
0.1164 + 0.0063
0.0422 +0.0029

0
0.0028 + 0.0006

0.0013 £ 0.0002
0.2755 + 0.0409

0.0244 £ 0.0011
0

trace

0.0014 £ 0.0006
0.0005 + 0.0004
0

trace

0
0.03*

0.1796 £ 0.0009
0.0010 £ 0.0005
trace

0.0040 £ 0.0007
trace

0

0

0
0.1852 +0.0727

0.4551 + 0.0083
0.0010 £ 0.0004
0.0014 + 0.0007
0.0196 £ 0.0068
0.0035 +0.0019

trace

trace

0
0.4810 + 0.3445

0.3452 £ 0.0007
0.0071 £ 0.0007
0.0007 +0.0001
trace

0

0.0021 + 0.0004
trace

trace
0.3559 £0.1981

Table 4.2. Types of anthocyanin detected in G. diffusa ray floret tissue through HPLC-MS. Cyan = cyanidin, Glc = glucoside, Caf = cafeate residue, Mal = malonyl
residue, MeMal = methylmalonyl residue, Pentose = pentose sugar. Each value represents the approximate anthocyanin concentration (ug/mg) of each

compound (* s.e., n = 3), calculated by multiplying the proportion of anthocyanin the compound represents with the total anthocyanin content (Section

4.3.2). Trace is used where only 1/3 samples contained the compound and the mean relative quantity was <0.0006. *Estimated from total peak areas relative

to other samples and their total anthocyanin contents.
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Compound Retention time (min) Identity m/z HPLC-ESI(+) - MS experiment m/z
1 5.059 CyanGlc 449 MS2 [449]: 287*
2 6.281 CyanGlcMal isomer 535 MS2 [535%*]: 287, 401
3 6.484 CyanPentose 535 MS [535]: 240, 287, 331, 403*, 419, 426, 449, 466
4 7.133 CyanGlcMal 535 MS2 [535%*]: 287, 449, 491
5 8.283 CyanGlcMeMal 549 MS2 [549%*]: 287, 449, 517
6 9.109 CyanGlcCaf 611 MS2 [611]: 231, 258, 287*, 333, 373, 487, 606
7 10.827 CyanGlcCafMal 697 MS2 [697]: 287*, 493, 585
8 12.183 CyanGlCafMeMal 711 MS2 [711]: 287*, 611

Table 4.3. UV spectra and physical properties of all anthocyanins found in the ray floret tissue of G. diffusa through HPLC and positive mode electrospray
mass spectrometry. Compound number corresponds to peak number in Figure 4.8, * indicates the base peak. Cyan = cyanidin, Glc = glucoside, Caf = cafeate
residue, Mal = malonyl residue, MeMal = methylmalonyl residue, Pentose = pentose sugar.
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Figure 4.8. High-performance liquid chromatography (HPLC) chromatograms of G. diffusa ray floret tissue at
525nm (bandwidth 50nm) — within the absorbance spectra of anthocyanins. Corresponding peaks are
numbered throughout, with the MS spectra of each listed in Table 4.3. The tissue sample collected for each
analysis is indicated by the grey box on the ray floret diagrams. The sample size for each tissue type was n = 3.
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Figure 4.9. Example of mass spectra (MS2) used to identify anthocyanins. The mass spectra shown are from
several peaks identified from the G. diffusa ‘Spring spot’ samples. Cyan = cyanidin, Glc = glucoside, Caf =
cafeate residue, Mal = malonyl residue, MeMal = methylmalonyl residue. The sample size for each tissue

type was n = 3.
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4.3.3 The isolation of four homologous GdMYBS8 candidate genes for petal spot pigmentation
A subgroup 6 R2R3 MYB transcription factor, GdMYB8a, was previously identified as a candidate for
regulating petal spot pigmentation within the Spring morphotype (Mellers 2016; Walker 2012).
GdMYB8a was expressed within G. diffusa spotted ray florets and capable of producing ectopic
anthocyanin production in Nicotiana tabacum (Mellers 2016). Three additional homologues were
identified through PCR and a transcriptome analysis: GdAMYB8b, GdMYB8c, and GdMYB8d. Gene and
corresponding amino acid sequences are illustrated in Fig 4.10. These genes were characterised
extensively in a single individual and then across multiple individuals. No more than 2 variants of each
gene were found per individual, suggesting that these are four recently duplicated genes — rather than
alleles of the same gene. This was necessary as no genome sequence is available for Gorteria to
confirm the number of gene copies. All of the GAMYBS8 genes have a similar structure, with 3 exons
and 2 introns (Table 4.4). GAMYB8a - c vary in length by 2 amino acids, while GdMYB8d is 10 - 13 amino
acids shorter in length — predominantly due to fewer nucleotides in exon 1. Variation between alleles
of the same gene was minimal (Fig 4.10b), with 0 - 4 non-synonymous SNPs identified. Comparing
between proteins, GdMYB8a, GdMYB8b, and GdMYB8c had 84 - 91% of amino acids conserved.
GdMYB8d is more divergent, with 68 - 69% of its amino acid sequence shared with the other GAMYBS8
proteins (for cDNA alignment see Fig 4.11). Examination of the amino acid sequences suggests that
the GdMYB8 proteins should all be functional. There are few changes in amino acid sequence within
the R2 and R3 MYB DNA binding domains, and the bHLH interaction domain was present in all proteins
(Zimmermann et al. 2004). There are some differences in the amino acid sequences that comprise the
subgroup 6 motif (in A. thaliana KPRPR[S/T]F (Stracke et al. 2001), in G. diffusa [Q/K]PQP[S/H][T/K]F).
Within GAMYB8a a glutamine (Q) is sometimes found at the first position rather than a lysine (K).
GdMYBS8d has a histidine (H) at the fifth position - where the other GdAMYBS8s have a serine (S). The
sixth position is a threonine (T) in all GAMYBS8s, except GdAMYB8c which has a lysine (K). Most amino
acid differences between the homologues were found 3’ to the subgroup 6 motif, as expected due to
the highly conserved N-terminus MYB domains characteristic of R2R3 MYB transcription factors
(Stracke et al. 2001).

4.3.4 The conservation of GAMYBS8 proteins between morphotypes

Once GdMYBS8 genes had been characterised in Spring, they were amplified in Cal and Stein. The only
gene which was not characterised was GAMYBS8b in Stein. Attempts using Spring GdMYB8b primers
were unsuccessful — suggesting SNPs in the primer sequence/s in Stein. An inherited DNA sample
mislabelled, due to misidentification of G. diffusa morphotype in the field, led to a false
characterisation of Stein GAMYBS8b. The data have therefore been removed, but the mistake was not
detected in time for thorough Stein GdMYB8b gene hunting to be conducted. Across all three
morphotypes the GdMYB8 genes are highly structurally conserved and very similar in length to the
Spring morphotype counterparts. In all 4 genes intron 2 and exon 3 had slightly varying lengths
between morphotypes, and in GdMYB8d the length of intron 1 also differed between morphotypes
(Table 4.4). For GAMYB8a - ¢, comparisons within a gene found 4 - 8 amino acids were consistently
different between morphotypes (Fig. 4.13) (1 - 7% divergence in protein sequence). Most of these
differences were in the region 3’ of the subgroup 6 motif. Notably, Stein GAMYB8d contained an
asparagine (N) where Spring and Cal had a threonine (T) within the subgroup 6 motif, both are amino
acids with polar uncharged side chains. Additionally, Cal GAMYB8d had a region with an amino acid
deletion followed by 4 amino acids which differed from those found in Stein and Spring. Ultimately,
the GdMYB8 genes appear highly conserved between morphotypes, to conclusively determine
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whether the consistent amino acid differences identified are morphotype-specific would require
characterising these genes in a greater number of individuals and across the full morphotype
geographical range.
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i

Intron 1 Intron 2

R2R3 domain

Subgroup 6 motif

Proportion of

Protein 1 Protein 2 . . ]
Identical Amino Acids
MYB8b 0.84-0.86
MYB8a (264aa) MYB8c 0.85-0.87
MYB8d 0.69
MYB8a 0.84-0.86
MYB8b (264aa) MYB8c 0.89-0.91
MYB8d 0.69
MYB8a 0.85-0.87
MYB8c (266aa) MYB8b 0.89-0.91
MYB8d 0.69-0.70
MYB8a 0.68
MYB8d (254aa) MYB8b 0.68
MYB8c 0.68 - 0.69

b. 0 200bp 400bp 600bp 800bp
| | | l |
* X
GdMYB8a
S/G I/T Q/K S/G
*
N/K R/H S/N R/G

3k

GdMYB8d
D/G I/R  L/FM/K

Figure 4.10. Characterising and comparing the subgroup 6 R2R3 MYBS8 genes of the Spring morphotype G. diffusa. a) Diagram of the gDNA sequence and
amino acid sequence. b) cDNA diagram showing the SNPs found within a gene for each MYBS8. Each SNP is represented by an orange line. Non-synonymous
SNPs have the amino acids listed below, * represent SNPs found to differ between alleles within an individual, the purple and green shading represent the
locations of the R2R3 MYB domain and subgroup 6 motif respectively. c) Table demonstrating the proportion of amino acids shared between each MYBS8

protein.
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1 82
GdMYB8a ATGTACZ—\ACACCACTTGCATAGA@A@AAACGAATGATACCAGGTAGTAATACATGTTTATCGTTAAGAAAAGGCGCATGGA
GdMYB8b ATGTACAACACCACTTGCATAGAGCACAAACGAATGATACC@GGTAGTAATACATGTTTATCGTTAAGAAA @GCATGGA
GdMYB8c ATGTACAACACCA@TTGCATAGAGCACAAACGAATGATACCAGGTAGTAATACATGTT@AT TTAAG GCGCATGGA

GAMYBBA  ———— ===~ ATGAGACCAGGTAGTAATHAGEGTHTACHGTTIAAGGAAAGHTGCATGGA

83 164
GdMYB8a CCGCCCAAGAAGACAGGCTTCTCAAGAACTGTATTGAGAAATACGGCGAAGGAAAATGGCAJUTAGTTCCTCTCAANNCCGG
GdMYBSb CCCAAGAAGACAGGCTTCTCAAGAACTGTATTGAGAAATACGGCGAAGGAAAATGGCACCTAGTTCCTCTCAAAGCCGG
GdMYBSc CAAGAAGACAGCTTCTCAAGAACTGTATTGAGAAATACGGCGAAGGAAAATGGCACCTAGTTCCTCTCAAAGCCGG
GdmyB8d CCGCCIJAAGAAGACAREGCTTCTCAAGAACTGTATTGAGAAATACGGCGAAGGAAAATGGCACCTIGTTCCIEdcAAAGHAGG

165 246
GdMYBSa TTTAAACCGATGTAGGAAGAGTTGTAGACTTCGATGGTTGAATTATCTAAGTCCARATATARAGAGAGGAGAT TTTCGCGAA
GdMYB8b TTTAAACCGATGTAGGAAGAGTTGTAGACTTCGATGGTTGAATTATTAAGTCCAAATATAAARGAGAGGAGATTTTACGAA
GdMYB8c TTTAAACCGATGTAGGAAGAGTTGTAGACTTCGETGGTTGAATTATCTAAGTCCGAATATAAAGAGAGGAGATTTT(ACGAA
GdMyBsd TTTAAACHGATGTAGGANNAGTTGTAGACTGCGATGGTTGAATTAQCTAAGHCCAAATATARAGAGAGGAGAT TTTGGCGAA

247 328
GdMYB8a  GATGAAGTTGATCTCATIJCTTAGGCTTCACAAGCTTCTAGGCAACAGATGGTCATTGATTGCGGGAAGAATACCAGGTCGAA
GdMYBEb  GATGAAGTTGATCTCATGCTTAGGCTTCACAAGCTTCTAGGCAACAGATGGTCAJTGATTGCGGGAAGAATACHLGGTCGAA
GdMYB8c  GATGAAGTTGATCTCATGCTTAGGCTTCACAAGCTTCTAGGCAACAGATGGTCATTGATTGCGGGAAGAATACAJGGTCGAA
GdMYBZd  GATGAAGTTGATCTCATRCTTAGRCTTCACAAGCTHITAGANANTAGATGGTCATTGATTGCGCAGAGAATACAdGedACGAA

329 410
GdMYB8a  CTGCTAATGATGTGAAGAACTAQTGGAACACCCACATCCGCTCCCGTTCCACACAACAAAAGGGAAAACCTAACCGTGATGA
GdMYB8b CTGCTAATGATGTGAAGAACTATTGGAACACcCACATQCGcTCEICGTTCCACACA@CAAAAG@GAAAACCTAACCGTGATGA
GdMYB& CTGETAATGATGTGAAGAACTATTGGAACACCCACATCCGCTCCCGTTCCACACAACAAAAGGGAAAACCTAACC ATGA
GdmYB&d CE:]GCTAATGATGTGAAGAACTATTGGAACACCCAC@TCCGCTCCCGI@CCA@ACAACAAAAG@AAAACCTAA@Z%SATG@

411 492
GdMYB8a o ARG CAAGACACCACAGTCACAATTATAJAGCCTCAACCGAGTACRIITCTCCAAAAACCTARATGGGTTCATAATGATT
GdMYB8b  GCTACCACAAGACACCACHGTCACAATTATAAAGCCTCAACCGAGTACGTTCTCCAAAAACCTAAATGGGTTCATGATGGGT
GdMYB8¢  GCTACCACAAGACACCACHGTCACAATTATAAAGCCTCAACCGAGTANGTTCTCCAAAAACCTAAATGGGTTCATGATGGGT

Gamyeed cCcrcacaacacacacacTiiadaarratidandlccTeaacdrcaAracdrrerccaaandecran@lgceTTcE=daTGGGT

493 074
GdMYB8a 5 GGAT---AAAAACATTGCTACTCATGGCAACGATAATCTACTCANAACACCAAATGATGATIJTTGGCAAAAGCTTTAATA
GdMYBSb  cpGGAT---{dTAAA CAT@GCTACTCATGGCA@C@ATAACCTACTCAGMCAC@AAATGATGATGEGGCAAAAGCTTTAATA
GdMYBSc CAGGATAElATTGCTECTCATGGCAACGATZ—\Z—\CCTACTCAGAACACCAAATGATGATG GGCAAAAGCTTTAATA

Gamyesd  cECAAT---[aAAACATTGAAdCTCATGGAERcddrarccTARAAAGAGCACCARATATTGATGTTdACARA E ———————]A

575 656
gjmziz TGTCCCAAACGTTAACTCGTIRETCTAGACTATTGGATGARAACATTIAACGAGTATTGGGATGAGT TATTTGATAAACKTGA
TGTCCCAANTGTTAATAdCGTCGCCTAGACTATTGGATGAAAACATTAACGAGTATTGGGATGAGT TATTTAJTAAACACGA
GdMYBSc 11 CCCAAACGTTAATCTCGTCGCCTAGACAATTAAATGAAAACATTAACGAGTTTGGGATGAATTATTTGATAAACACGA
GdMYB&d  1orecddpAdITTARATCTCGTCGCCTAGACT Garcadpa@aTTarccacTATTdNGAdGAGTTATTTGACdRAddHGA

657 738
Gamyssa AAATRROACTEECACIGAAGT TGGGTGGCCAT TTGGTGGTTCT T AGTGGAGAQACACHCTTTAAATAT TGTCGATCAAGAA
Gdmyssb AANFCAAACGGACACTGAAGTIGGTGGCCATTTGGTGGTTCT TTGGTGGAGAGGCAGGCTTTAAAT {CTGTCGATCAAGAA
Gamysse AR ARAQRGACTCTGAAGTTGGGTGGCCATTTGGTGGTTCTTTGETGGAGAGGCAGGCTTTARATAT TGTCGATCAAGAA
Gamyesd AGATIGAATTTGACTrGarATTGeGTedcATTTGGTGGTTC TTIdRAcdIACAdEdsceTTTARATIT TG TCGAdCAdC AR

739 813
GdMYB8a G---GCCAATATAGOTTGCTTAATTTCCATATGGACGAG--———------- TTGTTATATTCAGAACAACTTTGA
GdMYB8b G---GOGRATAMRGTTTGCTTGATTTCCATATGGATIGAG-—————————— drcanddrrea
GdMYB8¢ G---G AT AACAACTTTGA

GTTTGCTTGATTTCCATATGGACGAG————————-] GACTTGTTATATTCA]
Gamyssd GpcacecangaTacTTTArTGATTTCAdrATGGACHIAECCATGTGGACTTddrAdATTddeARCARCTTTGA

Figure 4.11. MAFFT alignment of the cDNA sequences of each Spring GdMYB8 gene. SNPs and insertions
are indicated by red boxes. The purple and green shading represent the locations of the R2R3 MYB domain
and subgroup 6 motif respectively.



Alignment Position MYB8a MYB8b MYB8c MYB8d b. Alignment Position MYB8a/b/c MYBS8d
5 T T I 18 T K
9 Y H H - 19 C G
13 | | R - 21 S Q
15 G/S G G G 30 Q E
20 L L S \ 52 L G
25 G R R G 72 S R
33 R R S K 126 S p
54 T A A A 127 T K
74 N N/K N N 134 N K
81 R H H G 137 E G
88 I M M I 138 L p

111 A A G A 139 G 5
122 /T M 1 L 152 [ H
131 G R G V' 157 N T
135 R R/H R D 159 N S
148 Q/K K K K 160 G W
153 T T K T 163 M G
162 | M M M 165 Q N
164 Vv G G G 166 D -
167 K L Q - 179 L K
168 - - N Q 181 T A
170 | M I I 184 D |
172 T T A P 187 G D/G
175 N S/N N D 189 5

176 D N D A 190 F -
180 K R R R 191 N _
182 P R P P 194 Q p
186 L v V' V' 203 L T
195 T M T T 205 E D
197 T I I I/R 206 N K
198 S P S S 211 W C
200 S P P P 217 K E
202 L L Q L 218 H p
204 D D N D 222 T F
210 Y Y F Y 796 v I
216 D A D D 229 p S
221 N Q Q § 234 L s
224 T T S C 236 E v
227 G W G G 237 R E
238 H Q Q G 244 D E
239 T A A A 245 Q H
242 I T I ) 248 _ S
247 G/S G/R G D 250 Y D
249 Q E < Q 253 L F
254 N D D D 256 H p
260 L D D A 259 E G
261 - L L M 262 ) W
266 Y F Y H 263 _ D
269 Q R Q Q 264 - L
208 H N N N

268 E Q Q E

270 L - L L

Figure 4.12. The amino acid differences between each Spring MYB8 protein and the position of these changes
in an alignment of the complete amino acid sequences. a) Positions where there are amino acid differences
between MYB8a - 8c, amino acid differences are highlighted in red, or if there are 3 amino acids at one
position the third amino acid is highlighted in green, and blue if there is a fourth amino acid difference. b)
Positions that are identical in MYB8a - ¢ but differ in MYB8d. The purple and green shading represent the
locations of the R2R3 MYB domain and subgroup 6 motif respectively.
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Figure 4.13. Comparison of amino acids within GdAMYB8 proteins between the G. diffusa morphotypes Cal (yellow), Stein
(green), and Spring (blue). The black dashed boxes indicate sites where the amino acid found is consistently different
between morphotypes — boxes shaded purple are in the R2R3 MYB domain, and those shaded green are in the subgroup 6
motif. Black shading indicates a gap of one amino acid in the alignment. For each protein, matrices give the proportion of
amino acids shared between and within morphotypes.
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Gene Morphotype | Exon1 Intronl Exon2 Intron2 Exon3 gDNA cDNA Protein

Cal 162 126 129 476 507 1400 798 265
MYB8a Stein 162 126 129 472 507 1396 798 265
Spring 162 126 129 474 504 1395 795 264
Cal 162 126 129 457 504 1378 795 264

MYB8b .
Spring 162 126 129 455 504 1376 795 264
Cal 162 130 129 476 510 1407 801 266
MYBS8c Stein 162 130 129 487 510 1418 801 266
Spring 162 130 129 476 510 1407 801 266
Cal 127 113 129 216 506 1091 762 253
mMyB8d Stein 127 128 129 219 509 1112 765 254
Spring 127 109 129 226 509 1100 765 254

Table 4.4. The composition of each GAMYBS8 gene within Cal, Stein, and Spring. The number of base pairs in each
exon and intron is given. The length of the full genomic DNA and complementary DNA is given, along with the
number of amino acids in the protein.

4.3.5 Gorteria MYB8 homologues cluster within the Asteraceae subgroup 6 R2R3 MYB
transcription factor clade

All available Asteraceae subgroup 6 R2R3 MYB transcription factors were used to construct a
maximum likelihood amino acid tree (Fig 4.14). Gorteria MYB8 amino acid sequences cluster within
the subgroup 6 R2R3 MYB clade, with reasonably high bootstrap support. MYB8d is basal to the clade,
and MYB8b and MYBS8c are sister to one another. Gorteria personata MYB8 sequences cluster with
the corresponding GdAMYBS8 protein (i.e. GpMYB8a is in a clade with GdMYB8a), demonstrating that
the gene duplication events did not occur within G. diffusa. The absence of G. personata MYB8d does
not indicate its absence from this species, as thorough gene hunting was not conducted. The clustering
of Gorteria MYB8 proteins demonstrates that the duplication event producing this gene family was
fairly recent. Higher taxonomic sampling resolution would enable a less ambiguous conclusion as to
the point within Asteraceae evolution at which these duplication events occurred. Of the Asteraceae
sequences available, the only other representative of the subfamily Cichorioideae (containing around
3000 species) was Lactuca sativa (Panero and Funk 2008).
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Figure 4.14. Maximum likelihood phylogeny of Asteraceae subgroup 6 R2R3 MYB amino acid sequences. This phylogeny was constructed from a RAxML analysis,
using 200 bootstrap resamplings. Bootstrap values are indicated. The tree was rooted with GdAMYB2, a G. diffusa subgroup 9 R2R3 MYB (Murphy 2009). Gorteria
MYB8 genes sequenced during this project are indicated by the blue box.



4.3.6 Three GdAMYBS8 genes are upregulated in petal spots during development

Note. The following abbreviations are used: Cal spotted (Sp) ray floret petal segments and plain top
(Tp) segments of ray floret petals. Spring whole spotted ray (Sr) floret petals and whole plain ray floret
(Pr) petals. Developmental stage 1 (1) and 2 (2) Diagrams of petal sections are in Fig 4.15 and Fig 4.16.

The expression patterns of each GdMYBS8 gene were compared between spotted and plain ray floret
petal tissue at two developmental stages during spot development. This comparative analysis was
conducted in Cal and Spring (Fig 4.15), while plain petal tissue was also analysed in Stein (Fig 4.16). In
both Cal and Spring morphotypes GdMYB8a, GdMYB8b, and GAMYB8c were significantly upregulated
in spotted tissue compared to plain tissue at both developmental stages (results of significance tests
in Table 4.5). The expression levels of GAMYB8a and GdMYBS8c in Stein were very low, consistent with
the Spring and Cal results indicating that these genes are not expressed or have extremely low
expression in plain petal tissue. In both Cal and Spring, within-morphotype comparisons showed there
was no difference in expression of GAMYB8d between spotted and plain petal tissues. During the
second developmental stage, GAMYB8d was significantly upregulated in spotted and plain petal
tissues of Cal (Sp1l —Sp2: t=-10.92, p < 0.0001; Tpl — Tp2: t =-6.84, p = 0.0002) and Stein tissue (Prl
—Pr2:t=-2.94, p=0.042). Spring had similar GdAMYBS8d expression patterns to Stein and Cal (Fig 4.15,
Fig 4.16), but GAMYBS8d upregulation in Spring between developmental stages was not statistically
significant. In both Cal and Spring, GAMYB8b expression at developmental stage 2 was significantly
higher than any other gene across all tissue types (data not shown). GdMYB8b expression levels
differed significantly in the spotted tissue at different developmental stages (Sp1 - Sp2: Cal t = -4.24,
p =0.006; Srl — Sr2: Spring t = -7.64, p = 0.0003). GAMYB8a expression also differed in spotted tissue
between developmental stages in Spring (t = 5.00 p = 0.005). In Cal spotted tissue GAMYB8b also had
significantly higher expression than the other genes during developmental stage 1 (MYB8a Spl —
MYB8b Sp1lt =-5.66, p <0.0001; MYB8b Sp1 — MYB8c Sp1l t = 4.256 p = 0.0005). In Spring, GAMYBS8c
had significantly higher expression at developmental stage 1 than GdMYB8b (Sr1t =-2.49 p = 0.027).
In both Spring and Cal, GAMYBS8c expression in spotted petal tissue was higher than that of GdMYB8a
at equivalent developmental stages, with the exception of Cal developmental stage 1 (Cal Sp2 t =
-3.16 p = 0.006; Spring Sr1t=-2.97 p = 0.0093, Sr2 t = -3.05 p = 0.008).

The relative expression of genes was generally much higher in Cal than in Spring. However, the data
are not directly comparable because different tissue segments were used, some of the gRT-PCR
primers differed (due to SNPs between morphotypes within a gene), and complete equivalence in
development stage cannot be assured. Trends in the expression level can still be qualitatively
compared. It is interesting to note that while in Cal spotted tissue GdMYB8c expression appears to
increase from developmental stage 1 to stage 2, in Spring expression of this gene decreases between
developmental stages, but this requires further elucidation. Comparing expression levels within a
morphotype, the relative difference in expression between GdMY8b and GdAMYBSc is greater in Cal
than in Spring.
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Figure 4.15. qRT-PCR results showing the relative expression of each GdMYBS8 gene at two developmental stages in a)
Cal spotted (Sp) and plain (Tp) ray floret petal tissue b) Spring whole spotted ray florets (Sr) and whole plain ray florets
(Pr). The tissue segments used are indicated in the ray floret diagrams for each morphotype. Error bars represent mean
t s.e. The sample size for each tissue type was n = 3. Bars that share letters had significantly different expression levels
(determined by a t-test, p < 0.05) within a morphotype. “1” indicates that spotted tissue at developmental stage 2 had
expression levels significantly higher that all other spotted tissue types at both developmental stages. For GdMYBS8a - ¢
spotted tissue had significantly higher expression levels than non-spotted tissue at both developmental stages. Only
biologically relevant comparisons of expression levels were analysed through statistical tests.
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Figure 4.16. qRT-PCR results showing the relative expression of each GdMYB8 gene at two
developmental stages in Stein. Only non-spotted Stein capitula were used in the analysis, so all samples
are plain ray florets (Pr). MYB8b is yet to be characterised in Stein. The tissue segments used are
indicated in the ray floret diagrams for each morphotype. Error bars represent mean  s.e. The sample
size for each tissue type was n = 3. Bars that share letters had significantly different expression levels
(determined by a t-test, p < 0.05) within a morphotype. GAMYBS8d had significantly higher expression
levels than GdMYB8a and GdMYBS8c at both developmental stages.

Morphotype | Gene Samples t.ratio p.value
Spl-Tpl 7.54 0.0003*
MYB8a
Sp2 - Tp2 7.9 0.0002*
Spl-Tpl 6.35 0.001*
MYB8b
Cal Sp2 - Tp2 10.64 <.0001*
a
Spl-Tpl 5.56 0.0024*
MYBS8c
Sp2 - Tp2 7.95 0.0002*
Spl-Tp1l 0.060 0.999
MYB8d
Sp2 - Tp2 1.87 0.311
Srl-Prl -19.29 <.0001*
MYB8a
Sr2 - Pr2 -12.4 <.0001*
Srl-Prl -13.91 <.0001*
MYB8b
) Sr2-Pr2 -11.92 <.0001*
Spring
Srl-Prl -8.06 0.0002*
MYB8c
Sr2-Pr2 -6.44 0.0009*
Sr1-Prl -0.303 0.990
MYB8d
Sr2-Pr2 0.236 0.995

Table 4.5. Significance values of pairwise comparisons from the gRT-PCR expression data, highlighting results
that indicate whether or not each gene is upregulated within the petal spot during development. Spotted
and plain ray floret petal tissue are compared within a gene at the same developmental stage for GdAMYB8a
— GdMYBS8c. Student’s t-tests were used. Significant results (p <0.05) are indicated with an asterisk.
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4.4 Discussion

This research has established that G. diffusa ray floret petals are pigmented by cyanidin glucosides.
Cyanidins containing a malonyl group have a major role in pigmenting petal spots but not plain petal
regions. Four MYB transcription factors potentially involved in regulating the production of
anthocyanin in the ray floret petals were identified as subgroup 6 R2R3 MYBs. The phylogenetic
position and sequence homology of these GAMYBS8 genes suggests they are recent duplicates. Three
of the genes were upregulated during petal spot formation in the developing spotted ray florets,
confirming that they are good candidates for regulation of spot-specific anthocyanin production.
Anthocyanin composition, protein sequences, and gene expression patterns were generally consistent
across different floral morphotypes of G. diffusa, although subtle differences were identified.

