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Plant parasitic nematode (PPN) species are estimated to cause a 12.3% annual yield
reduction of economically important crops making it essential that new mechanisms are
found to control these pests. The new generation nematicide, fluensulfone (Nimitz®),
displays potent nematicidal activity towards PPNs, including root-knot nematode
Meloidogyne spp. and potato cyst nematode, G. pallida. In comparison to phased out
nematicides and existing organophosphate- and carbamate-based nematicides, fluensulfone
has a significantly reduced environmental impact. The mode of action of fluensulfone
remains to be elucidated but preliminary experiments indicated that fluensulfone had
biological effects on Arabidopsis thaliana, we therefore used Arabidopsis as a system to

identify the molecular targets of fluensulfone.

Application of exogenous fluensulfone resulted in reduced seedling growth in the light.
However, application in the absence of light induced de-etiolation, characterized by
inhibition of hypocotyl elongation, cotyledon opening and accumulation of the chlorophyll
precursor, protochlorophyllide. Co-treatment with both natural (IAA) and synthetic auxins
(1-NAA, 2,4-D) were able to partially rescue this phenotype, but application of other
phytohormones did not. RNAseq analysis demonstrated differential expression of 7820 and
2666 genes following fluensulfone treatment in the light and dark, respectively. Functional
analysis based on gene ontology (GO) terms indicated enrichment of auxin-associated terms
within these differentially expressed gene sets and data set comparisons indicated
significant overlap in gene expression profiles after treatment with various auxin related

compounds. Three fluorescent reporter lines were also used to demonstrate a reduction in



auxin signalling at the root tip with auxin-induced degradation of the DII::VENUS reporter
being prevented following fluensulfone treatment for as little as 15 minutes. Furthermore,
comparisons with established auxin receptor antagonist, auxinole, displayed a similar de-
etiolated phenotype and inhibition of the DII::VENUS reporter degradation. Together our
results suggest that one primary effect of fluensulfone is a rapid alteration of the auxin

response in Arabidopsis.
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Chapter 1: General introduction
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1.1 Nematodes as agricultural burdens

1.1.1 An introduction to the Nematoda phylum

The phylum Nematoda is extremely diverse, with nematodes inhabiting an extensive
range of environments from marine to fresh water, polar to tropical regions and the
highest and lowest elevations. Although only 25,000 species have been described (Zhang,
2013), it is estimated there are closer to one million species in existence. Of the 25,000
nematode species identified, around half are free-living and are able to feed on bacteria
or microscopic organisms; the other half are parasitic (Maggenti, 1981) and are able to

parasitize a huge proportion of animal and plant species (Blaxter et al., 2011).

Animal parasitic nematodes, such as Anycyclostoma duodenale, are estimated to infect 1
billion people globally with infection being predominant in tropical regions and
developing countries (WHO, 2004). Infestation of nematodes in humans can cause a
range of debilitating symptoms from lack of energy and vigor to blindness and even
malformation (Bethony et al., 2006). Animal parasitic nematodes can also be prevalent in
livestock, causing productivity reduction, which furthers the economic burden (Jasmer et
al., 2003). Nematodes also contribute to a reduction in agricultural productivity via
infestation of plants and crops, including the economically important cereal crops - wheat
and maize. It is known there are over 4000 nematode species that are able to parasitize
plants and every crop plant is vulnerable to at least one species of plant parasitic
nematode (PPN) (Bridge and Starr, 2007). Therefore, parasitic nematodes present a

significant threat to economic development in the world’s poorest countries.

Nematodes are typically 5-100pum thick and 0.1-2.5mm long, however, the smallest
nematodes are microscopic whilst some parasitic species can reach up to one meter in
length (Ruppert et al., 2003). Many nematodes, such as Caenorhabditis elegans are free-
living, feed on bacteria and undergo four molts of the cuticle during growth. However,
other nematodes parasitize plants and animals and have hugely diverse life cycles that

exploit a range of biological niches (Lee, 2002).
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A L4/adult

o

oogenesis <O
egg lay

10

Li/L2d

mouth pharynx gut  anterior arm of gonad posterior arm of gonad
4@@ 2.8
o5
nerve ring  nerve cord spermatheca vulva eggs and embryos anus
in utero

Figure 1.1. Life cycle of C. elegans. L refers to ‘larval’ stages and dauer refers to the
period of time in which the larva is in a dormant-like state to survive harsh conditions. (B)
Anatomy of C. elegans adult. Figure retrieved from Blaxter, 2011.

In contrast to the range of life cycles, the nematode basic body plan is highly conserved
across phyla. Nematodes are unsegmented, worm-like animals described as
pseudocoelmates with a body consisting of a body wall separated from the inner tube
(alimentary system and gonad) by a pseudocoelom (Campbell and Reece, 2008). The body
wall consists of musculature, the epidermis and an outer body cuticle (Hyman, 1951)
which is molted between larval stages to reach a reproductively viable adult stage (figure

1.1A). The cuticle becomes specialized at each reproductive stage but continues to consist

15



The nematicide, Fluensulfone, alters auxin responses in Arabidopsis

of 9 layers of proteinaceous fibers (Watson, 1965); despite the cuticle being so complex,
it remains permeable to both water and gas, allowing respiration to occur through it.
Beneath this cuticle is a layer of longitudinal muscle which, combined with the internal
pressure, creates a thrashing action nematodes use to move. At the anterior end, there is
a mouth which contains 3 lips — and teeth in predatory species — and behind this is a
pharynx which expands and contracts to allow the pumping of food into the intestines
(Mapes, 1965). Additionally, the nematode nervous system is well developed, comprised
of a circum-pharyngeal nerve ring made of 4 nerve ganglia from which 6 longitudinal
nerves extend through the body along the gut and reproductive organs (Bird & Bird,
1991). 6 shorter nerves also extend toward the mouth parts (figure 1.1B). A large majority
of nematodes remain worm-like throughout the life cycle, with the exception of

sedentary endoparasitic PPNs which swell into a ball shape when they reach adulthood.

1.1.2 Plant parasitic nematode life cycle

Around 15% of all nematodes are obligate parasites of plants and are able to feed on
most parts of the host plant, including roots, stems, leaves and seeds (Fuller et al., 2008).
Those species that attack the root system of host plants are attributed to the highest level
of crop reduction and agricultural burden (Perry & Moens, 2013). PPNs either require a
host plant to allow growth or protection from predators/pathogens in the soil or use a

host plant to complete their lifecycle or allow reproduction to occur.

PPNs use a specialized organ, the stylet, to feed from the plant and classification of PPNs
can be inferred through stylet size and shape as this affects the mode and site of feeding.
PPNs tend to induce stunting of growth through diversion of essential nutrients and
disruption of osmotic transport (Fuller et al., 2008); this, subsequently, leads to
impairment of CO; and nitrogen fixation (Bird & Loveys, 1975; Huang, 1987), reducing
photosynthesis. PPN and infection of the roots retards root development, leading to
diminished nutrient and water uptake (Decker and Sveshnikovam, 1983). Although PPN
infection does not typically lead to host plant death, it is the sheer number of nematodes,
typically hundreds of thousands on one plant, which cause such a reduction in crop yield.

Host death usually occurs following introduction of a pathogen by the parasite. As the
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aboveground symptoms of PPN infection are subtle and visible infection signs, such as
root galls and cysts, are difficult to determine, infection can go largely unnoticed by
growers until infestation has spread - usually aided by farming equipment. A large
majority of PPNs are soil dwelling root pathogens and few feed primarily on shoot tissue.
Most PPN species belong in the class Chromoderea, order Rhabditida and are further

classified according to feeding strategy (figure 1.2).
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Figure 1.2. Phylogeny of the Nematoda phylum. This phylogenetic tree is based upon
phylogenetic analysis of the small subunit ribosomal RNA gene (Blaxter et al., 1998).
Clade names introduced by De Ley & Blaxter, 2002, 2004 and, more recently, numerical
clade scheme below the branches introduced by Holovachov et al., 2009; Holterman et
al., 2006. Icons beside groups represent feeding style and asterisks indicate species with a
sequenced genome. Figure retrieved from Blaxter, 2011.
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1.1.2.1 Ectoparasites

Ectoparasitic PPNs remain outside of the plant when feeding (Jasmer et al., 2003) and
insert their stylet into epidermal cells of the root (Wyss, 1997). Species have variable
stylet length allowing them to exploit different plant tissues (Bridge and Starr, 2007) and
ectoparasitic nematodes are able to use this feeding strategy to feed on multiple plants,
but this also leads to an increased likelihood of predator and/or pathogen attack on the
nematode. Species of this classification are vermiform and feeding at all 4 juvenile and
adult stages. This group can be further sub-divided by their motility. Migratory
ectoparasites feed at numerous sites along the root for a short period of time (Tytgat et
al., 2000; Wyss, 1997), whereas, sedentary ectoparasites establish a feeding site on one
cell, create an enlarged feeding cell and feed for an extended period (Rhoades and
Linford, 1961). Additionally, only ectoparasites in the class Enoplea are able to act as
vectors and transmit viruses such as tomato ringspot that can continue to be infective for

months following initial infection (Chen et al., 2004).

1.1.2.3 Migratory endoparasites

Nematodes with this feeding style, such as Pratylenchus (lesion nematode), Radopholus
(burrowing nematodes) and Hirschmanniella (rice root nematode) (Bridge and Starr,
2007), complete their whole lifecycle within the cortex of the host plant. All motile stages
are infective and are able to feed, leave the root system (Tytgat et al., 2000) and migrate
through the soil to find a new host plant. These nematodes do not make permanent
feeding cells. Instead, they are able to migrate through root tissue and cause necrotic
lesions which, ultimately, stunts plant growth and leads to host plant death through

increased risk of secondary infection by bacteria and fungi (Bridge and Starr, 2007).
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1.1.2.4 Sedentary endoparasites

The most economically important group of parasitic nematodes are the sedentary
endoparasites which include the cyst nematodes (CNs) (Heterodera and Globodera spp.)
and root-knot nematodes (RKNs) (Meloidogyne spp.) (Holden-Dye and Walker, 2011).
These groups both have complex plant-pathogen interactions and establish permanent
feeding sites. Despite these shared principles there are noticeable differences in their life

cycles.

CN J2s enter near the root tip and quickly migrate to the vascular system. The J2 then
uses its stylet aperture to inject secretions into the plant cells to break down cell wall
components (Smant et al., 1998) and stimulate the formation of a multinucleate
syncytium from which they are able to feed through their whole life cycle. These large
feeder cells plug the vascular system of the plant making it susceptible to water stress.
Once feeding cells are established the juveniles become sedentary and their muscles
atrophy. Juveniles then undergo three molts inside the root system to develop to the
adult stage. The female cyst nematode then swells considerably into a bulb shape and
eggs are laid, but retained inside the body, following an obligate sexual cycle (Jones et al.,

2013) (figure 1.3).

The CNs are extremely problematic as they are able to persist in the field for a remarkably
long period of time and infect crops such as soybean, potato and rice. This persistence is
owed to the hardened, dead body of the female surrounding the eggs and the diapause

stage the eggs enter to survive sub-optimal conditions (Bird & Opperman, 1998).
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Figure 1.3. Life cycle of a cyst nematode. Cyst nematodes have a sedentary endoparasitic
mode of parasitism. The J2s hatch within the protective cyst, migrate toward the root tip
and gain entry. The J2s then establish a feeding site and become non-motile; if a large
enough site is achieved the nematodes develops into a female and swell to form the
visible cysts within potato roots. Eggs are produced within the female body and the body
becomes a protective casing for the eggs which remain in a diapause stage until a
stimulus is detected.

In contrast, RKN juveniles move intracellularly, down the cortex, towards the root tip
after penetrating the elongation zone of the root (Jones et al., 2013). The J2 then enters
the base of the vascular cylinder to establish a feeding site in the root differentiation
zone. RKNs develop feeding cells, termed giant cells (Jones, 1981), through the induction
of nuclear division without cytokinesis. Surrounding cells then divide and swell causing
the formation of the characteristic root knots. Nematodes then undergo three molts and
develop into pear-shaped, egg-laying females which lay eggs outside the nematode in a
gelatinous mass (Jones et al., 2013), following reproduction by parthenogenesis
(Chitwood & Perry, 2009). Although RKNs do not have an environmentally resistant stage,
they are able to parasitize a broad range of host plants, allowing them to persist and

generate high agricultural burden.
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1.2 Plant and sedentary endoparasitic nematode interactions

1.2.1 Stylet aperture

The stylet aperture is essential to the PPN life cycle. It is a cuticular appendage which can
protract and retract and is vital for hatching, host invasion and feeding. It is cylindrical in
shape with a bulb at the posterior end, which is attached to the pharyngeal system. The
stylet is hollow allowing movement of nutrients in and secretions out (Perry & Moens,
2013) and is developed at the first molt, from J1-J2. The stylet’s first crucial role is
piercing the eggshell during hatching, followed by establishment of root invasion (Perry,
2002; Perry & Moens, 2013). Once inside the plant host tissue, the stylet also functions to
secrete fluid to create feeding cells and ingest host plant cell cytoplasm. These actions are
initiated by the pumping of the metacorpal pharyngeal bulb and the enzymatic secretions

are generated by the subventral and dorsal glands.

1.2.2 Hatching

For most sedentary endoparasitic nematodes, the J2 stage is infective. Many RKN J2s are
able to hatch in the presence of water, although chemical cues have been shown to
induce hatching of Meloidogyne hapla juveniles (Perry, 2002). This largely non-specific
hatching cue demonstrates the polyphagous nature of many RKN species. In contrast, CN
species have a specific host range and are highly dependent upon certain hatching signals

from the host plant (Castillo, 2012).

Not only are PPNs host specific, they also synchronize their lifecycle to the host plant
allowing them to hatch at the optimum time when the root system has not fully
established (Perry & Clarke, 1981). PPNs are able to invade more successfully in younger
plants due to ageing plants possessing tougher roots (Wyss, 1992). To allow this
synchronicity many CNs are extremely reliant on host plant diffusate to initiate hatching
(Forrest & Perry, 1980; Perry, 2002). This diffusate contains hatching factors (Perry,
2002), stimulants and inhibitors and it is thought that inhibitors are released first to allow
the root system to be established. Following this hatching factors and stimulants are
released, and these compounds then synergize and induce the hatching process.

However, it is thought that attracting PPNs is a detrimental, secondary consequence of
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root diffusate release and the primary purpose of root diffusate is to potentially enhance
interaction between beneficial organisms in the soil and the host plant. Although the
majority of these hatching factors and inhibitors have not been isolated, terpenoids and
glycinoecleptins have been shown to induce hatching and are present within root
diffusate (Masamune et al., 1982). In the event of diffusate absence, CNs, such as
Globodera pallida, are able to remain in a quiescent state within the eggs for up to 30
years (Spears, 1968). During this quiescent period, juveniles have reduced metabolic
activity and are resistant to nematicides (Spears, 1968; Cooper and Van Gundy, 1971a) as
they are protected by the eggshell, consisting of the outer vitelline membrane, middle
chitinous layer and inner lipid layer. The lipid layer prevents the juvenile from desiccation

and also confers resistance to toxins due to its impermeability (Perry & Wharton, 2011).

Although the hatching process has not been fully described yet, it is thought rehydration
is a vital step. It has been seen that high levels of trehalose are present in the perivitelline
fluid that surround the unhatched nematode and this disaccharide places an osmotic
stress on the juvenile, causing partial dehydration (Clarke & Hennessy, 1976; Ellenby,
1968; Perry, 1983; Perry, Clarke, & Hennessy, 1980). This dehydration then limits
metabolic activity and movement (Ellenby & Perry, 1976; Perry, 2002; Perry & Clarke,
1981).