Spring complex petal spots had significantly higher anthocyanin content than all other tissues across
the morphotypes analysed, this included the complex petal spots of Cal that appear to be heavily
pigmented. Spring petal spots contain swollen epidermal cells forming papillae that are filled with
anthocyanin (Thomas et al. 2009); the presence of these cells, that are absent in Cal, could potentially
explain the differential anthocyanin content between the spots of the two morphotypes. Cal petal
spots did not contain more anthocyanin than plain petal regions. The raised appearance of Cal spots
is due in part to curvature of the ray floret itself rather than enlarged pigmented epidermal cells.
Pigment on the abaxial side of the Cal petals is rarely present at the curved basal region of the ray
floret petals and, as such, the anthocyanin content of the spotted region is not a result of cumulative
anthocyanin content from the spot and abaxial surface but is likely solely from the spot. It is possible
that other forms of pigmentation are also important in forming the dark green of the Cal petal spot,
and anthocyanin is not as dominant as in the Spring morphotype. Supporting this, Walker (2012) found
significantly higher chlorophyll content in Cal spots than in Spring spots. All plants sampled were
grown in the same environmental conditions, but the quantity of abaxial pigmentation may be
influenced by environmental factors — explaining the spectrum of colouration (from light to dark
purple) seen in the plain ray floret petals of Spring sampled in the field. In Petunia, anthocyanin
accumulation on abaxial petal surfaces of the bud is light-regulated (Albert et al. 2011). A controlled
experiment growing G. diffusa plants in different light-conditions could provide a better
understanding of the nature of abaxial pigmentation.

Analyses of anthocyanin composition found that in all cases, irrespective of morphotype or spot
phenotype, anthocyanin distribution in the petals followed similar patterns. The predominant
anthocyanin across all samples was cyanidin 3-glucoside, and all anthocyanins detected were derived
from cyanidin (with one possible unconfirmed exception). In flowers of Chrysanthemum morifolium
and Lilium spp. cyanidin derivates contribute toward pink to red colouration in flowers (Hong et al.
2015; Suzuki et al. 2016), whereas in cornflower and Meconopsis grandis they facilitate a blue floral
colouration (Yoshida et al. 2006; Yoshida and Negishi 2013). A large proportion of the anthocyanins
pigmenting petal spots were cyanidins acylated by malonate, while cyanidin with malonyl groups were
absent or present in very small quantities across plain petal tissues of all morphotypes. Malonic acid
is the most frequent aliphatic acyl group in acylated anthocyanins. Malonylated anthocyanins are
found throughout the Asteraceae family, including in Senecio cruentus and Gerbera (Harborne 1963;
Takeda et al. 1986). Takeda et al. (1986) speculated that malonic acid may be the most usual acyl
substituent in the Asteraceae, based on their findings that anthocyanins containing a malonyl group
occurred in representatives from five different tribes. Anthocyanins acylated by malonic acid can form
anthocyanin zwitterions in the vacuolar sap, where protons disassociate and decrease the pH value of
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the solution (Takeda et al. 1986). The increased acidity of the medium protects the anthocyanin from
degradation induced by pH increases. As such, malonic acid acylation can increase the stability of
anthocyanins (Figueiredo et al. 1999). In C. gracilis differential pigmentation was also found between
spotted and plain petal tissues, although in this case the discrepancy was in the anthocyanidins
present (cyanidin and peonidin occurred only within spots) (Martins et al. 2013), rather than the
acylation of the anthocyanins as we demonstrate here in G. diffusa.

A more subtle difference in anthocyanin composition was found between morphotypes, with all Cal
tissues lacking anthocyanins containing caffeate. Anthocyanins with caffeate were present in Spring
complex spots and simple spots (‘marks’), and Stein plain petal tissues in relatively small quantities.
Intraspecific differences in anthocyanin composition, regarding glucose and malonate residues, have
been reported between cultivars within other species belonging to the Asteraceae family; these
include Dahlia and Gerbera jamesonii (Takeda et al. 1986). In the latter, the cultivars differing in
anthocyanins had very similar floral colouration despite these differences, a phenomenon also
demonstrated in poinsettia bracts (Stewart et al. 1979, 1980), geranium florets (Asen 1983) and lily
tepals (Ngrbzek and Kondo 1999). Evidently, it is difficult to conclude how or if these differences in
anthocyanin composition contribute toward divergent spot phenotypes within G. diffusa. It is
interesting to note that the simple spots at the base of the plain Spring ray florets have approximately
the same anthocyanins present as the complex spots of Spring that have much more elaborate
colouration.

A previously conducted phylogenetic analysis demonstrated that GdMYB8a is well supported within
the subgroup 6 R2R3 MYB clade (Mellers 2016). The phylogeny produced here considers the
placement of all GdAMYB8 homologues within a phylogeny of Asteraceae subgroup 6 R2R3 MYBs.
MYB8a-c were also amplified in G. personata, and the predicted amino acid sequences of these genes
clustered with the orthologous GdMYB8 amino acid sequences. This demonstrates that the
duplication events from which MYB8a, MYB8b, and MYBS8c derive, occurred prior to the divergence of
G. diffusa and G. personata. From examination of the GdMYB8 amino acid sequences, it appears that
the proteins should be functional. Protein length is similar to that seen in other subgroup 6 R2R3 MYBs
and there are no premature stop codons or large indels that could alter protein structure. Comparing
between GdMYB8 proteins there are minimal amino acid differences within the conserved R2 and R3
MYB domains, and the regions encoding the bHLH binding domain and subgroup 6 motif are present
in all GdAMYBS8 genes. There are a few amino acid differences between GdAMYBS8 proteins within the
subgroup 6 motif, but it is unclear as to whether this has implications for protein functioning as this
motif has not yet been linked to molecular functions (Millard et al. 2019). Consistent with other R2R3
MYB proteins, the majority of sequence divergence between genes occurred 3’ of the subgroup 6
motif. There is little structural information on this section of the protein from other species. Generally,
outside of DNA binding domain regions, plant transcription factors are predicted to have extensive
disordered regions that enable dynamic interactions with other partners. Recently, Millard et al.
(2019) identified a bHLH interaction motif within the non-conserved region of an A. thaliana R2R3
MYB, demonstrating a correlation between the affinity of the MYB - bHLH interaction and the
phenotypic output controlled by the MBW complex. This indicates that divergence in these regions
could play a role in functional specialisation. However, many of the MYBs that regulate anthocyanin
biosynthesis have considerable sequence divergence outside of the MYB domains and identical
functions even between species, for example, petunia AN2 and maize C1 are functionally
interchangeable (Quattrocchio et al. 1999; Ramsay and Glover 2005). In G. diffusa there are relatively
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few amino acid differences between genes, particularly GdMYB8a — GdAMYBS8c, so it is likely that
protein structure is extremely similar. Nevertheless, these considerations highlight the importance of
conducting functional analyses.

Of the four candidate GdAMYBS8 genes examined for regulating anthocyanin synthesis within the petal
spots of G. diffusa, three showed significant differential expression between spotted and plain petal
regions. This upregulation in spotted tissue was evident in GdAMYB8a, GdMYB8b, and GAMYBSc at both
developmental stages tested, just after spot initiation and as specialised cell types begin to form. The
level of expression in spotted tissue differed between the three genes. GdAMYB8b had very high
expression levels relative to the other genes at the second developmental stage, in both Cal and Spring
spotted tissue. In Cal, GAMYB8b also had the highest expression level at the first developmental stage,
whereas in Spring GdAMYB8c was expressed at higher levels. This suggests that GdMYB8b and
GdMYBS8c are the dominant genes in regulating petal spot pigmentation. In both morphotypes there
was a large difference in the expression levels of GAMYB8b between spot developmental stages. In
the Spring morphotype this is the stage during which the papillae cells fill with anthocyanin (Thomas
et al. 2009). As Cal ray floret petals were split latitudinally into spotted and plain sections, while whole
spotted and plain ray florets were used in Spring, we cannot compare expression levels quantitatively
between the two morphotypes. Additionally, there is only rough equivalence of developmental stages
between the morphotypes.

GdMYB8d did not show differential expression between spotted and plain petal tissue but was
upregulated in both petal regions at the second developmental stage. As such, GAMYB&d is a good
candidate for regulating abaxial pigmentation that first becomes visible during the second
developmental stage. However, GAMYB8d is also upregulated within Spring spotted ray florets at the
second developmental stage and these ray florets have no visible abaxial pigmentation. As such, this
gene could also be involved in regulating anthocyanin synthesis within the spot at a later
developmental stage. The expression patterns of the GAMYBS8 genes in non-spotted Stein individuals
confirmed the patterns inferred from Spring and Cal, with GdMYB8a-c having little to no expression
within these plain ray floret petals and GAMYB8d expressed at both developmental stages, with
significant upregulation at developmental stage 2 coinciding with the development of abaxial
pigmentation. There could also be anthocyanins contributing to the deep orange colouration of
adaxial plain regions, thought to predominantly be comprised of carotenoid pigmentation. In situ
hybridisation could be used in future to determine the spatial location of GdAMYB8d expression and
test its appropriateness as a candidate for regulation of abaxial pigmentation.

Overall, the gene expression patterns suggest that sub/neofunctionalization may have occurred
between GdMYB8a-c and GdMYB8d, as the latter shows highly divergent expression patterns
compared to the other GAMYB8 genes. GAMYB8a, GAMYB8b, and GdAMYBS8c are good candidates for
petal spot anthocyanin regulation. Interestingly, the expression patterns were quantitatively different
between these genes. As such, GdMYB8a, GAMYB8b, and GdAMYB8c could have divergent roles in spot
pigmentation or, alternatively, the gene duplication may have been recent enough that functional
differentiation or degeneration of redundant copies has not yet occurred.
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Chapter 5. The potential downstream targets of GdAMYBS

Note. Enzyme names are abbreviated in the main text but names are written in full in Table 5.1.

5.1 Introduction

The anthocyanin pathway is well characterised in terms of biochemistry, distribution, biosynthesis and
regulation (Grotewold 2006; Winkel-Shirley 2001). The genes encoding the structural enzymes of the
pathway have been identified in many species. The first committed enzymatic reaction of the
flavonoid pathway is catalysed by chalcone synthase (CHS), which synthesises tetrahydroxy-chalcone
from three molecules of malonyl-CoA and one molecule of p-coumaroyl-CoA (pathway outlined in Fig
1.1). The common precursor of anthocyanins, dihydroflavonols, are produced by a series of sequential
reactions and early biosynthetic genes (EBGs) (CHS, CHI, F3H, and F3’H) encode the required enzymes.
Downstream enzymes are encoded by late biosynthetic genes (LBGs) (DFR, ANS, and UFGT)
(Grotewold 2006). Dihydroflavonol 4-reductase (DFR) and its cofactor (NAPDH) catalyse the first
committed step for anthocyanin (and proanthocyanidin) synthesis, producing leucoanthocyanidins
(Petrussa et al. 2013; Shi and Xie 2014). DFR competes with FLS for dihydroflavonols, of which there
are three types. In some plant species DFR can use any one of the dihydroflavonol substrates, while in
others it is more restricted. Anthocyanidin synthase (ANS) is an oxygenase enzyme that catalyses the
subsequent enzymatic reaction, oxidising leucoanthocyanidins into the corresponding anthocyanidins
(pelargonidin, cyanidin, or delphinidin) (Deng and Lu 2017). These anthocyanidins are then modified,
often in a taxon-specific manner, through glycosylation, acylation, and methylation. Typically, UDP-3-
O-glucosyltransferase (UFGT) enzymes glycosylate anthocyanins through the addition of a glucose
moiety, forming the stable end product anthocyanin. Anthocyanins are acylated by anthocyanin
acyltranferases, which are a class of BAHD family proteins that transfer an acyl-CoA acyl group to an
anthocyanin sugar moiety. Malonyl transferases, for example, catalyse the addition of a malonyl group
(Nakayama et al. 2003). Acylation contributes toward the stability of the anthocyanin and can
influence pigment colouration (Springob et al. 2003). Distinct branches of the flavonoid pathway
compete for common substrates, for example, in A. thaliana seeds the anthocyanin content increases
with the loss of proanthocyanidin synthesis (which requires dihydroflavonols) and reduction of
anthocyanidin reductase activity (Albert et al. 1997; Xie et al. 2003). As such, a combination of factors
within the cell determine which class of pigments are synthesised (Liu et al. 2017).

Subgroup 6 and subgroup 7 R2R3 MYB transcription factors are associated with activation of
anthocyanin synthesis across a diverse range of taxa (Albert et al. 2011; Carey et al. 2004; Cone et al.
1986; Gonzalez et al. 2008; Goodrich et al. 1992; Lin-Wang et al. 2010; Ludwig et al. 1989; Paz-Ares et
al. 1986, 1987; Quattrocchio et al. 1999; Schwinn et al. 2006; Spelt et al. 2000). A single transcription
factor often regulates several steps within the anthocyanin pathway. The majority of eudicot species
investigated have MYBs that regulate EBGs and different MYBs regulating LBGs, although partial
overlap in regulation sometimes occurs (Petroni and Tonelli 2011). The enzymes that fall into each
regulatory cluster vary across taxa (e.g. Martin et al. 1991; Pelletier and Winkel-Shirley, 1996;
Quattrocchio et al. 1993). In A. thaliana, EBGs of the anthocyanin pathway (AtFLS, AtCHS, AtCHI, AtF3H
and AtF3’H) are regulated by subgroup 7 R2R3 MYB proteins (AtMYB11, AtMYB12, and AtMYB111).
AtMYB12 and AtMYB111 can also form part of MYB-bHLH heterodimers that activate transcription of
AtCHS and AtF3H (Deng and Lu 2017; Li and Zachgo 2013). A. thaliana LBGs (AtDFR, AtANS and
AtUFGT) can be regulated by several MYB-bHLH-WDR (MBW) complexes, the MYB components of
which are subgroup 6 R2R3 MYBs (Stracke et al. 2001). Antirrhinum majus has three R2R3 MYBs that
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activate floral anthocyanin production through interactions with one of two bHLH proteins. One of
the bHLH proteins is necessary for expression of LBGs, in A. majus this regulatory grouping includes
F3H, DFR, ANS/LDOX, and UFGT. Different combinations of EBGs and LBGs are regulated by the A.
majus R2R3-MYB proteins ROSEA 1 (F3H, FLS, F3'H, DFR, ANS/LDOX, UFGT), ROSEA 2 (CHI and F3’H)
and VENOSA (CHI, F3H, FLS, F3°H, ANS/LDOX, UFGT) (Schwinn et al., 2006). In red grape cultivars there
are two subgroup 6 R2R3 MYBs that regulate only the final stages of the anthocyanin pathway — the
glycosylation and acylation steps, activating enzymes including UFGT and 3AT (Kobayashi et al. 2002;
Matus et al., 2017; Rinaldo et al., 2015; Walker et al., 2007). The affinity of transcription factors for
regulating different anthocyanin genes can vary (Petroni and Tonelli 2011). The N. tabacum MBW
complex (with MYB NtAN2 and bHLH NtAN1), for example, strongly activates LBGs and to a lesser
extent EBGs (Bai et al. 2011; Pattanaik et al. 2010). In the monocots Zea mays (Petroni and Tonelli
2011), Oncidium (Schwinn et al. 2016), and Lilium spp. (Lai et al. 2012) there is no clear distinction in
regulation, with the same MBW complexes regulating the EBGs and LBGs. This regulatory pattern is
also found in the eudicot Ipomoea nil (Morita et al. 2006). Subgroup 6 R2R3-MYB transcription factors
are strongly associated with regulation of late anthocyanin synthesis genes as part of MYB-bHLH-WDR
complexes across many systems (Albert et al. 2011; Dubos et al. 2010; Lai et al. 2012; Martins et al.
2013; Yuan et al. 2014).

Accumulation of anthocyanin pigment within specific petal regions can be regulated by the MBW
complexes that activate anthocyanin synthesis genes (e.g. Cooley and Willis, 2009; Thomas et al. 2009;
Yamagishi 2014). In pansies (Viola x wittrockiana Gams.) petal blotches result from upregulation of
F3’5’H, DFR, and ANS in spotted tissue (Li et al. 2014), and in Lilium species ‘splatter’ spot formation
results from strong upregulation of DFR and ANS in these regions - with moderate increases in CHS,
CHI, and F3H expression (Yamagishi et al. 2014). In Clarkia gracilis the activation of a spot specific DFR
allele, by a MYB expressed within the spot region, leads to cyanidin and peonidin pigmentation of the
spot only. Upregulation of F3’5’H and a second DFR allele at a later developmental stage produces
malvidin background pigmentation in the rest of the petal (Martins et al. 2013). Post-transcriptional
gene silencing is another mechanism by which pigment is spatially restricted. Silencing of CHS causes
large reductions in CHS transcript levels in the white regions of bicolour anthocyanin pigmented
flowers in Petunia hybrida (Koseki et al. 2005; Morita et al. 2012; Saito et al. 2006), Camellia japonica
(Tateishi et al. 2010), and Dahlia variabilis (Ohno et al. 2011). Other factors besides alterations
involving anthocyanin synthesis enzymes can cause differences in anthocyanin colouration. In Tulipa
gesneriana, for example, the formation of blue spots on a purple petal background results from
anthocyanins complexing with metals within the spot. This complexing results from spot-specific
transcription of a vacuolar iron transporter and suppression of a gene causing Fe storage (Momonoi
et al. 2009; Shoji et al. 2007; Shoji et al. 2010). White regions of Mimulus lewisii petals preferentially
express a gene encoding the enzyme FLS that uses dihydroflavonols to form flavonols, causing
diversion of the dihydroflavonol substrate away from anthocyanin production and into the flavonol
pathway (Yuan et al. 2016). Evidently, there are several mechanisms by which differential colouration
is produced in specific petal regions, resulting in petal anthocyanin patterning.

Each gene encoding a type of anthocyanin synthesis enzyme can be present as one copy or multiple
copies depending on the plant species (Streisfeld and Rausher 2009). When a single copy is present,
or one copy is expressed in most tissues and the additional copies have more restricted expression
patterns, loss of gene expression or functioning may lead to deleterious pleiotropy (Durbin et al. 2003;
Inagaki et al. 1999; Koes et al. 1989; Streisfeld and Rausher 2009). In Ipomoea purpurea a purple floral
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phenotype is predominant but white flowered variants do occur within the same populations, with
the latter caused by a transposon insertion into a CHS locus, preventing transcription of a functional
gene copy (Habu et al. 1998; Johzuka-Hisatomi et al. 1999). This reduction in CHS activity in floral
tissue likely reduces production of other flavonoids besides anthocyanins. Negative pleiotropic effects
of the white floral variant have been experimentally determined and are thought to contribute toward
the rarity of the allele in populations (Coberly and Rausher 2003, 2008; Fehr and Rausher 2004; Habu
et al. 1998). If multiple types of pigment are produced from more than one branch of the anthocyanin
pathway, loss of function of one enzyme can cause a change in anthocyanin composition rather than
a loss of anthocyanin phenotype. In lochroma, deletion of an F3’5’H encoding gene and
downregulation of F3’H expression caused a shift to pelargonidin pigmentation producing red
coloured flowers in lochroma gesnerioides, as opposed to the blue flowers of many lochroma species
(Smith and Rausher 2011). Evolutionary comparisons exploring how developmental processes are
modified to produce differences in pigmentation also contribute to mechanistic understanding.

Ideally, genes of interest are manipulated in the host system to gain insight into functionality. This
would enable examination of the mechanisms of anthocyanin regulation and identification of
downstream targets in the anthocyanin synthesis pathway. Upregulating and repressing individual
genes within the regulatory network would provide information on whether each candidate is
sufficient and/or necessary for anthocyanin production, while resultant phenotypes provide further
information on gene functioning. In G. diffusa a transformation protocol is still being developed, as
such the transformation work used to determine the role of GAMYBS8 transcription factors in
anthocyanin regulation was undertaken in the heterologous system N. tabacum. This species has been
used in many studies across several systems for assessing the function of candidate anthocyanin
regulatory genes (Elomaa et al. 2003; Mooney et al. 1995; Nakatsuka et al. 2013; Pandey et al. 2014).

In the previous chapter, three subgroup 6 R2R3 MYB transcription factors were identified as potential
regulators of petal spot anthocyanin pigmentation in G. diffusa. This chapter aims to determine
whether specific anthocyanin synthesis enzymes are good candidates for regulation by these GAMYB8
proteins, and whether GAMYB8 proteins are sufficient to regulate anthocyanin synthesis in a
heterologous system. The anthocyanin synthesis genes have been characterised within other
Asteraceae including Chrysanthemum (He et al. 2013) and Gerbera hybrida (e.g. Helariutta et al. 1995;
Helariutta et al. 1993). In Chrysanthemum two MYBs are likely regulators of DFR, and in G. hybrida
GMYB10 strongly induces transcription of the LBGs (Laitinen et al. 2008; Liu et al. 2015a). The focal
genes chosen here were anthocyanidin synthase (ANS), dihydroflavonol 4-reductase (DFR), and
malonyl transferase (MAT). ANS and DFR were chosen because they encode late biosynthesis enzymes
and so form products committed to anthocyanin (and for DFR proanthocyanidin) production. MAT
encodes an acyl transferase and acts downstream of ANS and DFR catalysing a reaction that adds
malonyl groups to anthocyanins. It was selected as a potentially interesting candidate because a large
proportion of anthocyanins in G. diffusa spotted petal regions contain malonyl residues, while
anthocyanins from plain petal tissue do not (or at very low quantities). As such, GdMAT may function
in a spot-specific manner. These three enzymes were first identified and characterised within G.
diffusa through gene hunting and RNA-seq data (Walker 2012, Kellenberger unpublished). Expression
analyses were used to determine whether the genes encoding these enzymes were upregulated
within developing petal spots. Upregulation would suggest that these enzymes may have a role in spot
development, along with correlative evidence for regulation by GdMYB8 proteins. To establish
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whether GAMYB8 proteins were sufficient to regulate anthocyanin biosynthesis enzymes, GAMYB8

genes were ectopically expressed in the heterologous host Nicotiana tabacum.

Enzyme Abbreviation

Chalcone synthase CHS
Chalcone isomerase CHI
Flavonone 3-hydroxylase F3H
Flavanone 3’ hydroxylase F3'H
Flavanone 3’, 5" hydroxylase F3'5’H
Dihydroflavonol 4-reductase DFR
Anthocyanidin synthase ANS
UDP-3-O-glucosyltransferase UFGT
Malonyl transferase MAT
Flavonol synthase FLS
Anthocyanin 3-O-glucoside-6"-0-acyltransferase | 3AT

Table 5.1. Flavonoid/ anthocyanin synthesis pathway enzymes abbreviated in the main text.
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5.2 Methods

5.2.1 Characterising genes encoding G. diffusa anthocyanin synthesis enzymes

Genes encoding anthocyanidin synthase (ANS), dihydroflavonol 4-reductase (DFR), and malonyl
transferase (MAT) were investigated as potential downstream targets of the GAMYBS8 proteins. GAANS
and GdDFR were characterised in Cal and Spring only, whereas GdMAT was also characterised in Stein.

From a recent RNA-seq analysis (Kellenberger unpublished), 5 malonyl transferase genes/ alleles were
identified. Of these, 4 contained the conserved motif (YFGNC(A)) of the subfamily for anthocyanin
malonyl transferases (Unno et al. 2007) and 1 of these (here referred to as GAMAT1) was upregulated
in spotted petal tissues compared to plain tissue. As such, this variant was selected as a good candidate
for anthocyanin production in the spot. The full length of this GdMATI coding sequence was present
within the RNA-seq data and so primer pairs were designed (Section 2.3.1) from the UTRs to amplify
the full G. diffusa MAT1 coding sequence.

Partial sequences of GAANS and GdDFR genes had previously been obtained from a 454 G. diffusa
transcriptome of petal tissue (Walker 2012). There was a single copy of ANS within this transcriptome
and multiple DFR variants. Following characterisation of these genes through gene hunting, a more
recent RNA-seq analysis was conducted (Kellenberger unpublished) that verified the findings. 3'RACE
(Section 2.3.5) was used to isolate the 3’UTR sequences of both types of genes, with forward primers
designed using the partial gene sequences from the transcriptome. Genome walking was used to find
the 5’ regions of the genes. For ANS, genome walking (Section 2.3.3) successfully revealed the start of
the coding sequence, including the start codon and a section of 5’UTR. The 5’ region of DFR was
difficult to obtain through genome walking due to a large repetitive section of DNA within an intron,
so degenerate primers were designed (Section 2.3.4) to circumvent this issue and used to successfully
isolate a large section at the beginning of the gene. Genome walking was then used, with primers
designed from this newly isolated region, to obtain the full length of the gene. All PCRs were conducted
with the proof-reading enzyme Phusion (NEB) (Section 2.3.2). For GdANS, GdDFR, and GAMAT, primer
pairs (Appendix 2) were then designed in the 5’UTR and 3’UTR and the full length of each gene was
amplified in one PCR from the gDNA and cDNA of multiple G. diffusa individuals, cloned, and sent for
Sanger sequencing (Section 2.4). The characterisation was conducted in Spring and then the same
primers were used to amplify genes in Cal and Stein.

5.2.2 Floral expression patterns of GAANS, GdDFR, and GdMAT1

gRT-PCR was used to determine the expression levels of GAANS, GADFR, and GAMAT1 in spotted and
plain ray floret tissue at two developmental stages during spot development. The general methods
for the tissue preparation, RNA extraction, and cDNA synthesis are in Section 2.2 and for qRT-PCR in
Section 2.7. The details of collection of the specific G. diffusa ray floret tissue used in this analysis are
outlined in Section 4.2.6. Primers for qRT-PCR (Appendix 2) were designed based on the single copy
of GJANS identified, to be specific to GdAMATI, and to bind to all variants of GdDFR — as the GdDFR
variants were too similar in sequence to design variant-specific primers. As an exhaustive search for
all copies of these genes in G. diffusa was not conducted, while primers were designed to be specific
to the particular enzyme-coding sequences (through comparisons with other Asteraceae sequences),
it is unknown how many genes were amplified in the gRT-PCR for each type of enzyme.
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5.2.3 Stable transformations of GAMYBS genes into Nicotiana tabacum

To provide insight into the functionality, the 3 GdAMYB8 proteins (GdMYB8a, GdMYB8b, and GdAMYB8c)
encoded by genes found to be upregulated in spotted petal tissue (Section 4.3.6) were stably
expressed individually in Nicotiana tabacum. The coding sequence of each GdAMYB8 candidate was
cloned from the G. diffusa Spring morphotype into a pGreen construct and placed under the control
of a constitutive double 35S CaMV promoter and a 35S terminator sequence. This construct was used
to stably transform N. tabacum, with several independent insertion lines produced for each gene
(GdMYB8a n =4, GdAMYB8b n = 8, GAMYBS8c n = 8).

LB
Nos terminator

Kanamycin resistance
(bacteria)

Kanamycin resistance
(plant)

Nos promoter

pGREEN GAdMYBS8
6985 bp

RB

Minimum 35s promoter

35s terminator Minimum 35s promoter

GdMYB8

Figure 5.1. Diagram of the pGreen vector used in stable Nicotiana tabacum transformations,
inducing constitutive expression of GdAMYBS8 proteins. Three identical vectors were constructed,
differing only in the gene they contained: either GdMYB8a, GAMYB8b, or GdAMYBSc.

Producing stable transformants of N. tabacum

The transformation process for GdAMYB8a was completed previously by Mellers (2016) and seeds from
the T of this transformation were grown in parallel with seeds produced by the Ty generation from
the current transformation experiment. Vector construction is detailed in Section 2.5.2 and the
completed vector is illustrated in Figure 5.1. Stable transformation of these vectors into N. tabacum
and subsequent tissue culture is detailed in Section 2.6. Once potted in soil, leaf tissue was removed
from each plant, flash frozen, and used for genotyping — along with wild type controls. RNA was
extracted, cDNA synthesised, and PCR conducted to determine whether the transgene was being
expressed (Section 2.2). Eight transformed N. tabacum plants (8 independent lines) for each of
GdMYB8b and GdMYBS8c were retained and allowed to self-fertilise and set seed. These seeds were
grown along with the 4 lines of GdMYB8a N. tabacum available and 3 wild type plants. This T;
generation was genotyped to check for transgene expression and phenotyped to determine GAMYB8
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function within this heterologous system. A single T, generation plant from each line had leaves and
flowers removed, and these were photographed, along with wild type equivalents, using a Nikon
coolpix P520 camera. Quantification of anthocyanin content within the flowers of transgenic N.
tabacum was conducted on mature flower anthers, sepals, and petals. The stage at which these
samples were taken, was standardised based on the developmental series in Dek et al. (2017) (Fig 5.2).
Three to five flowers from each tobacco plant were dissected and the different tissue types from each
flower were individually flash frozen in liquid nitrogen, weighed, and anthocyanin was extracted and
qguantified as detailed in Section 4.2.2. Unfortunately, this could not be conducted across all lines for
GdMYb8b and GAMYBS8c so n =5 and n = 6 lines were used, respectively.

" ““‘%?‘ | ‘:\A R e

& a ’ \ }: \‘ b

Figure 5.2. The developmental stages of wild type N. tabacum flowers (modified from Dek et al.
(2017)). The red boxes indicate the stages used in the analyses: (a) for gRT-PCR samples (b) for
anthocyanin extraction samples.

Determining GdMYBS8 expression levels in N. tabacum

gRT-PCR was used to determine the expression levels of GdAMYB8 transgenes and potential
downstream targets - the genes encoding the anthocyanin synthesis enzymes NtANS, NtDFR, and
NtMAT. The floral expression patterns of the G. diffusa homologues of these genes were also
investigated within this chapter. gRT-PCR procedures and primer efficiency tests are detailed in
Section 2.7. Petal tissue was harvested at between 14:30 - 15:45 at developmental stage one (as
defined in Dek et al. (2017) (Fig 5.2), petals from multiple flowers within an individual were pooled.
N. tabacum gRT-PCR reference genes were selected by examining the literature. Schmidt and Delaney
(2010) investigated the stability of several genes across a range of tissue, including floral tissue. They
recommended use of the 2 most stable genes from these analyses, demonstrating that 2 reference
genes are required for accurate normalisation. Since then the N. tabacum genome has become
available, so these recommended reference genes were blasted against the N. tabacum genome to
check that only 1 gene was in fact being amplified. This led to exclusion of one of the recommended
genes, which was replaced by the 3™ most stable gene from Schmidt and Delaney (2010) following
these checks. As such, N. tabacum Elongation Factor 1 (NtEF-1) and Ubiquitin C (NtUBC) were used as
reference genes, these were also used as reference genes in N. tabacum by Divya et al. (2019).

NtDFR and NtANS primer sequence were obtained from Yamagishi et al. (2014) and modified so that
the annealing temperature was optimal for qRT-PCR using the Luna enzyme. Modified primers were
blasted against the N. tabacum genome to ensure only DFR or ANS genes would be amplified.
Transgenic and wild type flowers were sent for LC-MS analysis to investigate how anthocyanin
composition in transgenics deviated from wild type, with a particular interest in determining whether
anthocyanins with malonyl residues were present in transgenics. Unfortunately, due to COVID
disruption, these samples could not be analysed. As an alternative, malonyl transferase expression
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was investigated through qRT-PCR. NtMAT primers were designed based on those in Taguchi et al.
(2005), and blasted against the N. tabacum genome to determine whether they were specific to
malonyl transferases. Based on these assessments, and primer efficiency tests, alterations were made
to produce the NtMAT primers used here (Appendix 2). GAMYBS8 primers from G. diffusa gRT-PCR
could not be used here because they included a section of the 3’UTR, but only the coding sequence
was transformed into tobacco. Primers were designed to be specific to G. diffusa subgroup 6 MYBs,
while minimising amplification of N. tabacum subgroup 6 MYB genes. It was not possible to design a
suitable primer to amplify all 3 GAMYBS8 genes, so 2 primers were designed: one to amplify GdMYB8a
and the second to amplify GdAMYB8b and GdMYBS8c (Appendix 2). Programs used for statistical tests
and graphical representations of the data are detailed in Section 2.7.4. A subset of lines was used in
gRT-PCR, chosen to represent the full diversity of anthocyanin phenotype within transformants of
each transgene. In total complete sets of pigment quantification and gRT-PCR data were obtained for
4 lines of GdMYB8a and GdMYBS8c transformants and 5 lines of GdMYB8b transformants. gRT-PCR was
conducted in an additional line of GdAMYB8c and 2 lines of GAMYBS8b.

GdMYB8a GdMYB8b GdMYB8c

——

WT T1 T2 T3 T4 - T1 T2T3 T4T5 T6T7 T8|T1T2 T3T4T5 T6 T7 T8|WT - 600bp

o - T g T et e e SO e S i [ G ) s ¢ S e e -

Pl 400bp

Figure 5.3. Gel electrophoresis images demonstrating that the relevant GdMYB8 gene is being
expressed in each transgenic tobacco line in the T; generation. WT is wild type N. tabacum and the
negative control for the PCR is indicated (-). Primers used to amplify GdAMYB8b and GdMYB8c
transgenes are the same, hence there is a single negative control and wild type sample present.
Expected band sizes were as follows: GdMYB8a 478bp, GAMYB8b 520bp, and GdMYB8c 549bp.
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5.3 Results

5.3.1 Characterising the genes encoding G. diffusa anthocyanin synthesis enzymes
Anthocyanidin synthase (ANS), dihydroflavonol 4-reductase (DFR), and malonyl transferase (MAT)
encode enzymes within the anthocyanin synthesis pathway. These genes were characterised in G.
diffusa as a first step toward determining whether they are downstream targets of GdAMYB8 proteins.
The characterisation was not exhaustive, but results were corroborated by ensuring that gene hunting
identified all of the variants present in the transcriptomes (Walker 2012, Kellenberger unpublished).
The structure of each enzyme encoding gene is illustrated in Figure 5.4.

A single copy of GdANS was found, with full length gDNA of 2484bp containing a single large (1266bp)
intron. The gDNA and cDNA of GdANS was characterised in 4 individuals, and minimal nucleotide
differences were found between alleles within and across individuals. The GdANS coding sequences
differed at 33 nucleotide positions, all of which were synonymous. As such, a single GdANS protein
sequence was obtained that was 405 amino acids in length.

The characterisation of malonyl transferase focused on a single variant (GdMATI1) that was
upregulated in spotted compared to non-spotted petal regions within a G. diffusa transcriptome
(Kellenberger unpublished). This gene contained no intron and GAMAT1 is 463 amino acids in length.
GdMATI1 is a gene, rather than an allelic variant, as two copies were found within single plants. Across
the 6 individuals in which GAMAT1 was characterised there were 16 nucleotide differences resulting
in non-synonymous changes to the protein sequence, these amino acid differences are listed in
Appendix 5.

Multiple GdDFR genes were found, but it is unclear how many copies are present within the genome
and expressed within petal tissue of G. diffusa. Full length gDNA was between 1775 - 1832bp and the
coding sequence, amplified from cDNA, was 879bp. GdDFR consisted of 6 exons and 5 introns (Fig 5.4).
Between and within individuals there was high sequence variability within intron 4 and intron 5. In 2
individuals, 5 different GADFR sequences were found indicating that there are at least 3 DFR genes
present within G. diffusa. Across all GdDFR sequences amplified from multiple individuals, the coding
regions were relatively highly conserved (28 SNPs, 17 amino acids differences - detailed in Appendix
5). Within the DFR region thought to confer substrate specificity (Johnson et al. 2001), there were 3
positions where amino acids differed between GdDFR sequences. In one individual, 2 of the gDNA
GdDFR sequences were very similar (13 SNPs, and a single amino acid difference), but one variant had
a stop codon in exon 1 and a second stop codon in exon 2.

Due to the similarity in coding sequences, it was difficult to establish if all GADFR variants were present
in petal cDNA. 3'UTRs were very similar and could not be successfully obtained for all of the specific
sequences found within each individual. Exploration for 3’UTR sequences (when using gDNA) led to
the discovery of short sections of GdDFR that diverged from all previously characterised sequences.
The ‘variants’ obtained were tentatively categorised into A-D based on minimal nucleotide differences
in coding regions, and all of these variants were found within cDNA. GdDFR was amplified in cDNA
using primers located in the 5’UTR and 3’UTR. The products obtained from PCR and cloning were of
several different lengths. Within a single individual, for example, products of 581bp (with a stop codon
at 545bp), 737bp (with a stop codon at 350bp), and 270bp (with a stop codon at 235bp) were obtained
— none of these 3 cDNA amplicons had identical nucleotide sequences. Additional lengths of GADFR
coding sequences were obtained from cDNA found in other individuals. All of these cDNA sequences
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had conserved amino acids, aligning with the 5’ end of the gene, but with premature stop codons. One
cDNA sequence amplified had a stop codon at 305bp but was 1925bp in length. The coding sequence
was comprised of exon 1 and exon 2 but, following the stop codon, the remaining cDNA sequence
contained all of the additional 4 introns found within the gDNA.

For the purposes of this study, full characterisation of all copies of these enzymes was not required.
Here the presence of the catalytic triad of amino acids that perform covalent catalysis (Dodson and
Wlodawer 1998) was used as a proxy to determine whether truncated GdDFR proteins were likely to
be functional. The catalytic triad (amino acid and position in protein sequence: S-129, Y-164, K-167)
(Petit et al. 2007) was present in all cDNAs where the coding sequence was longer than 501bp. A
catalytic triad of amino acids has also been identified for ANS and was present within GdANS ( E-142,
K-215, N-217) (Wilmouth et al. 2002).
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Dihydroflavonol 4-reductase (GdDFR)

Intron 2 92bp

Intron 1 81bp Intron 3 99bp Intron 5 239bp
o Intron 4 442b v Dihydroquercetin
DFR
Exon 1 120bp Exon 4 160bp Exon 6 45bp o
Leucocyanidin
Anthocyanidin synthase (GdANS) l _
Cyanidin
5 Exon 1 Intron 1266bp Exon 2 , UFGT
503bp 715bp 3

Cyanidin glucoside

/VIAT

Malony| transferase (GdMAT1) Malonated cyanidin glucoside

Figure 5.4. Schematic of the genomic DNA of G. diffusa genes encoding the anthocyanin synthesis enzymes dihydroflavonol 4-reductase (DFR),
anthocyanidin synthase (ANS), and malonyl transferase (MAT1). Black lines represent introns, and exons are represented by coloured blocks. The final stages
of the anthocyanin pathway involving the late biosynthetic genes, and the products they synthesis, are illustrated in the black box. Enzymes are depicted in
bold next to the arrows and compound names are in black if they are colourless and purple if they are coloured. UFGT is UDP-3-O-glucosyltransferase.
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5.3.2 GJANS, GdDFR, and GAMAT1 are upregulated in developing petal spots

Note. The following abbreviations are used: Cal spotted (Sp) and plain (Tp) ray floret petal segments.
Spring whole spotted ray floret petals (Sr) and whole plain (Pr) ray floret petals (Pr). Developmental
stage 1 (1) and 2 (2) Diagrams of petal sections are in Fig 5.5.

To determine whether the anthocyanin synthesis enzymes were upregulated in developing petal
spots, gRT-PCR was conducted on spotted and plain petal tissue at two developmental stages in Cal
and Spring (Fig 5.5). GAMATI1 expression was also investigated in Stein. Due to the variability and
ambiguity in GdDFR genes, qRT-PCR DFR primers were designed to amplify all cDNA that contained
the catalytic triad of amino acids. In both Cal and Spring, GAANS and GdDFR were significantly more
highly expressed in spotted compared to plain petal tissue at developmental stage 1 (Cal Sp1 — Tp1:
GdANS t =4.62 p = 0.002, GADFR t = 7.64 p = 0.0001; Spring Sr1 — Prl: GdANS t = -7.073 p = 0.0002,
GdDFR t = -13.25 p <0.0001). In plain petal tissue of Spring and Cal there was a significant increase in
GdANS and GdDFR expression at developmental stage 2 (Cal Tp1l — Tp2: GdANS t = -10.67 p <0.0001,
GdDFR t = -23.6 p <0.0001; Spring Pr1 — Pr2: GdANS t =-10.86 p <0.0001, GADFR t =-17.15 p <0.0001).
Due to this increase in expression, there was no difference in expression levels of GJANS between
spotted and plain petal tissue at developmental stage 2, but GdDFR was upregulated in spotted petal
tissue in Cal (Sp2 — Tp2 GdDFR t = 5.56, p = 0.002) and Spring (Sr2 — Pr2 t =-2.79, p = 0.024).

Expression levels of GAANS and GdDFR were compared between equivalent developmental stages and
tissue within a morphotype (Fig 5.5). In Cal GdANS had consistently higher expression than GdDFR
(Sp1t=4.01p=0.011, Tplt=4.45p =0.001, Sp2 t =3.48 p=0.004, Tp2 t = 4.00 p = 0.001) and the
same pattern was seen in Spring (Pr1t=3.52 p=0.004, Sr2t=3.11 p =0.009, Pr2 t =2.97 p =0.011),
with the exception of spotted tissue at developmental stage 1.

In Cal and Spring GAMAT1 was upregulated at both developmental stages in spotted petal tissue
compared to plain tissue (Fig 5.5) (Cal Sp1 —Tplt=4.27 p=0.008, Sp2 — Tp2 t =2.76 p = 0.048; Spring
Spl —Tplt=-5.24 p=0.002, Sp2 — Tp2 t =-4.31 p = 0.005). GAMAT1 was expressed at much lower
levels overall than GdANS and GdDFR (Fig 5.5, Fig 5.6). In Stein, which has no petal spots, GdAMAT1
expression was also very low and apparently 0 in some biological replicates (mean + s.e: D1 0.01 +
0.004, D2 0.012 £ 0.01).

Fig 5.6 demonstrates the relative expression levels of the G. diffusa anthocyanin biosynthesis enzymes
investigated alongside the GAMYBS8 transcription factor expression levels (detailed in Section 4.3.6).

107



80 1

60 -

40 1

20 1

30

20

10

Relative Gene Expression GdEF-2

2.0 1

1.5 1

1.0 1

0.5 1

GdANS

b&

Spl Tpl

Sp2 Tp2

C
GdDFR .
N .

Spl Tpl

Sp2 Tp2

GdMAT1

b

Spl Tpl

i b L
Sp2 Tp2

80 1

60 -

40 1

20 1

40 1

30 1

207

10

2.0 1

1.5 1

1.0 -

0.5 1

Y%
I=
wn
©
-,
>
0]¢]

.

Srl

Prl Sr2 Pr2

GdDFR

Srl

b L ' i
Pr1 Sr2 Pr2

GdMAT1

Srl

Pr1 Sr2 Pr2

Tissue Type and Developmental Stage | GdANs Il coorr | GdMATI

Figure 5.5. qRT-PCR results showing the relative expression levels of genes encoding the anthocyanin synthesis enzymes
anthocyanidin synthase (ANS), dihydroflavonol 4-reductase (DFR) and malonyl transferase (MAT1) in G. diffusa
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5.3.3 GAMYBS8 proteins activate anthocyanin synthesis in a heterologous system

Each GAMYBS8 that was upregulated in G. diffusa spotted petal tissue (GdMYB8a, GAMYB8b, GAMYBS8c¢)
was stably transformed into N. tabacum on a constitutive promoter. These transformed plants were
used to assess whether GAMYB8 proteins were capable of regulating anthocyanin synthesis.
Transformed plants (To) were grown to maturity, allowed to self-fertilise, and the resulting seeds were
harvested and grown (T1). Genotypic and phenotypic data were collected from the T1 generation.
Stable transgene expression was verified through PCR, that amplified transgenes from floral bud
cDNA, and wild type floral bud cDNA was tested in parallel and showed no amplification (Fig 5.3).
Across all lines transformed with 1 of the 3 GAMYBS8 genes, constitutive expression of the transgene
was sufficient to induce anthocyanin production.

Fig 5.7i. Flowers and leaves from N. tabacum plants transformed with GdAMYB8a on a constitutive
promoter. Within each photograph, each flower/ leaf represents an independent line. WT
indicates a wild type plant for comparative purposes.
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Fig 5.7ii. Flowers and leaves from N. tabacum plants transformed with GdMYB8b on a constitutive
promoter. Within each photograph, each flower/ leaf represents an independent line. WT indicates a wild
type plant for comparative purposes. Plants from lines with the strongest anthocyanin phenotype often
took longer to flower, hence why four lines are represented in flower comparisons and 7 in leaf
comparisons.
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Fig 5.7iii. Flowers and leaves from N. tabacum plants transformed with GdAMYBS8c on a constitutive promoter.
Within each photograph each flower/ leaf represents an independent line. WT indicates a wild type plant for
comparative purposes.
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Transformants had stronger anthocyanin phenotypes than wild type plants in petal tissue across all
lines. In at least one line from each GAMYBS8 transformant, ectopic anthocyanin production occurred
in other tissues (sepals, anthers, and leaves) (Fig 5.7i - iii). In GdAMYBS8a lines, leaf anthocyanin
pigmentation was only visible once the leaves began to brown. GdMYBS8b lines tended to have the
strongest anthocyanin phenotypes. The anthocyanin content of anthers, sepals, and petals was
measured within transgenic lines, so that variability between lines transformed by the same GdMYB8
gene could be quantified. A minimum of 3 flowers from each plant (representing one line) was
dissected and the mean anthocyanin content of each tissue was taken (Fig 5.8). Across all constructs
petal anthocyanin content was significantly higher in GAMYB8 transformants than wild type petals
(GdMYB8a t=2.82 p=0.03, GdMYB8b t =4.58 p = 0.002, GAMYBS8c t = 3.74 p = 0.006), but there was
no significant difference in anthocyanin content between GdMYB8 constructs. Anther and sepal
anthocyanin content were significantly higher than in wild type plants for GdMYB8b (anther: t = 5.83
p =0.0003, sepal: t = 6.91 p <0.0001) and GAMYBS8c (anther: t=3.58 p = 0.01, sepal: t =2.73 p = 0.023)
transformants. GAMYB8a anther anthocyanin content was also higher than wild type with marginal
significance (t = 2.40 p = 0.48). The sepal anthocyanin content of GdMYB8b transformants was
significantly greater than that of GdMYB8a (t = -5.72, p = 0.0001) and GdAMYBS8c (t = 4.74, p = 0.001)
transformants. GdMYB8b transformants contained significantly more anthocyanin in anthers than
GdMYB8a (t = -3.29, p = 0.012) transformants. Relative transgene expression in petal tissue was
determined using qRT-PCR in a subset of transformed N. tabacum lines (Fig 5.9) (GdMYB8a plants njines
=4, GdAMYB8b plants niines = 7, GAMYBS8c plants niines = 5). As expected, wild type controls showed no
amplification from transgene primers. Transgene expression was generally higher across GAMYB8b
lines compared to transgene expression in GAMYBS8a lines and GdMYBS8c lines. As such, the stronger
phenotype seen within GdAMYB8b transgenic lines could be a consequence of higher transgene
expression. The relative role of this factor compared to any innate differences between GdMYB8
proteins cannot be disentangled from these data.
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Figure 5.8. The relative anthocyanin concentration within anthers, petals, and sepals of N. tabacum T, plants. This demonstrates the range of anthocyanin
concentrations found between different lines of each set of transformants (GdMYB8a, GAMYB8b, GdMYBS8c). The black line in each box indicates the median
value and the whiskers are the 25/75% quantile +/- 1.5 *IQR, respectively. Each data point is represented by a black circle and is the mean anthocyanin content
in one independent line calculated from 3 - 5 samples (n = 2 for one GAMYBS8c petal sample). Within a tissue type, transformants with statistically significant
differences (p <0.05) in relative anthocyanin content do not share a letter.
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Figure 5.9. The relative expression of the transgene within several lines for each set of transformants.
Primers were the same for GdMYB8b and GAMYBS8c but differed for GdAMYB8a — wild type expression levels
are shown for each set of primers (WT.8a and WT.8b/8c). The black line in each box indicates the median
value and the whiskers 25/75% quantile +/- 1.5 *IQR, respectively. Each data point (black dots) is from an
independent line. Sample size is n = 4 — 5, each taken from an independent transgenic line/ wild type plant.

G. diffusa ANS, DFR, and MAT1 are here being investigated as potential downstream targets of
GdMYBS8 regulation. The expression levels of the N. tabacum homologues (NtANS, NtDFR, and
NtMAT1) were quantified in transgenic N. tabacum plants to determine whether any differences in
biochemical functioning between GdMYB8 proteins could be inferred through comparisons of
different transformants (Fig 5.10). There was a significant positive correlation between GdMYB8
expression and the expression of NtANS (t = 7.55, p = 0.001, R?= 0.77) and NtDFR (t = 4.28, p <0.001,
R2 = 0.50) across constructs. There was no difference in NtMAT expression between wild type and
transgenic plants. Whereas, NtANS and NtDFR were significantly upregulated compared to wild type
across GAMYB8a, GAMYB8b, and GdMYBS8c transformants (Appendix 5). A linear mixed model was
conducted to determine whether NtANS and NtDFR were expressed at lower levels in GAMYBS8a lines,
while accounting for the variability in enzyme expression resulting from transgene expression level. In
GdMYB8a transgenic lines upregulation of NtANS was much lower than in GAMYB8b (t = -4.76 p =
0.001) and GdAMYBS&c (t = -2.50 p = 0.040) counterparts, with transgene expression level accounted
for. NtANS was also higher in GdMYB8b lines compared to GdAMYBSc lines in these analyses (t = 2.23
p = 0.044). Fig. 5.11 demonstrates this with a comparison between a subset of lines. It is evident in Fig
5.11 that GAMYBS8a transgenic lines had lower NtANS expression levels that GdAMYB8b and GdAMYB8c
lines with similar transgene expression levels and anthocyanin content (e.g. 8a3 vs 8b1 vs 8c¢3 and 8al
vs. 8a4 vs. 8c2). As only 4 independent lines of GAMYB8a transformants were available, a second plant
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from each line was grown and expression levels quantified, and this pattern of NtANS expression was
consistent within lines. Generally, lines with higher transgene expression had greater petal
anthocyanin content - with a few exceptions.
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Figure 5.10. The relative expression of genes encoding N. tabacum anthocyanin synthesis enzymes (anthocyanidin synthase (ANS), dihydroflavonol 4-reductase (DFR),
malonyl transferase (MAT)) in N. tabacum transformed with G. diffusa GdMYB8 genes and wild type plants. The graph in the blue box is the relative expression levels
of GAMYBS8 transgenes, presented in Fig. 5.9, with the addition of 3 samples for which pigment data was not available. The black line in each coloured box indicates
the median value and the whiskers 25/75% quantile +/- 1.5 *IQR, respectively. Each data point (black dots) is from an independent line. Sample size is n =4 — 7, each

taken from an independent transgenic line/ wild type plant.
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Figure 5.11. Comparison of the petal anthocyanin content and gene of interest expression levels (NtANS, NtDFR, NtMAT, GdAMYBS8) in individual plants from a subset
of the independent N. tabacum transgenic lines. Individual lines are listed along the x axis with ‘8a’ indicating an N. tabacum line transformed with GAMYB8a and the
number corresponding to the line represented. Relative anthocyanin content is represented by the grey bars (mean + s.e., n = 3) and the left-hand y axis. gRT-PCR
expression levels are indicated by coloured dots, colour coded according to which gene they represent (see key) and expression levels are on the right-hand y-axis.
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5.4 Discussion

In the previous chapter, three GAMYB8 genes were identified as good candidates for encoding the
regulators of G. diffusa petal spot anthocyanin pigmentation. Potential downstream targets of the
GdMYB8 proteins were here investigated through characterisation of three genes encoding
anthocyanin synthesis enzymes (GdANS, GdDFR, and GAMAT1). Expression analyses demonstrated
that the genes encoding these enzymes were upregulated in developing petal spots compared to plain
petal regions. This corresponds to spatial expression patterns of the GdMYBS8 genes, providing
correlative evidence for regulation of the anthocyanin synthesis enzymes by GdMYB8 proteins. The
capacity of GdMYB8 proteins to regulate anthocyanin synthesis was investigated through
overexpression of each GdAMYBS8 gene in N. tabacum. All GAMYB8 proteins activated anthocyanin
production across a range of tissues in this heterologous system.

Multiple copies of GADFR and GAMAT were identified, along with a single copy of GAANS. The number
of gene copies for each enzyme could not be unequivocally determined as no genome sequence is
available. Out of four GAMATI variants present in an RNA-seq analysis (Kellenberger unpublished),
one was upregulated in developing petal spots (GAMAT1) and so characterised here. At least three
GdDFR copies were present, and they had highly conserved coding sequences, with more divergent
introns. Other species have been shown to have multiple copies of DFR, for example, Clarkia gracilis
(Martins et al. 2013). A few differences in amino acids occurred within the enzyme active site, which
could potentially have functional consequences. A single or very few amino acid alterations to DFR
were found to influence substrate specificity in several systems, including Gerbera and Petunia
(Fischer et al. 2003; Johnson et al. 2001; Des Marais and Rausher 2008; Shimada et al. 2005). All
Petunia and Lotus japonicus DFRs with an aspartic acid at a specific position were able to reduce the
precursor for cyanidin synthesis, dihydroquercetin (DHQ), but not (or less readily for L. japonicus)
dihydrokaempferol (DHK) (Johnson et al. 2001; Shimada et al. 2005). Consistent with these findings,
all GADFR variants have an aspartic acid at this position, and G. diffusa petals are pigmented solely by
cyanidin. Premature stop codons in several GdADFR cDNA sequences indicate that truncated DFR
proteins may be produced, containing only 27 - 62% of amino acids present in the full-length
sequence. It is likely that shorter truncated proteins were non-functional, as key amino acids required
for formation of the active site were missing (Johnson et al. 2001). It is also possible that alternative
splicing of GADFR occurs, with premature stop codons actually residing within introns. To determine
if this is the case would require more extensive characterisation of the GdDFR cDNA produced by G.
diffusa ray floret tissue. Functionality was more ambiguous for the longer sequences. While
truncation of several anthocyanin synthesis proteins has been shown to result in loss of function (Deng
etal. 2019; Hsu et al. 2017; Rafique et al. 2016; Rinaldo et al. 2015; Zufall and Rausher 2003), truncated
MtMAT proteins of Medicago truncatula retained good catalytic efficiency, although optimal pH for
maximum enzyme activity changed (Yu et al. 2008). To determine whether or not GdDFR truncated
proteins are functional, assays investigating enzyme activity could be conducted. Given the presence
of multiple GADFR copies and its positioning within the anthocyanin pathway, further investigation of
this enzyme could provide insight into mechanisms underlying spot pigmentation. Genome
sequencing would enable conclusive identification of GdDFR genes and copy number.

Expression patterns of GAMAT1, GdANS, and GdDFR in the petals of Spring and Cal morphotypes
suggest that these genes may be regulated by GdAMYB8 proteins. All three enzyme-encoding genes
were upregulated in developing petal spots compared to plain petal regions, consistent with GAMYB8
spatial expression patterns. Petal tissue was collected at two developmental stages, the first when
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petal spot development had just initiated, and during the second specialised spot cell types formed
while abaxial petal ray floret pigmentation was produced. Abaxial anthocyanin pigmentation occurs
in Spring plain ray floret petals, but not in spotted ray florets. In Cal petals, anthocyanin pigments
upper abaxial regions, while basal regions contain little to no pigmentation. As such, expression levels
of enzyme-encoding genes in spotted tissue at the second developmental stage are not the cumulative
result of enzymes synthesising spot anthocyanin and abaxial anthocyanin. The overall expression
levels of GJANS are greater than those of GADFR. At the first developmental stage GJANS and GdDFR
were significantly upregulated in spotted petal tissue only. Significant upregulation of GJANS and
GdDFR occurred at the second developmental stage in both spotted and plain petal tissue.
Upregulation in plain petal tissues indicates that these enzymes may contribute toward abaxial
background pigmentation. As there was a single copy of GJANS, the increase in expression in spotted
tissue between the first and second developmental stage was due to either continuous gene
expression or a second wave of expression. GdANS expression levels did not differ between plain and
spotted tissue at the second developmental stage in Spring or Cal, but GdDFR had higher expression
levels in spotted tissue. Unfortunately, this is hard to interpret as GdDFR expression patterns are an
amalgamation of those of several GADFR genes. It is possible that the same GdDFR genes are
upregulated to a greater extent in spotted regions or that there is a spot specific GdDFR allele or gene
that is activated within the spot during the second developmental stage. In Clarkia gracilis, there is a
spot specific DFR allele (Dfr2) that is activated prior to other DFR alleles and is expressed exclusively
in the petal region where a spot will develop (Martins et al. 2013). Evidently, both GdJANS and GdDFR
may be important for spot anthocyanin production as they have spot specific expression at the first
developmental stage followed by an increase in expression at the second. The latter is
developmentally synchronised with the upregulation of GdAMYB8b. There may also be additional
anthocyanin synthesis enzymes important to spot anthocyanin production, that have greater
divergence in expression levels between spotted and plain petal tissues.