Following exposure to root diffusate, it is thought that the juvenile becomes re-hydrated
(Ellenby and Perry, 1976). This rehydration is likely to be permitted by permeability
changes of the inner lipid layer via calcium flux, allowing trehalose escape and water
uptake, thus reducing osmotic pressure on the unhatched juvenile (Atkinson and
Ballantyne, 1979; Clarke and Hennessy, 1983; Behm, 1997). Additionally, after diffusate
exposure, juveniles are seen to increase oxygen uptake and cAMP levels (Atkinson and
Ballantyne, 1977a; Atkinson and Ballantyne, 1977b), which initiates consumption of lipid
reserves (Robinson et al., 1985). Juveniles also become more motile and extensive stylet
thrusting can be observed which perforates the eggshell at the narrow end, allowing the

juvenile to hatch (see Perry, 2002 for review).
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1.2.3 Movement to the host plant

As the infective J2s are non-feeding they rely solely on energy reserves, such as lipids and
glycogen stores, until a suitable host plant is detected (Cooper and Van Gundy, 1971b;
Cooper and Van Gundy, 1971a; Dropkin and Acedo, 1974). The location of a suitable host
plant is thought to be dependent on attractant and repellant cues (Reynolds et al., 2011).
RKN juveniles have been shown to be attracted to non-specific cues such as CO;
(Robinson, 2004; Robinson & Perry, 2011), released by living or decaying matter, and
repelled by ammonia, released by decaying material (Castro et al., 1991) — this has been
thought to modulate movement towards living material, rather than dead material as
Globodera rostochiensis has been shown to exhibit increased movement in the presence
of root diffusate (Devine and Jones, 2003). However, Heterodera schachtii (sugar beet
nematode) is the only CN to show chemotaxis towards CO; and oxygen (Johnson and
Vigelierchio, 1961). Similarly, chemical cues that allow host plant detection have not yet
been identified. However, when the nematode is within a few millimeters of the root it
has been postulated that the rhizosphere may release chemical cues allowing the

nematode to orientate itself (Perry, Moens, & Starr, 2009).

1.2.4 Movement into/through the host plant

The entry into the host plant by the RKN Meloidogyne incognita has been studied using
Arabidopsis due to its translucent roots and ease of maintenance (Wyss et al., 1992).
After locating the root tip, M. incognita will begin to ascertain an invasion site through
exploratory behaviors, such as lip rubbing on root epidermal cells and stylet probing
(Wyss et al., 1992). As mentioned previously, J2s usually enter via the elongation zone
where newly dividing cells are present and it has been seen that, at older regions of the
root, invasion and penetration ability of J2s is decreased (Wyss et al., 1992). Upon
invasion, lip rubbing and stylet protrusion perforates cells walls and the median bulb
pulsates, facilitating the release of enzymatic secretions from the subventral oesophageal
glands. Once inside the root, the nematode moves intercellularly, in the middle lamella
(Taiz and Zeiger, 2006) — a pectin rich layer joining neighboring cells. Due to this mode of

migration, RKNs cause relatively little damage to the host plant. The movement of CNs
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are significantly more destructive as their migratory path is intracellular and involves

constant stylet thrusting to rupture cells (Wyss et al., 1992).

Although stylet movements are known to be important for penetration and migration
through plant tissue, enzymatic secretions from the stylet have also been shown to be
essential to achieve parasitism. Genes encoding a -1,4-endoglucanase and cellulase has
been found in stylet secretions from CN esophageal glands and homologous genes have
been identified in RKNs (Smant et al., 1998; De Meutter et al., 2001). Immunolocalisation
in tobacco roots also localized this nematode cellulase to the migratory path, but it was
not present in the feeding cells (Goellner et al., 2000), suggesting it has role in the
infective process. Other genes encoding pectate lyse and polygalacturonase have also
been identified and transcripts have been localized to sub-ventral glands in PPNs
(Popeijus et al., 2000; Doyle and Lambert, 2002; de Boer et al., 2002). These enzymes
allow the softening of the cell wall to enable nematode migration through the plant

tissue.

The chorismate mutase gene — MjCM-1, has also been identified in RKN esophageal
glands. Transgenic expression of MjCM-1 in roots suppresses lateral root formation and
vascular system development (Lambert et al., 1999; Doyle and Lambert, 2003). This
abnormal phenotype can be rescued through exogenous application of the auxin, indole-
3-acetic acid (IAA), suggesting expression of this gene reduces auxin levels (Doyle and
Lambert, 2003). The conversion of chorismate to anthranilate is the first committed step
in the synthesis of tryptophan, the pre-cursor of auxin. Therefore, as MjCM-1 catalyzes
the conversion of chorismate to prephenate, this ultimately reduces tryptophan synthesis
in favour of phenylalanine and tyrosine synthesis, thus tryptophan derived compounds,
such as auxins, are reduced (Mobley et al., 1999). Homologs of this gene have also been
identified in CNs (Popeijus et al., 2000; Bekal et al., 2003) and Arabidopsis (Mobley et al.,
1999). Interestingly, the genes that encode cell-wall degrading enzymes and chorismate
mutase are not present in C. elegans or most animals and have a high level of similarity to
genes encoded by microorganisms. Root diffusate has also been shown to stimulate stylet
secretions from PPNs and analyses of these secretions have identified many cellulases,

proteases (Smant et al., 1998; Rosso et al., 1999; Popeijus et al., 2000) and other
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enzymes, such as thioredoxin peroxidase which is suggested to suppress reactive oxygen

mediated host defense (Curtis et al., 2011).

1.2.5 Feeding site establishment

After entering the vascular cylinder, CNs and RKNs select a parenchymous cell adjacent to
the vascular elements to develop into a feeding cell which will act to sustain the
nematode throughout the in planta part of its life cycle (Golinowski et al., 1996;
Golinowski & Magnusson, 1991; Magnusson & Golinowski, 1991). Once the stylet has
been inserted into a cell and secretions begin, CNs induce cell enlargement and
proliferation of organelles (Hussey & Grundler, 1998). This process also begins in
neighboring cells that extends to cell wall degradation and, ultimately, joins hundreds of
cells to form a large syncytium on which the nematode can feed. In contrast, RKNs cause
formation of giant cells through induction of karyokinesis in the absence of cytokinesis
(Jones & Payne, 1978). Similarly, to syncytia, organelle proliferation occurs (Bleve-Zacheo
and Melillo, 1997). Both of these feeding sites develop dense cytoplasm (Goverse et al.,
2000) and specialized cell wall ingrowths which allow easier extraction of nutrients from
the vascular element (Bird, 1961). These feeding structures are essential for the survival
of both CNs and RKNs as they function as metabolic sinks that funnel plant resources and
blocking their development using cell cycle inhibitors has been shown to cause

developmental arrest of the nematode (de Almeida Engler et al., 1999).

Upon inoculation with PPNs and subsequent development of feeding structures, it is
known that complex changes in gene expression are induced to allow extensive
alterations in the cell wall morphology of plant cells. These changes are brought about by
stylet secretions originating from the dorsal oesophageal glands (Hussey, 1989) that have
been shown to upregulate cell wall degrading enzymes, such as endoglucanase and
polygalacturonase. For example, H. schachtii has cellulose binding proteins that are able
to interact with the host plant’s pectin methylesterase, which is thought to promote its
activity and allow modification to the cell wall (Hewezi et al., 2008). Although cell wall
modifying enzymes are known to be released by nematodes, it has also been seen that

plant-derived cell wall modifying compounds, such as endo-$3-1,4-glucanses (Goellner et
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al., 2001), pectin acetylesterases (Vercauteren et al., 2002), polygalacturonases,
expansins (Jammes et al., 2005) and actin depolymerizing factors (ADFs) (Fuller et al.,
2007) are upregulated during feeding cell formation. This allows the rearrangement of
the plant cytoskeleton to permit the penetration of the juvenile and feeding cell

formation.

Genes that function in cell cycle progression and water transport (Hammes et al., 2005;
Opperman et al., 1994) are also upregulated in and around feeding cells and the
phytohormones, auxin and ethylene, are thought to be a positive regulator of PPN
susceptibility, as ethylene- and auxin- insensitive mutants display reduced PPN-infection

compared to wild-type (WT) (Gutierrez et al., 2009).

Interestingly, it has also been seen that the Arabidopsis sucrose transporter genes AtSUC1
and AtSUC2 show high expression levels in syncytia, suggesting a possible role in
maintenance of the metabolic sink (Juergensen et al., 2003; Hammes et al., 2005).
However, AtSUC2 expression is not seen in giant cells which also act as metabolic sinks.
Stylet secretions from RKNs have been found to induce similar structures within the host
root to endosymbiotic rhizobia, stimulating comparative gene studies between the two
processes (Koltai et al., 2001). Orthologous genes to those encoding the transcriptional
regulators PHAN and KNOX were co-localized in RKN feeding sites and Rhizobium-induced
nodules (Koltai et al., 2001). However, similarities between feeding site and nodule
formation may be limited as analysis of 192 nodule genes only displayed upregulation of
two upon nematode infection. On the other hand, several genes with roles in defense
responses display downregulation following RKN inoculation suggesting the nematode

acts to suppresses host plant defense (Kyndt et al., 2012).

It is also thought that the presence of auxin is important in feeding site development as
both CNs and RKNs fail to develop in an auxin-insensitive tomato mutant (Goverse et al.,
1998). Additionally, following infection by G. rostochiensis, higher expression of the auxin-
binding protein is observed and silencing this gene reduces feeding site establishment
(Dgbrowska-Bronk et al., 2015). G. rostochiensis is also known to secrete the protein CLE1

which allows syncytia formation as it is cleaved by plant proteases to its active form,
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which mimics receptor ligands within the plant (Guo et al., 2011). Once the feeding site
has been established, the juvenile is able to insert its stylet and develop a feeding tube.
The feeding tube is visible close to the stylet just before feeding begins and it thought to
prevent ingestion of whole organelles into the stylet structure which may cause a

blockage (Razak & Evans, 1976).

1.2.6 Plant parasitic nematode infection in Arabidopsis

Arabidopsis is able to act as a host plant for the agriculturally important sedentary
endoparasitic nematodes (CNs and RKNs) in monoxenic conditions. This system allows
plant-pathogen interactions to be studied in detail and gene expression to be monitored
following infection. H. schachtii, a cyst nematode, is able to penetrate the root tissue and
migrate through the cortical cells in a destructive fashion with their stylet to the vascular
cylinder. Here, an initial syncytial feeding cell was formed and the juvenile began feeding
7 hours after initial infection. By 3 days post infection, the formation of a large syncytium
and the appearance of cell wall fragments could be observed (Sijmons et al., 1994). These
observations of H. schachtii infection in Arabidopsis roots closely mirror those following
H. schachtii infection in rape seed (Wyss and Zunke, 1986). This would allow future
interactions seen between Arabidopsis and H. schachtii to be comparable to commercial

crops.

In contrast remarkable disparities were seen when observing infection of M. incognita, a
root knot nematode, in Arabidopsis relative to cyst nematode infection. Following
exploration of the root surface, the infective juveniles entered the root close behind the
root tip and used their stylets to move between cells, limiting damage in this phase. Initial
movement was towards the meristematic tissue at the root tip, but once the nematode
arrived there, movement became acropetal within the vascular cylinder accompanied by
continuous stylet thrusting. After 2 days, multinuclear giant cells were observed from
which the juvenile fed and root galls could be seen (Sijmons et al., 1991). These feeding
structures act as metabolic sinks and increased root metabolism can be seen directly in
the syncytium and at the regions immediately above the syncytium (Sijmons et al., 1991).

Parallels cannot be drawn from the observations of M. incognita on Arabidopsis as their
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movements have not been fully described in crop host species; although, the
characteristic root galling and giant cell formation was observed in Arabidopsis suggesting

infection strategy would be comparable.

Following M. incognita infection, microarrays have been utilized to determine gene
expression changes in Arabidopsis. Global analysis determined downregulation of plant
defense mechanisms and upregulation of genes encoding 40S and 60S ribosomal
proteins, cell cycle genes (Jammes et al., 2005) and aquaporins (Jammes et al., 2005;
Hammes et al., 2005). These gene expression changes were selectively seen in root galls
suggesting increased levels of protein synthesis, cell division and enhanced water
transport to the feeding site. AtAMT1,2, an ammonium transporter, was also seen to be
consistently downregulated in the giant cells formed by M. incognita (Fuller et al., 2007),
however, expression of this same gene was previously reported to be up-regulated in
cells following infection alongside a number of others transporters: AtAUX4 and AtSUC1
(Hammes et al., 2005). The ammonium transporter family mediates the uptake of
ammonium ions from the soil, which is the most abundant source of nitrogen for plants.
It is known that ammonia-based compounds have nematicidcal activity and can be used
to control the root knot nematode population in the soil (Oka and Pivonia, 2002) and in
culture conditions (Sudirman and Webster, 1995) during tomato plant cultivation.
Therefore, this suggests local repression of ammonium transporters could act to decrease
levels of inhibitory substances. Initial infection of the juvenile induces global gene
expression changes and subsequent formation of feeding cells which block the vascular
system and divert essential nutrients and water away from the host plant tissue. This
then causes water stress and nutrient deficiency, which ultimately reduces their ability to
utilize materials for flower and grain production, creating huge yield loss of major crop

plants.

1.3 Plant parasitic nematode control

It has been estimated that yield losses in a variety of crop plants due to parasitic
nematodes was 12.3% and this corresponds to a $157 billion loss globally (Singh et al.,
2015). However, some species can cause yield losses in excess of 70% following long-term

monoculture (Zawislak and Tyburski, 1992). Due to restricted use and phasing out of
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nematicides previously used in the 1980s it is more than likely these figures have risen
and as an anticipated increase of 75% in food demand in 2050 is predicted (Keating et al.,

2010), it is essential new mechanisms are found to maximize food resources.

The global distribution of PPNs varies greatly between species; some Meloidogyne species
are able to live in many locations while Naccobus species are geographically restricted
and some Heterodera species are host restricted. The genus Globodera are of most
concern in the UK with G. rostochiensis and G. pallida causing an estimated 9% loss in
potato yield (DEFRA, 2010) and a £50 million loss per annum (Wale et al., 2011).
Globodera is also an issue throughout Europe with yield losses reaching 50% (Trudgill et

al., 2003).

1.3.1 Chemical control as a means to reduce plant parasitic nematode

populations

1.3.1.1 Fumigant nematicides

Chemical control has remained the most widely used method to increase crop yield
following infestation (Perry & Moens, 2013). Chemical control agents (nematicides) act
against PPNs to either kill or paralyze nematodes in the crop plant or soil, and thus reduce

damage to the root system (Eisenhauera et al., 2010).

Nematicides can be subdivided into fumigant and non-fumigant based upon their mode
of application to the soil; fumigant nematicides are generally applied directly to the soil
and display a gaseous dispersion (Chen et al., 2004). Fumigant nematicides, such as
methyl bromide and 1,3-dichloropropene, are extremely efficacious due to their high
volatility at ambient temperatures and perform best in soils that have adequate moisture
and temperature to aid dispersal and low levels of organic matter as this de-activates the
toxicant. Fumigant nematicides are usually based on halogenated hydrocarbons in a
liquid or gaseous form for ease of application and are thought to perturb a number of
vital biochemical paths in the nematodes including those crucial for protein synthesis and

respiration (Chitwood, 2003).
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In the late 19t century the first known fumigant nematicide used was carbon disulphide
(Haydock et al., 2006) and shortly after, in the first half of the 20™ century, methyl
bromide and 1, 3-dichloropropene (1,3-D) were developed. Due to its ability to control a
number of PPN species methyl bromide was widely used as a nematicide throughout the
20™ century; however, its usage is now banned as it has high leaching properties and has
been implicated in the depletion of the ozone layer (Fuller et al., 2008). Methyl bromide
also displays a broad, non-selective toxicity and is able to act against non-target insects,
rodents and plants (Duniway, 2002). Cases of epilepsy and severe disability in humans
have also been documented following high levels of exposure to methyl bromide (Rathus
and Landy, 1961) and this contributed to its use being terminated. The only fumigant
nematicide currently used in agriculture is 1, 3-D although its usage was banned in the EU
in 2011. Like methyl bromide, 1, 3-D has phytotoxic effects towards plants, in particular

seeds, so it can only be used as a pre-plant treatment in the soil (Chen et al., 2004).

Although fumigant nematicides are highly effective in reducing PPN numbers in the soil

and are shown to dramatically enhance crop yield as a result, their non-target toxicity and
high volatility have caused a number to be withdrawn from use. To achieve a similar level
of control fumigant nematicides are required to be mixed with non-fumigant alternatives

which is costly.

1.3.1.2 Non-fumigant nematicides

Non-fumigant nematicides are less volatile than their fumigant counterparts and are
active at doses of 2-10 kg a.i./ha compared to 200-300 liters/ha of liquid fumigants. When
developed in the 1960s most non-fumigant nematicides were in granulated form and
tilled into the top 10cm of soil to release the active compound to spread through the soil
via irrigation or rainfall. Non-fumigant nematicides can also be applied via foliar spray and
can have systemic effects as the chemical can be translocated through the plant tissue

and exert its toxicity to PPNs already within the host (Oka et al., 2012).