There was significantly higher GAMATI expression in developing petal spots compared to plain petal
regions at both developmental stages investigated in Spring and Cal. Given that malonated
anthocyanin is absent (or present in very small amounts) in plain petal tissue (Fig 4.7), these expression
patterns are consistent with a role in catalysing the addition of malonyl residues to petal spot
anthocyanins. This was further validated by no or trace GAMATI1 expression levels found in plain Stein
ray florets. GAMATI1 expression levels were roughly equivalent to those of GdMYB8a, the candidate
regulator with the lowest gene expression. No comparisons were found within the literature providing
information on how the expression levels of malonyl transferases, shown to be functioning in
anthocyanin synthesis, compare to those of other anthocyanin synthesis genes in other systems. A
study in Lilium tepals compared expression between anthocyanin synthesis enzymes, reporting that
some enzyme-encoding genes, such as ANS and DFR, had expression levels approximately 2.5-10 fold
higher than the MYB12 regulator, while others including F3’H and 3GT (anthocyanidin 3-O
glucosyltransferase) had expression levels equivalent to MYB12 (Yamagishi 2018). Not all
anthocyanins within the spot contain malonyl residues and lower expression of GAMAT1 compared to
GdANS and GdDFR is consistent with these findings. Ideally, functioning of GdMAT1 would be
determined by downregulating the gene within G. diffusa. This would enable an assessment of
whether it is necessary for malonated anthocyanin production or if there is another gene with a higher
expression level that has not yet been characterised.
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All GAMYBS proteins were capable of activating anthocyanin production in the heterologous host N.
tabacum. Increased anthocyanin production was observed in all lines of GdAMYB8a, GAMYB8b, and
GdMYBS8c transformants. This demonstrated that GAMYBS8 proteins were capable of partnering with
N. tabacum co-regulators to regulate gene transcription. Anthocyanin pigment accumulated in
multiple tissues including petals, anthers, sepals, the stigma, ovary walls, fruit, and leaves. All
transformed lines had increased anthocyanin pigmentation in the petals compared to wild type, but
not all had ectopic pigmentation in other tissues. This variation was likely due to differences in
transgene expression level. Overall GAMYBS8b lines had stronger phenotypes than GdMYB8a and
GdMYBS8c lines, particularly in sepals and leaves, and GdMYB8b transformants also generally had
higher transgene expression levels. As such, strong GdAMYB8b transformant phenotypes could either
result from differences in transgene expression level or differences in functioning between GdMYB8
proteins within N. tabacum; these two possibilities are not mutually exclusive. Previous studies
expressing subgroup 6 R2R3 MYB genes within N. tabacum have found similar phenotypes, including
GhMYB10 from the Asteraceae species Gerbera hybrida (An et al. 2015; Elomaa et al. 2003; Espley et
al. 2007; Mooney et al. 1995; Tian et al. 2017). There was a significant positive correlation between
transgene expression level and the expression levels of NtANS and NtDFR across constructs,
suggesting that GAMYBS8 proteins can co-ordinately control NtANS and NtDFR. GAMYB8 proteins did
not regulate NtMAT as there was no difference in expression of NtMAT between transformants and
wild type plants. In all GAMYB8b and GdAMYBS8c transformed lines, NtANS expression was higher than
NtDFR expression. In contrast, NtDFR expression in GdAMYB8a transformants was always greater than
or equal to NtANS expression. NtANS was found to be expressed at significantly higher levels in
GdMYB8b and GdMYBS8c transformants compared with GdMYB8a lines, when the proportion of
variation in NtANS expression explained by transgene expression level was accounted for. There was
no obvious reduction in petal pigmentation as a result of this lower transgene expression, suggesting
that GdMYBS8a is likely to regulate additional N. tabacum anthocyanin synthesis enzymes. This does
not exclude the possibility that GdAMYB8b and GdAMYBS8c also regulate other N. tabacum anthocyanin
synthesis genes.

In conclusion, the genes encoding these three anthocyanin synthesis enzymes (GdANS, GdDFR, and
GdMAT1) are good candidates for regulation by GdMYBS8 proteins. While GdAMAT1 may have a role
exclusively in spot pigmentation, GJANS appears to be involved in pigmentation both in spots and in
other regions of the ray floret petals. Temporal regulation of GdANS differ between regions, with gene
expression activated within developing petal spots at an earlier developmental stage. GADFR may
have similar expression patterns to GdANS but due to the presence of multiple copies, that haven’t
been fully characterised, this cannot be confirmed. Heterologous expression of the GdMYB8 genes
indicate that they are all capable of activating anthocyanin production within N. tabacum. Differences
in NtANS expression, between plants transformed with different GAMYB8 genes, suggests that there
may be differences in GAMYB8 protein biochemical properties that can lead to differential regulation
of anthocyanin synthesis enzymes. However, whether differential regulation actually occurs within G.
diffusa or whether it is a result of factors specific to N. tabacum systems remains to be determined.
GdMYB8b and GdMYBS8c were hypothesised to be the dominant regulators of petal spot anthocyanin
due to high expression levels compared to GAMYBS8a. Interestingly, GAANS is expressed at significantly
higher levels than GdDFR across G. diffusa petal tissue — mirroring the pattern seen in N. tabacum
plants expressing either GdAMYB8b or GAMYBS8c.
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Chapter 6. Functional analyses of GAMYBS in Gorteria diffusa

6.1 Introduction

‘A key challenge in recent years has been to establish many of the experimental advantages found in
model organisms in other species with divergent morphologies’ (Monniaux and Hay 2016).
Establishing robust molecular genetic techniques in non-model systems can provide insight into how
complex phenotypes develop, within systems that enable coupling of this molecular mechanistic
understanding with that of ecological and evolutionary knowledge. This interdisciplinary approach can
be used to explore how diverse morphologies evolve (Monniaux and Hay 2016; Song and Mitchell-
Olds 2011). Research into the wildflower genus Mimulus (monkeyflowers) exemplifies this approach.
Recognised as a model system for evolutionary and ecological studies (Twyford et al. 2015; Yuan
2019), genomic tools have been developed across several Mimulus species within the last decade
(Ding and Yuan 2016; Yuan et al. 2013a; Yuan et al. 2013b). These resources have been used for
comparative genetic analyses and to gain insight into developmental processes. In the sister species
M. lewisii and M. cardinalis, for example, genes underlying differences in flower colour have been
characterised, and regulatory understanding of the spatial patterning of floral pigmentation has been
developed (Yuan et al. 2016; Yuan et al. 2013a). Functional genetic analyses of candidate loci are
conducted to determine gene function, and stable plant transformation is one technique that enables
rigorous analysis of genetic hypotheses. Stable transformation protocols are available for M.
aurantiacus (Streisfeld et al. 2013), M. guttatus (Preston et al. 2014), and M. lewisii (Yuan et al. 2013a).
This technique was used to characterise the first transcription factor identified that activates floral
carotenoid biosynthesis (RCP1) in M. lewisii. Downregulation of RCP1 reduced flower carotenoid
content, while overexpression in a rcpl mutant background restored the production of carotenoid
(Sagawa et al. 2016). Evidently, perturbing gene expression within the host organism is a key aim to
enable understanding of the functional basis of complex traits.

Agrobacteria transfer and integrate a segment of bacterial DNA into the plant nuclear genome from a
tumor-inducing (Ti) plasmid resident within the Agrobacterium cell. Processing and transfer of the
DNA (T-DNA) from the bacterium into the plant cell largely results from the action of virulence (vir)
genes that also reside on the Ti plasmid (Garfinkel and Nester 1980; Hooykaas et al. 1984; Horsch et
al. 1986; Kohli et al. 1999; Lundquist et al. 1984; Stachel and Zambryski 1986). Manipulation of this
system has enabled Agrobacterium-mediated stable plant transformation, which involves the genetic
alteration of host plant species through insertion of specific DNA, for example, a gene of interest.
Several binary Ti vectors have been designed for this purpose, enabling efficient transformation of
plant cells. These transformed cells undergo regeneration to produce a mature transgenic plant,
achieved through controlled hormone exposure and culturing of plant cells under tightly controlled
physical and chemical conditions. Agrobacterium tumefaciens has been used to successfully transform
a broad range of species (Chu et al. 1997; Kim et al. 2008; Elomaa et al. 1993; van Wordragen et al.
1991), including Asteraceae species such as Gerbera hybrida (Elomaa et al. 1993; Nagaraju et al. 1998).
Overexpression of the G. hybrida protein GMYB10 greatly increased anthocyanin pigmentation in
several tissues, including enhanced production of pelargonidin in the flower (Laitinen et al. 2008).
Mellers (2016) used A. tumefaciens transformation to try to develop a G. diffusa stable transformation
protocol using the Spring morphotype. These preliminary trials resulted in successful transformation
of G. diffusa leaf discs and subsequent regeneration of transgenic calli into mature plants. These
mature transformants expressed a transgene that produced a fluorescent protein, which was
detectable in mature ray florets and leaves of the T, generation. While these preliminary
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transformation results were promising, much optimisation remains including shortening of the
regeneration time. One potential optimisation strategy, trialled here, is to alter the hormone
concentrations during tissue culture as this may stimulate faster shoot and/or root growth.

Growing the T, generation of transgenic plants is a requirement for reliable phenotypic inference of
transgene function, since the artificial hormonal environment of tissue culture can induce phenotypic
aberration in the To plants. It is of particular importance for G. diffusa transgenics given that To floral
phenotypes differed markedly from those of wild type plants, with petal spots frequently completely
absent from capitula. When present, petal spot phenotype also differed from that of wild type spots
regarding the cell types present and their positioning. The phenotype of spotted ray florets was also
altered in transgenics, more closely resembling wild type plain ray florets than the shortened and
raised ray floret phenotype characteristic of wild type Spring. As such, obtaining the next generation
of transgenics is necessary to determine whether phenotypic alterations are due to stress induced by
the regeneration process or if the observed impact on petal spot development is transgenerational.
The latter would ‘not only bring into question the usefulness of transformation to analyse gene
function, but also question the underlying plasticity of spot character’ (Mellers 2016). Previous
attempts to cross the To plants resulting from the Mellers (2016) stable transformation trial have
failed; crossing was conducted rather than selfing because G. diffusa is self-incompatible (Ellis
unpublished data). Additionally, wild type G. diffusa have never been successfully crossed within our
laboratory. However, crossing has been achieved in glasshouse conditions in South Africa by another
research group and so here attempts were made to obtain progeny of the Mellers (2016) transgenic
G. diffusa plants. Analysing the floral traits of transgenic plant progeny would allow informed
assessment of whether transformation and regeneration is a good tool for functional analysis of G.
diffusa proteins.

Successful G. diffusa stable transformation would enable functional characterisation of GdMYB8
proteins. As such, attempted optimisation of the stable transformation protocol was conducted using
a GAMYBS8 gene on a constitutive promoter, to see if overexpression of anthocyanin could be induced.
The secondary aim of further developing the G. diffusa stable transformation protocol, was to enable
production of transgenic plants expressing GdMYB8 under its native promoter to determine whether
spot production could be induced in a non-spotted Gorteria. While a stable transformation protocol
is favourable for these more complex regulatory questions, to determine whether GdAMYB8 proteins
can regulate anthocyanin production, as predicted, transient expression in G. diffusa would suffice.
This approach has been used in several studies investigating genes hypothesised to be involved in
anthocyanin synthesis or regulation across multiple systems including Mimulus (Ding and Yuan 2016),
Gerbera jemosonii (Hussein et al. 2013), Antirrhinum majus (Shang et al. 2011) and Clarkia gracillis
(Martins et al. 2017). A preliminary G. diffusa transient transformation trial was attempted here.

Previous chapters have provided correlative evidence demonstrating that GAMYB8 proteins may
regulate GdANS, GdDFR, and GdAMAT1. Given the complexity, unpredictability, and time taken to
develop transformation protocols in non-model systems, an alternative approach was adopted in
parallel to provide additional evidence for whether or not GdAMYBS8 proteins function in anthocyanin
regulation. Promoter regions of GJANS, GdDFR, and GAMAT1 were characterised and the ability of
GdMYBS proteins to bind to these regions was tested through yeast one-hybrid experiments and gel
shift assays (i.e. electromobility shift assays). While not as conclusive as G. diffusa in vivo experiments,
consistent positive results between these two complementary techniques would provide a good
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indication that proteins are capable of interacting with regulatory elements of the genes they are
hypothesised to regulate. Regulation of genes encoding anthocyanin synthesis enzymes by R2R3 MYBs
is well documented across a number of species. Within several systems yeast one-hybrid experiments
and/ or gel shift assays have been used to confirm interactions between promoter regions of the genes
encoding anthocyanin synthesis enzymes and MYB regulators (Kelemen et al. 2015; Tian et al. 2017,
Wang et al. 2018; Yong et al. 2019). Resources are also available detailing predicted conserved binding
motifs for subgroup 6 R2R3 MYB transcription factors (e.g. O’Malley et al. 2016).

In combination with previous research presented within this thesis, determining functionality of
GdMYBS8 proteins would mark the first comprehensive investigation into the regulation of a spot-
specific genetic pathway in G. diffusa. Here attempts were made to further develop the G. diffusa
transformation protocol, assessing whether regeneration time of stable transformants could be
reduced. Crossing of transgenic To plants was attempted to obtain T; progeny. Preliminary trials of
transient transformation within G. diffusa were conducted to assess its feasibility in this system. The
above methods were used in combination with more established methods (yeast one-hybrid
experiments and gel shift assays) for non-model systems to determine whether GdMYB8 proteins
were able to bind to promoter regions of genes encoding G. diffusa anthocyanin synthesis enzymes
and activate gene expression.
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6.2 Methods

6.2.1 Gorteria diffusa stable transformation

This protocol is a slightly modified version of that presented in Mellers (2016). Agrobacterium
tumefaciens strain GV3101 was used to transform the Spring morphotype of G .diffusa to produce
plants constitutively expressing the GdMYB8a protein through insertion of a pGreen construct
containing GdMYB8a under the control of a double 35S CaMV promoter and a 35S terminator
sequence (vector diagram in Fig 5.1). The transformation of A. tumefaciens with the vector is outlined
in Sections 2.6.2.

All procedures detailed were conducted in sterile conditions under a laminar flow hood (except for
leaf removal from plants). Preparation of A. tumefaciens solution is described in Section 2.6.3, with
the alteration that pellets were resuspended in MS9 (Appendix 6) and 50ul of freshly prepared 100mM
acetosyringone solution were added. Following resuspension through gentle mixing the solutions
were shaken at 28°C for at least 30 mins before being used to infect leaf tissue. Mature G. diffusa
leaves were removed from the plant and sterilised in 10% bleach and 0.1% (w/v) SDS solution for 20
mins, rinsed several times in sterile ddH,0, and the water was immediately drained off. A petri dish
was filled with the Agrobacterium suspension and multiple leaves were submerged in the solution.
The edges of each submerged leaf were removed, and discarded, and the remaining leaf was cut
latitudinally into 1cm? segments to maximise the surface area of the leaf susceptible to Agrobacterium
infiltration. To remove excess Agrobacterium, the leaf squares were transferred to filter paper and
then placed adaxial side up on a co-cultivation media (CCM) plate (Appendix 6). The CCM plates
containing leaf discs were then incubated for 48 hrs in the dark at room temperature to promote
Agrobacterium infection.

The hormone concentrations within shoot inducing medium were altered from previous
transformation attempts (Mellers 2016). Explants were grown on SIM containing a two-fold increase
in cytokinin (trans-Zeatin) concentration (2mg/l) and a reduced auxin (IAA) concentration (1mg/l), as
compared to G. diffusa transformations performed previously. These alterations were made because
trans-Zeatin has been shown to induce the growth of shoot buds from explants within other systems
(Coleman and Ernst 1989; Cosic et al. 2015) and auxin was found to be necessary for regeneration in
a previous transformation trial (Mellers 2016). After 48 hrs in the dark, leaf discs were transferred to
new complex shoot inducing media (cSIM) plates (Appendix 6). For the remainder of the tissue culture
period plates were kept in a 16 hrs light - 8 hrs dark regime at 24°C with plant tissue moved to fresh
plates every 7 - 10 days. After the initial 7 days on cSIM plates, all subsequent plates were made of
regular shoot inducing media (rSIM) (Appendix 6). The addition of kanamycin to the medium selected
against plant cells that did not contain the pGREEN plasmid and cefotaxime prevents agrobacteria
growth. Once plantlets differentiating from calli had reached 1 - 2cm in size these were carefully prised
off with tweezers and transferred to 50ml Hamilton jars containing SIM (Appendix 6) and either
cefotaxime, ampicillin or no antibiotics to determine whether rooting was inhibited by these
antibiotics. Once sufficient root stock had formed (two well developed roots reaching the base/ sides
of the Hamilton jar) plantlets were transferred to plant pots and grown in an 80:20 ratio of Levington’s
M3 bedding compost and sand in a glasshouse (16 hrs light/ 8 hrs dark, 20 °C (daytime), 60% humidity,
fluorescence of 200 pmol/m/s). Cuttings were taken by severing a healthy young stem from the parent
plant, dipping it in water and then rooting powder (1-Naphthaleneacetic acid, Bayer Strike hormone
rooting powder), and planting it in soil.
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To determine whether the transgene was being expressed, leaf RNA was extracted, cDNA was
synthesised, and PCR was conducted to amplify the transgene. PCRs were also run using RNA
templates to check for gDNA contamination, indicated by the presence of a band (primers in Appendix
2). Leaves were used because they do not express GdMYB8a, enabling a comparison between wild
type and transgenics leaves to confirm whether plants were transformed (Fig 6.1).

ladder ladder

TGl TG3 TG4 TG5
—  — —— — TGl TG3 TG4 TG5 WT +

GdActin GdMYB8a

Figure 6.1. cDNA amplification of the transgene GdMYB8a in 4 out of 5 transgenic plants (TG1, 3, 4, 5).
The GdActin PCR on the left-hand side demonstrates that cDNA synthesis was successful for transgenic
and wild type (WT) samples (expected length 202bp). The GdMYB8a PCR amplified the transgene
(expected length 795bp) in all plants except the wild type. The negative control contains no template and
the positive control is wild type G. diffusa floral bud tissue.

6.2.2 Crossing G. diffusa plants

G. diffusa is self-incompatible (Ellis unpublished) and so crossing of transformed Ty G. diffusa plants
was attempted. A disc floret containing a pollen presenter visibly covered in pollen was plucked from
the capitulum of one plant using tweezers. A disc floret with a receptive stigma, defined by stigma
developmental stage (illustrated in Fig 6.2), was identified in the capitulum of another plant. The
plucked pollen presenter was gently wiped up and down on the surface of the receptive stigma. This
process was repeated for approximately 2 additional disc florets within the same capitulum, the
capitulum was then tagged with a label indicating the paternal identity. Several capitula were hand
pollinated per plant. Successful germination is indicated by lignification of the infructescence after
anthesis. Crossing was trialled between transgenic plants (npants = 5), between transgenic and wild type
plants (Npiants = 5), and between wild type plants (Npiants = 8). Crossing was attempted using between 5
- 10 plants approximately once a week over a 4 month periods, depending on the availability of pollen,
open capitula, and the developmental stage of disc florets.
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. i i,
Figure 6.2. Schematic of G. diffusa disc florets at various developmental stages used for crossing
attempts. i) illustrates a disc floret containing a pollen presenter covered in pollen. These disc florets
were plucked from the capitulum and the pollen was wiped onto the receptive stigma of a disc floret
depicted in iii). Subsequently, we were advised by a collaborator that crossing attempts are more
successful when conducted using stigma at the developmental stage in ii).

6.2.3 HPLC analysis of regenerated plantlets

Samples were prepared as outlined in Section 2.8. Acidic methanol extractions were then analysed by
high performance liquid chromatography (HPLC; Surveyor system, Thermo Scientific, San Jose, CA,
USA) using photodiode array spectrometry. Data were analysed using Xcalibur software (Thermo
Fisher Scientific). A 20ul injection volume of each sample was resolved on a Luna C18 column using
0.5% (v/v) formic acid (solvent A) and acetonitrile (solvent B) with a 0.2ml/min flow rate and an
increasing gradient of solvent B (Appendix 6). The diode array detector collected spectra from 200-
650nm. The identification of metabolites was based on their absorbance spectra compared to a
reference cyanidin 3-O-glucoside (Sigma).

6.2.4 Gorteria diffusa transient transformation

A. tumefaciens GV3101 containing a pGREEN-GFP vector were grown from a glycerol stock overnight
in LB (Appendix 1) with kanamycin (50mg/l), gentamycin (25mg/1), and rifampicin (50mg/I) at 28°C and
stirred at 130rpm. Once the ODggoreached 1.0 - 2.0 the solution was centrifuged for 4 mins at 5000xg,
the supernatant was removed, and the pellet was resuspended in infiltration media (for 100ml: 10ml
100 mM MgCl;, 200ul 50mM acetosyringone, 2ml 500mM MES (pH 5.6), 87.8ml ddH,0). Mature
Spring G. diffusa plants were used, and different ages of leaf were trialled for infiltration. Healthy
leaves were selected and, while still attached to the plant, a small cut was made through the adaxial
surfaces of the leaf/ fused ray floret petals with a razor blade. A. tumefaciens solution was inserted
into the cut using a syringe. A marker pen was then used to draw around the area which had been
infiltrated. Plants were watered on the soil every 1 - 2 days and transgene expression was checked
each day using a GFP filter under the microscope. Wild type capitula and wild type leaves of infiltrated
plants were used for comparison.
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6.2.5 Isolating upstream regions of GdMYB8 genes and genes encoding anthocyanin synthesis

enzymes
Genome walking (Section 2.3.3) was used to sequence upstream regions of GAANS, GADFR, GAMATI1,
GdMYB8a, GdMYB8b and GdMYBS8c. All primer sequences are in Appendix 2.

GdANS, GADFR, and GAMAT1 promoters were being sequenced for use in experiments to see whether
GdMYBS proteins were capable of binding to motifs in these sequences and activating transcription.
All genome walking for genes encoding anthocyanin synthesis enzyme was conducted using the
Universal GenomeWalker 2.0 kit. Reverse primers were initially designed to amplify within target
genes and, subsequently, within sequences upstream of the gene to isolate regions further from the
start codon. GAMATI1 primers were designed to be specific to this gene and several GADFR primers
were used to try to capture the diversity of the different variants and amplify upstream of all GdDFR
variants. The full length of the promoter region found, and the corresponding gene, were amplified in
asingle PCRreaction. The PCR product was sequenced to ensure that the upstream region was correct.
Raw G. diffusa genome sequencing reads became available very recently with an approximately 15%
error rate. 1.5kb upstream of GdDFR had already been isolated, but these genomic reads were used
to design forward primers to amplify further upstream of GdJANS and GAMAT].

The upstream regions of GAMYB8a, GAMYB8b and GdAMYBS8c were isolated using genome walking
without a kit. As the genome was cut into fragments using restriction enzymes and circularised
through ligation, when additional sequences were isolated it was unknown whether they were 5’ or
3’ of the gene. Therefore, for every additional sequence found, several forward primers were designed
along its length, with reverse primers within the gene, and additional PCRs were conducted to
determine if upstream regions had been isolated. The kit was subsequently used once no more
progress could be made with this method.

6.2.6 Yeast one-hybrid (Y1H) experiments

6.2.6.1 Basic concepts

Yeast one-hybrid (Y1H) experiments were conducted to determine whether the GdAMYBS8 proteins
were capable of binding to promoter regions of GdANS, GdDFR, and GdAMAT1 genes and activating
transcription within yeast cells. In Y1H analysis, the interaction between a transcription factor (‘prey’:
GdMYB8a, GAMYB8b, or GAMYB8c) and a DNA sequence upstream of a reporter gene (‘bait’: GdANS,
GdDFR, or GAMAT1 promoter fragments) is detected in vivo in yeast. The experiment was conducted
in the yeast strain PJ69-2A (MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, gald4A, gal80A, LYS2 : :
GAL1yas-GAL11ata-HIS3, James et al. 1996) that is auxotrophic for leucine (leu2-3) and histidine (his3-
200). A functional copy of the LEU2 gene was used as a positive selection marker for prey plasmid,
where a GAMYBS8 protein was fused to the Gal4 activation domain (GAL4-AD) to ensure that binding
of the GAMYBS8 protein to the bait would result in reporter gene activation. The bait plasmid contains
HIS3 downstream of the bait DNA sequence as a reporter gene for prey-bait interactions (Figure 6.3).
See further explanation below.
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Figure 6.3 Schematic of how Y1H works. Upon binding of the prey protein to the bait sequence, the
Gal4-AD interacts with the Gal4 promoter activating transcription of the HIS3 reporter. Image taken
from van Geldermalsen (2016).

6.2.6.2 Constructing and preparing plasmids

Bait plasmids

The upstream region of each gene encoding an anthocyanin synthesis enzyme was divided into
overlapping regions of between 162 - 200bp. Each of these fragments was inserted upstream of the
reporter gene HIS3 in the pHISi vector (Fig. 6.4a). This was achieved through digestion of PCR
fragments and pHISi with a pair of restriction enzymes (EcoRI and Sacl) and subsequent ligation
(described in Section 2.5.2). Vectors were transformed into E. coli, transformed cells were cultured,
and plasmids purified using a miniprep protocol (Sections 2.4.2 and 2.4.3). Bait plasmids were
linearized using the restriction enzymes Xhol or Aflll (when additional Xhol sites were present in the
plasmid) that cut within the HIS3 gene in order to facilitate genomic integration into the his3-200
locus. 1ug of purified plasmid was digested in a 37°C incubator over 2 hrs using: 2ul enzyme, 6l
CutSmart buffer, 1ug template, and sterile DI water in a 40ul reaction.

Prey plasmids

The coding sequences of GdMYB8a, GdMYB8b, and GdAMYBS8c were inserted in frame with the GAL4-
AD into the pC-ACT2 vector (Fig 6.3b) using gateway cloning (Section 2.5.3). Plasmids were purified as
explained above for pHISi vectors and 100ng of GdMYB8 pC-ACT2 vectors were used for yeast
transformation. All subsequent steps were done with sterile equipment in a laminar flow hood.
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Figure 6.4. Vectors used in Y1H experiments. a) pHISi vector containing a fragment from upstream of a gene
encoding an anthocyanin synthesis enzyme (GdANS, GdDFR, or GAMAT1), ‘the bait’. This vector was
linearised and enters the yeast genome through recombination. b) pC-ACT2 vector containing either
GdMYB8a, GdMYB8b, or GdMYBS8c fused to the GAL4 activation domain (GAL4-AD), ‘the prey’. If the
GdMYBS protein can bind to a promoter fragment, the GAL4 activation domain ensures that transcription of

the reporter gene is activated, in this case HIS3. 130



PJ69-2A yeast was streaked onto a YPDA plate (Appendix 6) and incubated at 30°C for 2 - 3 days. 3
colonies were then picked and transferred into 10ml of YPD medium in a 50ml falcon tube in sterile
conditions. The suspension was vortexed and topped up to 50ml with YPD media, this was shaken at
180rpm at 30°C for 16 - 18 hrs. The density of the culture was measured with a spectrophotometer.
The volume of overnight culture required to produce an ODggo= 0.2 - 0.3 in a larger (300ml) culture
was transferred into a conical flask containing 300ml of YPD media. This was incubated at 30°C for 2 -
3 hrs with shaking at 230rpm and, once an ODggo0f 0.5 +/- 0.1 was reached, the culture was centrifuged
at 1000xg for 5 mins at room temperature. The supernatant was removed, and 25ml of 1xTE/1xLiAc
(5ml 10x TE, 5ml 10x LiAc, 40ml sterile ddH,0) were added and the pellet resuspended by gentle
mixing. Again, this was centrifuged at 1000xg for 5 mins at room temperature. The supernatant was
discarded, and the pellet resuspended in 1.5ml of freshly prepared sterile 1xTE/1xLiAc producing a
solution of yeast competent cells.

Carrier DNA (UltraPure Salmon Sperm DNA Solution, Thermofisher) was linearised by heating at 98°C
for 10 mins and then cooled on ice. 10l of linearized Carrier DNA was added to 1ug of linearised pHISi
plasmid in a microcentrifuge tube and mixed well by pipetting. 100ul of the yeast competent cells
were added to the plasmid and mixed by vortexing. 600ul of sterile PEG/LiAc (1ml 10x TE, 1ml 10x
LiAc, 8ml 50% (w/v) PEG) were added, the solution was vortexed and then incubated at 30°C for 30
mins with shaking at 200rpm. 70ul of DMSO were added and mixed in gently by inversion, the solution
was heat shocked for 15 mins at 42°C and chilled on ice for 2 mins. Following centrifugation for 5 secs
at 10000xg the supernatant was removed, and the cells resuspended in 500pl sterile 1x TE buffer. The
cells were plated on synthetic dropout lacking histidine (SD-HIS; for 1L: 100ml 10x -HIS dropout
solution (Appendix 6), 6.7g nitrogen base w/o amino acids, 20g agar, 2% (v/v) glucose) using a sterile
spreader and left incubating at 30°C for 2 - 3 days. Successful genomic integration of the linearized
bait plasmid into the his3-200 locus results in leaky expression of HIS3, allowing yeast to grow on SD -
HIS plates. An empty pHISi vector was transformed into yeast as a negative control. A non-linearised
plasmid was also ‘transformed’ into yeast as a negative control and no yeast grew on these plates.
Four colonies per transformation were selected at random and streaked onto fresh SD -His plates and
incubated at 30°C for 2 - 3 days to provide multiple clones for subsequent transformations.

6.2.6.4 Yeast colony PCR

To confirm the insertion of the prey into the yeast genome, a colony PCR assay was used. First, yeast
genomic DNA was extracted as follows. A single yeast colony was picked from the plate and
resuspended in 100ul of 200mM LiAc and 1% SDS solution. This was incubated for 5 mins at 70°C and
300pl of 100% (v/v) ethanol added. The solution was vortexed and centrifuged at 10000xg for 3 mins,
the supernatant was removed. The pellet was then washed with 500ul of 70% (v/v) ethanol and
centrifuged at 10000xg for 1 min. The supernatant was removed, and the pellet resuspended in 100pl
of 1x TE buffer. The solution was centrifuged again at 10000xg to pellet cell debris and 1pul of the
supernatant containing genomic DNA was used in PCR (Section 2.2.3) and run on an agarose gel to
check for amplification.