Organophosphates and carbamates are two chemical groups within the non-fumigant

nematicide group and they both act as nematostatics, causing paralysis of the nematode
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via inhibition of cholinesterases (Husain et al., 2010). Cholinesterases act to break down
the neurotransmitter acetylcholine which acts as one of the major excitatory
neurotransmitters across the animal kingdom (Holden-Dye and Walker, 2011). It plays a
significant role in regulation of neuromuscular transmission. In nematodes this is
particularly important in the body wall muscle that controls motility and the pharyngeal
structure that controls stylet and feeding function and elicits muscle activity.
Organophosphates are able to phosphorylate cholinesterases and cause an irreversible
inhibition of their activity (Costa, 2006) while carbamate causes a reversible inhibition
(Alfonso et al., 1993). This inhibition of cholinesterases causes a buildup of acetylcholine
within the synaptic cleft and hyper stimulation of receptors, which leads to
hypercontracted muscle, resulting in paralysis (Opperman and Chang, 1991; Husain et al.,

2010).

Field relevant concentrations of non-fumigants have been shown to elicit reversible
paralysis (Oka et al., 2009) and impairment of chemoreception (Winter et al., 2002)
making application time crucial to reduce crop loss. This becomes a practical issue with
these chemicals as the recommended dose does not ensure nematode death (Oka et al.,
2012) so when treatment is discontinued the PPN population in the soil may recover,
resulting in delayed infestation. It has even been suggested that PPN infectivity is
prolonged as low doses of cholinesterase inhibitors reduce energy and lipid consumption
(Perry & Moens, 2013). Another issue with non-fumigant nematicides is that they lack
selectivity and possess high non-target organism toxicity due to acetylcholine being highly
conserved across the animal kingdom. For example, aldicarb and carbofuran display high
toxicity towards birds and fish (Stenersen, 1979; Van Straalen and Van Rijn, 1998) and
high exposure to organophosphates in humans can lead to seizures and even death
(Husain et al., 2010). Chronic exposure to low levels of organophosphates is also shown to
cause long-term health issues such as delayed neuropathy in non-target organisms

(Costa, 2006) and behavioral defects in humans (Steenland, 1996).

High leaching properties of non-fumigant nematicides also present an issue as many, such
as aldicarb, oxamyl and fenamiphos (Zaki et al., 1982; Bilkert and Rao, 1985), are highly

mobile in the soil causing movement away from the initial site of application and
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environmental damage. Additionally, as mentioned before, non-fumigant nematicides
can be systemic and taken up by the crop plant; this then poses a risk to humans as
residues may remain inside the plant tissue post-harvest (Chen et al., 2004). Furthermore,
extended treatment using chemicals like fenamiphos results in more rapid biodegradation
of the compound by bacteria in the soil (Smelt et al., 1996), which results in a more
frequent treatment regime. The increased application frequency then increases the risk
of PPN resistance which has been displayed in M. incognita following continuous

exposure to sub-lethal doses of carbofuran (Meher et al., 2009).

As a result of these disadvantages, many non-fumigant nematicides have been phased
out and chemicals such as aldicarb, carbofuran and parathion have all been banned in
most countries. Although there are a number of issues and prohibition surrounding the
use of nematicides, they still remain the most effective way of reducing the number of
PPNs and are widely used in integrated pest management strategies (Sikora and
Fernandez, 2005; Westphal, 2011). As such, nematicides with a more specific toxicity

profile and non-chemical approaches are in demand more than ever.

1.3.2 Alternative methods of control

Non-chemical based methods such as biological control and host resistance offer an
alternative way to reduce PPN numbers and have fewer damaging effects on the
environment. Biological control uses other living organisms to manage plant disease or
pathogens, including PPNs (Stirling, 2011) and potential organisms can be natural
predators, parasites and pathogens of the pest. Unfortunately, organisms for biological
control, such as predatory nematodes, are not widely used as a viable control mechanism
(Viaene et al., 2013) due to issues in growing sufficient numbers (Salinas and Kotcon,
2005); however, fungi and bacteria offer a more encouraging alternative (Stirling, 2011).
Both CNs and RKNs numbers have been successfully controlled using the fungus
Pupureocillium lilcacinus (Parajuli, Kemerait, & Timper, 2014; Wilson & Jackson, 2013) but
the effectiveness of these biological agents is dependent upon abiotic factors, such as soil
moisture content and pH (Roberts et al., 1981; Cayrol, 1983), which are not easily

predicted. Therefore, biological control alone, in most cases, is not sufficient to control
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PPN populations but can be a vital part of integrated pest management strategies (Viaene

et al., 2013).

Utilizing or engineering host resistance into crop plants can also be exploited as a control
mechanism to reduce PPN number. Resistant plants can grow more efficiently in the
presence of harmful PPNs or act to completely stop the life-cycle by not supporting PPN
growth (Fuller et al., 2008; Starr, Mcdonald, & Claudius-Cole, 2013). There are many
genes that confer resistance to PPNs and several have been characterized. The first
nematode resistance (Nem-R) gene to be cloned was Hs1P! from sugar beet and confers
resistance against the sugar beet cyst nematode (Cai et al., 1997). This gene has no
similarities to other known plant genes but most cloned nematode-resistant genes
resemble other resistance genes from plants in their protein domain structure, with a
leucine-rich repeat (LRR) domain (Ellis and Jones, 1998). The most studied of them is the
tomato gene, Mi, which provides resistance against 3 species of RKN (Williamson, 1998).
The encoded protein has a nucleotide binding site (NBS) and a leucine rich repeat (LRR)
region and belongs to a distinct class of plant resistance genes that do not contain an N-
terminal toll-interleukin receptor-like (TIR) domain. Other members of the NBS-LRR family
include the nematode resistance genes Gpa2, Hero and Gro1-4. The tomato genes Mi and
Hero are known to have a broad-spectrum resistance against several RKN species and a
few pathotypes of potato CNs, respectively. In contrast, the potato genes Gpal and Grol-
4 confer resistance to a select few pathotypes of one potato CN species (Leister et al.,
1996; van der Voort et al., 1999). There is also evidence to suggest the phytoalexins
produced by plants act as PPN repellents (Harborne, 1990; Mazid, Ta, & Mohammad,
2011).

Although biological control systems have potential as an alternative to chemical control,
there is an issue with resistance breakdown and PPN strains overcoming host resistance
(Ornat and Verdejo-Lucas, 2001; Aubertot et al., 2006). At present, all methods of PPN
control come with disadvantages and it is widely accepted that the best route to
nematode control is through integrated pest management strategies using a combination
of chemical and non-chemical approaches alongside agricultural practices, such as crop

rotation (Hillocks and Cooper, 2012).
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1.4 Fluensulfone - A new option for chemical control of plant

parasitic nematodes

Fluensulfone (FLS), full name: 5-chloro-2-(3,4,4-trifluorobut-3-ene-1-sulfonyl)-1,3-
thiazole, also known as MCW-2 and Nimitz™ is a member of the heterocyclic
fluoroalkenyl sulfone group (figure 1.8). This is a relatively new true nematicide which
exerts its effects on a number of PPN species to protect a range of crop plants. Following
its discovery, it has been developed into an agricultural product by ADAMA, which has
quickly become approved for use in the U.S, Mexico, Israel, Australia and, most recently,

Brazil.

1.4.1 Efficacy against plant parasitic nematodes

FLS has shown to be effective against a number of PPN species including Meloidogyne
spp., Pratylenchus spp., Xiphinema index, Nacobbus abberans and Globodera pallida
(Calvo-araya et al., 2016; Norshie et al., 2016; Oka, 2014; Oka et al., 2009; 2012). In these
pot experiments, application of FLS reduced M. incognita-induced root galling of pepper
seedlings and the number of eggs in the soil (Oka et al., 2012). Soil drenching with FLS
was carried out after initial inoculation with M. incognita to determine if the chemical can
act systemically and it was found that prevention of root galling was less effective over
time suggesting the chemical may be more effective at the juvenile stages. Foliar spray of
FLS was also used on pepper plants and it was determined that pre-plant application was
most effective in reducing root damage as opposed to post-plant spraying (Oka et al.,

2012).

F O
F
Figure 1.4. Chemical structure of FLS.
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In a similar study by Oka et al., (2009) root galls were reduced in tomato seedlings
following FLS treatment and it was observed that root galls increased with length of time
between inoculation and treatment, suggesting early developmental stages are more
susceptible to the chemical. In this same study, 48-hour exposure to FLS reduced egg
hatching and 12-hour exposure also caused immobility. Even after rinsing, the percentage
of immobilized nematodes increased after 5 days suggesting an irreversible paralysis
compared to fenamiphos, which allowed J2 recovery. This proved that FLS has a role as a
true nematicide as opposed to a nematostatic, which simply acts to paralyze.
Interestingly, the morphology of immobile J2s was distinct to that of J2s exposed to
organophosphates and carbamates, which display a shrunken, ‘wavy’ paralysis. FLS
elicited a paralysis characterized by a straight, rod-shape worm suggesting its mode of

action is distinct from these current nematicides.

FLS also reduces penetration ability of M. javanica after only 24-hour exposure to sub-
lethal doses (Oka et al., 2013). Only 12% of juveniles became immobile after treatment
with 3.4uM FLS but root penetration was reduced by 90%. This is distinct from
fenamiphos which did not reduce root penetration and, once again, suggests FLS had a
different mode of action as its effects are longer lasting than nematostatic
organophosphates. In another study by Oka- (2014) a number of migratory PPNs were
treated with FLS to determine if it elicited the same inhibitory effects across species.
Motility of Ditylenchus dispaci, Bursaphelenchus xylophilus and Aphelenchoides besseyi
were all unaffected after 48-hour exposure to 54.4 uM FLS and displayed a low
susceptibility compared to Meloidogyne species which are adversely affected at
extremely low concentrations. It has been noted previously that Ditylenchus dispaci,
Bursaphelenchus xylophilus and Aphelenchoides besseyi species are less sensitive to
nematicides (Lee et al., 1972; Voss & Speich, 1976). However, some migratory species,
such as X. index, Pratylenchus penetrans and Pratylenchus thornei, displayed
immobilization after FLS treatment and P. penetrans root invasion capacity was reduced

in pot experiments, albeit at concentrations that exceeded those needed for M. javanica.

Recently, more studies on application methods of FLS have been carried out to determine

its effects in the field. Pre-plant application of 5.6 kg/ha FLS via a backpack sprayer, tilling
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and irrigation was not effective in reducing the population density of nematodes in the
soil and did not increase growth of blueberry plants (Noe and Brannen, 2015). However,
post-plant trials using a single application of 1.96 kg/ha FLS through drip tubes
dramatically decreased nematode population in the soil and increased plant growth by

44%. This effect was enhanced following dual treatment (Noe and Brannen, 2015).

FLS was also used as a pre-plant treatment in a tomato-cucumber double cropping
system, a practice used in agriculture regularly, to determine its effects. Resistant
cultivars and 1, 3-D treatments were also used alongside for comparison. Tomato gall
rating was lower in FLS-treated plots, however, resistant cultivars had significantly fewer
galls compared to chemical treatment (Morris et al., 2015). The number of Meloidogyne
spp. J2s were reduced in the soil following FLS treatment compared to the untreated
control also. Pre-plant application of FLS to cucumber plots significantly increased plant
vigor 14-days post-treatment and gall rating was also reduced, however, J2 numbers were

not lower in this soil (Morris et al., 2015).

In another study by Morris et al., (2016) a number of application methods were evaluated
for efficacy against RKNs on a range of vegetables. Pre-plant incorporation (PPI)
application of FLS, post-plant drip irrigation and post-plant foliar application of FLS was
carried out before inoculation with 1500 M. incognita J2 individuals. It was seen PPI
treatment did not reduce galling compared to untreated control plots, but drip irrigation
reduced galling in all vegetables. Foliar application only reduced galls in tomato roots but
also reduced vigor and dry weight of tomato and eggplants suggesting moderate
phytotoxic effects. However, cucumber and squash plants did not display this reduced
vigor. Similarly, following pre-plant drip irrigation, vine length and fresh root weight of
cucumbers were no different to untreated plots (Calvo-araya et al., 2016). Gall index and
RKN N. abberans population size were also decreased compared to untreated and

oxamyl-treated plots, suggesting higher efficacy of FLS.

A field evaluation of FLS ability to control the cyst nematode G. pallida was also carried
out (Norshie et al., 2016). Two sites received FLS tilled into soil at 5 concentrations- 1.95,

3, 4.05, 5.05 and 6 kg/ha, and; root infection decreased in all treatments 29-days post-
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plant and 44-days post-plant (with the exception of 1.95 kg/ha at 44 days). FLS was also
seen to increase shoot fresh weight and yield at 42 days and displayed no phytotoxic
effects (Norshie et al., 2016). These studies demonstrate the efficacy of FLS, both in lab
and field conditions, suggesting it could be a new, viable method of reducing PPN

numbers.

1.4.2 Toxicity profile

Due to the high levels of non-specific toxicity of a number of nematicides, including
fumigant and non-fumigant chemicals (see section 1.3.1), a new alternative with low non-
target organism toxicity would be hugely beneficial to the agricultural industry. FLS shows
a favourable toxicity profile compared to organophosphates and carbamates with toxicity
to vertebrates being 1000-fold lower than organophosphates (Dewhurst and Tasheva,
2013). The LDsgvalue for oral entry of FLS in rats was 671 mg.kg compared to 2.7 mg.kg
for fenamiphos (organophosphate) and 0.8 mg.kg for aldicarb (carbamate) (Oka et al.,
2009) showing that FLS only has a moderate acute toxicity. Additionally, it was
determined that an increased incidence of tumors in humans was unlikely as no increase
in carcinomas were found in the lungs of mice in an 18-month bioassay (Strupp et al.,
2012). Environmental Protection Agency (EPA) eco-toxicity studies also show low toxicity
towards a number of bird and fish species. FLS also shows low toxicity towards non-target
insect species, including the economically important honeybee, compared to current
nematicides in use (Oka et al., 2008). Interestingly, a study also determined FLS did not
have a negative impact on the soil microbial community (Rousidou et al., 2013). This
favourable toxicity profile shows the specificity of FLS, however non-target toxicity still
remains against algae at field relevant concentrations suggesting a potential issue if

leaching were to occur.

1.4.3 Properties of FLS in the field

In addition to its favourable toxicity profile, FLS also exhibits low leaching properties due
to it being a fluoroalkenyl compound and, thus, being non-polar (Phillion et al., 1999). It
exhibits low solubility and these properties reduce the risk of damaging nearby non-

target ecosystems and also increases the period in which FLS remains effective (Oka et al.,
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2008). The low leaching nature of FLS provides an advantageous difference compared to
carbamate- and organophosphate-based nematicides, like aldicarb and fenamiphos,
which have a long half-life (Oka et al., 2008) and high leaching properties (Zaki et al.,
1982; Bilkert and Rao, 1985). Biodegradation of agricultural products is also of particular
concern. If a product is applied frequently to the same site and soil-borne microorganisms
are able to degrade it, this can reduce its toxicity (Smelt et al., 1987; Smelt et al., 1996;
Suett & Jukes, 1988). The nematicidal activity of FLS was not impaired following repeated
application to the same site in comparison to fenamiphos that showed reduced efficacy
(Oka et al., 2013). This suggests FLS is less susceptible to biodegradation than other

nematicides available for use.

1.4.5 Mode of action studies

Up until recently most of the work on FLS has been conducted to determine its
effectiveness as a nematicide in the field. Early observation with M. incognita compared
paralysis profiles relative to cholinesterase inhibitors, such as carbamates and
organophosphates and suggested that its mode of action is distinct (Oka et al., 2009).
Although it is known FLS acts to paralyze some PPN species, it has also been seen that
sub-lethal concentrations, which do not elicit paralysis, reduce root penetration (Oka et
al., 2012) implying paralysis is not the only method this compound works through to

reduce infectivity.