6.2.6.5 Spot tests for leaky HIS3 expression

The HIS3 reporter gene has leaky expression also known as background activity, where recognition of
the bait sequence by endogenous yeast transcription factors leads to activation of HIS3 that is
sufficient for growth on media lacking histidine. 3-amino-1, 2, 4-triazole (3-AT) is a competitive
inhibitor of the His3 enzyme and can be used to supress the growth caused by leaky HIS3 expression
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of yeast strains. To determine the minimal 3-AT concentration that inhibits the growth of each bait
strain a spot test was conducted. For each bait strain 4 colonies were individually picked using a sterile
cocktail stick and resuspended in 150ul of 1x TE, from this a 10-fold and 100-fold dilution was made.
3ul of each concentration were pipetted onto SD -HIS plates varying in the 3-AT concentration they
contained (0, 5mM, 10mM, 20mM, 30mM, 40mM, 50mM, 60mM), once the spots of liquid were dry
plates were kept at 30°C for 2 - 3 days. After which, photographs of the plates were taken and the
colony with the greatest susceptibility to 3-AT was selected to be transformed with pC-ACT2 vectors
containing the GAMYBS8 encoding sequences (Figure 6.4b).

6.2.6.6 Transforming HIS3 PJ69-2A yeast strains with GAMYB8 pC-ACT2

For each bait strain, the colony with the least background activity was selected and used for 5
transformations with the pC-ACT2 vector containing GdAMYB8a, GdMYB8b and GdMYBS8c fused to the
GAL4-AD. Additionally, pC-ACT2 plasmids containing RVE-1 and a gene encoding the fluorescent
protein Venus fused to GAL4-AD were used as negative controls. GAMYB8 proteins and RVE-1 are from
different clades of the MYB protein family, so the latter was used to demonstrate that GdAMYB8
binding properties are not generic to all MYBs. The transformation procedure was as outlined in
6.2.4.3 except carrier DNA was added to 100ng of (non-linearised) pC-ACT2 vector and transformed
colonies were plated on SD -HIS -LEU media using 10x -HIS -LEU dropout solution (Appendix 6). The
spot test was carried out (as described in Section 6.2.6.5) on SD -HIS -LEU media containing increasing
3-AT concentrations starting from the minimal 3-AT concentration determined in Section 6.2.6.5. Each
bait strain was independently transformed with the five pC-ACT2 vectors twice to ensure that binding
patterns were consistent. Transformations of vectors into yeast transformed with an empty pHISi
vector (i.e. containing no bait sequence) were also conducted as a negative control.

6.2.7 Gel shift assays (EMSA)

A gel shift assay was conducted to determine whether GdMYBS8 proteins could bind to motifs isolated
from upstream regions of anthocyanin synthesis enzymes. This would complement the one-hybrid
experiments and provide more thorough evidence for potential regulation by GAMYBS8 proteins.
Unfortunately, due to COVID-related access restrictions to the Sainsbury Laboratory Cambridge
University the experiment could not be completed.

6.2.7.1 E. coli transformation and protein induction

GdMYB8a, GdMYB8b, and GAMYBS8c coding sequences were inserted into individual pETM-11 vectors
(Fig 6.5) by Gibson assembly (Section 2.5.1) to produce a protein with GAMYB8 tagged by 6 histidines
at either end. These plasmids were transformed into the rosetta Il strain of E. coli that is able to
enhance eukaryotic protein expression by supplying tRNAs for specific codons that are rarely used in
E. coli. The transformation procedure is outlined in Section 2.4.3, with the modification that the
antibiotic selection used for growth on LBA plates and LB medium (Appendix 1) were 30mg/|
chloramphenicol and 50mg/l kanamycin. Successful transformation was confirmed through colony
PCR (Section 2.4.3). A single colony was picked from each transformation and grown in LB with
kanamycin and chloramphenicol and stirred at 180rpm for 16 -18 hrs at 37°C. 3ml of culture were then
removed, added to 250ml of LB with 100mg/Il kanamycin, and grown at 180rpm for 2 - 3 hrs at 37°C.
Once the ODgoo of each culture reached approximately 0.6, 250ul of IPTG and 500ul of 1M betaine
were added to induce protein production and increase the level of soluble protein, respectively.
Control cultures were also set up in parallel in which protein production was not induced. The cultures
were incubated and stirred for a further 2.5 hrs. 3ml of each culture was used to make 3 aliquots per
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culture in microcentrifuge tubes. The microcentrifuge tubes and the rest of the culture in 50ml falcon
tubes were spun down at 5000rpm, the supernatant was removed, and the pellets containing the
GdMYBS8 proteins were frozen at -20°C.

T7
terminator

lac

operator kanamycin

resistance

T7
promoter

pETM11_MYBS8
6155 bp

Col E1
origin

Lacl

Figure 6.5. Diagram of the pETM11 vector used to induce production of histidine tagged GdMYBS8
proteins in E. coli for use in gel shift assays. Three different vectors were constructed differing
only in whether they contained GdMYB8a, GdMYB8b, or GdAMYBS8c.

6.2.7.2 SDS acrylamide protein gel

Microcentrifuge tubes containing pellets of E. coli transformed with the vectors containing the
GdMYBS proteins (induced) and control pellets (non-induced) were thawed and resuspended in 1ml
of sterile ddH,0. 20ul of this were mixed with 7ul of 4x NuPAGE LDS Sample buffer (thermofisher) and
heated at 70°C for 10 mins to denature the protein. A discontinuous gel was produced from two
acrylamide solutions. The stacking gel (Table 6.1), within which the protein wells are formed, enables
protein stacking where proteins are concentrated in a thin zone. The resolving gel (Table 6.1)
separates the proteins by size. The appropriate SDS acrylamide gel concentration was calculated using
the expasy protein parameter tool (https://web.expasy.org/protparam/) and for the histidine tagged
GdMYBS proteins (37kDa) a 12.5% (v/v) resolving gel was recommended. The resolving gel solution
was pipetted into the gel holder and 100% (v/v) ethanol poured on top to prevent it from drying out.
Once this gel was set the ethanol was drained off and the stacking gel solution was added. Once set,
the gel was immersed in a tank of Laemmli buffer (Appendix 6), samples of denatured proteins were
loaded into the wells, and the gel was run at 120V for approximately 35 mins. Once the gel had run, it
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was put in a sealed container submerged in Coomassie blue (Appendix 6) and left stirring overnight.
The next day, the Coomassie blue was removed, and the gel was rinsed in ddH,0 and then submerged
in destaining solution (50ml glacial acetic acid, 150ml ethanol, 300mI ddH,0) until the majority of the
blue stain was removed. Gel photographs were taken with a Nikon COOLPIX P520 camera (Fig 6.6).

Resolving gel Stacking gel
ddH,0 3.2ml ddH,0 3.4ml
1.5M Tris-HCl pH 8.8 2.5ml 0.5M Tris-HCIl pH 6.8 1.5ml
Acrylamide/bisacrylamide (37:5:1) 4.2ml Acrylamide/bisacrylamide (37:5:1) 1.0ml
10% SDS 100ul 10% SDS 60ul
10% APS 50ul 10% APS 35ul
Temed Sul Temed 6ul

Table 6.1. SDS acrylamide recipes for 10ml of resolving gel and stacking gel used to determine
whether protein induction in E. coli was successful.

———

’Lad GdMYB8a ~ GAMYB8b - GAMYB8c
' Induced - Induced - Induced -
’ ——

Figure 6.6. Acrylamide gel checking whether GdAMYB8 protein production has been successfully
induced in E. coli. Protein induction has been successful indicated by the band in induced cultures
but lacking in the non-induced negative control cultures. The ladder is SeeBlue Plus2 Prestained
Standard (novex). The bands of induced proteins are at the expected size of 37kDa.

6.2.7.3 Protein sonication and purification

After protein induction, the E. coli cells were sonicated to release cellular contents and enable testing
of protein solubility. Base buffer was prepared (Appendix 6) and the pellets were resuspended in 50ml
of lysis buffer (Appendix 6). The tube containing the cell suspension was put on ice and a sonication
probe placed into the solution, which was sonicated at 20 amps with 2 second pulses for 1 min. The
solution was then centrifuged at 5000rpm for 15 mins at 4°C. The supernatant (soluble fraction) was
removed and kept in a fresh tube and the pellet (insoluble fraction) was resuspended in 5ml of lysis
buffer. 15ul aliquots of these fractions were run on an SDS acrylamide gel (Section 6.2.5.2) to
determine whether proteins were soluble (Fig 6.7a), as GdMYB8b and GdMYB8c were the most
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soluble they were used for the next steps. The supernatant was incubated with an Ni-NTA resin pre-
balanced in loading buffer (Appendix 6), loaded onto a column, and the flow through (FT) was
collected and kept. Two wash steps were completed that involved running a buffer through the
column and then keeping the flow through, the first wash step used loading buffer (W1) and the
second used washing buffer (W2) (Appendix 6). Finally, elution buffer (25ml base buffer and 50ul 1M
DTT) was added 1ml at a time so that each elution fraction had a 1ml volume. 15ul of each fraction
(insoluble, soluble, FT, W1, W2 and each elution) was prepared and run on a SDS acrylamide protein
gel (Section 6.2.5.2) (Fig 6.7b). Tubes containing the elution fraction that contained the majority of
the protein were pooled together to create one tube of GdMYB8b purified protein and a second tube
of GAMYB8c protein. These samples were placed in individual dialysis membrane cassettes (Slide-A-
Lyzer, 0.5 - 3ml capacity, Thermo Scientific) which were partially submerged in a dialysis buffer (as per
the manufacturer’s instructions) and incubated at 4°C overnight. The contents of the cassettes were
then aliquoted, snap frozen in liquid nitrogen, and stored at -80°C. These aliquots were used in gel
shift assays.

6.2.7.4 Identifying potential binding motifs

Potential binding motifs in upstream regions of GJANS, GdDFR, and GdAMAT1 were determined by
searching within sequences for the motifs identified by Kelemen et al. (2015) that bind A. thaliana
subgroup 6 R2R3 MYB transcription factors in yeast one-hybrid experiments. These motifs were cross-
referenced with that of the binding motif found for AtMYB113 (subgroup 6 MYB) in an A. thaliana
cistrome (O’Malley et al. 2016). All A. thaliana motifs from this literature contained the sequence
GTTA/G. As such, the criteria decided for potential GAMYBS8 binding motifs were sequences that had
no more than 2 SNPs different from A. thaliana motifs and that contained GTTA/G. A list of predicted
motifs in the upstream regions of genes encoding G. diffusa anthocyanin synthesis enzymes was
created. Motifs were also selected from the Kelemen et al. (2015) paper to be used as positive and
negative controls to determine whether GAMYBS8 proteins could bind, indicating that protein
purification had worked and proteins were intact. For each control and G. diffusa predicted motif a
19bp region was isolated with the motif in the centre and a G nucleotide was added to the 5’ end of
the sequence. This 20bp oligo sequence was ordered along with a 19bp (excluding the extra G) reverse
complement from IDT (idtdna.com).

6.2.7.5 Gel shift assay

Pairs of oligo sequences were annealed by mixing 20ul oligo 1 (40uM), 20ul oligo 2 (40uM), 5ul 10x
annealing buffer (Appendix 6), 5ul ddH,0, and heating at 96°C for 6 mins with a gradual cooling down
to room temperature. The annealed oligos were then diluted to 0.8uM concentrations and 5ul were
added to 2ul 10x Klenow buffer, 1l Cy3-dCTP (8uM), 1ul Klenow, 11pl sterile ddH,0. The solution was
mixed by pipetting, incubated at 37°C for 2 hrs and then 65°C for 10 mins. For each set of annealed
oligos two mixtures were prepared to be loaded onto the gel: one with the GdAMYB8 protein added
and one without protein. 1ul of annealed and labelled oligos was added to 2ul 10x fish sperm DNA
(final concentration 10ug/ml), 13/17ul binding buffer (Appendix 6), 2ul DTT, and 0/4pul GAMYB8
protein. The solutions were carefully mixed through pipetting and left in ice for 30 mins to allow
protein binding before being loaded onto an acrylamide gel.

An acrylamide protein gel was made (Appendix 6), differing from previously described gels in that it
did not contain SDS (not a denaturing gel). 20ul of each sample were loaded and the gel was run in
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0.5x TBE buffer for 30 - 90 mins at 90V. The gel was imaged on a Typhoon biomolecular imager with
fluorescence acquisition mode and cy3 wavelength (550nm).
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Figure 6.7 SDS acrylamide protein gels to determine whether a) GAMYBS8 proteins were soluble, b)
which wash/elution fraction contained the majority of the protein i) GAMYB8b ii) GAMYBS8c. ‘Soluble’
is the supernatant prior to purification, ‘Pellet’ is the pellet prior to purification, ‘FT’ is the flow
through of the column, ‘Wash 1’ and ‘Wash 2’ are the wash steps, ‘E1 - 4’ are the elution steps.
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6.3 Results

6.3.1 G. diffusa stable transformation trial

G. diffusa was stably transformed by Mellers (2016) with a vector containing 2x35S::Venus-NLS (a
fluorescent protein) and hygromycin selection. Transgenic plants expressed Venus in mature floral
tissue and leaves (Fig 6.8aii). The floral phenotype of the transformed plants was different from that
of wild type capitula (Fig 6.8ai). To determine whether these phenotypic effects were due to stress
imposed by regeneration or heritable changes, assessment of floral phenotypes of transformed plant
progeny was required. Crosses between transformed plants, and between transformed plants and
wild type Spring plants, were conducted over a 4 month period. Subsets of capitula were also netted
following hand-pollination to exclude herbivores that may consume pollen. Unfortunately, these
attempts were unsuccessful. Cuttings were taken to maintain the transformed plant lines and the vast
majority of capitula on these plants (n = 5) contained no spots, with the exception of two capitula on
one plant that had a single spot (Fig 6.8b).

Figure 6.8. G. diffusa plants stably transformed with Venus-NLS on a constitutive promoter by Mellers (2016).
a) Images taken from Mellers (2016) i) The transformation process changed the spot and ray floret phenotypes
compared to wild type ii) Petal spots expressed the nuclear localized protein. The top photo is taken in bright
field and the bottom photo with GFP2 filter. b) Cuttings taken from transformed plants had no spots (n = 5),
with the exception of 2 capitula on 1 plant that had 1 spot each.
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G. diffusa plants were transfected with a vector containing GdMYB8a (Fig 5.1, Section 5.2.3) under a
constitutive 35S promoter. The first leaf emerged after 5.5 months, with leaves emerging from
multiple calli after 8 months. Some plantlets had black pigmented leaves (Fig 6.10) - the phenotype
expected for anthocyanin expression. Of the plantlets thought to be expressing anthocyanin, some
were heavily pigmented since emergence, whereas others were initially green and black pigmentation
occurred gradually from the leaf tip downwards as the plantlets matured (Fig 6.10). Individual plantlets
were moved to Hamilton jars (n = 80) and those that were in media with no antibiotics and appeared
green (no dark pigmentation visible) rooted. Once there was root development and sufficient growth
of plantlets, they were transferred from Hamilton jars to soil, this took 12 - 13 months from the initial
transformation (i.e. the infection of leaf discs with the vector of interest). These plants (n = 5) were
expressing the transgene but had both floral and vegetative phenotypes that did not differ from wild
type plants (Fig 6.10). As evident in Fig 6.11, wild type Spring plants have variable phenotypes and so
the baseline for comparing transgenics in this experiment was unclear.

None of the plantlets with dark pigmentation rooted. Some plantlets were transferred to media
containing auxin to see if this would stimulate root growth, but it did not and after several months no
roots had formed. A subset of plantlets was selected (Fig 6.10b) representing a gradient of colouration
(green to black). These samples were snap frozen in liquid nitrogen, ground, and split into two — with
the intent that one sample would be used in HPLC analysis, to determine anthocyanin quantity, and
the second in gRT-PCR to measure transgene expression level. This would enable testing for a
correlation between pigment content and transgene expression level. However, acidic methanol
extraction yielded a colourless liquid and HPLC analysis (Section 4.2.3) indicated that no anthocyanin
was present in any of the plantlets (Fig. 6.9). Additionally, the heavily pigmented plantlets were dead
(as expected) — confirmed by a lack of chlorophyll A and B peaks at the appropriate wavelengths in
the HPLC analysis (data not shown). It was hypothesised that perhaps the pigment was not
anthocyanin and instead GdAMYB8a was inducing another type of pigmentation (e.g. tannins which are
also derived from the flavonoid pathway). However, a G. diffusa transformation attempt by a postdoc
in the lab using GFP (a fluorescent protein) to transform plants had similar colouration in the calli. It
was concluded that the pigmentation seen here was probably a result of the regeneration procedure
rather than transgene expression.
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Figure 6.9. HPLC chromatograms of G. diffusa leaf material used to determine whether regenerated plantlets contained elevated levels of anthocyanin. In the
blue box are chromatograms at 280nm (the absorbance spectra of flavonoids) for an acidic methanol blank, a transgenic plantlet (sample), and a wild type
(WT) leaf. In the red box are chromatograms at 520nm (the absorbance spectra of anthocyanins) for a sample and a positive control (cyanidin-3-O-glucoside).
Note that the anthocyanin peak (indicated by the red arrow) is absent in the transgenic plantlet. The y-axis scale differs between graphs so the maximum
mAU (milli-Absorbance Units) is given as an indication of y axis scale. The table provides a summary of the HPLC analysis results. Five transgenic lines were
analysed and 3 wild type leaf samples.



Figure 6.10. G. diffusa calli (ai) and plantlets (aii - aiv, b) from a stable transformation experiment.
GdMYB8a was transformed into G. diffusa leaf discs on a constitutive promoter. Pigmentation was
initially thought to be anthocyanin, (ai) first appearing in calli from which (aii) green plantlets formed.
(aiii) Plantlets began to become pigmented or grew from pigmented sections of calli, but once this
colouration spread plantlets died (aiv) with the colouration possibly instead due to necrosis. b) Example
of samples used in HPLC to determine if anthocyanin could be detected.
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Figure 6.11. G. diffusa transgenic plants transformed with GdAMYB8a on a constitutive promoter. a) Spotted ray
florets from five To transformants. Each plant had some completely developed spots and some partial spots —shown
here are representatives of both. b) Wild type plants i) grown with the transformed plants ii) Spring ray floret
presented as typical phenotype for the morphotype.

6.3.2 G. diffusa transient transformation trial

Attempts to develop transient transformation in G. diffusa were by no means exhaustive but did
demonstrate that G. diffusa may be amenable to transient transformation with additional input. Petal
tissue did appear to fluoresce due to infiltration (Fig 6.12b), while leaf tissue fluoresced only at the cut
site (Fig 6.12a) with autofluorescence visible outside of the infiltrated site on leave hairs. Petal
infiltration was difficult due to the delicate nature of the tissue and the majority of attempts damaged
the petals causing them to curl (e.g. Fig 6.12bi). The damage to petal tissue often resulted in a
darkening of the surrounding region, which could confound attempts to determine GdMYBS8
functioning through transient transformation — as GAMYB8 is hypothesised to induce anthocyanin
production. The size of fused ray florets meant it was not practical to trial transient transformation
during different floral developmental stages. Leaves of different ages were used for infiltration,
defined based on leaf size, and plants of different ages were infiltrated: during early vegetative
growth, when plants were nearly full sized but not yet flowering, and flowering. These differences in
parameter had no effect on the extent of transgene expression within infiltrated leaves. Due to the
PhD timeframe additional trials were not conducted, but there are several other ways in which the
protocol could be altered to try to develop a transient protocol for G. diffusa.
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Figure 6.12. G. diffusa a) leaves and b) fused ray floret petals transiently transformed with GFP on a constitutive
promoter. ai) and bi) were taken with no filter and a/bii) a/biii) were taken with a GFP2 filter. The black markings in
each photo were drawn with a pen and represent the area within which the tissue was infiltrated.




6.3.3 Isolating promoter regions of GdMYB8 genes

Upstream regions of the GAMYBS8 genes upregulated within spotted tissue were characterised using
genome walking. The following lengths of promoter sequences were obtained: GdMYB8a 266bp,
GdMYB8b 682bp, and GdMYB8c 673bp. These genes share similar expression patterns, potentially
because they are regulated by the same transcription factor. If this is the case, then the binding site
of this regulatory protein is likely to be within regions conserved between the promoters of each gene.
Sequences were aligned to determine conserved sections (Fig 6.12). Within the first 266bp upstream
of the start codon GdMYB8a was the most divergent compared to GAMYB8b and GdMYBS8c, with an
additional 27bp in one section and an absence of 30bp in another. Further upstream comparing
GdMYB8b and GdMYBS8c, GAMYBS8c contains a section with an additional 70bp. Sections of GdMYB8
upstream regions were also isolated in Cal and Stein (Appendix 6). These were Cal GdAMYBS8a and Cal
and Stein GdMYBS8c. All of these sequences were aligned and conserved regions were entered into the
Plant Promoter Analysis Network (PlantPAN; http://PlantPAN.itps.ncku.edu/tw/)(Chow et al. 2019) to
search for DNA binding motifs and predicted binding proteins, based on information from A. thaliana.
The gene families of proteins that bind to identified G. diffusa GdAMYBS8 motifs are listed in Table 6.2.
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Protein family or type

Examples of regulatory functions

Reference

AP2 (APETALA 2)

Regulation of plant growth and development including floral organ identity, embryo
development, and flowering time.

(Zhang et al. 2015; Licausi et al.
2013; Phukan et al. 2017)

ARID (AT-Rich Interaction Domain)

A superfamily involved in functions including nodule development, pollen tube growth,
and shoot meristem development.

(zhu et al. 2008; Xia et al. 2014; Xu
et al. 2015)

B3 (Basic leucine zipper)

B3 transcription factors form a superfamily. They function in growth and developmental
processes including control of embryogenesis, gynoecium development, floral
morphogenesis, and abiotic stress responses.

(Braybrook and Harada 2008;
Trigueros et al. 2009; Liu et al. 2014;
Hu et al. 2015; Jain et al. 2009; Xia
et al. 2019)

bHLH (Basic helix-loop-helix)

Regulate expression of many genes involved in multiple regulatory pathways including
flower development, seed germination, root hair cell differentiation, light signalling
regulation, and stress responses.

(Nadeau 2019; Oh et al. 2004;
Menand et al. 2007; Kim et al. 2003;
Sun et al. 2018)

bzIP

Seed maturation, light signalling, stress responses, and flower development.

(Abe et al. 2005; Strathmann et al.
2001; Alonso et al. 2009; Wang et al.
2018)

ZFP (Zinc finger proteins)

Flower development, stress responses, vegetative growth.

(Hu and Ma 2006; Huang et al. 2006;
Mukhopadhyay et al. 2004; Colasanti
et al. 1998; Liu et al. 2015b)

Dehydrin

Stress response — contribute toward plant protection against dehydration.

(Liu et al., 2017b)

Dof (DNA binding with one finger)

Regulation of defence responses, seed development, phytohormones, flowering, and
germination.

(Dong et al. 2007; Rueda-Romero et
al. 2012; Fornara et al. 2009; Nakano
et al. 2006; Kang et al. 2003; Le Hir
and Bellini 2013)

EIL; EIN3 (ethylene-insensitive3-
like/ethylene-insensitive3)

Plant growth and development, and metabolic processes.

(Maruyama-Nakashita et al. 2006;
Zhong et al. 2009; Guo et al. 2018;
Binder et al. 2007; Salih et al. 2020)

GATA

Flowering time, flower development, embryo development, germination, lateral root
initiation, and senescence.

(Behringer and Schwechheimer
2015)
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PHD-Finger (plant homeodomain)

Type of ZFP. Seed germination, regulating flowering through chromatin modification,
possibly pollen development and stress responses.

(Molitor et al. 2014; Fernandez
Gomez et al. 2014; Wei et al. 2009;
Lépez-Gonzalez et al. 2014; Sun et al.
2017)

Homeodomain HD-Zip

Light and hormone signal transduction, stress responses, regulation of leaf polarity,
apical meristem formation, vascular development, anthocyanin accumulation.

(Himmelbach et al. 2002; Gong et al.
2019; Sessa et al. 2018; Ariel et al.
2007; Wei et al. 2019)

Central regulators of development, stress responses, integrators of endogenous

MADS box hormones and environmental cues, primary metabolism, ABA signalling, detoxification (Castelan-Mufioz et al. 2019)
processes, reactive oxygen species homeostasis.
(Gonzalez et al. 2008; Cominelli and
Ve Eecondary .meta.bollsm, cell cycle control, cellular morphogenesis, stress responses, Tonelli 2009; Ramsay and Glover
ormone signalling. 2005; Qi et al. 2011; Zhang et al.
2018)
(Zhong et al. 2010; Bollhoner et al.
NAC Plant immunity, plant growth, and stress responses. 2012; Nakashima et al. 2012; Hussey

et al. 2013; Yuan et al. 2019)

NF-Y (Nuclear-factor Y)

Embryo development, seed germination, photomorphogenesis, flowering time
regulation, stress responses.

(zhao et al. 2017)

SRS (Shi-related sequence)

Developmental processes including regulating signal transduction and hormone
biosynthesis.

(Sohlberg et al. 2006; Eklund et al.
2010; Kim et al. 2010; Youssef et al.
2017; He et al. 2020)

TBP (TATA-box binding protein)

Required for every transcription event in eukaryotes and archaea.

(Sainsbury et al. 2015; Kornberg
2007; Rowlands et al. 1994)

TCP (Teosinte branched1/
Cycloidea/Proliferating cell factor)

Plant growth and development, cell growth and proliferation, regulation of seed
germination, likely to play a role in plant immunity.

(Martin-Trillo et al. 2010; Schommer
et al. 2008; Palatnik et al. 2003;
Resentini et al. 2015; Bao et al. 2019)
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Trihelix

Stress responses and developmental processes including sepal fusion, and leaf, petal, and
sepal development.

(Fang et al. 2010; Xi et al. 2012; Xie
et al. 2009; Brewer et al. 2004; Weng
et al. 2012; Cheng et al. 2019)

WOX (WUS homeobox-containing)

Superfamily with family members that have specialised functions in plant developmental
processes including organ development, embryonic patterning, and the maintenance of
stem cells.

(Van der Graaff et al. 2009)

Table 6.2. The protein types for which binding motifs were found in the conserved upstream regions of GdMYB8a, GdAMYB8b, and GdMYB8c. These findings are based
on a search in PLANTPAN v3.0 against known A. thaliana binding sites. Examples of protein family functions are listed along with references. This provides a brief
overview of potential candidate regulators. More precise exploration would require yeast-one hybrid experiments to determine which G. diffusa proteins are able to

bind to these upstream regions.
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GdMYB8a
GdAMYB8Db
GdMYB8c

GAMYB8a
GdMYB8b
GdMYB8c

GAMYB8a
GdAMYB8Db
GdMYB8c

GdMYB8a
GdAMYB8b
GdMYB8c

GdMYB8b
GdMYB8c

GdMYB8b
GdMYB8c

GdMYB8b
GdMYB8c

GdMYB8b
GdMYB8c

GdMYB8Db
GdMYB8c

1 82
AATTAGAANGACTHICAGTHIAAATATGAGAARCAATTAACTTCGTTTTATATTATGCATTT T TTAAAT TCACCAGTATTAA
[T3rTAGAAAGACTAGCCTGAAARATATTAGGCACAATTAACTTCCTTTTAT——— E—yE|
TCTTAGAAAGACTAGCCTGAARRATATTAGGCACAATTAACTTCCTTTTAE ~— —— = —— === ———————————————— TTTA
83 164

AAGTCGATATATGTGTGGAAAJAATATTAGCATGCACAIAAATGAAGT ACATGTGCAGCATAAGGGGGTCCAGCTAGTTACA
AATTTTGGTTATGTGTGGARAC---ATTJGCATGCACGTARATGAAATACATGTGGAGGG-GACGGGGTCCAGGTAGTTACA

AQTTTTGGTTATGTGTGGAAAC———ATTAGCATGCACGTAAATGAAATACATGTGGAGGG—GACGGGGTCCAGGTAGTTACA

165 246
TATGIACTATAAAAA] ——Jarced@rarAGraficaccaTeTadgrcaTG-—--T
TATGTGCTATARAAAGATCATAGAC————— ARGGGGTAATGCABAAATCGGCAATARAAACGAGAATGTACATCATTTA]T

TATGTGCTATAAAAAGATCATAGAGAAGGAAAGGGGTTATGCAAAAATCGGCAATAAAAACGAGCATGTACATCATGTTACT

247

AChGAGAAAGATTCATAAGAATTTCATCTTATCTTCTAGAAATATG
ATAGAGAAATATTCATAAGAATTTCATCTTTGTCTTCTACAAAAATG
ATAGAGAAATATTCATAAGAATTTCATCTTTGTCTTCTACARAAATG

1 82
CCTTTTTTCTTTCTTATTCTCTCCCACCACTACAIAAATTACAICLGTTTGCCGCTGCTATTCGCTAITGCATTCGCCCCTC
CCTTTTTTCTTTCTTATTCTCTCCCACCACTACCTAAATTACCGTCGTTTGCCGCTGCTATTCGCTGGTGCATTCGCCCCTC

83 164
ACTATCGCATGTTCATCAJAITJAG TTGCCAT===——==—==————————————————————————————————————————— =|
ACTATCGCATGTTCATCACGTCGGTTGCCAATCGCCGCCATCGCCTCGTGGAGGAAAGAATTTAAGGCAAACGTTTCGTTTT

24¢€
e ATTTTCTTAATGGTTCAAACAAAAAATATGGTCAARAAGTAGrcTeTAdCh{Te ideATdAT T

TTTTTCTTTTCTTTTCCTATTTTCTTAATGGTTCAAACAAAAAATGATGGTCCCAAGTGTTGTGTGGTTGGTGTTGATCGTT

247 328
ErceeTeeTaBM e TTAGAdTATTAGTTGGAGTGTAGAACAAATGTACATGTGATTAEAATGTAATTAATTTRITGTGAACC
GAGGGTGGTAATAGTTAGAGCTAGTAGTTGGAGTGTAGAACCGATGTGCATGTGATTTGTATGTGGTTAATTTGTGTGAACC

329 410
ATTGTTGATGGTCTCACTGTCATGTTACTCCCCTCTTCCTGTTCATAATTIOATGACATGTAACCAATCTCTTA-—— - JGAAA
ATTGTTGATGCTCTCACTGTCATGTTACTCCCCTCTTCCTGTTCATAATTAATAACATGTAACCAATCTCTTAGAATTGAAA

Figure 6.13. Alignments of promoter regions of a) GdMYB8a, GdAMYB8b, and GdMYB8c — the start codon
is highlighted in green. b) Further upstream where only GAMYB8b and GdMYBS8c sequences were
available. Polymorphisms are indicated by red boxes.
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6.3.4 Isolating promoter regions of GJANS, GADFR, and GdAMAT1

Upstream regions of each gene were isolated through genome walking and/ or primers designed from
raw reads of a G. diffusa genome. 1763bp upstream of GAMATI1 were sequenced in 6 individuals and
was highly conserved between them, with only 17 SNPs. However, approximately 100bp upstream
there was a 13bp insertion in 5 out of 8 sequences. This insertion contained part of a predicted MYB
subgroup 6 binding motif; in the sequence lacking the insertion there is a different predicted motif
that flanks the insertion region.