Work by Kearn et al. (2014) and Feist et al. (2020) has further confirmed FLS mode of
action to be distinct from anticholinesterases and macrolytic lactones. This work involved
using C. elegans as a model for intoxication. Exposure to high concentrations of FLS (100-
300uM) elicited reversible paralysis and inhibition of pharyngeal pumping rate while
exposure to aldicarb only caused reduced motility without the inhibition of pharyngeal
pumping. Additionally, a characteristic hypercontraction and shortening of body length of
C. elegans caused by aldicarb was not observed when exposed to FLS. Kearn et al. (2014)
used the unc-17 C. elegans mutant which has a marked resistance towards cholinesterase
inhibitors and showed that, although it was resistant to aldicarb, FLS could still elicit

similar levels of paralysis compared to a WT worm, suggesting FLS is not targeting
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cholinesterases. Ilvermectin, a macrolytic lactone, also exhibited a similar paralysis profile
to FLS and elicits its action through glutamate-gated chloride channels. Kearn et al. (2014)
also determined that FLS could still cause an inhibition of thrashing and pharyngeal
pumping in an ivermectin-resistant mutant. This gave an indication that FLS is not working
through the same mechanisms as anticholinesterases or macrolytic lactones. It has also
been established the mode of action of FLS is distinct from the succinate dehydrogenase
inhibitor, fluopyram, following evaluation of hatching inhibition capabilities in G. pallida

(Feist et al., 2020).

Further mode of action studies by Kearn et al. (2017) on G. pallida have suggested FLS
mode of action is through a progressive metabolic impairment. G. pallida exhibited
impaired motility and reduced stylet thrusting at concentrations significantly lower than
C. elegans and metabolic activity, determined through tetrazolium dye (MTT) staining,
showed a concentration dependent reduction. This suggested that FLS reduces PPN
infectivity via metabolic impairment. Furthermore, FLS induces a gradual shift in MTT
staining from the head region to the tail region suggesting alterations in metabolism in
the posterior of G. pallida. Nile red staining of lipids also supports this hypothesis as
exposure to 10uM FLS for 10 days caused reduced staining, consistent with a gradual
metabolic insult as a result of altered lipid metabolism (Kearn et al., 2017) . The large
difference in sensitivity between C. elegans and PPN species suggests FLS may be acting
on key elements of PPN metabolism not present in non-parasitic worms. Interestingly, it
seems Arabidopsis also has a higher sensitivity towards FLS than C. elegans, suggesting

the possibility that PPNs and Arabidopsis have a conserved target.

1.5 An introduction to Arabidopsis

Arabidopsis is a small, dicotyledonous, flowering winter annual, native to Eurasia
(Hoffmann, 2002; Mitchell-Olds, 2001; Sharbel et al., 2000) with a relatively short life
cycle of 6 weeks from germination to mature seed, making it a popular model organism in
molecular biology and genetics. Arabidopsis is a member of the Brassicaceae family and
was first described by physician Johannes Thal in 1577. Over 750 naturally occurring
accessions of Arabidopsis have been collected from around the globe (Koornneef et al.,

2004) and these display extensive genetic and phenotypic variation in terms of form,
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development and physiology (e.g. leaf shape, flowering time) enabling studies to be
conducted to determine complex genetic interactions that confer adaptation to different

environments.

Although Arabidopsis is not an economically important plant, it has remained at the core
of vigorous genetic, biochemical and physiological study for almost 50 years as it exhibits
many traits suitable for laboratory studies. Laibach (1943) first chose this organism as a
genetic model, followed by Redei (1975), who studied it in more detail. Due to its nature
as a photosynthetic organism, Arabidopsis only requires light, air, water and minerals to

complete its life cycle and produce a prolific number of seeds via self-pollination.

Arguably one of the most valuable traits Arabidopsis possesses is a relatively small,
diploid, sequenced genome that can be genetically engineered easily and significantly
faster than any other plant genome. A detailed genetic map was released by Koornneef et
al. (1983), which acted to increase the popularity of this organism as a genetic model. The
whole genome is made up of 5 chromosomes with 25,498 genes encoding proteins from
11,000 families with 125-megabase pairs, 115.4 of which are sequenced (Cheng et al.,
2017).

1.5.1 Basic physiology

Arabidopsis is an annual plant. The leaves at the base of the mature plant have a serrated
margin and form a rosette and a few leaves also develop on the flowering stem which are
smaller and have a smoother margin. All leaves are covered in fine, unicellular hairs
named trichomes (Larkin et al., 1996). Arabidopsis has provided considerable insight into
the genetics of leaf morphogenesis — specifically in dicotyledonous plants, through the
use of leaf development mutants. Three stages of leaf development have been
determined: initiation of leaf primordium, dorsiventrality establishment and marginal
meristem development (Tsukaya, 2013). Arabidopsis roots are simple in structure with a
single primary root that grows vertically and later produces smaller lateral roots (Esau,
1977). The primary root is initiated from the root apical meristem (RAM) (Steeves and

Sussex, 1989) as opposed to the shoot apical meristem (SAM) which acts as the source for
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all above ground tissue such as the flowers and leaves. The RAM produces a specialized
area of tissue, named the root cap, which covers the distal tip of the developing root to
protect the tip as it grows through the soil. The root cap functions to perceive and

respond to environmental stimuli such as gravity, temperature and humidity and acts to

facilitate direction of root growth accordingly (Raven and Edwards, 2001).

1.5.2 Light detection in Arabidopsis

The importance of light signals in plant development is well established, with
observations noting developmental processes of an etiolated seedling grown in the dark
when moved into the light as far back as the 1880s (Darwin and Darwin, 1880). This
phenomenon, now termed photomorphogenesis, involves 4 families of photoreceptors
that detect different wavelengths of light: the phytochromes, cryptochromes,
phototropins and UVR-8 (Kong and Okajima, 2016). Phytochromes A, B, C, D, and E
mediate red/far-red (R/FR) light-based phototropic responses while cryptochromes and
phototropins modulate UV-A/blue light influenced processes (Schafer and Nagy, 2006).
These sophisticated light sensing mechanisms allow the plant to detect the quantity and
quality of light to maximize photosynthetic ability (Schafer and Nagy, 2006) and aid
survival.

When no light is detected, a young seedling undergoes skotomorphogenic development
in which the seedling extends its growth to increase the chance of finding light.
Phenotypically, the hypocotyl becomes elongated and the apical hook, protecting the
cotyledons, remains closed. Chlorophyll biosynthesis is also inhibited causing a pale
colour and root development is reduced. An etiolated phenotype has also been described
in photoreceptor mutants under different light conditions and in mutants which are
deficient or insensitive to hormones (Chory et al., 1991; Deng et al., 1991; Nagpal et al.,
2000; Tian et al., 2003b). When a seedling is then exposed to white light (WL) the seedling
transitions to a photomorphogenic growth pattern and the seedling becomes de-
etiolated. De-etiolation involves opening of the apical hook and expansion of the
cotyledons to maximize surface area for light capture. It also involves the biosynthesis of
chlorophyll pigments that causes greening and allows photosynthesis. Development of

the below-ground root structure is also activated (figure 1.5).
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Figure 1.5. Phenotypes of (A) Light-grown de-etiolated seedlings and (B) Dark-grown
etiolated seedlings. Red arrows denote hypocotyl-root boundary. Scale bar represents
lcm.

1.5.2.1 Phytochromes

The phytochrome system allows plants to grow towards the light and move out of shaded
areas (Franklin and Whitelam, 2005). Plants in direct sunlight are exposed to high levels of
red light (RL) compared to far-red (FR), while plants in the shade are exposed to FR-
enriched light as other plants have absorbed a high proportion of the RL (reviewed in

Smith & Whitelam, 1997).

The phytochrome family are reversibly photochromic proteins which exist as dimers. Each
monomer is composed of an apoprotein covalently attached to phytochromobilin, a
linear tetrapyrrole (Lagarias and Rapoport, 1980). Plants possess multiple phytochromes
defined by their apoprotein-encoding genes. Three (PHYA-PHYC), are conserved in
angiosperms while additional genes have been identified in dicotyledonous plants as a
result of recent gene duplication events (Mathews & Sharrock, 1997; Mathews et al.,
1995); specifically, Arabidopsis has 5 apoprotein-encoding genes (PHYA-PHYE) that have
been sequenced and characterized (Clack et al., 1994; Sharrock & Quail, 1989).

Phytochromes have two photo-convertible forms — Pr and Pfr. Pr, the biologically inactive
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form, absorbs RL at around 667nm, while Pfr, the active form, absorbs FR light at 730nm.
Phytochromes are produced in the inactive Pr form, with activity being acquired upon
photoconversion to Pfr following exposure to RL. Photoconversion of Pfr to Pr is then
optimized at FR wavelengths (Rockwell et al., 2006). This results in a dynamic
photoequilibrium in natural light conditions. After conversion to Pfr, phytochromes
translocate to the nucleus (Kircher et al., 1999; Sakamoto & Nagatani, 1996) and
physically interact with phytochrome interacting factors (PIFs) — a subfamily of bHLH
transcription factors (reviewed in Duek & Fankhauser, 2005). Therefore, the plants in
shaded areas convert Pfrinto Pr and growth is increased. In contrast, plants in full
sunlight are able to convert Pr into Pfr which inhibits growth. This system allows plants

with the fastest and most efficient growth to survive in dense populations.

The phytochrome system is also utilized by the seedling to determine presence or
absence of light to regulate timing of germination (Casal and Sanchez, 1998). This
regulation is vital in maintaining food reserves within seeds as, if germination occurs
below the soil surface, a seedling would deplete food resources and die before breaching
the surface. Therefore, the phytochrome system allows germination to occur only when
the seed is exposed to light at the soils surface which causes Pr conversion to Pfr allowing
photomorphogenesis and germination to ensue. In dark-grown seedlings or seedlings

below soil, the Pr form of phytochrome is present and seed germination will be inhibited.

In addition, the phytochrome system is used to adjust a plants growth patterns according
to the seasons. This is termed photoperiodism and is classified as a biological response to
the duration and timing of dark and light periods in relation to a 24-hour cycle (Thomas
and Vince-Prue, 1997). As unfiltered sunlight is rich in RL and lacking FR light, all the
phytochrome molecules convert to the Pfr form at dawn and persist in this conformation
until sunset. During darkness hours Pfr converts to Pr, therefore, if the night is long there
will be no Pfr remaining at sunrise; whereas, if the night is short Pfr molecules will still be
present. Presence of Pfr then stimulates flowering and vegetative growth as shortening

nights indicate springtime and lengthening nights signify autumn.
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1.5.2.2 Cryptochromes

Cryptochromes are a class of flavoproteins involved in blue-light mediated responses in
plants. Cryptochrome 1 (cry1) in Arabidopsis was not discovered until 1993 by Ahmad and
Cashmore who indicated considerable amino acid sequence similarity to prokaryotic DNA
photolyases, although later work determined the protein had no photolyase activity and
included a unique C-terminal extension (Ahmad and Cashmore, 1993). All members of the
flavoprotein superfamily have an N-terminal photolyase homology (PHR) domain able to
bind two chromophores, flavin adenine dinucleotide (FAD) cofactor and pterin (Brautigam
et al., 2004) which allows cryptochrome responsivity at two different wavelengths (Hoang
et al., 2008). This flavin chromophore acts to inhibit elongation of the stem through
alteration of cell turgor pressure after it has been reduced by blue-light. Mutation at the
CRY1 locus produces plants with reduced growth inhibition when exposed to blue-light.
Mutants also exhibit depleted levels of blue-light induced genes (Ahmad et al., 1995).
Following the discovery of cry1, cry2 was identified and, like cry1, it is similar to
photolyases and has a C-terminal extension variable from cry1 (Lin et al., 1996).
Mutations in cry2 also cause inhibition of hypocotyl elongation and is also responsible for
blue-light-mediated cotyledon and leaf expansion (Lin et al., 1998). Overexpression of
cry2 in transgenic plant lines has been seen to increase blue-light-stimulated cotyledon
expansion, resulting in numerous broad leaves and no flowers as opposed to a flower

with few primary leaves in a WT plant (Lin et al., 1998).

1.5.2.3 Phototropins

The phototropin photoreceptors are also involved in blue-light mediated phototropism
responses, allowing plants to alter their growth in response to the light environment.
Phototropins have two PAS domains, LOV domains and a classical Ser/Thr kinase domain
downstream (Huala et al., 1997). Each LOV domain is able to bind flavin mononucleotide
(FMN) as a chromophore to create the holoprotein (Christie et al., 1999). These FMN
molecules can then undertake a photocycle which forms a cysteinyl adduct following
blue-light activation and experiences break down in dark conditions. Phototropins 1

(photl) and 2 (phot2) have roles in phototropism, chloroplast migration, stomatal
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opening, inhibition of stem growth and calcium uptake, all in response to blue-light

(Briggs and Christie, 2002).

1.5.2.4 Light signaling pathways

Plants are continuously monitoring light conditions to optimize their growth through
photoreceptors and the signaling pathways stemming from them. A striking
morphological change can be observed after etiolated seedlings are transferred to light
and begin to undergo photomorphogenesis, or de-etiolation. This developmental change
involves large scale gene expression changes in around one third of Arabidopsis genes
(Ma et al., 2001) and analysis of temporal gene expression changes have shown the
majority of the very early response genes expressed during phyA signaling are
transcription factors (Tepperman et al., 2001). In contrast, many of the genes known to
induce photomorphogenic development are expressed later suggesting photoreceptors
are able to propagate a signal to a number of essential transcription factors which are
then able to stimulate expression of a second set of transcriptional regulators that

promote photomorphogenic development.

One of the principal factors interacting with phytochromes A and B are PIF (phytochrome
interacting factor) proteins, which are bHLH transcription factors that bind to the G-box in
the promotor region of several genes and negatively regulate photomorphogenesis
(Martinez-Garcia et al., 2000; Hug and Quail, 2002; Hug et al., 2004). Co-localisation
studies discovered the distribution of PIF3 varied under different light conditions; in the
dark, PIF3 is present in the nucleus and undergoes light-induced degradation via phyA,
phyB and phyD (Bauer et al., 2004). In the same study, it was determined that the dark-
induced accumulation of PIF3 in the nucleus is COP1 dependent, whereas, the light-
induced PIF3 degradation was COP1 independent. It was suggested that PIF3
accumulation in the dark is the result of a COP1-mediated degradation of a PIF3
repressor, this would be consistent with the knowledge that light induces the exclusion of

COP1 from the nucleus.
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COP1 is an ubiquitin E3 ligase, required for the activity of the COP9 signalosome, which
targets proteins for degradation and acts as a central repressor of photomorphogenesis
(Osterlund et al., 1999) and mutations within COP1 give seedlings a light-grown-like
phenotype in the absence of light. Genetic screens have enabled the COP1 (constitutively
photomorphogenic) locus (Deng et al., 1991) and a number of other loci, COP9 (Wei &
Deng, 1992), 2, 3, 4 (Hou et al., 1993), 8, 10 and 11 (Wei et al., 1994) to be characterized.
Alongside this, mutations in DET loci — encoding nuclear localized DET1 (de-etiolated)
proteins (Pepper et al., 1994) were discovered that generate the same light-grown-like
morphology in darkness (Cabrera y Poche et al., 1993; Chory et al., 1989; Chory et al.,
1991). Their morphology shows shortened hypocotyls and expanded cotyledons and, due
to the recessive nature of the cop/det mutations, it suggests photomorphogenesis is the
default developmental pathway. In the same manner, genetic screens have also been
instrumental in the discovery of effectors of photomorphogenesis such as HY5 and HYH;
mutations within these proteins cause plants to develop long hypocotyls when
germinated in the light (Holm et al., 2002; Koornneef et al., 1980). HY5 is a bZIP
transcription factor localized in the nucleus (Oyama et al., 1997) which is able to bind to
the G-box in the promotor region of light-inducible genes and induce their expression

(Chattopadhyay et al., 1998).

Together with epistasis studies looking into the interactions between detl, cop8, cop10,
copll and hy5-1 mutants (Chory, 1992; Wei et al., 1994), it was determined that COP1
was epistatic to HY5 (Ang and Deng, 1994). However, further studies reveal a COP1
specific degradation of HY5 and HYH in dark conditions (Holm et al., 2002; Osterlund et
al., 2000) This information, alongside the knowledge that abundance of nuclear localized
COP1 decreases following exposure to light (von Arnim and Deng, 1994), suggests a
model in which COP/DET proteins act to degrade key transcriptional regulators such as

HY5 to prevent photomorphogenic development in the dark.
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1.5.5 Arabidopsis phytohormones

As plants have a sessile lifestyle they are required to regularly adjust their developmental
growth according to external stimuli. A number of small molecules, termed plant
hormones (phytohormones), allow the coordination of many extracellular signals to
regulate appropriate responses and are also essential for implementing the
developmental program. Using extracellular signals to communicate between cells is also
seen in animals; these signals are classically small proteins or peptides, like insulin, or
organic-based hormones, like steroids. In plants the signaling molecules usually signal
throughout the organism to promote growth, development and defense. Interestingly,
although some plant hormones share similar structures to a number of animal hormones,
plant hormones have a significantly larger range in function (Chow and McCourt, 2006).
One plant hormone is able to induce effects in many different cells and one cell has the

potential to be able to respond to all plant hormones.