325bp upstream of GAANS was sequenced through genome walking - bands containing more of the
upstream region were obtained but these could not be sequenced, presumably due to the repetitive
nature of the sequence. The upstream region of GdANS was found in a raw read from an unassembled
G. diffusa genome. This genome read was predicted to have an error rate of approximately 15% but
was used for primer design to try to amplify the upstream region with a proof-reading enzyme. PCRs
resulted in multiple bands per reaction with sequencing results that BLASTed to ANS and aligned with
both the ANS gene and characterised 325bp upstream region. However, sequencing reactions failed,
giving sequencing results that were too messy to be interpreted.

1945bp upstream of GdDFR was successfully sequenced and, due to the presence of multiple GdDFR
variants, this upstream region was amplified several times across 8 individuals. The first 500bp
upstream from the GdDFR start codon was found to be highly conserved — with just 14 SNPs differing
and two short insertions (neither of which contained or disrupted a predicted subgroup 6 MYB binding
motif). Further upstream was much more variable, for example, within the next 50bp upstream there
were 15 SNPs, two 6bp insertions, and a 13bp insertion. Patches of conserved sequences were
adjacent to highly variable regions. While it is unclear whether the upstream regions of all GADFR
variants were isolated, for all identified and loosely defined variants found here upstream regions
were isolated.

6.3.5 GAMYBS8 proteins interact with motifs in promoter regions of GADFR and GdAMAT1

Yeast one-hybrid experiments tested whether GAMYB8a, GdMYB8b, and GAMYB8c could bind to the
promoter regions of GAANS, GADFR, and GAMATI1. Promoter regions were divided into fragments of
approximately 200bp (Fig 6.14) and used to generate the bait strains. In total, 6 bait strains of
GdMATI1, 2 bait strains of GdANS, and 4 bait strains of GdDFR were generated. The conserved
promoter regions of GADFR were within fragments 1 and 2, while the remaining fragments contained
promoter regions specific to a subset of GdDFR variants. Predicted binding motifs within bait
sequences were identified (Fig 6.14, Fig 6.15, Table 6.3) as outlined in Section 6.2.5.4. This is an
ongoing experiment, Y1H experiments have been completed for GdANS fragment 1, GAMATI
fragment 1-4 and 6, and GdDFR fragments 1 and 2 (Fig 6.15, Table 6.4). The remainder of the
experimental work has now been taken over by Eva Herrero Serrano and Farahnoz Khojayori.

Several bait strains containing GdDFR and GdMAT1 upstream fragments and prey-GdMYBS8 plasmids
were able to grow in 3-AT concentrations where prey-RVE1 and -VENUS containing strains did not (Fig
6.16, Fig 6.17, Table 6.4), demonstrating that these proteins can bind to motifs in GADFR and GAMAT1
promoters and activate HIS3 expression. A positive result was indicated by colonies expressing
GdMYBS proteins that grew at greater 3-AT concentrations than the equivalent Venus-transformed
control colonies and if this pattern was consistent across two independent transformation replicates
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(Fig 6.16). All GAMYBS8 proteins showed consistent binding patterns, although binding strength to
some fragments differed between proteins. AtRVE1 bound to GdDFR-2 and GdAMAT1-2, the former
contained a RVE1 binding motif but the latter did not. There was one additional bait strain for which
AtRVE1 binding was predicted (GdDFR-1), but no binding occurred. The only fragments for which no
GdMYBS8 protein binding was detected were GdJANS-1 and GdMAT1-4, although for the latter weak
binding was observed in one out of two replicates. The optimal 3-AT concentrations to eradicate
background expression of HIS3 varied between different bait strains. In some cases, the 3-AT
concentration at which transformed colonies could grow varied between transformation replicates
(possibly due to differences in 3-AT batches used between replicates). However, the relative
concentrations at which the GdMYB8 transformed yeast could grow in comparison to controls
generally remained the same. To confirm whether GdAMYBS8 proteins bind to predicted motifs, a subset
of mutated fragments (representative of upstream regions from each genes) are being tested. Within
these mutated sequences the conserved GTTA/G in each motif is replaced with GCCT/C (Table 6.3, Fig
6.14). If GAMYBS8 proteins do not bind to these mutated upstream fragments, we can infer that one
or more of these mutated sequences are the GAMYBS8 binding motifs.

Regulators Predicted motif Source
Subgroup 6 R2R3 MYB TACTGTTG Kelemen et al., 2015
Subgroup 6 R2R3 MYB TGCGGTTG Kelemen et al., 2015
Subgroup 6 R2R3 MYB AAAAGTTA Kelemen et al., 2015
Subgroup 6 R2R3 MYB GTCAGTTA Kelemen et al., 2015
Subgroup 6 R2R3 MYB ACAAGTTA Kelemen et al., 2015
Subgroup 6 R2R3 MYB ATTAGTTG Kelemen et al., 2015
Subgroup 6 R2R3 MYB GCTTGTTG Kelemen et al., 2015
Subgroup 6 R2R3 MYB AGTGGTTA Kelemen et al., 2015

AtMYB113 (Subgroup 6) NDDDYNGTTRN O’Malley et al., 2016
AtRVE1 (MYB) WNVNWAHKATCNNN | O’Malley et al., 2016

Table 6.3. Predicted subgroup 6 R2R3 MYB binding sites derived from A. thaliana research (Kelemen
etal. 2015; O’Malley et al. 2016). The sequence GTTA/G is common to all of the motifs. RVE1 (REVEILLE
1) is a SHAQKYF-type Myb-like transcription factor that contains a single Myb-like domain (Rawat et
al. 2009).
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Figure 6.14. Binding motifs from O’Malley et al. (2016 ) for a) AtMYB113, an A. thaliana subgroup 6
R2R3 MYB and b) AtRVE1, a SHAQKYF-type Myb-like transcription factor.
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Figure 6.15. Schematic of the GAANS, GdDFR, and GAMAT1 promoters. The box at the top illustrates the length
of upstream regions that were used in yeast one-hybrid experiments. Promoter regions were divided into
overlapping regions (fragments labelled 1 - 6) of approx. 150 - 200bp and the ability of GdAMYBS8 proteins to
bind to each fragment was individually assessed. The ‘ATG’ is the start codon of each gene. Fragments are
colour coded according to gene as illustrated in the top box. Predicted motifs identified (no more than 2 SNPs
different from the reference motif and containing GTTA/G) are coloured in blue, motifs that the control MYB
(AtRVE1) is predicted to bind to are coloured in yellow, and green motifs do not contain GTTA/G but only differ
in 1 SNP from the reference motif. * indicates the point above which (further from the start codon) the GdDFR
sequences become highly divergent between variants, indicated with a darker shade of red than the conserved

GdDFR upstream region.
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Promoter Fragment MYB8 binding RVE1 binding RVE1 motif present
GdANS 1 N N N
GdANS 2 n/a n/a N
GdDFR 1 Y N Y
GdDFR 2 Y Y Y
GdDFR 3 n/a n/a N
GdDFR 4 n/a n/a N

GdMAT1 1 Y N N
GdMAT1 2 Y Y N
GdMAT1 3 Y N N
GdMAT1 4 N N N
GdMAT1 5 n/a n/a N
GdAMAT1 6 Y N Y

Table 6.4. A summary of the results of yeast one-hybrid experiments testing binding of GdMYB8
proteins to the promoter regions of anthocyanin synthesis enzymes (GdANS, GADFR, and GAMAT1). All
upstream fragments contained predicted subgroup 6 R2R3 MYB binding motifs and a subset contained
RVE1 motifs presented in this table. n/a indicates that results are not yet available.

GdANS-1 GdDFR-2
MYB8a MYB8a MYB8a
MYB8b MYB8b MYB8b
MYB8c MYB8c MYB8c
RVE1 RVE1 RVE1
Venus Venus Venus
-3AT +3AT(55) 3AT +3AT(50) -3AT +3AT(25)
GdMAT1-1 GdMAT1-2 GdMAT1-3
MYB8a MYB8a
MYB8b MYB8b o MYB8bE = B
MYBSc MYB8c § MYB8cfF = = -
RVE1 RVE1
Venus Venus 4 Venus . . &
3AT +3AT(15) 3AT +3AT(5) -3AT +3AT(35)
GdMAT1-4 GdMATI1-6
MYB8a
MYBS8b
MYB8c
RVE1
Venus
3AT +3AT(10) 3AT +3AT(55)

Figure 6.16. Photographs of yeast one-hybrid experimental results. The anthocyanin synthesis enzyme and
upstream fragment number are indicated, corresponding to those illustrated in Fig 6.15. Each row corresponds
to 3 dilutions of the same yeast colony transformed with either one of the GdMY8 genes, RVE1, or the negative
control Venus. -3AT plates lack 3-AT and demonstrate that all colonies are capable of growing on -HIS -LEU
media. +3AT plates contain 3-AT at the concentration indicated in brackets (mM). GdAMYB8 proteins bind to all
fragment motifs with the exception of GAANS-1 and one replicate of GAMATI1-4 (not shown here).



GdANS-1  Growth in Media lacking HIS LEU with 3-AT (mM)
Frag 1 0 1 3 5 10

GdDFR-1  Growth in Media lacking HIS LEU with 3-AT (mM)
Frag 1l 0 40 45 50 55 60

GdDFR-2  Growth in Media lacking HIS LEU with 3-AT (mM)
Frag 2 0 10 15 20 25 30 35
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GdMAT1-4 | Growth in Media lacking HIS LEU with 3-AT (mM)
Frag 4 0 1 3 5 10 15

MYB8a

MYB8b

MYB8c

RVE1

Venus

GdMAT1-6 | Growth in Media lacking HIS LEU with 3-AT (mM)
Frag 6 0 40 45 50 55 60

MYB8a

MYB8b

MYB8c

RVE1

Venus

Figure 6.17. Summary of yeast one-hybrid results demonstrating the 3-AT concentration at which each
set of transformed yeast colonies were able to grow. GdAMYBS8 proteins or controls (Venus and RVE1) are
listed, with growth at higher 3-AT concentrations than the Venus control indicating an interaction
between the anthocyanin synthesis enzyme gene promoter fragment and the GdAMYB8 protein. Yeast
colony growth is indicated by blue bars, with each independent experimental replicate a different shade
of blue. Underlined 3-AT concentrations indicate concentrations tested in one replicate only.

Gel shift assays were conducted to determine whether GAMYBS proteins could bind to the predicted
motifs in the promoter regions of GAANS, GdDFR, and GAMATI1. Using this method in combination
with yeast one-hybrid results makes conclusions more robust and enables investigation into the
specific motifs involved in protein binding. Unfortunately, purified GAMYBS8 proteins were frozen at
-80°C for a prolonged period of time during lockdown. Gel shift assays were conducted after lockdown
and no binding was observed either to G. diffusa motifs or positive control motifs taken from Kelemen
et al. (2015) (e.g. Fig 6.18). The proteins were run on an acrylamide gel to check for degradation
induced by freezing, they did not appear degraded. Troubleshooting was conducted using several
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different buffers obtained from a literature search (Appendix 6) and proteins were also left to bind to
oligos at room temperature rather than in the cold. These methods did not work. Ultimately, it was
concluded that it was likely the proteins were damaged from the freezing and thawing process and so
fresh proteins needed to be produced and purified. This is a 3 day procedure and, as SLCU building
access was limited to one day a week (due to COVID), it could not be completed. As such, the
experiment remains unfinished.

Motif 1 Motif 2 Motif 3 Motif 4 Motif 5
+ - + - + - + - + -
Motif 6 Motif 7 Motif 8 Motif 9 Motif 10
+ - + - + - + - + -

Figure 6.18. Gel shift assay on an acrylamide gel. Bands are fluorescently labelled oligo sequences
containing GAMYBS8 predicted binding motifs from protomer regions of genes encoding anthocyanin
synthesis enzymes. ‘+’ indicates GAMYB8b protein has been added and ‘—* is the negative control with
no protein added. No binding was detected.
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6.4 Discussion

Several approaches were used to try and determine the function of GAMYB8 proteins in G. diffusa.
Stable transformation of G. diffusa with GdAMYB8a did not yield conclusive results. While initial trials
indicated that G. diffusa may be amenable to transient transformation, it was not possible to develop
a transient transformation protocol within the project timeframe. Yeast one-hybrid (Y1H) experiments
demonstrated that GAMYB8a, GAMYB8b, and GAMYB8c were capable of binding to promoter regions
of GdDFR and GdAMAT]1 to activate transcription of a reporter gene within yeast. Investigations into
the ability of these proteins to bind to GJANS promoter regions are ongoing, as are validation of the
specific motifs GAMYBS8 proteins bind to. The latter is being conducted through Y1H experiments using
mutated promoter fragments and gel shift assays to test for binding to individual predicted motifs.

The stable transformation of G. diffusa with GdMYB8a on a constitutive promoter yielded transgenic
plants that were grown to maturity and expressed GdMYB8a, but the phenotypes of mature
transformants did not differ from wild type. Five transgenic plants were grown from two independent
lines. There are several potential explanations for the wild type appearance of transgenic plants
including that GAMYB8a is non-functional in G. diffusa, expression levels of the transgene are too low
to produce a phenotype, or post-transcriptional gene silencing within floral tissue prevented protein
production. None of the regenerated plantlets with dark pigmentation rooted, and the accumulating
pigment was not anthocyanin. G. diffusa calli transformed with GFP (by another lab member) had
similar black/brown colouration suggesting that the pigmentation was not a result of transgene
expression. Necrosis of plant tissues has occurred during stable transformation of other species using
Agrobacterium, including maize and a gradual spreading of necrosis in grapes (Deng et al. 1995;
Hansen 2000; Pu and Goodman 1992). Given that the most heavily pigmented plantlets were dead, it
is likely that the pigmentation was a product of necrotic tissue. Laitinen et al. 2008 stably transformed
G. hybrida using a 355-GMYB10 construct that resulted in accumulation of anthocyanin in floral
tissues. However, they reported that most calli did not form shoots and postulated that this was due
to toxic effects induced by excess anthocyanin. The pigment content of the calli shortly after calli
formation should have been analysed to determine whether anthocyanin was accumulating in calli
initially or whether dark pigmentation within calli was due to tissue necrosis, even during these early
growth stages. If excess anthocyanin was having toxic effects in calli tissue it is possible that only plant
cells with very weak transgene expression were able to differentiate into plantlets. This would provide
a potential explanation as to why mature transgenic plants had wild type phenotypes, if only those
weakly expressing the transgene survived. To resolve this conjecture would require further
transformation attempts.

Important insights were gained from trialling stable transformation in G. diffusa. Increasing
concentrations of cytokinin relative to auxin in regeneration media, relative to previous attempts
(Mellers 2016), did not improve regeneration time. To determine whether the lengthened
regeneration time reported here was due to hormone concentrations would require multiple
experimental replicates; ideally transformations would be repeated with several different hormone
treatments conducted in parallel. This was attempted by transforming G. diffusa and then splitting
infected leaf discs into two sets that were grown in parallel but regenerated on media containing
different hormone concentrations. Unfortunately, these plates were overcome with Agrobacterium
infections and all calli died after three months, before regeneration had occurred (data not shown).
The phenotypic variation seen between wild type plants grown alongside transformants and other
wild type plants, grown over the course of the project, prompted a phenotypic characterisation of the
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Spring morphotype across its natural range (Chapter 3). Understanding the extent of variability in
natural floral phenotypes, and whether patterns of variation occurred between populations, could be
useful for comparisons between transgenic and wild type plants. These analyses would also provide
information on whether the geographical locations from which seed stocks are collected are
important for ensuring phenotypic consistency in developmental analyses. Attempts to cross
transgenic plants (transformed with GFP by Mellers (2016)) with one another and with wild type plants
failed. Cuttings taken from these transgenic plants had no spots (with the exception of one plant that
had a single simple spot on two capitula). Root growth of cuttings was stimulated by dipping severed
shoots in an auxin powder, so these plants were subjected to elevated hormone levels which may
have resulted in the phenotypic alterations. However, using this procedure on wild type plants has no
impact on the floral phenotype of mature plants grown from cuttings. Wild type Stein individuals can
also simultaneously produce capitula containing spots and capitula completely lacking spots. The
combination of transgenic floral phenotypes and variation in spot presence, between capitula of wild
type plants, implies that there may be epigenetic factors influencing spot development. Cytosine
methylation, for example, is a key plant epigenetic mechanism that influences gene expression, the
activity of transposons, and plant development (Cokus et al. 2008; Finnegan et al. 2000; Lister et al.
2008). To test this hypothesis, levels of DNA methylation could be measured between organs within
Stein plants to see if heterogeneity in DNA methylation patterns correlate with the presence or
absence of spots on capitula (Alonso et al. 2018; Herrera et al. 2019, 2020).

Informed recommendations for future G. diffusa stable transformation attempts can be made based
on these experiments. The phenotypes of transgenic plant progeny must be assessed. Given the low
efficiency and long regeneration time required for G. diffusa stable transformation, it would be
advisable to conduct large-scale crossing experiments with wild type plants. A useful modification was
recently suggested by our collaborator, who thinks that the stigma may be more receptive to pollen
at an earlier developmental stage than that used for our crossing attempts. G. diffusa seed
germination is erratic, and some seeds can remain dormant for one to several seasons (Duncan and
Ellis 2011). As such, developing a successful crossing protocol able to yield many seeds per plant may
be necessary. In the wild, a single G. diffusa plant can produce dozens of infructescences containing
multiple seeds (Ellis and Johnson 2010), so an efficient and optimised crossing system should
circumvent issues relating to dormancy. Many ambiguities resulting from the current transformation
trial could potentially be resolved if vectors used for transformation also included a marker transgene
(e.g. GFP), enabling quicker identification of transgenic plantlets and more efficient screening of plants
to determine if transgenes are expressed in tissues of interest. The problems of possible necrosis
within calli and regenerated plantlets, coupled with alterations to plant phenotype potentially caused
by the transformation process, indicate that robust controls are necessary. The following control lines
could be regenerated alongside transgenic lines: plants infected by Agrobacterium containing an
empty vector and plants not infected by Agrobacterium but regenerated from leaf discs. This would
enable better assessment of whether observed phenotypes were due to transgene expression. There
are also multiple ways in which regeneration time and transformation efficiency could be optimised;
these include altering the types and concentrations of hormones used for regeneration, trialling
different antibiotics, and changing growth conditions.

Upstream regions of GdAMYB8a, GAMYB8b, and GdMYB8c were isolated and provide a good future
resource for identifying potential regulators of GdAMYB8 genes, once the G. diffusa transformation
protocol is optimised. The GdAMYBS8 genes upregulated within petal spots have similar expression
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patterns between homologues and across morphotypes, and so may be controlled by the same
regulator. As such, upstream regions conserved between homologues and morphotypes could contain
binding sites for transcriptional regulators within the petal spot developmental pathway.
Alternatively, these genes could be under the control of different regulators, which is why it is
important to assess the function of potential regulators in vivo through transformation of G. diffusa.
The addition of GAMYB8d to comparisons between upstream regions could be very informative
because this gene has expression patterns that differ from the other GdMYB8 homologues. As such,
regions common to all four GAMYBS8 genes could be excluded as they are unlikely to contain the cis-
regulatory elements of interest. Currently, the G. diffusa genome is being assembled and this will
provide an excellent resource for fast and efficient isolation of gene promoter regions for further
comparative analyses. Using these promoter fragments in yeast one-hybrid experiments would enable
identification of the G. diffusa proteins capable of binding to them. These proteins could then be
investigated as candidate GdMYBS8 regulators.

Transient transformation of G. diffusa could be a good method to address whether GAMYBS8 proteins
regulate anthocyanin synthesis. Preliminary transient transformation trials with a fluorescent protein
did yield patchy transgene expression within transfected areas. Damage to G. diffusa ray floret petals
can induce anthocyanin production (personal observation), but this was not the case in all attempted
petal infiltrations. To prevent issues relating to tissue damage caused by cutting into epidermal petal
layers, vacuum infiltration could be trialled. This method has been successfully used in transient
transformation of Petunia flowers (Long et al. 2009). Although preliminary results were promising a
G. diffusa transient transformation protocol could not be developed within the project timeframe to
test GAMYBS function.

Y1H experiments and gel shift assays were used to assess interactions between promoter regions of
genes encoding anthocyanin synthesis enzymes and GdMYB8 proteins. These experiments
demonstrated that GdMYB8a, GAMYB8b, and GdAMYBS8c all have the capacity to bind to promoter
regions of GdDFR and GAMAT1. The 3-AT concentrations on which negative controls were able to
grow were quite high. This is possibly due to insertions of the promoter fragments into the yeast
genome occurring in tandem, increasing the level of leaky expression (where recognition of the bait
sequence by endogenous yeast transcription factors cause gene activation) of HIS3. Further
corroboration of these results is underway along with investigations into whether GAMYB8 proteins
can bind to GdANS promoter regions. These findings provide further evidence that GdMYBS&a,
GdMYB8b, and GdMYBS8c likely encode proteins that regulate anthocyanin synthesis enzymes within
the petal spots of G. diffusa. The identification of these regulators provides an entry point for
investigations into the spot developmental pathway from which upstream spot regulatory
components can be identified. Ultimately, in combination with additional genetic resources and tools
for in vivo functional analyses, the results of this research could be used to begin unravelling the
genetic networks responsible for other components of G. diffusa spot development.
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Chapter 7. General discussion

Overview

Gorteria diffusa is a unique study system inhabiting the Succulent Karoo biodiversity hotspot. It
exhibits high levels of geographically defined floral variation across a narrow endemic range. Unusually
elaborate petal spots are major components of this floral variation, and in some morphotypes these
spots induce mate-seeking and pseudocopulatory responses in the primary pollinator of G. diffusa,
Megapalpus capensis. From a broad perspective, this is an ideal system in which to explore the
ecological, evolutionary, and molecular developmental processes that promote divergence. Central to
our molecular understanding is the characterisation of genes underlying petal spot development,
while a prerequisite for evolutionary insight is to determine what comprises a morphotype in terms
of genetic structure and phenotype. Here, the sexually deceptive Spring morphotype was used to
conduct comprehensive investigations into population genetic structure and the regulation of petal
spot anthocyanins. Molecular work was further corroborated through comparative analyses in the
morphotypes Cal and Stein. In Chapter 3 population genetic studies and phenotypic characterisation
were used to determine the spatial scale of gene flow and floral trait variation across the native range
of Spring. The anthocyanin composition of petal spots was determined in Chapter 4 and a small family
of subgroup 6 R2R3 MYB transcription factor genes (GdMYB8) were identified as good candidates for
petal spot anthocyanin regulation through expression analyses. In Chapter 5 genes encoding
anthocyanin synthesis enzymes were characterised and identified as potential downstream targets
for GAMYBS8 regulation, due to complementary gene expression patterns in petal spots. GAMYB8
proteins were shown to be capable of activating anthocyanin production in a heterologous system.
Finally, Chapter 6 attempted to assess GAMYBS8 functioning within G. diffusa, with promoter-binding
assays providing further evidence that GdMYB8 proteins are capable of regulating anthocyanin
synthesis within G. diffusa.

G. diffusa has multiple petal anthocyanin regulators

The fused ray floret petals of G. diffusa are pigmented by anthocyanin within the petal spots and
across the abaxial surface. Pigment production is first initiated within petal spot primordia and abaxial
pigment production temporally overlaps with the later stages of spot development. A small group of
homologous subgroup 6 R2R3 MYB genes that were expressed in floral tissue were characterised.
Three of these genes (GdMYB8a, GdMYB8b, and GdMYBS8c) are thought to regulate anthocyanin
synthesis within petal spots. These genes were upregulated in spotted petal ray floret tissue during
spot development, they could activate ectopic anthocyanin production when stably transformed into
N. tabacum, and the corresponding GAMYB8 proteins were capable of binding to promoter motifs of
genes encoding G. diffusa anthocyanin synthesis enzymes. The fourth gene, GAMYB8d, was the most
divergent in nucleotide sequence and is hypothesised to regulate abaxial anthocyanin pigmentation,
as the timing of its upregulation in plain petal tissue corresponds with abaxial pigment production.
These findings are consistent with those in several other systems, where multiple R2ZR3-MYB proteins
were found to regulate anthocyanin biosynthesis in a single species.

Petal patterning often results from transcription of these regulators in a spatially and temporally
distinct manner that dictates the petal anthocyanin pigment distribution; examples include Lilium
(Yamagishi et al. 2014), Petunia (Albert et al. 2011), Mimulus (Ding et al. 2018; Yuan et al. 2014), and
Antirrhinum majus (Schwinn et al. 2006). The expression patterns of GdMYB8a, GdAMYB8b, and
GdMYBSc indicate that the majority of gene transcription may be spatially restricted to petal regions
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where the spot will develop. Alternatively, the genes could be expressed over a larger area, with
activity inhibited in other petal regions through, for example, post-transcriptional gene silencing.
Further characterisation of GdMYB8d would enable additional interesting comparisons to other
systems, for example, if GdAMYB8d does control abaxial pigmentation it may function like the R2R3
MYB PURPLEHAZE in Petunia, which regulates light-induced anthocyanin accumulation mainly on
outer surfaces of the flower buds (Albert et al. 2011). These results add to a body of literature
demonstrating that subgroup 6 R2R3 MYB transcription factors regulate developmentally
programmed colour patterning in floral organs.

GdMYBS8 proteins regulate genes encoding anthocyanin synthesis enzymes

While all anthocyanins detected within ray floret petals were cyanidins, those containing a malonyl
group were detected almost exclusively in spotted petal tissue and comprised approximately 60% of
petal spot anthocyanins across Spring and Cal. Malonic acid acylation can increase anthocyanin
stability (Figueiredo et al. 1999), and the detection of these malonated anthocyanins within marks
(simple patches of pigment at the base of plain Spring ray floret petals) indicated that this anthocyanin
was common to all spot types, and not only those with cellular elaborations. The malonyl transferase
GdMAT1 had spot specific expression patterns and GdMYBS8 genes could bind to promoter regions of
GdMAT1, indicating that it is a good candidate for spot-specific synthesis of malonated anthocyanins.
In contrast, GAANS exhibits temporal differences in expression between spotted and plain petal tissue,
with upregulation in developing spots preceding upregulation elsewhere. Investigations into whether
GdMYBS8 proteins can bind to GJANS promoter motifs are ongoing. GdDFR was also upregulated in
spotted petal tissue at an early developmental stage and, unlike GJANS, at the later developmental
stage investigated GdDFR expression was significantly higher in spotted compared to plain petal
tissue. However, there are several GdDFR genes and individual expression patterns could not be
determined. It is unclear whether there are GdDFR genes with spot-specific expression, like GdAMATI,
or whether a temporal shift in expression is seen between tissue types, similar to GAANS. GAMYB8
proteins were able to bind to promoter fragments conserved between all GdDFR variants identified,
implying that all copies could potentially be activated by GAMYB8 proteins within the spot. This
requires confirmation from expression analyses considering each GdDFR gene or allele individually.
There are often multiple copies of anthocyanin synthesis enzymes expressed within flowers. In Asiatic
hybrid lilies (Lilium), for example, two CHS genes are expressed in the tepals, filaments, and pistils,
while another copy is responsible for anther anthocyanin accumulation (Nakatsuka et al., 2003; Lai et
al. 2012). The assembly of a G. diffusa genome (in progress) will provide important conformation of
the number of GdDFR genes. With this more in depth understanding, it will be interesting to compare
the expression patterns of various GdDFR copies to determine whether each gene or allele has a
different role in ray floret petal pigmentation.

Divergence between GdMYBS8 genes

The large size of the MYB transcription factor family in plants has been, in part, associated with the
rapid expansion of R2R3 MYB genes (Dubos et al. 2010; Jiang and Rao 2020). Duplication events of
MYB anthocyanin regulators in Mimulus led to new floral pigmentation patterns. Within the five
species of the luteus group of Mimulus, petal lobe anthocyanin has evolved in parallel in two species
(M. cupreus and M. luteus. variegatus). Duplication of MYB genes occurred within different loci of
each species that had similar functions (Cooley et al. 2011). Recent duplication in anthocyanin
regulators is evident in several systems, including the grape VWMYBA genes (Walker et al. 2007), A.
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majus genes Ros1 and Ros2 (Schwinn et al. 2006), and AtMYB90, AtMYB113 and AtMYB114 in A.
thaliana (Gonzalez et al. 2008; Stracke et al. 2001). The duplication events producing the G. diffusa
GdMYBS8 clade appear to have occurred fairly recently, but prior to G. diffusa speciation. Greater
taxonomic resolution would be required to deduce more about the gene evolutionary histories.
Several lineages of R2R3 MYBs have been found to contain recently duplicated genes that show
signatures of positive selection (Jia et al. 2003). Following gene duplication, functional divergence of
homologues through either neo or subfunctionalisation (e.g. Haberer et al. 2004) is one of several
possible evolutionary scenarios, which also include functional redundancy of one gene copy and
pseudogenization (Zhang 2003). Evidently GAMYBS8d has diverged from the rest of the GAMYBS8 clade
in terms of expression pattern; this gene was not upregulated during initial petal spot development
and may not be expressed within spotted tissue at all, pending further investigation. There was
divergence in expression levels between GdMYB8a, GAMYB8b, and GdAMYB8c within Spring petal
spots, and these differences were largely consistent within Cal petal spots. Overall, GdMYB8b and
GdMYBS8c had higher expression levels, suggesting that they may be the dominant genes in regulating
petal spot anthocyanin production. Expression analyses could be conducted with greater spatial
resolution to determine whether specific GdAMYB8 genes are localised to certain spot regions. One
gene may, for example, have expression localised to papillae primordia cells indicating that they may
trigger the increase in anthocyanin production seen specifically within this specialised cell type
(Thomas et al. 2009). Investigating finer scale differences would also enable a more comprehensive
comparison with GdMYBS8 expression patterns in other morphotypes.

Potential functional differences between GdAMYBS8 proteins were detected by stably expressing them
in N. tabacum. Constitutive expression of all three genes induced strong anthocyanin phenotypes
across several tissues, but NtANS upregulation was significantly lower in GdMYB8a transformants
compared to GdAMYB8b and GdMYBS8c transgenic plants. As such, the GAMYB8a protein may have
different biochemical properties than GdMYB8b and GdAMYB8c. While the amino acid sequences of
these three GAMYBS proteins were relatively similar (84 - 91% homology), there were seven amino
acid differences within the R2R3 MYB domains. This region is involved in the creation of a scaffold that
enables insertion of the third helix (also encoded by this domain) into the major groove of DNA, where
it binds to nucleotide bases (Konig et al. 1996; Ogata et al. 1992, 1994). Interactions with bHLH partner
proteins are also mediated by a motif within this domain (Zimmermann et al. 2004). These differences
in amino acids could have functional implications. Further insight into possible differences between
GdMYBS proteins, relating to the regulation of anthocyanin synthesis, might be gained from ongoing
gel shift assays. These experiments will confirm whether or not all GdAMYB8 proteins have the capacity
to bind to certain motifs in the promoters of anthocyanin synthesis enzymes and allow comparisons
of binding affinity.

Phenotypic characterisation contributes toward developmental understanding

G. diffusa has extreme intraspecific variation between floral morphotypes, including fixed differences
in petal spot composition. The capitulum phenotype is also complex regarding additional variation
within morphotypes, for example, the presence or absence of simple basal spots and the number of
petal spots present within a capitulum (detailed in Fig 1.7). As such, single phenotypic measurements
of G. diffusa individuals imply a static uniformity that may not be fully representative of floral
phenotype (Harder et al. 2019). Understanding these dynamic phenotypes, and the levels at which
variation occurs, is an essential prerequisite for certain developmental inferences and genetic
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hypotheses. A thorough assessment of the scales at which variation occurs was undertaken in Spring
and in a subset of Cal (Fig 7.1).

The morphotype Spring has a particularly complex G. diffusa capitulum phenotype. Specialised cell
types within the spot must develop in the correct positions relative to one another, coordinated over
four fused ray floret petals. Consistency in spot phenotype may be important for inducing mating
responses in male bee-fly pollinators, with higher levels of phenotypic integration occurring between
spot traits of sexually deceptive morphotypes (Ellis et al. 2014). Only a subset of ray florets within a
capitulum produce petal spots and these ray florets have a distinctive shape, size, and colouration
compared to ray florets which do not produce spots (plain ray florets). The number of spotted ray
florets per capitulum can vary within an individual plant. G. diffusa ray florets develop basipetally and
petal spots develop on the oldest ray florets, which are the most internal in the capitulum. Thomas et
al. (2009) proposed that a developmental signal regulating petal spot fate is activated when the first
ray floret is initiated, and this signal then slowly diminishes as additional ray florets are initiated. Prior
to its dissipation, the signal would enable spot production in multiple ray florets — with the number of
spotted ray florets determined by signal strength. Here, the number of spotted ray florets was found
to be positively correlated with the total number of ray florets in a capitulum, which is also variable
within an individual. This implies potential coupling between the strength of signals initiating the
development of all ray florets and those inducing spotted ray floret formation. 26% of the capitula
investigated (n=330) contained a ‘partial spot’ (n=86), where a complex spot phenotype had started
to form but development was prematurely arrested. In the vast majority of capitula only a single
partial spot was present (0.03% of capitula had 2 partial spots), supporting the proposed model of ray
floret development. Interestingly, in ray florets with partial spot phenotypes the extent of spot
development differed between the fused petals of the ray floret. Petals with more developed spot
components (i.e. containing some of the specialised cell types) had phenotypes resembling ‘spotted
ray florets’, shorter in length and lighter in colour than plain ray floret counterparts. Those petals with
less developed spots (i.e. generally only pigment present) had petal phenotypes resembling plain ray
florets. This demonstrates that spot development and ray floret identity are coupled during petal
development. A larger sample size would enable more detailed inferences regarding the patterns
observed.

G. diffusa is comprised of floral morphotypes, each of which consists of geographically grouped
populations that have relatively consistent floral phenotypes. Between morphotypes there are distinct
differences in various floral traits, resulting in discrete capitulum phenotypes associated with each
floral form. The variation in spotted ray floret number between capitula within plants can be
considered a characteristic that contributes toward the Spring floral phenotype (Kulbaba et al. 2017),
potentially enhancing fly mimicry by creating a pseudo-random pattern of spots across the floral
display as a whole. Spot and ray floret traits are highly consistent between individuals across the Spring
range, with only minimum quantitative variation detected. The exception to this is the presence or
absence of marks (simple spots) at the base of plain ray florets which varies between individuals; 76%
of the plants investigated had marks present on the ray florets. Stein appears to have greater inherent
variation, with developmental plasticity that enables a single individual to produce spotted and plain
capitula simultaneously. In contrast, every ray floret and capitulum within Cal is consistently, and
without exception, spotted by a complex petal spot (Fig 7.1). No partial spots have been observed in
Cal plants. These findings have important implications for the use of G. diffusa as a genetic study
system.
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The proteins regulating R2R3 MYB transcription factors involved in floral patterning are largely
unknown (Yuan et al. 2014). The promoter regions of GAMYBS8 genes were isolated as a first step in
determining the regulators of these genes. As petal spot development involves several cell types and
traits, there may be a limited number of spot regulator genes that coordinate different spot
developmental modules. Comparisons between the promoter regions of GdAMYB8 genes, that are
upregulated in the petal spot, enabled identification of conserved sequences. These sequences may
contain cis-regulatory elements that petal spot regulatory proteins bind to. Yeast one-hybrid
experiments would then enable identification of proteins capable of binding to motifs within these
promoter fragments. The function of the candidate regulators could be assessed through stable
transgenic analysis in G. diffusa by downregulating gene expression and inducing overexpression. A
major current limitation is that stable transformation in Spring alters the spot phenotypes, and in
cuttings of these transgenic plants no spots were produced (with the exception of 2 capitula in one
plant). The plasticity of the spot makes phenotypic inferences from transgenic plants difficult,
particularly those pertaining to whether or not certain genes can induce spot formation. Considering
specific spot traits, the occurrence of partial spots within transgenic plants could also confound
phenotypic comparisons. If wild type phenotypes are used as a proxy for suitability in transgenic
experiments, Cal may be an ideal candidate because it exhibits none of the within individual and
between individual qualitative variation seen in Spring and Stein (Fig 7.1). As such, the transformation
and regeneration process may not alter the Cal phenotype. To test this hypothesis would require
several rounds of transformation and regeneration with empty constructs, followed by phenotypic
analyses of transgenic plants. If successful, this would enable downregulation of candidate petal spot
regulatory genes within Cal, without the complications resulting from plasticity that is potentially a
characteristic of some of the other G. diffusa morphotypes.

Using an interdisciplinary approach to understand diversity in G. diffusa

G. diffusa may be undergoing incipient speciation, evident from the geographically structured floral
forms and recent work demonstrating genetic clustering of individual morphotypes (Boris Delahaie
unpublished). The investigation into Spring population structure highlighted that isolation by distance
is likely to contribute towards divergence. The high genetic differentiation present over small spatial
scales indicates that limited dispersal may be an important mechanism enabling genetic
differentiation between morphotypes over a narrow spatial range. Given that diversification of G.
diffusa is evident through floral variation, it is likely that genes involved in flower development have
undergone genetic divergence between morphotypes. In Mimulus aurantiacus, population genetics
techniques were used to investigate patterns of genetic divergence between red and yellow ecotypes
that exhibit a sharp geographic transition in floral form (Stankowski et al. 2016). Outlier scans were
used to detect loci that were highly diverged between ecotypes, combined with a cline analysis that
fitted allele frequency data to geographic cline models. Candidate loci (130) were identified that may
contribute toward genetic divergence or reside in genomic regions near loci that do (Stankowski et al.
2016). Given that G. diffusa genome assemblies are underway, and genotyping by sequencing analyses
are being conducted across morphotype hybrid zones, a similar approach may be attainable in G.
diffusa in the near future.

Population genetic approaches could accelerate the identification of potential candidate genes
involved in petal spot development, in parallel to experiments using GdMYB8 genes as an entry point
into molecular exploration of the petal spot developmental pathway. Ultimately, G. diffusa has much
potential as a study system for investigating the genetics underlying complex floral patterning and the
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evolution of floral divergence. The use of natural variation within the system as a basis for comparative
frameworks and complementary interdisciplinary approaches should greatly aid these objectives. The
work presented within this thesis provides an important foundation of knowledge, particularly within
the Spring morphotype, from which further hypotheses and experimental tools can be developed.
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Appendices

Appendix 1. Media and Solutions

CTAB

2% (v/v) B-Mercaptoethanol, 2% (w/v) CTAB, 2% (w/v) PVP, 1.4M sodium chloride, 20mM EDTA pH
8, 100mM tris-hydrochloride pH 8

gDNA extraction buffer
250mM Tris-HCL pH 7.5, 250mM NaCl, 25mM EDTA, 1% SDS

TE buffer
10mM Tris-HCl pH 7.6, 1mM EDTA pH8

DNase | (homemade buffer)
10mM tris-hydrochloride, 1mM calcium chloride, and 2.5mM magnesium chloride

TBE buffer
45mM Tris base, 45mM boric acid, 2mM EDTA pH8

Gel loading buffer
100mg Orange G dye, 15ml glycerol, up to 50ml with H20

LB
10g/I tryptone, 10g/l sodium chloride, 5g/I yeast Extract
For solid media: 6g/| bacto-Agar (Sigma-Aldrich)

E. coli freezing solution
60mM CaCly, 15% (v/v) glycerol, 10mM PIPES pH7

Eco-Taq Master Mix
0.5ul ecotag enzyme, 1ul forward primer, 1ul reverse primer, 4l ecotaq buffer, 13.5ul ddH,0

Alkaline lysis purification solutions

Solution 1: 50mM glucose, 25mM TrisHCI pH8, 10mM EDTA pH8
Solution 2: 0.2M NaOH, 1% (w/v) SDS

Solution 3: 3M potassium acetate, 5M glacial acetic acid

Gibson assembly isothermal buffers
2% (w/v) PEG-80000, 500mM Tris-HCL pH7.5, 50mM MgCl,, 50mM DTT, 1mM dATP, 1mM dTTP,
ImM dCTP, 1ImM dGTP, 5mM NAS

Half-MS
2.2g/I Murashige-Skoog Medium with vitamins (Duchefa), 35g/I sucrose, ddH,0

MS9 media (tobacco transformation)
4.4g/l Murashige-Skoog Medium with vitamins (Duchefa), 20g/| sucrose, ddH,0

MS media (tobacco transformation)
containing 4.4g/| Murashige-Skoog Medium with vitamins (Duchefa), 30g/Il sucrose, ddH,0
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Appendix 2. Primers

GeneRacer.R
GeneRacer.Rn
M13.F

M13.R
GdEF-2.gP.F
GdEF-2.qP.R
GdEF-2C.qP.F
GdMYB8a.gP.F
GdMYB8a.gP.R
GdMYB8aC.gP.F
GdMYB8b.qP.F
GdMYB8b.qP.R
GdMYB8bC.qgP.R
GdMYB8c.qP.F
GdMYB8c.qP.R
GdMYB8d.qP.F
GdMYB8d.qP.R
GdMYB8dC.qgP.F
GdMYB8dC.gP.R
GdANS.qP.F
GdANS.qP.R
GdDFR.qP.F
GdDFR.gP.R
GdMAT1.gP.F
GdMAT1.gP.R

3'RACE primer

3'RACE nested primer

Used in colony PCR to amplify insert in the pBLUE vector
Used in colony PCR to amplify insert in the pBLUE vector
Reference gene for gRT-PCR in Spring

Reference gene for gRT-PCR in Spring, Cal, and Stein
Reference gene for gRT-PCR in Cal and Stein
GdMYB8a for gRT-PCR in Spring and Stein
GdMYB8a for gRT-PCR in Spring, Cal, and Stein
GdMYB8a for gRT-PCR in Cal

GdMYB8b for gRT-PCR in Spring and Cal

GdMYB8b for qRT-PCR in Spring

GdMYB8b for gRT-PCR in Cal

GdMYBS8c for gRT-PCR in Spring, Cal, and Stein
GdMYBS8c for gRT-PCR in Spring, Cal, and Stein
GdMYB8d for qRT-PCR in Spring

GdMYB8d for gRT-PCR in Spring

GdMYB8d for gRT-PCR in Cal and Stein

GdMYB8d for gRT-PCR in Cal and Stein

GdANS for gRT-PCR in Spring and Cal

GdANS for gRT-PCR in Spring and Cal

GdDFR for qRT-PCR in Spring and Cal

GdDFR for qRT-PCR in Spring and Cal

GdMAT]1 for qRT-PCR in Spring, Cal, and Stein
GdMAT]1 for qRT-PCR in Spring, Cal, and Stein

GCTGTCAACGATACGCTACGTAACG
CGCTACGTAACGGCATGACAG
GTAAAACGACGGCCAGT
CAGGAAACAGCTATGAC
CAACTGCAGCGGGTCCATTAT
CAGCTGTCATAACTTGCCCTGAA
ACTGCAGCGGGTCCATTATGT
TCTACTCAAAACACCAAATGATGATCTT
AACTTCGGTGCCAGTGTT
CCTACTCAAAACACCAAATGATGATCTT
AAACACGAAAAGCAAACGGACA
AAAAGATAGGGTTAGGAACATCAACGT
GGTTAGGAACATCAACGGTGTGAA
TTCTTTGGTGGAGAGGCAGG
GATAGGGGTAGGAACATCAAAGTTGTT
ACAAAATGTCCCCAACTTTAATCTCGTC
GACCACCCAATTTCACAGTCAAATTCATC
GTGGTCATTTGGTGGTTCTTCGA
TTCCGAATGTAGCAAGTCCCACATG
CGTTCCCGGAGGAGAAAC
GTGGCGAGTGCTCGTAG
GCGAAAACAGTCAAGAGGCTAGTT
AATGTCCCTCATCGTAAACAGGAAGT
CCATCTTTTCTTCTACGAATTCCCCTACTC
TGACACCTGAATTATTAGGGTTGGA

Name Amplified product description Sequence Chapter
GdActin.F Reference gene for checking cDNA synthesis has worked CCAAGGGCAGTGTTTCCTAGT 2
GdActin.R Reference gene for checking cDNA synthesis has worked TGGTACGACCACTGGCATAG

A AP dbdbArArEEPPAEPAEPAPEEAEEAEEEAEANMNMNNMNMNNMNMNDNMNN
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Name Amplified product description Sequence Chapter
GdMYB8a.F Used to amplify full length GAMYB8a GAAATAGAAATGAGCATGTACTTC 4
GdMYB8a.R Used to amplify full length GdAMYB8a CAATCTCAATCTTTATGCAAC

GdMYB8b.F Used to amplify full length GAMYB8b GAATTTCATCTTTGTCTTCTACA

GdMYB8b.R Used to amplify full length GAMYB8b CAACTTCCATTCATCTTGGA

GdMYBS8c.F Used to amplify full length GAMYBS8c CAATAAAAACGAGCATGTACATC

GdMYB8&c.R Used to amplify full length GdMYB8c AATATGAGTAAAAGATAGGGGTAGGA

GdMYB8&d.F Used to amplify full length GAMYB8d ACATGATAGGCTCCTCCCATCTG

GdMYB8&d.R Used to amplify full length GdMYB8d CTAGAGACAATTATTTCACAGGAATCTGAG
NtEF1.qP.F NtEF-1 reference gene for qRT-PCR in N. tabacum TGAGATGCACCACGAAGCTC

NtEF1.qP.R NtEF-1 reference gene for qRT-PCR in N. tabacum CGTTAAACCCAACATTGTCACCAG

NtUBC.gP.F NtUBC reference gene for qRT-PCR in N. tabacum GCAGCACGCATGTTCAGTGA

NtUBC.qP.R NtUBC reference gene for gRT-PCR in N. tabacum CAGTCTGCTGTCCAGCTCTG

GdMYB8a.tob.gP.F
GdMYB8a.tob.gP.F
GdMYB8bc.tob.qP.F
GdMYB8bc.tob.gP.F
NtANS.qP.F
NtANS.gP.R
NtDFR.qP.F
NtDFR.qP.R
NtMAT.qP.F
NtMAT.gP.R
GdANS.F

GdANS.R
GdMATL.F
GdMAT1.R
GdDFR1.F
GdDFR2.F

GdMYB8a amplifying transgene for gRT-PCR in N. tabacum

GdMYB8a amplifying transgene for gRT-PCR in N. tabacum

GdMYB8b and GdAMYBS8c amplifying transgene for qRT-PCR in N. tabacum
GdMYB8b and GdMYB8c amplifying transgene for qRT-PCR in N. tabacum
NtANS gene for gRT-PCR in N. tabacum

NtANS gene for gRT-PCR in N. tabacum

NtDFR gene for gRT-PCR in N. tabacum

NtDFR gene for gRT-PCR in N. tabacum

NtMAT gene for qRT-PCR in N. tabacum

NtMAT gene for qRT-PCR in N. tabacum

Used to amplify full length GJANS

Used to amplify full length GJANS

Used to amplify full length GAMAT1

Used to amplify full length GAMAT1

In 5' UTR of GdDFR to amplify into gene

At start codon of GADFR to amplify into gene

AGGACAAGACACCACAGTCACA
CCTGAACCATTATGAACCCATTTAGGT
CACAAGACACCACGGTCACA
TGACCCATCATGAACCCATTTAGGT
TCCTCCACAATATGGTGCCTG
GGGTGTCCCCAATATGCATGA
ACTGAGTTTAAAGGCATCGATAAGGACT
TGAATTGAAACCCCATATCCGTCAG
CTCCTGATAAGGTTCGAGGTACAT
ATTCCATTCCATTCTCGTCGATCTCTTC
CACAACAAAACCACAAACAC
CAAAGAGCAACACTAATGTGATG
CACCATCCTCTCTCAACCAATTCA
CTCGAAACAAATCAAAACCAATCA
ACACTCACCACTCACCAGT
AAATGAAAGAGGATTCTCCTACCAC

(S IO 2 B O B O [ O R @ R O [ 5 RO R O [ O B O B O O I O B O [ 0 B O B O [ 03 Bt i S S . T ~ e~
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Name Amplified product description Sequence Chapter
GdDFR1.R In 3'UTR of one GdDFR 'variant' to amplify into gene CTTGATTTTATTGACTTGAACCA 5
GdDFR2.R In 3'UTR of several GADFR 'variant' to amplify into gene TACAAACCCCTGCCACATC 5
GdDFR3.R In 3'UTR of one GdDFR 'variant' (C) to amplify into gene CACCGTTTGTAATCTTTTCATTTACAG 5
GdDFR4.R In 3'UTR of one GdDFR 'variant' (D) to amplify into gene GAGCACCATTTGTAATCTTATTATGTAGA 5
GdDFR5.R In 3'UTR of one GdDFR 'variant' (A) to amplify into gene TGACCATCAACGTTTTTGACAGAA 5
GdDFR6.R In 3'UTR of all GADFR 'variant' to amplify into gene GCACCATTTGTAATCTTGTCATTTAGAG 5
Nt.geno.8a.F Used to genotype GdMYB8a transgenic N. tabacum AGGACAAGACACCACAGTCACA 5
Nt.geno.8bc.F | Used to genotype GdMYB8b transgenic N. tabacum CACAAGACACCACGGTCACA 5
Nt.geno.R Used to genotype transgenic N. tabacum, in transcribed portion of 35S terminator TTATCGGGAAACTACTCACACA 5
Y1H.DFR-1.F GdDFR promoter fragment 1 and restriction sites for cloning (also used in yeast colony PCR) CCGGAATTCCCATCAACCATCATGCATG 6
Y1H.DFR-1.R GdDFR promoter fragment 1 and restriction sites for cloning (also used in yeast colony PCR) GGCGAGCTCTTTGTTTTITTGTGTGTTTTGT 6
Y1H.DFR-2.F GdDFR promoter fragment 2 and restriction sites for cloning (also used in yeast colony PCR) CCGGAATTCCATCCGAACATGCCGAA 6
Y1H.DFR-2.R GdDFR promoter fragment 2 and restriction sites for cloning (also used in yeast colony PCR) GGCGAGCTCGATGGTTGCATGCATGAT 6
Y1H.DFR-3.F GdDFR promoter fragment 3 and restriction sites for cloning (also used in yeast colony PCR) GGCACGCGTCGGCATGTTCGGATGTTC 6
Y1H.DFR-3.R GdDFR promoter fragment 3 and restriction sites for cloning (also used in yeast colony PCR) GGCACGCGTTTCGGCATGTTCGGATG 6
Y1H.DFR-4.F GdDFR promoter fragment 4 and restriction sites for cloning (also used in yeast colony PCR) CCGGAATTCCTTAATAGCTCATTAACTTATGTG 6
Y1H.DFR-4.R GdDFR promoter fragment 4 and restriction sites for cloning (also used in yeast colony PCR) GGCGAGCTCCATCTAACCAAACAGCTTATACT 6
Y1H.MAT1-1.F | GAMATI1 promoter fragment 1 and restriction sites for cloning (also used in yeast colony PCR) | CCGGAATTCCGTACAAATATAAATCATAAACATATCAT 6
Y1H.MAT1-1.R | GAMATI1 promoter fragment 1 and restriction sites for cloning (also used in yeast colony PCR) | GGCGAGCTCGAATTGGTTGAGAGAGGAT 6
Y1H.MAT1-2.F | GAMATI1 promoter fragment 2 and restriction sites for cloning (also used in yeast colony PCR) | CCGGAATTCAGTTCAATATTTTTATATCTCGTT 6
Y1H.MAT1-2.R | GAMATI1 promoter fragment 2 and restriction sites for cloning (also used in yeast colony PCR) | GGCGAGCTCTGTTTATGATTTATATTTGTACGA 6
Y1H.MAT1-3.F | GAMATI1 promoter fragment 3 and restriction sites for cloning (also used in yeast colony PCR) | CCGGAATTCTGACAATGTTATAAATCTCTTATATG 6
Y1H.MAT1-3.R | GAMATI1 promoter fragment 3 and restriction sites for cloning (also used in yeast colony PCR) | GGCGAGCTCGAGATATAAAAATATTGAACTCTT 6
Y1H.MAT1-4.F | GAMATI1 promoter fragment 4 and restriction sites for cloning (also used in yeast colony PCR) | CCGGAATTCGGTTAACATGACTTGACTCA 6
Y1H.MAT1-4.R | GAMAT1 promoter fragment 4 and restriction sites for cloning (also used in yeast colony PCR) | GGCGAGCTCGAGATTTATAACATTGTCACATT 6
Y1H.MAT1-5.F | GAMATI1 promoter fragment 5 and restriction sites for cloning (also used in yeast colony PCR) | CCGGAATTCTTGAAAGGCAATACGTTGTT 6
Y1H.MAT1-5.R | GAMATI1 promoter fragment 5 and restriction sites for cloning (also used in yeast colony PCR) | GGCGAGCTCGTCAAGTCATGTTAACCAATTCA 6
Y1H.MAT1-6.F | GAMATI1 promoter fragment 6 and restriction sites for cloning (also used in yeast colony PCR) | CCGGAATTCTATATTACCGTGCGTCCAAA 6
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Name Amplified product description Sequence Chapter
Y1H.MAT1-6.R | GAMATI fragment 6 and restriction sites for cloning (used in yeast colony PCR) GGCGAGCTCCAAAAAATATACTTCTTAAATGTCTAT 6
Y1H.ANS-1.F GdANS fragment 1 and restriction sites for cloning (also used in yeast colony PCR) CCGGAATTCCATCATCCTCCCATAAAACCA 6
Y1H.ANS-1.R GdANS fragment 1 and restriction sites for cloning (also used in yeast colony PCR) GGCGAGCTCGGATGTATTCTTTTGGGATTTGAT 6
Y1H.ANS-2.F GdANS fragment 2 and restriction sites for cloning (also used in yeast colony PCR) CCGGAATTCAATGGATATAAAAAGTACCAATATAAGCACA 6
Y1H.ANS-2.R GdANS fragment 2 and restriction sites for cloning (also used in yeast colony PCR) GGCGAGCTCTGGTTTTATGGGAGGATGATG 6
PR.GADFR.F GdDFR promoter region AGAAACCATGTTACTTGTTACGACA 6
PR.GAMAT1.F | GdAMATI1 promoter region GTAACCGCTTTCTACCTTCTATCTCTCTT 6
PR.GAMYB8a.F | GdMYB8a promoter region CCTATAACTAATTAGAAACACTACCGTAC 6
PR.GAMYB8b.F | GdAMYB8b promoter region TCTATTTATTATCTGGAGCTCAACTTT 6
PR.GAMYB8c.F | GdAMYBS8c promoter region AAGAACCCCAAATCATTTTCCTTT 6
TG.GdMYB8a.F | Used to amplify GdMYB8a transgene in G. diffusa transformation AATGTACAACACCACTTGC 6
TG.GdMYB8a.R | Used to amplify GdAMYB8a transgene in G. diffusa transformation TCAAAGTTGTCCTGAATATAAC 6
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Appendix 3. Chapter 3 Supplementary Information
The filtering criteria outline in Section 3.2.2 resulted in a final dataset of 75 samples genotyped with
6,231 SNPs. The retained SNPs for different MAF values were as follows: MAF0 12772 sites kept, mean
depth=33.3, stdev=10.3; MAF 0.05 2798 sites kept, mean depth=33.3, stdev=11.2; MAF 0.1 1920 sites
kept, mean depth=33.5, stdev=11.3.