The five ‘classic’ plant hormones: auxin, gibberellin (GA), cytokinin, abscisic acid (ABA)
and ethylene were discovered earliest, whereas other molecules such as brassinosteroid
(BR), jasmonate (JA) and strigolactone (SL) were later described as new families of plant
hormones (Davies, 1987). Biosynthesis and signaling of plant hormones are extremely
complex but recent advances have uncovered receptors and key signaling molecules
underpinning their pathways and perception. In this chapter GA, auxin and BR signaling

will be focused on, see Shan et al., (2012) for a review of all hormone signaling.

1.5.5.1 Gibberellins

Biologically active gibberellins, such as GA1, GAs and GA4, control a number of aspects of
plant development including germination, stem elongation, leaf expansion and seed
development. Of over 100 gibberellins in total, only a small number function as
biologically active hormones (MacMillan, 2001), this leaves many GAs to exist in plants as
precursors or deactivated metabolites. GAs are synthesised from geranylgeranyl
diphosphate (GGDP), which is a precursor for diterpenoids (Yamaguchi, 2008) and three
enzyme classes, terpene synthase (TPSs), cytochrome P450 monooxygenases (P450s) and

2-oxoglutarate-dependent dioxygenases (20DDs), have a crucial role in GA biosynthesis.
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In higher plants the methylerythritol phosphate pathway in the plastid has been shown to
provide the majority of the isoprene units for GA biosynthesis, while the cytosolic
mevalonate path only has a minimal contribution (Kasahara et al., 2002). GA signalling
involves targeted protein turnover and ubiquitination to exert its effects; the GA
receptor, GID1, was identified in a signalling mutant screen in rice and confers complete
insensitivity to GA treatment (Ueguchi-Tanaka et al., 2005). GID1 is a nuclear localised

protein which can bind biologically active GAs.

Physiological data also demonstrates a role for DELLA proteins in negatively regulating
GA. Interestingly, DELLA proteins have been shown to directly interact with PIF3 and PIF4
proteins, sequestering them in an inactive state (de Lucas et al., 2008; Feng et al., 2008)
displaying an integration of light and hormone signalling within plants. GA also functions
to destabilise DELLAs, allowing PIF3 and PIF4 to begin transcription of target genes (de
Lucas et al., 2008; Feng et al., 2008). The receptor GID1 is also able to interact with
DELLAs in a GA-dependent manner (Griffiths et al., 2006; Willige et al., 2007) and GID1
expression has been shown to enhance the interaction between DELLAs and the F-box
proteins SLY1/GID2 (Griffiths et al., 2006). This would support the notion that DELLAs are
ubiquitinated and degraded by SCF°'Y/6'°2only when in a complex with GA bound GID1,
allowing the transcription of GA responsive genes by PIF proteins. This model has been
supported by the structures of rice GID1 and Arabidopsis GID1a (Murase et al., 2008;
Shimada et al., 2008).

Regulated protein turnover is also seen in both ABA and ethylene signalling. ABA-
insensitive 3 and 5 (ABI3 and ABI5) protein levels are controlled by the RING E3 ligases
ABI3-Interacting Protein (AIP2) and Keep on Going (KEG), respectively, and ABA promotes
ubiquitination of ABI3 while inhibiting ubiquitination of ABI5 to allow ABA responses
(Stone et al., 2006; Zhang, Garreton, & Chua, 2005). In ethylene signalling, the presence
of ethylene causes SCFE™! and SCFE™? |evels to decrease (Guo & Ecker, 2003; Potuschak
et al., 2003), which subsequently increases Ethylene-Insensitive 2 and 3 (EIN2 and EIN3)

levels and ethylene responsive gene expression (Qiao et al., 2009).
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1.5.5.2 Ethylene

Ethylene is a simple gaseous hormone involved in regulating a number of key
developmental stages including seed germination, root hair development and fruit
ripening. Endogenous production of ethylene is controlled through abiotic and biotic
stressors such as wounding, hypoxia and chilling. Applying exogenous ethylene or a
precursor 1-aminocyclopropane-1-carboxylic acid (ACC) to etiolated seedlings induces the
‘triple response’ which includes the hallmarks of an exaggerated apical hook, shortening
of the hypocotyl and radial swelling of the hypocotyl (Plinio Guzman and Ecker, 1990).
This response has been exploited over the years using mutant screens and physiological
studies to understand ethylene biosynthesis, signal transduction and regulation, allowing

this hormones role in plant function to be discovered (Shan et al., 2012).

S-adenosylmethionine (S-AdoMet) is a precursor of ethylene (see Yang & Hoffman, 1984
for review) and 80% of cellular methionine is converted to S-AdoMet by S-AdoMet
synthetase (Ravanel et al., 1998). S-AdoMet acts as one of the major methyl donors in
plants and is involved in a number of biochemical pathways and in methylation reactions
which modify lipids, proteins and nucleic acids. S-AdoMet is converted to ACC by ACC
synthase (ACS) in the first committed step of the ethylene biosynthesis path and 5'-
methylthioadenosine (MTA) is produced in this reaction. MTA can then be recycled to
create methionine, allowing the preservation of the methyl group for future ethylene
production (Bleecker and Kende, 2000). This allows the continued production of ethylene
without the need for an increased methionine pool. Following this, ACC is oxidized by ACC
oxidase to form ethylene, cyanide and CO, which is then detoxified to stop cyanide

accumulation during times of high ethylene production (Wang et al., 2002) (Figure 1.6).

ACC synthase genes encode the rate limiting step in ethylene biosynthesis and there is
significant evidence to suggest these enzymes are both positively and negatively
regulated by various external and internal signals. For example, ACS2 is induced by
cyclohexamide, wounding and 2 h ethylene treatment (Liang et al., 1996; Van der
Straeten et al., 1992), ACS4 is induced by cyclohexamide, IAA and wounding; ACS5 is

induced by lithium chloride and cytokinin in etiolated seedlings (Abel et al, 1995; Liang et
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al., 1996) and ACS6 can be specifically induced by cyanide treatment and exposure to
ozone (Smith & Arteca, 2000; Overmyer et al., 2000; Vahala et al., 1998).

After synthesis, ethylene is perceived by a family of five membrane-localised receptors:
ETR1, ETR2, ERS1, ERS2, and EIN4 (Chang et al., 1993; Hua et al., 1995; Hua and
Meyerowitz, 1998; Sakai et al., 1998). These receptors consist of two proteins: a histidine
kinase as the receiver that autophosphorylates an internal histidine residue and a
response regulator that activates downstream responses when an aspartate residue
receives a phosphate from the histidine residue. Ethylene binding happens at the N-
terminal transmembrane domains of the receptors and requires a copper co-factor

provided by the copper transporter RAN1 (Hirayama et al., 1999).

In the absence of ethylene, the receptors activate CTR1, a Raf-like kinase, which is
thought to negatively regulate the downstream ethylene pathway through a MAP-kinase
cascade. In the presence of ethylene, the receptors are inactivated, causing deactivation
of CTR1, which allows EIN2, a membrane protein, to function as a positive regulator
(Alonso et al., 1999) and signal to the EIN3 family transcription factors in the nucleus.
EIN3 is able to bind to the promotor region of the ERF1 gene and induce its transcription
to then activate the transcription of target genes and downstream ethylene responses

(Chao et al., 1997).
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Figure 1.6. Ethylene biosynthesis pathway. S-AdoMet (SAM) is formed via the catalysis of
methionine by SAM synthase, using one ATP molecule per molecule of SAM synthesised.
ACC, the immediate pre-cursor of ethylene, is formed through the conversion of SAM to
ACC by ACC synthase and this is the rate limiting step in ethylene synthesis. 5'-
methylthioadenosine (MTA) is the by-product of this reaction and can be recycled back to
methionine to preserve the methylthio group. The final step in is the conversion of ACC to
ethylene via ACC oxidase. This step generates CO, and cyanide. Dashed arrows represent
transcriptional regulation of ACC synthase and ACC oxidase. Reversible inhibition of ACC

synthase has been hypothesised to occur following stresses. Figure from Wang et al
(2002).
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Figure 1.7. Brassinosteroid signalling pathway. BR signalling begins with BR binding to
the BRI1 receptor to allow transphosphorylation of BAK1. BR signalling also inhibits an
important negative regulator, BIN1, which acts to phosphorylate transcription factors
BES1/BZR1 to inhibit BR signalling. Recently it has been shown that, in low energy
conditions, a histone deacetylase (HDAG) is also able to inhibit BIN2 activity and may
interact with BES1 to regulate its transcriptional activity. Figure from Hao et al (2016).

1.5.5.3 Brassinosteroids

In animals, steroid hormones are essential for embryonic development and homeostasis
(Evans, 1988) and, in plants, one class of steroids — brassinosteroids (BRs) — has a role in
growth promotion. Physiological studies have shown BRs are able to induce events
including stem elongation, root inhibition, ethylene biosynthesis and proton pump
activation (Clouse & Sasse, 1998; Mandava, 1988). BRs role in plant growth was observed
through a genetic screen of constitutively photomorphogenic mutants (Chory et al.,
1989); mutant Arabidopsis seedlings showing a light grown phenotype in the dark. One

mutant identified was the de-etiolated2 (det2) mutant which was deficient in an early
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step in brassinosteroid biosynthesis (Fujioka et al., 1997) . Exogenous application of BR
rescued these growth deficits in both dark and light conditions (Li et al., 1996; Fujioka et
al., 1997).

The discovery of this BR biosynthetic mutant and others, such as CPD and DWF4 (Szekeres
et al., 1996; Choe et al., 1998), alongside gas chromatography-mass spectrometry
analyzing intermediates, has allowed the BR biosynthetic pathway to be established. It is
now known that campesterol (CR) is a predominant BR precursor and is first converted to
campestanol (CN) and subsequently to BR via two pathways: the early and late C-6
oxidation pathway (Zhao & Li, 2012). These two pathways converge on castasterone (CS).
However, there is also an additional CN-independent pathway which has been suggested

to be the dominant BR biosynthesis path (Fujioka et al., 1997; Ohnishi et al., 2012).

BR mutants were also found that displayed normal root growth on exogenous BR (Fujioka
et al., 1997). The mutants showing these qualities displayed mutations in BR/1, which was
found to encode a plasma membrane-associated LRR receptor-like kinase (LRR-RLK) (Li &
Chory, 1997). This family consists of over 200 genes in the Arabidopsis genome (Shiu and
Bleecker, 2003) and has a role in a number of signaling pathways; however, it was
unexpected that BR could bind directly to the extracellular domain of the LRR. The 25
leucine repeats in the BRI1 LRR have a unique 70-amino-acid island domain between
repeats 21 and 22 (Li & Chory, 1997) and this was determined to be the site at which BR
binds (Kinoshita et al., 2005; Li & Chory, 1997). Binding of BR to BRI1 homodimers allows
auto-phosphorylation of its cytoplasmic kinase domain which, subsequently, induces an
interaction between another LRR-RLK named BAK1 in which BAK1 is trans-phosphorylated
(Wang et al., 2008). Additionally, BR signaling deactivates brassinosteroid insensitive 2
(BIN2) (Li & Nam, 2002) which leads to the activation of two transcription factors,
brassinazole-resistant 1 and 2 (BZR1 and BZR2) (Wang et al., 2002) (figure 1.7).
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1.5.6 Auxin

In 1880, it was suggested there was a plant-organ forming substance that moved
directionally within the plant to produce roots and induce bending of grass coleoptiles
towards the sun (Darwin, 1880). Later characterisation determined these substances
were a class of compounds called auxins (Went, 1937; Went, 1927) that have been shown
to underpin key processes such as tropic responses (Friml et al., 2002; Abas et al., 2006),
embryo/vascular patterning (Moéller & Weijers, 2009; Scarpella et al., 2010; Weijers et al.,
2006), organ initiation (Benkova et al., 2003), root/shoot elongation (Perrot-Rechenmann,
2010) and apical dominance (McSteen and Leyser, 2005). The predominant auxin in
higher plants is indole-3-acetic acid (IAA) which is present in cells at picogram per
milligram fresh weight concentrations (Ljung et al., 2002) and is a small tryptophan
derived compound. Auxin biosynthesis is complex and it is known there are multiple
paths that contribute to de novo auxin production (Zhao, 2010); however, IAA is also
known to be released from IAA conjugates (Bartel, 1997). It is widely accepted that
tryptophan is a precursor to IAA and the predominant pathway is tryptophan-dependent
as many studies have confirmed the conversion of tryptophan to IAA in plants (Nonhebel
et al., 1993). However, plants blocked in the final steps of tryptophan synthesis still
display WT levels of IAA but with an over-production of IAA conjugates and potential
different precursors, such as indole-3-acetonitrile (IAN) (Normanly et al., 1993). This
suggests the presence of alternative Trp-independent pathways which have been
discovered more recently (Nonhebel, 2015), giving a role to cytosol-localized indole

synthase (INS) (Wang et al., 2015) in the initiation of Trp-independent IAA synthesis.

Other compounds have also been reported to show auxinic activity, including the natural
endogenous auxins: 4-chloroindole-3-acetic acid (4-CI-IAA), indole-3-butyric acid (IBA) and
phenylacetic acid (PAA) (Ludwig-Muller and Cohen, 2002; Simon and Petrasek, 2011). At
concentrations below cellular toxicity, auxins stimulate growth in shoots, growth
inhibition in roots and the induction of adventitious and lateral roots in a number of
species (Woodward and Bartel, 2005). For example, exogenous application of IAA at

3x10® M causes a 50% inhibition in root growth (Wilson et al. 1990).
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In addition to their physiological effects, these auxins all contain structural similarities;
they all share a carboxyl group and aryl ring structure which is also found in a number of
synthetic auxins such as 2,4-dichlorophenoxyacetic acid (2,4-D) and naphthalene acetic
acid (1-NAA) (figure 1.8). These compounds, along with derivates like dicamba and
picloram, have a long history of use as herbicides. Their function is to elicit the same
cellular responses as IAA, but due to their higher stability in the plant, their auxinic action
is longer lasting and more intense. One reason for their stability is that these compounds
are not subject to rapid inactivation via conjugation and degradation in the same way as
natural auxins, like IAA (Grossmann, 2010), therefore these compounds can illicit
uncontrolled cell elongation and ultimately lead to plant death. While all auxinic
compounds cause similar physiological responses in plants, they also have unique modes
of action characterised by distinct, but overlapping, changes in gene expression following
exposure (Pufky et al., 2003). The variation in gene expression likely reflects differences in

metabolism, transport or signalling (De Rybel et al., 2009; Woodward & Bartel, 2005).

1.5.6.1 Auxin perception and signaling

As mentioned previously, auxin induces a number of responses within a plant and
underlying these responses are rapid changes in gene expression within minutes,
characterised by an almost immediate perception and transduction of a signal from
outside of the cell to the nucleus. Auxins are able to enter the cell either by passive
diffusion or active uptake via the AUX1/LIKE AUX1 (AUX1/LAX) family of carriers (Bennett
et al., 1996; Swarup et al., 2008) and once inside, IAA is small enough to enter the nucleus
through nuclear pores where it acts on the ubiquitin-proteasome system (UPS), thus

linking auxin perception and a fast transcriptional response.
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Figure 1.8. The chemical structures of natural/synthetic auxins and anti-auxins. Natural
auxins include indole-3-acetic acid (IAA), 4-chloroindole-3-acetic acid (4-CI-IAA),
phenylacetic acid (PAA) and inactive auxin precursors indole-3-butyric acid (IBA).
Synthetic auxins include: 2,4-dichlorophenoxyacetic acid (2,4-D), naphthalene acetic acid
(1-NAA), 3,6-dichloro-2-methoxybenzoic acid (dicamba) and 4-amino-3,5,6-trichloro-
2pyridinecarboxylic acid (picloram). Anti-auxins include: tert-butoxycarbonylaminohexyl-
IAA (BH-1AA), a-(phenylethyl-2-ox0)-IAA (PEO-IAA) and a-(2,4-dimethylphenylethyl-20x0)-
IAA (auxinole). Figure retrieved from Chandrasekaran, 2015.

The auxin receptors were discovered through mutant screens looking for Arabidopsis
seedlings with a reduced response to auxin. Interestingly, many mutants found were
impaired in the components of the Skp1/Cullin/F-box (SCF) ubiquitin ligases (E3) or in
proteins that regulate the activity of the SCF (Dharmasiri & Estelle, 2002). The E3 ligases
confer the substrate specificity to the ubiquitin-proteasome pathway as the F-box protein
directly interacts with the substrate (Moon et al., 2004). There are estimated to be over
1000 plant E3 ligases (Chen & Hellmann, 2013) but, SCF E3 ligase complexes specifically
recognise targets for ubiquitin transfer. SCF complexes consist of 4 protein subunits with
various functions; CULLIN (CUL1) has a role as a scaffold protein, binding RING BOX1
(RBX1) at its C-terminus and a SKP1 / F-box protein (FBP) complex to its N-terminus
(Patton et al., 1998; Skowyra et al., 1997; figure 1.9). The FBP family consists of >700
proteins in Arabidopsis and is the subunit that confers specificity to the SCF complex.

While all FBPs contain a domain for ASK protein docking, they have variable target
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recognition domains (Gagne et al., 2002). The SCFs were first linked with a role in
canonical auxin signalling when the FBP, TRANSPORT INHIBITOR RESPONSE 1 (TIR1) was
found to degrade negative regulators of auxin responsiveness and mutants in TIR1
displayed auxin resistance (M Ruegger et al., 1998). Additionally, the discovery that TIR1
is directly linked to auxin-regulated transcription was key in the characterization of the
signalling pathway (Gray et al., 2001). TIR1 and its 5 close homologs AUXIN SIGNALING F-
BOX 1-5 (AFB1-5) are soluble, nuclear localised proteins that interact with ASKs through

their N-terminus to form an SCFTRY/AFB complex (Dharmasiri et al., 2005; Gray et al., 1999).

The C-terminal region of TIR1/AFB is comprised of 18 leucine rich repeats (LRRs; Gagne et
al., 2002) that is able to physically interact with auxin/indole-3-acetic acid (Aux/IAA)
transcriptional repressor proteins in an auxin-dependent manner to promote Aux/IAA
protein degradation (Gray et al., 2001b). Subsequently, Aux/IAA protein degradation de-
represses AUXIN RESPONSE FACTOR (ARF) transcriptional activator proteins and auxin-

responsive genes can be transcribed.

Substrate
adaptor

cuL1

Figure 1.9. Subunit structure of an SCF complex. (A) Organisation of SCF complexes. The
CUL1 scaffold protein binds a substrate adaptor or target receptor and an RBX1 protein
for E2 docking. The K represents the acceptor sites for Ub and complex modifiers; C
represents the active-site cysteine that binds activated Ub. (B) Ribbon model of the
SCF™R! in complex with auxin. ASK1 and the FBP TIR1 bind via the F-box domain (black
dashed circle) to create the substrate adaptor that then complexes with CUL1 and RBX1.
Auxin (yellow) binds to TIR1 in a pocket to enhance the interaction with its targets, the
Aux/IAAs. Modified from Hua & Vierstra (2011).
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Auxin enhances the degradation of Aux/IAAs by SCFTRY/AF8 and TIR1 has been shown to
bind auxin directly in vitro (Dharmasiri et al., 2005; Kepinski & Leyser, 2005). The crystal
structure of a TIR1:ASK heterodimer alone and in complex with IAA, 1-NAA or 2,4-D and
an Aux/IAA protein displays a ‘mushroom-like’ structure with TIR1:ASK forming the ‘stem’
and the 18 LRRs forming the ‘cap’. The auxin and Aux/IAA target can then bind to this
concave surface referred to as the auxin binding pocket (Tan et al., 2007) (figure 1.10).
The carboxyl group of an auxin is anchored to the bottom of the auxin binding pocket and
the aromatic ring has less selective interactions with the sides of the pocket. Docking of
the Aux/IAA then occurs atop the bound auxin which led to the proposal that auxin acts
as a ‘molecular glue’ to enhance the interaction between the receptor and Aux/IAA
targets (Tan et al., 2007). This is the canonical auxin signalling pathway thought to
mediate the majority of auxin responses in plants (Badescu and Napier, 2006; Leyser,
2018); however, recently, a non-canonical pathway dependent of TIR1/AFBs, involving

ARF3 (ETTIN) and protein kinases has been suggested (Kubes and Napier, 2019).

Interestingly, it is not only auxin-signalling that requires F-box proteins. CORONATINE
INSENSITIVE1 (COI1) is an F-box protein that it closely related to TIR1 (Xie et al., 1998) and
it acts to degrade jasmonate response repressors to allow jasmonate signal transduction.
Recently the transcriptional regulators, and substrates, for COI1 have been identified: the
JAZ protein family (Thines et al., 2007; Chini et al., 2007). These pathways highlight the

importance of the ubiquitin-proteasome pathway in hormone signalling.

1.5.6.2 The role of Aux/IAAs

Aux/IAA transcriptional repressors are small proteins encoded by a family of 29 genes in
Arabidopsis (Remington et al., 2004), that, upon translation, localise rapidly to the
nucleus. Aux/IAAs genes are classified as primary-auxin responsive genes as their
expression increases rapidly upon auxin application (Abel & Theologis, 1996). Therefore,
degradation of Aux/IAA proteins leads to de-repression of these genes and a rapid control
over the auxin response. However, induction kinetics do vary from a few minutes after

auxin application (JAA1-6) to 30 minutes (IAA9-10) (Abel et al., 1995).
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23 of the 29 members of the Aux/IAA family are canonical due to them sharing 4 regions
of highly conserved sequence, named domains |, Il, [ll and IV (Abel et al., 1995; Oeller et
al., 1993). One essential feature of rapid auxin signalling is the quick degradation of
Aux/IAAs which is mediated by a degron located in domain Il. The degron consists of a
conserved sequence with a core amino acid group VGWPP (Ramos et al., 2001) that is
recognised by the SCFTRY/AFB E3 [igase. It has been shown that after compromising the
degron sequence, Aux/IAA proteins become stabilised, accumulate and cause constitutive
repression of auxin signalling resulting in auxin resistant phenotypes. A number of gain-
of-function (gof) mutations consisting of a single amino acid change in the degron have
been isolated; for example, roots of auxin-resistant (axr) mutants are resistant to growth
inhibition by exogenous auxin, have stunted growth, reduced etiolation response,
agravitropism and lack of root hairs (Nagpal et al., 2000; Timpte et al., 1994; Yang et al.,
2004). In addition, the suppressor of hy2 mutation 2 (shy2/iaa3) gof mutant displays a
strong de-etiolated phenotype in the dark suggesting an overlap between auxin and light
signalling (Kim et al., 1998a; Tian et al., 2003a). Mutations within the key degron of
Aux/IAAs not only stabilize the protein but also alter the degradation rates in response to
auxin (William M. Gray et al., 2001). Canonical Aux/IAAs have basal half-lives from 6-80

minutes, while gof mutants are stable (Ramos et al., 2001; William M. Gray et al., 2001).

Aux/IAA proteins repress ARF transcription factors. ARFs have a similar structure to
Aux/IAAs and through the PB1 domain (domains ll1/1V), Aux/IAAs and ARFs can have
homo- and heterotypic interactions. ARFs in Arabidopsis are encoded by a family of 23
genes (Guilfoyle and Hagen, 2007) and the role of ARF transcription factors is to bind to
auxin responsive elements (AuxREs) to increase or decrease transcription of downstream
auxin-responsive genes. These genes include members of the Aux/IAA, GRETCHEN
HAGEN3 (GH3), and SMALL AUXIN UPREGULATED RNA (SAUR) gene families (Hagen and
Guilfoyle, 2002).
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Figure 1.10. Auxin signalling in plants. The structures are represented as green: ARF5,
orange: Aux/IAA repressors (IAA17 PB1 domain, IAA7 degron peptide, IAA1 EAR motif),
purple: TPL/TPR co-repressors (OsTPR2), cyan/blue: SCF™®!, yellow: auxin. (A) In low auxin
conditions, ARF activators are repressed and, thus, transcription of primary auxin-
responsive genes is reduced. The ARF dimer binds AuxRE motifs, while they interact with
Aux/IAAs via the PB1 domains, which, in turn, interact with TPL/TPR via the EAR and TPL
domains. (B)In high auxin conditions, ARFs are derepressed due to Aux/IAAs being
degraded via their DIl degron peptide by the SCF™®! complex. Modified from Dinesh et al.

(2016).
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1.5.6.3 Crosstalk between phytohormones

Previously, it was discussed how plant hormones signal in a number of different ways and
how complex their signalling pathways are; however, pathways become even more
complex as crosstalk between hormones occurs. Our understnading of interaction
between hormone pathways is largely the result of mutant phenotype analysis. For
example, the tirl and aux1 auxin-related mutants display altered responsiveness toward
ethylene and ABA (Roman et al., 1995; Wilson et al., 1990). Ethylene is able to
transcriptionally control the expression of tryptophan aminotransferases, which are
crucial in the auxin biosynthetic pathway (Tao et al., 2008; Stepanova et al., 2008).
Conversely, auxin is able to effect ethylene biosynthesis through the regulation of 1-
aminocyclopropane-1-carboxylate synthase (ACS) genes (Tsuchisaka and Theologis, 2004)
and jasmonate biosynthesis (Nagpal et al., 2005). Auxin also has an opposing action with
cytokinin and jasmonate as cytokinin and jasmonic acid inhibits lateral root initiation by
reducing the expression of auxin-efflux carrier genes, which act to establish auxin

gradients in roots (Laplaze et al., 2007; Ishimaru et al., 2018).

It has also been seen that there is a distinct overlap in the auxin and brassinosteroid
responsive gene sets (Goda et al., 2004) and targets induced/repressed by
brassinosteroids are also induced/repressed by auxin. This convergence of signalling was
suggested to be a result of BIN2 kinase phosphorylating and inactivating ARF2 activity
which causes an increase in auxin-responsive gene transcription (Vert et al., 2008). DELLA
proteins have also been identified as a common ‘crosstalk node’ between GA signalling
and auxin, ethylene and ABA paths (Weiss and Ori, 2007). More recently it has been
suggested that DELLAs directly interact with BZR1 to reduce growth (Li et al., 2012) and
BRs can influence GA biosynthesis (Tong et al., 2014; Unterholzner et al., 2015). Due to
recent advances in the knowledge of hormone signalling components we have discovered
interactions at the gene levels, however, we must now begin to understand how these
pathways are utilised during plant growth under environmental control. For example,
mutants deficient or insensitive to auxin, GA or BR are known to display a

skotomorphogenic phenotype in the light as these hormones promote elongation of
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hypocotyl in Arabidopsis. However, the contribution of each of these hormones towards

this response to light is unknown.

1.6 Project aims

The action of fluensulfone (FLS) is distinct from other nematicides currently on the
market, but its mode of action remains unknown. Its remarkable efficacy, partnered with
a favourable toxicity profile, makes the mode of action desirable to determine as other
compounds with similar properties could be developed. Knowing the molecular target of
FLS could also aid in safe and appropriate application methods of chemicals with similar
actions in field conditions. Arabidopsis displays a higher susceptibility towards FLS
compared to a C. elegans model suggesting the possibility that plant parasitic nematodes

(PPNs) and Arabidopsis may have a conserved target.

The primary aim of this project is to investigate the phytotoxic effects of FLS on the model
organism Arabidopsis with the aim to determine the molecular target(s) of FLS. To
achieve this a detailed characterization of the response to FLS at the physiological and
molecular level will be carried out. As FLS is a novel nematicide, its effects on plants have
not been characterised fully and, due to its susceptibility, Arabidopsis provides a good
system to study the effects of FLS in more depth. Such an analysis could indicate a distinct
mode of action. Furthermore, understanding plant responses to FLS will aid in safe
application, use and development of this novel nematicide for a range of crop species.
The effect of FLS on gene expression will be studied using transcriptome sequencing and

g-PCR analysis of specific genes of interest.

In addition, a genetic screen will be carried out to identify Arabidopsis mutants that have
resistance to FLS. Screening mutated seedlings for herbicide resistance and drug targets is
routinely carried out and Arabidopsis provides an excellent model for this type of study to
allow identification of a key gene that is essential for a compound to work. A screen for
FLS-resistant seedlings has the potential to indicate a single gene that mediates FLS
phytotoxicity and from this, orthologous genes in PPN species could be identified. The
screen will be carried out on seedlings treated with the mutagen, EMS, and grown on FLS

with the aim to select resistant individuals.
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Chapter 2: Materials and Methods
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2.1 Plant material, growth conditions and treatments

pifQ (Leivar et al., 2008), tir1-1 (Ruegger et al., 1998); tir1-1, afb2-3 (Parry et al., 2009);
tirl-1, afb2-3, afb4-8; tirl-1, afb2-3, afb5-5 (Prigge et al., 2016) seed material purchased
from Nottingham Arabidopsis Stock Centre (NASC). DR5::VENUS, DII::VENUS and
IAA2::GFP auxin response reporter lines (Bishopp et al., 2011) were kindly gifted by
Professor Malcolm Bennett (University of Nottingham). hy5/hyh double mutant was a gift

from Professor Christian Hardtke (University of Lausanne).

All Arabidopsis seeds were surface sterilized in 15% (v/v) bleach solution for 20 minutes
and washed 5 times with 1mL of sterile water. For experiments in which plants were
grown to maturity, Arabidopsis seeds were sown to a depth of approximately 0.5cm in
compost containing equal volumes of Levingtons F+S modular compost, John Innes No 1
and Vermiculite. Plants were grown under a 16-hour photoperiod provided by SON-T

400W sodium lamps giving a fluence rate of 400-1000 pmol m= sec™.

Fluensulfone (FLS) (Batch numbers: 93867518 and 21004, provided by ADAMA
agricultural solutions) was stored in darkness at 40C with desiccant silica granules. FLS
stock solutions were prepared in 100% dimethyl sulfoxide (DMSO), stored at -20°C, and
added into the plant growth medium solution (half strength Murashige and Skoog (MS)
basal medium (Murashige and Skoog, 1962) supplemented with 0.8% (w/v) agar to a final
concentration of 0.1% (v/v). Stock solutions were added to plant growth medium on day
of use after autoclaving, at temperatures below 450C. Vehicle control plates followed the

same protocol with omission of FLS and addition of 0.1% (v/v) DMSO.

For seedling phenotype studies seeds were grown on 0.8% (w/v)agar plates containing
half strength MS medium in which stock solutions of FLS at 1000x final concentration
were added to achieve final concentrations of 5 uM, 10 uM, 20 uM, 50 uM, 100 pM, 150
UM and 200 uM FLS with a total of 0.1% (v/v) DMSO. For hormone rescue experiments all
hormones were added to 0.8% (w/v) agar plates containing half strength MS medium.
Epi-brassinolide (EBR), Gibberellic acid (GAs), IAA, 1-NAA, 2,4-D and ACC stock solutions of

1000x working concentrations were made up in 100% ethanol and added to autoclaved
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media at a temperature below 450C to a final concentration indicated in each
experiment. All hormones were purchased from Merck (formerly Sigma-Aldrich) and
added to autoclaved media at temperature below 45°C. Sucrose was omitted from all
growth media, unless stated otherwise and plates were sealed with parafilm for the

entirety of growth.

For light grown seedlings, the growth conditions used were continuous WL (100£10 pmol
m= s1) at 22+1°C after 24 h stratification at 4°C in darkness to synchronise germination
and break dormancy. For etiolation experiments, seeds were stratified at 4°C for 24 h in
the dark, followed by a 2 h WL (100+10umol m2 s?) treatment at 22+1°C before 5d
growth in constant darkness at 22+1°C. Fresh weight of seedlings was recorded following
blotting on filter paper. Root length, cotyledon opening angle and hypocotyl length was

also recorded using Imagel) programme (https://imagej.nih.gov/ij/, 1997-2018).

For the WL source Philips MASTER TL-D lamps (type 18W, light colour 840) were set to
emit light at photon fluence density (PFD) of 100+10umol m2 s, For the low light
experiments, plates were covered with neutral density filters to reach desired the PFD
(Lee Filters, Andover, UK). For high light experiments plates were raised above shelf-
height of the light cabinet to reach desired PFD without the use of filters. For red and blue
light (RL and BL, respectively) experiments WL was passed through red and blue filters
(Lee Filters, Andover, UK #106 and #161, respectively) resulting in a fluence rate of

60+5umol m2s?,

2.2 Measurements of pigments

Unless stated otherwise, all chemicals used in the creation of solutions, buffers, media

etc. were purchased from Merck Ltd. (formerly Sigma Aldrich Ltd.).