) Proportion of individuals ]
Population L Sample size
containing marks
HO1 0.86 7
HO02 0.86 7
HO3 0.88 8
HO4 1.00 5
MO01 0.71 7
MO02 0.71 7
MO03 0.71 7
RO1 1.00 7
RO2 1.00 7
SPO1 0.58 12
SP02 0.58 12
SPO3 0.58 12
NA10 0.58 12
NA11 0.75 12

Supplementary Table 1. The proportion of individuals from each population that have ‘marks’ -

anthocyanin at the base of the plain ray floret.
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Melkri !

Supplementary Figure 1. Map of the sites where the Spring morphotype of G. diffusa has been
identified, represented by dots. Dot colour indicates the following: (pink) sites sampled in this

analysis, (green) Spring sites not sampled, (grey) contact sites with another morphotype containing
hybrids.
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Supplementary Figure 2. The first 2 principal components from a PCA analysis on the genetic structure within the Spring morphotype. Each graph is from a
dataset containing a different minimum allele frequency (MAF): a) MAF=0, b) MAF=0.05, c) MAF=0.10
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Supplementary Figure 3. Admixture plots illustrating the clustering of individuals, based on genetic variants. The x axis represents

individuals segregated into populations and the y axis indicates the K value which is the number of clusters specified in the analysis. a) - c)

are the same dataset but filtered with different MAF values (a) 0, (b) 0.05, (c) 0.1.
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MAFO HO1 HO2 HO3 HO4 Mo1 M02 MO03 NA10 NA1l RO1 R0O2 S SP01 SP02 SP03

HO1 0.0055 | 0.0065 | 0.0831 0.029 0.0404 | 0.0476 | 0.0328 | 0.0256 | 0.0169 | 0.0258 | 0.0525 | 0.0223 | 0.0482 | 0.0674

0.037 0.0285 | 0.1075 | 0.0483 | 0.0621 | 0.0719 | 0.0519 | 0.0476 | 0.0414 | 0.0485 | 0.0778 | 0.0449 | 0.0711 0.095

HO2 |0.019329 0.0025 | 0.0902 | 0.0285 | 0.0372 | 0.0441 0.025 0.0154 | 0.0124 | 0.0243 0.053 0.0213 | 0.0321 | 0.0525

' 0.0285 | 0.1208 | 0.0523 | 0.0634 | 0.0723 | 0.0509 | 0.0427 0.04 0.0485 | 0.0826 | 0.0458 | 0.0648 | 0.0792

HO3  |0.018463|0.015225 0.0839 | 0.0361 | 0.0437 0.046 0.0291 0.025 0.0201 | 0.0278 | 0.0497 0.024 0.043 0.0621

0.1126 | 0.0528 | 0.0639 | 0.0708 | 0.0518 | 0.0496 | 0.0421 | 0.0455 0.071 0.0477 | 0.0687 | 0.0856

HO4 |0.095907|0.103447 | 0.09812 0.0636 | 0.0831 | 0.0896 0.078 0.0919 | 0.0833 | 0.0829 | 0.1338 | 0.0906 | 0.1084 | 0.1057

0.0867 | 0.1081 | 0.1145 | 0.1033 | 0.1165 0.108 0.1065 | 0.1607 | 0.1153 | 0.1376 | 0.1341

Mo1 | 0039344 | 0.039289 | 0.023716| 0.07446 0.0189 | 0.0196 | 0.0361 | 0.0368 | 0.0307 | 0.0342 0.06 0.0224 | 0.0584 | 0.0603

0.0388 | 0.0372 | 0.0562 | 0.0554 0.052 0.0512 | 0.0786 0.043 0.0825 | 0.0808

Mo2 10051706 | 0.02924 |0.053245 | 0.09412 |0.028798 0.0376 | 0.0469 | 0.0454 | 0.0377 | 0.0424 | 0.0709 | 0.0351 | 0.0667 | 0.0769

0.058 0.0722 | 0.0645 | 0.0569 | 0.0605 | 0.0943 | 0.0518 | 0.0919 0.102

MO03 |0.058091 0.05727 |0.055187 | 0.10108 |0.028857 | 0.04702 0.0583 | 0.0501 | 0.0425 | 0.0523 | 0.0823 | 0.0505 | 0.0695 | 0.0757

0.076 0.0692 | 0.0634 | 0.0717 | 0.1026 | 0.0691 | 0.0975 | 0.0966

NA10 |0.041479(0.039023|0.041586 |0.088825|0.045875 |0.058612 | 0.066049 0.0236 | 0.0153 | 0.0209 | 0.0602 | 0.0169 | 0.0476 0.056

0.0403 | 0.0322 | 0.0368 | 0.0851 | 0.0324 | 0.0685 | 0.0809

NA11 |0.035693|0.029351|0.036472|0.102972|0.044153 | 0.054829 | 0.060628|0.029114 0.0007 | 0.0046 | 0.0541 | 0.0099 | 0.0422 | 0.0585

0.0172 | 0.0206 | 0.0751 | 0.0288 | 0.0651 | 0.0836

RO1 0.029406 | 0.026568 | 0.030649 | 0.097166 | 0.04082 |0.047701|0.054005 [0.025108 | 0.009383 ©0.0034 1 0.039 0.0018 | 0.0405 | 0.0537

0.0129 0.061 0.0212 | 0.0615 | 0.0774

R0O2 |0.0355720.035357|0.035962|0.096804 | 0.042915|0.051171 { 0.061565 | 0.028314 (0.011983 | 0.00438 0.0499 | 0.0076 | 0.0333 | 0.0553

0.0678 | 0.0219 | 0.0544 | 0.0781

S 0.064774|0.069213 | 0.059998 | 0.148732 | 0.068862 | 0.082428 | 0.092634 | 0.072476 | 0.064938 | 0.048559 | 0.060171 0.0436 | 0.0708 | 0.0933

0.0654 0.096 0.1188

0.0323 | 0.0624

SP01 |0.033368| 0.0319 |0.034857|0.104471| 0.03225 |0.043286 |0.059603 | 0.024058 | 0.019805 | 0.01122 |0.015257 { 0.053376 0.0532 | 0.0853

SP02 |0.059389|0.049686 |0.057413|0.123966 | 0.069157 | 0.078154 | 0.084004 | 0.057407 | 0.054147 | 0.050874 | 0.045183 | 0.083305 | 0.043052 882;;
SP03 | 0.080601|0.064216|0.072487|0.118254|0.070581 | 0.089198 | 0.086393 | 0.068462 | 0.070565 | 0.065813 | 0.066285 | 0.105215|0.072274 | 0.074269
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MAF5 HO1 HO02 HO3 HO04 Mo1 M02 MO03 NA10 NA11l RO1 R02 S SP01 SP02 SP03
HO1 0.01f 0.0064 0.081| 0.0253| 0.0387| 0.0447| 0.0286| 0.0205| 0.0148| 0.0223| 0.0554| 0.0212| 0.0453| 0.0678
0.042| 0.0359] 0.1167| 0.0491] 0.0668| 0.0712] 0.0572] 0.0485 0.043| 0.0482| 0.0818| 0.0462| 0.0707| 0.0962
HO2 | 0.025797 -0.0019| 0.0948| 0.0276| 0.0363| 0.0503] 0.0258| 0.0155 0.0109| 0.0231| 0.0572| 0.0196| 0.0342f 0.0508
' 0.0303| 0.1257| 0.0546/ 0.0692 0.078| 0.0574| 0.0482| 0.0449| 0.0575| 0.0909| 0.0487( 0.0672| 0.0792
HO3  |0.021835|0.014436 0.0785| 0.0356| 0.0461 0.046 0.032| 0.0243| 0.0182| 0.0231| 0.0555| 0.0232| 0.0462f 0.0564
0.1129| 0.0568| 0.0729| 0.0696| 0.0564| 0.0509( 0.0446| 0.0458| 0.0791| 0.0487 0.077| 0.0848
Hoa |0.097572|0.110185 | 0.096952 0.0564( 0.0737| 0.0875| 0.0721| 0.0879| 0.0747| 0.0781| 0.1357| 0.0833| 0.1091 0.102
0.0837 0.102| 0.1227| 0.0985| 0.1156] 0.1053] 0.1111 0.165 0.115] 0.1404| 0.1389
Mol | 0.037566 | 0.021702 |0.046338 | 0.069733 0.0152f 0.0208 0.035| 0.0352| 0.0335| 0.0338 0.061| 0.0226] 0.0576( 0.0627
0.04| 0.0421| 0.0574| 0.0573 0.059| 0.0539] 0.0862| 0.0451] 0.0834| 0.0868
Moz 10052783 | 0.053349 | 0.060791 | 0.088507 | 0.026741 0.0342| 0.0474| 0.0452 0.039| 0.0404| 0.0808| 0.0339| 0.0661f 0.0698
0.0589| 0.0728| 0.0738| 0.0662 0.066| 0.1055| 0.0573| 0.0963| 0.1011
MO03 |0.060324(0.065771|0.057456 | 0.10435 |0.032014 |0.044413 0.059| 0.0524 00464 0.0518 0.0851 0.052 0.076)  0.0799
0.0834| 0.0763| 0.0724| 0.0737| 0.1109| 0.0769| 0.1024| 0.1077
NA10 |0.042852(0.045232|0.044158|0.085815|0.046178 | 0.059396 | 0.071022 0.0162) 0.0101 00132 0.0634) 0.0111 0.046] 0.0536
0.0372| 0.0339] 0.0339] 0.0882| 0.0342] 0.0741] 0.0823
NA11 |0.035397(0.033595|0.037838|0.101545|0.045572 (0.060431 | 0.064487 |0.027043 0.0042 0 00541 0.0099] 004321  0.0584
0.0214 0.021| 0.0784| 0.0328| 0.0704| 0.0837
RO1 0.029085|0.028951 | 0.032769 | 0.091066 | 0.044176 | 0.052309 | 0.05839 [0.023077|0.009515 ©0.0063]  0.0363) 0.0007) 0.0405 0.0504
0.0188| 0.0603| 0.0245| 0.0664| 0.0811
RO2 |0.035595|0.038946|0.036323|0.092721|0.044311|0.053617 | 0.062078|0.023741|0.009219 | 0.007332 0.0504)  0.0061  0.0356) 0.0549
0.0791| 0.0267| 0.0602] 0.0814
S 0.069199| 0.07718 |0.068393|0.149887|0.074425 | 0.090899|0.096628 | 0.076538 | 0.066531 | 0.050139 | 0.064363 0.0477)  0.0777)  0.0976
0.0727| 0.1026] 0.1255
0.0357| 0.0612
SP01 |0.034442|0.035086 | 0.036864|0.099321(0.032147|0.046152 |0.062937|0.021329|0.022566 | 0.012391|0.016705 | 0.060107 0.0586|  0.0872
SP02 |0.0596310.052941|0.063156|0.124758 {0.071081|0.080385 | 0.089031 | 0.060803 | 0.056857 | 0.05496 |0.047953 [ 0.091057 | 0.048065 882;;

SP03 | 0.082207|0.065793|0.073205|0.119818 | 0.072819|0.087055 | 0.09229 |0.068396 | 0.07169 |0.066331 |0.066402 | 0.109925|0.072308 | 0.077956
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MAF10 HO1 HO02 HO3 HO04 Mo1 M02 MO03 NA10 NA11l RO1 R02 S SP01 SP02 SP03
HO1 0.0075( 0.0057| 0.0869| 0.0308| 0.0428 0.051| 0.0284 0.0239| 0.0169 0.029| 0.0516| 0.0236| 0.0431| 0.0771
0.0431 0.033] 0.1245 0.057| 0.0718] 0.0813] 0.0586| 0.0503| 0.0453] 0.0553] 0.0794| 0.0491| 0.0837| 0.1072
HO2 | 0.025907 0.0033| 0.1022| 0.0283| 0.0369| 0.0556| 0.0298| 0.0152| 0.0107 0.0259 0.049 0.017| 0.0332] 0.0534
' 0.0359| 0.1414| 0.0543| 0.0706] 0.0873| 0.0606| 0.0465| 0.0434| 0.0561| 0.0882| 0.0502| 0.0726| 0.0855
Ho3 |0.019584 |0 018335 0.0829 0.039| 0.0482| 0.0496| 0.0324| 0.0286| 0.0236| 0.0295| 0.0475| 0.0286( 0.0487| 0.0638
0.1205| 0.0628| 0.0737| 0.0831| 0.0644| 0.0591| 0.0545 0.057| 0.0764| 0.0607| 0.0782| 0.0928
Hoa 10106301 |0.122602 | 0.101731 0.0577{ 0.0763 0.093| 0.0703| 0.0881| 0.0793| 0.0855| 0.1349| 0.0908( 0.1118| 0.1047
0.0908| 0.1121] 0.1304| 0.1089| 0.1216| 0.1117 0.1199] 0.1708| 0.1247| 0.1535| 0.1405
Mol | 0.04a716| 0.04183 |0.051571|0.073699 0.0178| 0.0235| 0.0388] 0.0363| 0.0314| 0.0386( 0.0588| 0.0207| 0.0613| 0.0612
0.0421] 0.0451] 0.0639] 0.0619] 0.0554] 0.0606/ 0.0857 0.044| 0.0949| 0.0848
MO2 | 0.057017| 0.05405 |0.062179|0.096026 | 0.030519 0.0397| 0.0505| 0.0498| 0.0367| 0.0462| 0.0723| 0.0335| 0.0691| 0.0819
0.0672| 0.0754| 0.0747| 0.0678| 0.0723| 0.1029| 0.0585| 0.1002| 0.1092
MO03 |0.065882(0.067938| 0.06397 |0.111854|0.033889|0.051721 0.0574)  0.0525 0.044 0.055|  0.0845) 0.0516) 0.0783|  0.0802
0.0887| 0.0776| 0.0724| 0.0804| 0.1121] 0.0789| 0.1129| 0.1089
NA10 |0.042999|0.042807|0.045996 | 0.088925 | 0.049355 (0.063186 | 0.071964 0.016  0.0105) 0.0186] 0.0588] 0.0106 0.041) 0.0561
0.043] 0.0355| 0.0471] 0.0922] 0.0375| 0.0754| 0.0858
NA11 | 0.03726 |0.030645|0.045067 {0.105192|0.049143 (0.061159|0.064707 | 0.028689 ©0.005) 0.0028  0.0545 0.01011 0.0431  0.0604
0.0192f 0.0243| 0.0826/ 0.0331| 0.0707| 0.0918
RO1 0.029432|0.026277 | 0.038362 | 0.096106 | 0.044467 | 0.051599|0.055572 | 0.02102 |0.007451 "0.67) 0.0395 -0.0032  0.04021 0.0548
0.015| 0.0699| 0.0244| 0.0734| 0.0872
RO2 |0.041139|0.039937|0.041662|0.100717 | 0.049245|0.057782 | 0.066904 | 0.029128 | 0.014299 | 0.004693 0.0544) 0.0063) 0.0385 0.0587
0.0781| 0.0275| 0.0676] 0.0828
S 0.065084 | 0.070148 | 0.063462 | 0.155296 | 0.073006 | 0.08857 |0.098562 |0.076286 | 0.06734 |0.052537 | 0.064774 0.0422)  0.0748)  0.0982
0.073| 0.1073| 0.1302
0.0315( 0.0599
SP01 |0.0350570.033627|0.042717|0.108001 [ 0.032939|0.045012 | 0.065733 | 0.02277 |0.022347|0.012491|0.015932 | 0.057926 0.0598|  0.0943
SP02 |0.063505|0.053768|0.065071|0.134678 | 0.078402 | 0.087007 | 0.094794 | 0.059926 | 0.057557 | 0.056823 | 0.051812 | 0.091518 | 0.047127 8822;

SP03 |0.0914880.067318|0.079575|0.124851|0.073426| 0.0957 |0.092522|0.070971|0.074407 | 0.069594 |0.069003 | 0.112516|0.079186 | 0.080832

Supplementary Figure 4. Matrix of pairwise Fst, mean Fsrvalues are presented in lower left section and confidence intervals (2.5%, 97.5%) in the upper
right section. a) - ¢) are the same dataset but filtered with different MAF values (a) 0, (b) 0.05, (c) 0.1.
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Supplementary Figure 5. Clustered fineRADstructure coancestry matrix. Individuals are listed along with the
population from which they derive. The colour of each square represents the results of a pairwise comparison of
estimated coancestry between two individuals based on similarity between RAD loci. The relative coancestry is
illustrated, with high levels indicated by blue colouration and lower levels indicated by yellow. The phylogeny is
illustrative of relationships between populations but does not represent true population history. a) - c) are the same
dataset but filtered with different MAF values (a) 0, (b) 0.05, (c) 0.1.
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Supplementary Figure 6. Scatterplots illustrating variation in ray floret measurements. Principal
component (PC) scores are along each axis, with values computed from a principal component analysis
(PCA). Percentages indicate the amount of variation each PC explains. a) Each datapoint represents an
individual and datapoints are colour coded by population. b) - d) Each datapoint represents a capitulum
and datapoints are colour coded by individual. Every scatterplot b) - d) represents an individual
population b) HO1 c) M02 c) RO1.
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Pop 1 2 3 4 5 6 7 8
H1 0.593 +0.021 | 0.734+0.019 | 3.187 +£0.084 | 3.184 +0.082 3.545 + 0.076 0.438 £ 0.016 0.450 + 0.015 0.420+0.013
H2 0.613+0.024 | 0.684 £0.013 | 3.041+£0.074 | 3.031+0.072 3.379+0.120 0.468 £ 0.014 0.467 £ 0.016 0.448 + 0.007
H3 0.604 +0.016 | 0.776 £0.029 | 3.303 £0.203 | 3.286+0.201 3.474 £ 0.173 0.427 £0.026 0.429 £0.024 0.445 + 0.023
H4 0.599+0.026 | 0.786 £0.039 | 3.332+0.112 | 3.325+0.114 3.725+0.155 0.422 +0.015 0.426 +£0.014 0.412 £ 0.017
M1 0.671+0.030 | 0.701£0.006 | 2.320+0.075 | 2.230+0.083 2.682 +0.044 0.483 £0.034 0.526 £ 0.0135 0.511+0.044
M2 0.628 £ 0.011 | 0.749+£0.017 | 3.158+0.216 | 3.143+0.210 3.287 £ 0.070 0.454 £+ 0.021 0.452 +0.016 0.456 £ 0.010
M3 0.603 +£0.042 | 0.729+0.032 | 3.034+0.077 | 3.010+0.073 3.210+0.102 0.470 £ 0.017 0.457 £ 0.019 0.473 £0.017
NA10 | 0.595+0.023 | 0.720+£0.017 | 3.129+0.125 | 3.124+0.125 3.396+0.130 0.483 £ 0.020 0.485 £ 0.020 0.453 £0.018
NA11 0.619+0.019 | 0.662 +0.020 | 2.974+0.114 | 2.965+0.113 3.272+£0.130 0.517 £ 0.015 0.517 £ 0.016 0.468 £ 0.019
R1 0.546 +£0.011 | 0.736+0.035 | 3.138+£0.135 | 3.138+0.133 3.362+0.103 0.445 +0.024 0.454 +0.024 0.430+0.011
R2 0.593 +0.018 | 0.729+0.023 | 2.865+0.141 | 2.871+0.145 3.079 £ 0.145 0.493 £ 0.020 0.501 + 0.022 0.463 £ 0.021
SP01 0.617+0.017 | 0.710£0.019 | 2.889+0.094 | 2.880+ 0.094 3.202+0.111 0.512+0.016 0.587 +0.016 0.483 £0.013
SP02 0.630+0.015 | 0.673+0.013 | 2.852+0.084 | 2.846+0.084 3.022 +0.103 0.492 £ 0.013 0.497 £0.014 0.491+£0.014
SP03 0.634+0.017 | 0.697 £0.013 | 2.857 £0.093 | 2.851+0.093 3.153 £ 0.088 0.520 £ 0.015 0.531+£0.016 0.468 £ 0.011

Supplementary Table 2. Mean floral trait values per population £ S.E. These traits were used in the principal components analysis presented in Fig 3.6.
Traits are as follows: (1) Ratio between the height of the spot and the spotted ray floret, (2) Ratio between the height of the spotted ray and the plain ray
floret, (3) Aspect ratio of the spot, (4) Aspect ratio of the spotted ray floret, (5) Aspect ratio of the plain ray floret (6) Circularity of the spot, (7) Circularity
of the spotted ray floret, (8) Circularity of the plain ray floret.
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Trait PC1 PC2 Cal Spring
1 -0.34965 | 0.154689 1| 0.18 £0.005
2 0.287551 | 0.401859 209 £1.52 226 £0.98
3 0.352264 | 0.128093 72.8+1.1 119+2.09
4 -0.1808 | -0.38683 | 0.32+0.006 | 0.26 +0.007
5 -0.1007 | 0.426266 20+£1.09 12.8+1.09
6 0.336673 | 0.34084 101 +£0.93 121 +1.02
7 0.328455 -0.1551 | 1.63+0.032 | 2.96 £0.043
8 0.299936 | -0.2561 | 1.37 £0.027 1.87£0.03
9 -0.28482 | 0.374385 | 0.51+0.005 | 0.37 +0.008
10 0.332954 | -0.27192 1 0.55+0.01

Supplementary Table 3. The relative loadings of floral trait measurements from the Cal and Spring
morphotypes on each principal component (PC1 and PC2) for the analysis presented in Fig 4.6. Traits
are as follows (1) Proportion of ray florets within a capitulum that are spotted. (2) Red values (from
red-green-blue extracted values) of the plain segment of the spotted ray floret. (3) Green values (from
red-green-blue extracted values) of the plain segment of the spotted ray floret. (4) The length of the
plain segment of the spotted ray floret (from the top of the spot to the tip of the ray floret). (5) Blue
values (from red-green-blue extracted values) of the plain segment of the spotted ray floret. (6) Mean
brightness value on the plain segment of the spotted ray floret. (7) Aspect ratio of the spotted ray
floret. (8) Aspect ratio of the spot. (9) The length of the plain segment of the spotted ray floret as a
proportion of the total ray floret length. (10) The area of the spot as a proportion of the total spotted

ray floret area. The mean # S.E. trait values are given for Cal and Spring morphotypes.
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Wild type  MYB8a MYB8b  MYBS8c

Supplementary Figure 7. T1 Nicotiana tabacum stably transformed with GdMYB8 genes on a
constitutive promoter (35S::GdMYBS8). a) Representative leaves and flowers from one line of
GdMYB8a, GAMYB8b, GdAMYBS8c transformants compared to wild type. The line presented here was

chosen as typical for each set of transformants, the full range of phenotypes across lines is presented
in the main text.
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Alignment Position | Amino Acid
96 T/1
127 H/Y
133 H/Y/N
148 P/S
150 Y/S
152 T/S
182 A/S
406 W/G
190 A/NV
267 M/R
269 K/Q
286 L/I
314 N/D
354 A/D
356 S/L
392 S/A

Supplementary Table 4. Positions in GAMAT1 alignment (position one being the M
encoded by the start codon) were there was variation in the amino acid sequence
present.

Alignment Position | Amino Acid
25 R/STOP
44 E/K

45 K/N

50 V/A

72 F/S

85 E/V
109 L/P
113 R/W
138 H/N
144 D/E
151 L/STOP
152 D/E
214 A%
269 E/K
274 E/G
288 K/T

Supplementary Table 5. Positions in GADFR alighment (position one being the M encoded
by the start codon) were there was variation in the amino acid sequence present. STOP
indicates the position of the stop codons in the gDNA variants thought to be pseudogenes.

Transgenic N. tabacum gene expression data t-tests

Results of the t-tests testing whether the expression levels determined through qRT-PCR, of NtANS,
NtDFR, and NtMAT in transgenic tobacco (transformed with either GdMYB8a, GAMYB8b, GdMYBS8c on
a constitutive promoter), differ significantly from wild type N. tabacum expression levels in petal
tissue. All pairwise comparisons are with wild type N. tabacum: NtANS (GdMYB8a t=2.37 p=0.03,
GdMYB8b t=7.77 p<0.0001, GdAMYB8c t=5.13 p=0.0002 ), NtDFR (GdMYB8a t=5.39 p=0.0001,
GdMYB8b t=8.3 p<0.0001, GdAMYBS8c t=5.96 p=0.0001 ), NtMAT1 (GdMYB8a t=-0.60 p=0.66, GAMYB8b
t=-1.73 p=0.30, GAMYBS8c t=-1.95 p=0.30).
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G. diffusa stable transformation media

cSIM

For 1L: 4.4g Murashige-Skoog Medium with vitamins (Duchefa), 30g sucrose, 0.5mg/ml silver nitrate
(AgN03), 20mg/mlascorbic acid, 0.5g MES, 30mg L-cysteine, 25mg/l kanamycin, 1Img/mlIAA, 2mg/ml
trans-Zeatin riboside, 0.5mg/ml 2, 4-Dichlorophenoxyacetic, pH 5.9.

rSIM

for 1L: 4.4g Murashige-Skoog Medium with vitamins (Duchefa), 20g sucrose, 20mg/| ascorbic acid,
30mg/| L-cysteine, 25mg/l kanamycin, 250mg/I cefotaxime, 1mg/ml 1AA, 2mg/| trans-Zeatin
riboside, pH 5.9

siM
for 1L: 4.4g Murashige-Skoog Medium with vitamins (Duchefa), 20g sucrose, 20mg/|l ascorbic acid,
30mg/| L-cysteine, pH 5.9

MS9
for 1L: 4.4g Murashige-Skoog Medium with vitamins (Duchefa), 20g sucrose, 0.5mg/l IAA and 1mg/|
BAP

CCM
for 1L: 4.4g Murashige-Skoog Medium with vitamins (Duchefa), 30g sucrose, 2mg/I IAA, 0.25mg/I
trans-Zeatin riboside, 0.5mg/I 2, 4-Dichlorophenoxyacetic, pH 5.9

Yeast one-hybrid media

YPDA
for 1L: 20g peptone, 10g yeast extract, 75mg adenine, 2% (v/v) glucose, 100ml amino acid solution
(Appendix 6), 20g agar

Gel-shift buffers

Laemmli buffer
for 1L: 144.2g glycine, 30.3g tris base, 0.5% (w/v) SDS, pH 8.3

Coomassie blue
for 1L: 100ml glacial acetic acid, 450ml ddH,0, 3g Coomassie Dye (Brilliant Blue G, Sigma), 450ml
methanol

Base buffer
10mM Tris pH8, 250mM NaCl, 5% (v/v) glycerol

Lysis buffer
for 25ml: 24ml base buffer, 50ul 1M DTT, 1% (w/v) Sarkosyl, 250l 100mM PMSF
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Loading buffer
for 25ml: 24ml base buffer, 50ul 1M DTT, 1% (w/v) sarkosyl, 8.7mg imidazole

Washing buffer
for 50ml: 49ml base buffer, 100ul 1M DTT, 0.25g sarkosyl, 109mg imidazole

Annealing buffer
100mM tris pH7.5, 1.5M NaCl, 10mM EDTA pH8

Binding buffer
for 50ml: 1ml 1M tris pH8, 1.5ml 5M NacCl, 25ul 0.5M EDTA pH8, 100ul 1M MgCl,, igepal (NP-40)
10ul, 1% (v/v) glycerol, ddH,0 up to 50ml

Acrylamide gel
for 12ml: 1.8ml acrylamide (29:1), 600pl 10x TBE, 120l 10% (v/v) APS, 12pl TEMED, 9.6ml ddH,0

Gel-shift acrylamide gel buffers tested

1) (for 50ml) Tris 500ul (10mM), KCI 2.5ml (50mM), DTT 50ul (1ImM), ddH,0 46.95ml

2) (for 50ml) Tris pH8 1ml (20mM), NaCl 50ul (10mM), EDTA 200ul (2mM), DTT 100ul (2mM),
glycerol 5ml (10% v/v), ddH,0 43.65ml

3) (for 10ml) KCI 750ul (150mM), DTT 0.5ul (0.1mM), EDTA 1ul (0.1mM), Tris 100ul (10mM),
ddH,0 4.2ml

4) (for 50ml) Tris 500ul (10mM), NaCl 250ul (50mM), DTT 50ul (ImM), EDTA 100ul (1ImM),
glycerol 2.5ml (5% v/v), ddH,0 46.6ml

Y1H 10x dropout solution
In -HIS media ‘1’ is removed, in -HIS -LEU ‘1’ and ‘2’ are removed.

Amino acid 10x Concentration
L-Adenine hemisulfate salt 200mg/L
L-Arginine HCI 200mg/L
L-Histidine HCI monohydrate1 200mg/L
L-Isoleucine 300mg/L
L-Leucine? 1000mg/L
L-Lysine HCI 300mg/L
L-Methionine 200mg/L
L-Phenylalanine 500mg/L
L-Threonine 2000mg/L
L-Tryptophan 200mg/L
L-Tyrosine 300mg/L
L-Uracil 200mg/L
L-Valine 1500mg/L
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Solvent Gradient used in HPLC

Time/mins Solvent A % (0.5% formic acid) | Solvent B % (Acetonitrile)
0 95 5

2 95 5

42 0 100

47 0 100

48 95 5

53 95 5
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