2.2.1 Chlorophyll and carotenoid extraction

400 pL of 80% acetone was added to ~15 whole Arabidopsis seedlings which were ground
using a hand pestle and centrifuged at 16,000 x g for 5 minutes. Supernatant was

collected and the process repeated again, resulting in a final volume of 800uL from two
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extraction steps. Absorbance was measured at 470, 647 and 663nm with a U-2001
spectrophotometer (Hitachi, Tokyo, Japan) and chlorophyll and carotenoid
concentrations determined using equations from Lichtenthaler (1987) and expressed as
ug per gram of fresh weight or ng per seedling.

Chlorophyll a = 12.25 Aeez — 2.79 Asa7

Chlorophyll b = 21.50 Aga7 — 5.10 Ass3

Total chlorophyll = 7.15 Aees + 18.71 Asaz

Carotenoids = (1000 As70 — 1.82 Chl a — 85.02 Chl b) / 198

2.2.2 Protochlorophyllide extraction

400 pL of 100% acetone:0.1M NH4OH (9:1) was added to ~30 excised whole seedlings, the
tissue was then ground using a hand pestle and centrifuged at 16,000 x g for 5 minutes.
Supernatant was collected and the process repeated again resulting in a final volume of
800 pL. All extraction steps were carried out in darkness with green safety light.
Fluorescence emission spectra was recorded on F-2000 spectrofluorometer (Hitachi,
Tokyo, Japan) following excitation at 440nm. Relative amounts of protochlorophyllide
(Pchlide) were calculated from the emission peak at ~636nm and expressed as relative
fluorescence unit (RFU) per gram of fresh weight or per seedling (Terry and Kacprzak,

2019).

2.3 Forward genetic screen for FLS resistance

2.3.2 EMS mutagenesis

Preliminary mutagenesis was conducted using 4 concentrations of ethyl
methanesulfonate (EMS) (0.25, 0.5, 0.75 and 1%) to determine concentration for final,
large-scale mutagenesis. WT Col-0 ecotype seeds were imbibed in 0.1% potassium
chloride solution for 12 h at 4°C then soaked in 100 mM sodium phosphate, 5% (v/v)
DMSO and EMS for 4 h and agitated every 30 minutes — 1mL of this solution was used per
~1000 seeds. 1.5mL microfuge tubes were sealed with parafilm and contained in a 50mL
falcon tube during treatment to reduce the potential release of the mutagen. Following
this, seeds were washed twice with 100 mM sodium thiosulfate for 15 min and twice with

distilled water for 15 minutes. Seeds were dried on filter paper (Whatman, UK) and
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stored in fresh 1.5mL microfuge tubes. All steps were carried out in a fume hood.
Following a drying out period, seeds were planted on soil at a density of around 1cm? per
seed with ~10 plants per pot for pooling, this was the M1 generation. M1 generation were
grown until seed could be harvested from pools of ~10, this was termed the M

generation.

2.3.3 Determination of mutagen effectiveness

900 M2 generation seeds from one pool of each EMS concentration were sown on 0.8%
(w/v) agar plates containing half strength MS medium for 7d in continuous light
(100+10pmol m2 s71) alongside 900 WT Col-0 seeds for comparison. After 7d the number
of seeds germinated, bleached and reduced in stature was recorded to give final
percentages for comparison. Reduced growth was defined by cotyledon breadth at 7d

<2mm.

2.3.4 Screening M2 generation

A small sample of M2 seeds from each M1 pool were surface sterilized in 15% (v/v) bleach
solution for 20 minutes and washed 5 times with 1mL of sterile water. Using a glass
pipette, seeds were individually sown on 0.8% (w/v) agar plates containing half strength
MS medium and 50uM FLS and grown in continuous WL (100+10umol m2 s'1) for up to
28d after 48 h stratification.

2.3.5 Isolation of FLS resistant mutants

Potential resistant mutants were identified via visual parameters, such as improved
growth and/or increased root length and/or increased greening compared to the rest of
the population grown on 50uM FLS. These individuals were removed from the plates
containing FLS and moved to 0.8% (w/v) agar plates containing half strength MS medium
with the addition of 1% (w/v) sucrose to encourage further growth. Once these plants
had developed at least 2 true leaves the plant was then transferred to soil (described in

section 2.1) and grown to maturity in a growth room.
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Once individuals had reached maturity their seed was collected and re-screened on 0.8%
agar plates containing half strength MS medium and 50uM FLS alongside WT seed for
comparison. Seed was screened for 7 d in continuous WL following 48 h stratification at
4°C in darkness. Fresh weight, chlorophyll and root length measurements were recorded

to determine if resistance was retained in that generation.

2.3.6 Back-crossing FLS resistant lines to WT

From the maternal plant (resistant line or WT), mature siliques and open flower buds
were removed with forceps. Anthers were removed from 3-5 buds prior to flower
opening and pollen release to stop self-fertilization and the emasculated buds were left
for 1-2 days to mature. The emasculated buds were then subsequently pollinated using
anthers from the male donor plant (WT or resistant line). Seeds from successful back-

crosses were allowed to mature prior to harvesting.

2.3.7 Physiological measurements of mature Arabidopsis plants
Development of each FLS-resistant line was recorded after sowing lines on soil (described
in section 2.1) and monitoring growth each day and recording days to germination,
bolting and flowering. Once flower buds and siliques had reached maturity they were
imaged on an optical light microscope (model:SDZ-PL; Kyowa, Tokyo, Japan) and
guantification of stigma, stamen and silique length was measured using the Image J

programme.

2.4 Imaging of auxin signaling by confocal microscopy

Imaging of DR5::VENUS, DII::VENUS and IAA2::GFP seedlings was performed on an SP8
confocal microscope (Leica, Wetzlar, Germany) using the x20 air objective. For
visualization of the root organization, the roots were stained with 10pg/mL propidium
iodide for 10 minutes in the dark with regular agitation. Seedlings were stained following
a3 h 1uM IAA or 3 h mock treatment and mounted in water between slide and coverslip.
IAA treatment and staining for each condition were staggered to allow time for imaging
and to reduce propidium iodide entering cells if samples were not imaged immediately.

The Z-axis was adjusted for each sample to ensure maximal fluorescence within the whole
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root tip was represented. For fluorescence quantification, the GFP (ex: 488 nm, em:
approx..500-550 nm) and VENUS (ex: 514 nm, em: approx..520-560 nm) was used to
remove any activity of the propidium iodide staining; the area within 200uM of the root
tip was selected and a mean grey value was given and expressed relative to control. For
the VENUS lines, each image was split and the VENUS channel was analysed. The image
was then made binary with a threshold value of 30 to remove background. Particle
analysis was carried out using a minimum particle size just below that of the smallest
nuclei in each image to extract nuclei that had high levels of reporter activity and remove
any nuclei that were not fully in the plane of focus. 4 individuals per condition were

analysed. All quantification carried out on Imagel software.

2.5 Gene expression analysis by quantitative real-time PCR (qPCR)

2.5.1 RNA isolation from seedlings

All plastic ware and buffers were autoclaved prior to extraction to ensure sterilisation and
all steps were performed on ice. Around 200-400mg of Arabidopsis whole seedling tissue
was harvested into 1 mL tubes (Eppendorf, Hamburg, Germany), immediately frozen and
stored at -80°C until extraction began. 500 pL of ‘RNA Miniprep’ buffer (100 mM NacCl; 10
mM Tris pH 7.0; 1 mM EDTA and 1 % (w/v) SDS) was added to frozen tissue and tissue
was ground carefully using a hand pestle. 150 pL phenol pH 4.8 and 250 pL chloroform
was added to samples and they were vortexed for 30 s. Following vortexing, samples
were centrifuged at 16,000 x g for 5 min at 4°C which allowed phase separation.
Approximately 450-500 uL of the upper phase was transferred to a new tube, combined
with 450 pL LiCl and precipitated for approximately 12 h at 4°C. Precipitate was recovered
by a centrifugation at 16,000 x g for 10 min at 4°C. To avoid contamination by genomic
DNA, 300 pL DNase buffer (10mM Tris HCI pH 7.5; 2.5mM MgCl;; and 0.5mM CaCl,) and 1
puL DNase 1 (Promega, Wisconsin, USA) were added and samples were incubated at 37°C
for 25 min using a thermomixer. 500 puL of phenol:chloroform:isoamyl alcohol (25:24:1,
v/v/v; Thermo Fisher Scientific, USA) was added and samples were vortex for 30 s and
centrifuged at 16,000 x g for 5 min at 4°C. The upper phase was then transferred to a new
tube and combined with 750 pL of ethanol containing 5% (w/v) 3 M sodium acetate (pH

5.5). Samples were vortex briefly and incubated for 1 hour at -20°C to precipitate. The
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supernatant was removed following centrifugation for 10 min at 16,000 x g, at 4°C,
leaving an RNA pellet which was left to air dry at room temperature for approximately 10-
15 minutes. The final RNA pellet was resuspended in 30-60 pL TE buffer (10 mM Tris HCI
(pH 8), 1 mM EDTA). The concentration and purity of the RNA samples were determined
using ‘Nano-Drop’ ND-1000 spectrophotometer (Thermo Fischer Scientific). When
possible, RNA was directly subjected to cDNA synthesis. RNA samples were stored at -
80°C.

2.5.2 First strand cDNA synthesis

cDNA was synthesized from a 1 pL of total RNA using the Precision nanoScript 2 Reverse
Transcription Kit (PrimerDesign, Chandler’s Ford, UK). In brief, 1 uL of RNA was added to
a mixture of 1 uL random primers and 1 pL oligo-dT primers and made up with
RNase/DNase free water to a final volume of 10 pL. Samples were vortexed and
incubated at 65°C for 5 minutes and immediately transferred to ice for a further 5
minutes. Following cooling of the samples, 10 puL of reverse transcription mix (5 L of
nanoScript2 4x Buffer, 1 uL of 10mM dNTP, 3 uL RNAse/DNAse free water, 1 ulL of
nanoScript2 enzyme) was added to each sample. Samples were vortexed and briefly spun
to collect the solution at the bottom of the tube. Samples were placed in the peqSTAR
thermocycler (Peqlab, Delaware, USA) and cDNA synthesis was performed under the
following conditions: 25°C for 5 min, 42°C for 20 min and 75°C for 10 min. cDNA samples

were stored at -20°C until required.

2.5.3 Quantitative real-time PCR

The final volume for each quantitative real-time PCR (qPCR) reaction was 10 pL. Each
reaction was comprised of: 5 pL PrecisionFAST-SY 2x MasterMix premixed with
SYBRgreen (Primerdesign, UK), 0.5 uL cDNA template, 2 uL MQ water and 2.5 pL primer
mix, containing 2 UM gene specific primers re-suspended in milli-Q (MQ) water (see table
2.1 for primer details). For negative controls MQ water was used in place of cDNA
template. The gPCR was conducted using white plastic 96-well plates and sealing film
(both Starlab, Milton Keynes, UK) and monitored using the Step One Plus Real Time PCR

System (Thermo Fisher Scientific, USA). The summary of thermal cycling conditions is
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represented in Figure 2.1. Melting curves were also generated for each sample, to ensure
no non-target products were amplified. Each reaction was performed in two technical

replicates with 3 biological replicates.

Table 2.1. Details of primers for gPCR. List of primers used in qPCR
analyses including sequence details, melting temperature and amplicon

size.
Primer name Primer sequence 5’-3’ Tm (°C) Product size (bp)
YLS8 F  AAGGACAAGCAGGAGTTCATT 57
YLS8_R AGTAATCTTTTGGAGCAATCACC 57 93
HEMA1 F GCTTCTTCTGATTCTGCGTC 55
HEMA1_R GCTGTGTGAATACTAAGTCCAATC 56 128
CHLH_F CATTGCTGACACTACAACTGC 54
CHLH_R CTTCTCTATCTCACGAACTCCTTC 57 145
PORA_F GTTCGGTGTTTCACTTTCGG 58
PORA_R TCTGTTCCCTCTTGCATCTCA 58 74
LHCB1.2_F CTCCGCAAGGTTGGTGTATC 55
LHCB1.2_R CGGTTAGGTAGGACGGTGTAT 55 60
ASA1_F CCTTATACCAATTTACCGCTGT 56
ASA1 R ACGCTATAACGACCAACGC 56 115
CYP79B2_F ATCAAGTGCGATTATGGACAAG 57
CYP79B2_R TTACAAGCTCCTTAATGGTGG 55 139
CYP79B3_F CCAACCATTAAGGAACTTGT 52
CYP79B3_ R GACGGGATGAAGACGGAA 56 181
TAAL F  GTATTGGGTGGGCATTGGT 58
TAA1 R CTCAGACTCGGACTCGCTCT 57 118
YUCCA1 F ACCGTTCATGTGTTGCCAAG 59
YUCCA1_R CATTTTTCAGCTCAAGCGGA 59 147
IAAlv2_F GCTCCTCCTCCTGCAAAA 56
IAAlv2_R  GAGCTCCGTCCATACTCAC 52 75
IAA2_F GAGCTATGTCTTGGATTACCCG 58
IAA2_R  GAGTTTTGGTAGGAGGTGTAGATT 56 90
IAA3_F TCCTCGAAAGGCTCAGATT 55
IAA3_R CACATAGATTCCTTGACCCTCA 57 68
IAA19 F GAAAGATGGTGACAACTGC 50
IAA19_ R CACTCGTCTACTCCTCTAGG 49 9
IAA29 F AGATGGATGGTGTGGCAATAG 57
IAA29 R GTATCTTCTCTGTCGCAATCTTC 56 77
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Figure 2.1. Thermal profile of qPCR reactions. The activation step requires 95°C
for 2 minutes followed by amplification for 40 cycles consisting of denaturation for
3 seconds at 95°C and annealing for 30 seconds at 60°C. A melt curve was created
by measuring fluorescence following every 0.6°C increase in temperature until
95°C was reached.

2.6 Transcriptome analysis

Dr Alison Baylay (National Oceanography Centre, Southampton) is kindly acknowledged

for the contribution in library preparation and initial data analysis.

2.6.1 RNA sequencing

Arabidopsis seedlings were grown on media containing 0.1% (v/v) DMSO or 50uM FLS in
22+1°C WL (100+10umol m= s2) for 7 days or for 5 days in constant darkness. They were
then snap frozen in liquid nitrogen and RNA was extracted as described in section 2.5.1.

Three replicates were used for RNAseq.

Paired end libraries for lllumina sequencing were prepared using the NEBNext Poly(A)
mMRNA Magnetic Isolation Module (E7490) Library Prep Kit for Illumina, following the
manufacturer’s protocol. Libraries were pooled and sequenced on an Illlumina MiSeq
platform (lllumina, California, USA) using paired-end sequencing, with a read length of

151 bp.

The quality of the raw reads was inspected using FASTQC software v0.11.6 (Andrews,
2010) and raw sequence reads were pre-processed with CutAdapt v1.8.1 (Martin, 2011)

to remove TruSeq universal adapter sequences and low quality bases from the 3’ end of
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reads, using a quality threshold of 20 and minimum read length of 50 bp. Trimmed reads
were mapped against the Arabidopsis TAIR10 reference genome assembly using HiSAT2
v2.0.5 (Kim et al., 2015), and reads mapping to annotated genes in TAIR10 were counted
using StringTie v1.3.4, (Pertea et al., 2015). Libraries were normalized in the Bioconductor
package DESeq2 v1.20.0 (Love et al., 2014), running on R v3.5.0, using the ‘trimmed mean
of M-values’ (TMM) method. This transforms the count data to the log2 scale in a way
that minimizes differences between samples for rows with small counts and also
normalizes the data with respect to library size implemented. Initial inspection of the
samples was done using principal component analysis (PCA) and a Pearson’s correlation

heat map using DESeq2 functions and R package ‘pheatmap’ (Kolde, 2015), respectively.

2.6.2 Differential Gene Expression Analysis

Differential gene expression analysis was carried out using DESeqg2 (Love et al., 2014),
running on Rv3.5.0. A list of genes with expression significantly affected by growth
condition was identified using an ANODEV approach carried out in the DESeq2 package.
The fit of read count data against a one-factor negative binomial general linear model,
where replicates were grouped by growth condition, was compared to a reduced model
where condition information was removed using likelihood ratio testing. Pairwise
contrasts between conditions were calculated using a Wald test. In both cases, genes
with an adjusted P-value of < 0.05 following Benjamini—Hochberg correction for multiple
testing were classed as significantly differentially expressed. MA plots and heatmaps for

differentially expressed genes were generated in DEseq2 for visualisation.

Using the GO enrichment analysis tool (Mi et al., 2017) biological process gene ontology
(GO BP) term (Ashburner et al., 2000; Carbon et al., 2019) term and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway term (Kanehisa and Goto, 2000) overrepresentation
analysis was performed on differentially expressed genes (DEGs). The analysis determined
whether any terms are annotated to a list of specified genes, in this case a list of DEGs, at
a frequency greater than what would be expected by chance, and calculated a p-value
using the hypergeometric distribution. The minimum number of DEGs required to be

annotated by a given ontology term was set to 2. The p-values of enrichment analysis
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were corrected for multiple testing using Benjamini-Hochberg multiple testing
adjustment. Thresholds for adjusted p-value and g-value of the enrichment were set to

default values 0.05 and 0.2, respectively.

Comparisons to publicly available microarrays and RNAseq data sets was carried out using
a log fold-change cut-off of 1 to identify DEGs and compare the number of shared genes
expected to number of shared genes observed to give a quantitative value for overlap
between FLS-treated samples and other data sets. The value of expected genes shared
was calculated: (up/down regulated genes by FLS*up/regulated genes by data set X)/total

genes sequenced in RNAseq.

2.7 Quantification of endogenous phytohormones

2.7.1 Tissue details and shipping

WT Arabidopsis seedlings were grown on plant growth media +/- 50 uM FLS for 7 days in
white light 22+1°C WL (100£10umol m2 s?) or 5 days dark and material was collected in
liquid nitrogen and stored at -80°¢ until samples were shipped on dry ice. Extraction and
hormone quantification was performed by The Proteomics & Mass Spectrometry Facility

at the Danforth Plant Science Center using full details provided in the appendix
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Chapter 3: Characterising the effects

of FLS on Arabidopsis physiology
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3.1 Introduction

Plant parasitic nematodes (PPNs) are obligate parasites that infest crops and cause
average yield losses of 12.3% on the world’s major food staples, leading to an estimated
financial burden of $125 billion per year (Singh et al., 2015). Due to restricted use and
phasing out of chemical nematicides previously used it is more than likely these figures
have risen and as an anticipated increase food demand is predicted, and it is essential
new mechanisms are found to maximize food resources. The fumigant nematicide,
methyl bromide, was widely used as a nematicide throughout the 20t century; however,
its usage is now banned due to its implications in ozone layer depletion (Fuller et al.,
2008). Carbamate-and organophosphate-based nematicides, acting as anti-
cholinesterases, now serve as alternatives to methyl bromide and although they are less
volatile, many have restricted use due to non-target organism toxicity (Costa, 2006; Pope

et al., 2005).

The unacceptable environmental impact of widely used nematicides has prompted the
development of new chemicals with improved toxicology profiles. Recently, a novel
nematicide has been developed named FLS, full name: 5-chloro-2-(3,4,4-trifluorobut-3-
ene-1-sulfonyl)-1,3-thiazole, also known as MCW-2 and Nimitz® and it is a member of the
heterocyclic fluoroalkenyl sulfone group. FLS has strong nematicidal action (Oka et al.,
2008; Oka et al., 2009; Phillion et al., 1999) while retaining low non-target organism
toxicity (Oka et al., 2009; Rousidou et al., 2013; Strupp et al., 2012). Early observation of
FLS effect on the PPN Meloidogyne incognita compared paralysis profiles relative to
cholinesterase inhibitors, such as carbamates and organophosphates and suggested that
its mode of action is distinct (Oka et al., 2009). Further work confirmed FLS mode of
action to be distinct from anticholinesterases and macrolytic lactones using
Caenorhabditis elegans as a model for intoxication (Kearn et al., 2014). Using
anticholinesterase-resistant and ivermectin-resistant mutants it was determined FLS
could still elicit similar levels of paralysis compared to a WT worm, suggesting FLS is not
working through the same mechanisms as anticholinesterases or macrolytic lactones.
Mode of action studies on the PPN Globodera pallida also demonstrated reduced egg

hatching, stylet thrusting and impaired motility as observed in C. elegans, but at
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significantly lower concentrations of FLS (Kearn et al., 2017). It has also been shown that
at low concentrations of FLS, inhibition of hatching is reversible, although the majority of
juveniles that hatch demonstrate a reduction in mobility that is distinct from other
nematicides (Feist et al., 2020). The large difference in sensitivity between C. elegans and
PPN species suggests FLS may be acting on key elements of PPN metabolism not present
in non-parasitic worms. Interestingly, previous studies looking into the effects of FLS on
Arabidopsis show a profound effect on root development and showed that Arabidopsis

has a higher sensitivity towards FLS compared to C. elegans.

In multiple field trials it was established FLS did not exert any phytotoxic effects on a
number of crop plants when applied via drip irrigation and tilling into the top-soil (Morris
et al., 2015; Noe et al., 2015; Oka, 2014; Oka et al., 2009, 2012). However, foliar
application of FLS on tomato and eggplant reduced plant vigor following application of
FLS at rates higher than used commercially (Giannakou et al., 2019; Morris et al., 2016).
This suggested FLS could be acting systemically, translocating through the plant and

exerting phytotoxicity.

The model plant Arabidopsis is used as a species for testing the phytotoxicity of chemicals
on non-target plants. Arabidopsis has been used to recognize the developmental
phytotoxic effects of a number of chemicals, including metal oxide nanoparticles (Lee et
al., 2010), sulfanilamides (Schreiber et al., 2012) and herbicides such as sulfometuron
methyl (Olszyk et al., 2008). Understanding the potential phytotoxic effects of a chemical,
either directly applied to the field or used in medicine and subsequently entering the

field, is essential to alleviate concerns of harmful effects.

Early studies on FLS and its metabolites also showed that Arabidopsis displayed low-level
phytotoxicity towards FLS and determined that this came from the chloro-thiazole-
sulfone scaffold (personal communication, ADAMA). FLS and three of its metabolites, 5-
chloro-thiazole-2-sulfonic acid, 5-chloro-2-methylsulfonyl thiazole and butane sulfonic
acid (referred to as metabolite 25, 26 and 27, respectively) were added to plant growth
media at different concentrations to determine the effect on Arabidopsis seedling

growth. Metabolites 25 and 27 did not alter primary root growth with the exception of
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136uM (40ppm) which increased growth. In contrast, FLS and metabolite 26 decreased
root length in a dose dependent manner although FLS was more effective; 5ppm FLS
induced the same decrease in root length as 68uM (20ppm) of metabolite 26. Similar
patterns were observed when analyzing total lateral root length and fresh weight of aerial
tissue. The loss of fresh weight at high chemical concentration of FLS and metabolite 26
was suggested to be a result of retardation in leaf development as true leaves failed to
form at high concentrations and bleaching was observed on cotyledons. Therefore, this
study showed the phytotoxic effects of FLS are associated with the chloro-thiazole-
sulfone scaffold structure shared by FLS and metabolite 26 (personal communication,
ADAMA). However, phytotoxicity was not observed at field relevant concentrations of

3.4uM (1ppm) suggesting phytotoxicity is unlikely to be an issue when used in the field.

In a similar study, Arabidopsis primary root length was reduced in a concentration
dependent manner following exposure to 6.8uM (2ppm) and 34uM (10ppm) FLS. Total
lateral root length was also decreased when treated with 10ppm FLS (personal
communication, ADAMA). After 14 days of growth on 10ppm FLS, aerial tissue fresh
weight decreased by 47.7%, whereas, 2ppm did not alter this. Interestingly it was noted
that exposure to 10ppm FLS caused plants to bolt at 14 days while 2ppm-treated and
untreated plants were still at the vegetative stage. Cellular metabolic activity and
mortality was also analyzed using fluorochromes; 2ppm-treated plants did not show any
differences in metabolic activity or mortality of root or shoot cells compared to the
untreated control while 10ppm-treated plants displayed a lower metabolic activity in root
and shoot cells alongside higher mortality in cells located above the root apical meristem
(personal communication, ADAMA). These studies have showed that FLS has significant
effects on the physiology and development of Arabidopsis at concentrations above that
used in the field while metabolic activity was not greatly perturbed. It was suggested that
these physiological and developmental changes could be due to a disruption in the
biosynthesis of phytohormones as these molecules are crucial in regulating shoot and
root development.

This chapter aims to investigate the effect of FLS on Arabidopsis as a model plant to probe

into the mode of action of FLS.
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3.2 Results

3.2.1 FLS induces phytotoxicity in light conditions

To understand the effect of FLS on Arabidopsis physiology, WT Col-0 Arabidopsis
seedlings were grown on media containing increasing concentrations of FLS, from 0-
200uM, under three light conditions. This concentration range was chosen as it would
elicit low- and high-level toxicity and thus a low-level and high-level response. In
continuous WL (WL) FLS induced a dramatic phenotypic change in seedlings (figure 3.1),
however, germination was not affected even at the highest concentration of 200 uM.
Growth was quantified through fresh weight (FW) and total chlorophyll (Chl)
measurements. Following growth in continuous WL it was shown that 50uM FLS
significantly reduces FW by almost 50% compared to control and total Chl levels were
also significantly reduced from 50 uM FLS. However, FLS inhibition of primary root
elongation was evident from 10uM FLS where a 26% reduction in primary root length was
measured. This concentration is five times lower than that required to reduce fresh
weight and chlorophyll, suggesting FLS has a more potent effect on primary root
elongation; although, as the root tissue is in direct contact with FLS in the media, this
could explain the increase in sensitivity. From concentrations above 20 uM it was also
observed that the formation of true leaves and lateral root development was inhibited.
The reduction in growth coupled with no effect on germination suggests FLS is primarily

acting to inhibit post-germination development of seedlings.

The effect of FLS on growth in monochromatic red (RL) and blue light (BL) was also
studied to determine if FLS phytotoxicity would be influenced by different light
environments. Interestingly, under RL and BL, FLS caused a significant reduction in fresh
weight at lower concentrations than in WL; 10uM and 5uM, respectively (figure 3.2). In
WL, total chl levels were reduced from 50uM; however, in RL total chl levels were only
reduced following FLS treatment of 100uM and above. In BL, total chl levels were reduced

from only 10uM, suggesting FLS treatment is more phytotoxic under BL (figure 3.2).
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Figure 3.1. FLS reduces growth of Arabidopsis seedlings. Col-0 seedlings grown for 7 days
on % MS 0.8% agar media with addition of FLS to give a final concentration of FLS at
indicated concentrations (LM). Vehicle control condition included addition of 0.1% DMSO
to media. Data points represent the mean + SEM of five biological replicates. Asterisks
indicate significant difference (p<0.05) compared to control conditions by Tukey’s post-
hoc multiple-comparison test. Scale bar represents 10mm.
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Figure 3.2. FLS reduces growth of Arabidopsis seedlings under red (RL) and blue light
(BL). Col-0 seedlings grown for 7 days on % MS 0.8% agar media with addition of FLS to
give a final concentration of FLS at indicated concentrations (uM). Vehicle control
condition included addition of 0.1% DMSO to media. Data points represent the mean
SEM of five biological replicates. Asterisks indicate significant difference (p<0.05)
compared to control conditions by Tukey’s post-hoc multiple-comparison test.

To further understand the basis of FLS phytotoxicity in WL, Col-0 seedlings were grown in
three intensities of WL to investigate the effect of fluence rate on FLS action. In all light
experiments, previously and hereafter, WL has been 100 10 pmol m? s' — a moderate
intensity, sufficient for seedling growth. For this experiment 15 pmol m2 s represents
very low light, 40 umol m2 s low light and 200umol m s* high light due to constraints
of the light cabinet. In control seedlings fresh weight was increased by 62% at high light
compared to very low light, while total Chl was highest in low light. Similarly, at 20uM FLS
a >3-fold an increase in fresh weight was evident when comparing very low light and high
light, but the highest Chl levels were at very low light. Different responses were seen for
seedlings treated with 200uM FLS as high light reduced fresh weight by 52% compared to
very low light; however, very low light-grown seedlings displayed the most Chl
accumulation (figure 3.3). These results suggest FLS diminishes the high-light advantage of

control seedlings.
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Figure 3.3. Intensity of WL affects growth. Col-0 seedlings grown for 7 days on %2 MS
0.8% agar media with addition of FLS to give a final concentration 20uM and 200uM.
Vehicle control condition included addition of 0.1% DMSO to media. Varying fluence rates
were achieved through the use of neutral density filters. Data points of fresh weight (FW)
and total chlorophyll (chl) represent the mean + SEM of three biological replicates.
Asterisks indicate significant difference (p<0.05) compared to lowest light condition by
Tukey’s post-hoc multiple-comparison test.

Agar plates provide a good, controlled system for seedling studies; however, growing on
soil replicates an environment closer to field conditions where this chemical is applied,
potentially making the results more transferable to crop environments. Interestingly, after
7 days of growth on soil, Arabidopsis seedlings appeared to display no phytotoxicity, even
at the highest concentration tested of 200 uM FLS. FW, total Chl and primary root length
were not negatively affected by FLS, in fact, at the lower concentrations of 5 and 20 uM
FLS there was an increase in FW, total Chl and root length by 149%, 181% and 53%,
respectively (figure 3.4A). Following 14 days growth on soil, Arabidopsis seedlings started
to display phytotoxicity, although not to the same extent as seedlings grown on agar
plates. For concentrations below 200 uM FLS, FW, total chlorophyll and root length were
not altered; however, at the highest concentration of 200 uM FW, total chlorophyll and
root length decreased by 52%, 57% and 43%, respectively (figure 3.4B).
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Figure 3.4. FLS has reduced phytotoxicity in the soil environment. Col-0 seedlings grown
for (A) 7 and (B) 14 days on soil (1:1:1 transport vermiculite:John Innes No.2
compost:Levington M2 soil) watered with FLS to give a final concentration of FLS at
indicated concentrations (LM) every 2 days. Vehicle control condition watered with 0.1%
DMSO. Fresh weight (FW) and total chlorophyll (chl) data points represent the mean *
SEM of three biological replicates, primary root length data points represent mean + SEM
of 12-17 individuals. Asterisks indicate significant difference (p<0.05) compared to control
conditions by Tukey’s post-hoc multiple-comparison test.
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3.2.2 FLS-induced phytotoxicity is reversible at low concentrations

To investigate the effects of FLS further, recovery experiments were carried out to
determine if, after FLS exposure, Arabidopsis seedlings were able to recover to control
seedling levels or if there was a sustained, long term reduction in growth. Following 5 and
7 days of growth on FLS a dose-dependent reduction in fresh weight, total chlorophyll
and root length was measured (figure 3.5). After transferring seedlings to plates omitting
FLS, seedling progress was tracked. After 1 day off FLS seedlings were not able to recover;
however, after 4 and 6 days off FLS, seedlings exposed to low concentrations (<20uM FLS)
were able to continue to accumulate fresh weight, total Chl and elongate the primary
root, although 10uM FLS did cause reduced growth compared to WT at all time points
(figure 3.6). After 20uM FLS exposure there was a partial recovery as fresh weight, Chl
and root length were all able to increase in the recovery period; although, due to the
previous FLS exposure, seedling growth remained lower than control seedlings. In
contrast, no recovery was observed after the higher concentrations of FLS (50 and
200uM). At these concentrations seedling growth is irreversibly inhibited and no
significant increases in fresh weight, total Chl or root length could be measured (figures

3.5 and 3.6).

3.2.3 Investigating the effects of post-germinative application of FLS

It has been established that pre-germinative application of FLS on agar plates causes a
significant reduction in fresh weight, total chlorophyll and root length. However, the
effect of FLS on Arabidopsis seedlings post-germination has not been considered. In the
field, crop plants are usually exposed to FLS after they are established; FLS is tilled into
the top-soil and the crop is subsequently planted. Looking at the post-germination effect
of FLS mimics this practise more closely and could expose the mechanism of action

further.

Seedlings were permitted to grow on agar plates omitting FLS for 3 days and
subsequently transferred to plates containing increasing concentrations of FLS.
Interestingly, it seemed low concentrations (<20 uM FLS) were able to transiently

increase root length after 1 day of exposure to FLS (figures 3.7A and 3.8C).
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Figure 3.5. The pre-germinative effect of FLS on Arabidopsis seedlings. Col-0 seedlings
grown for 7 days on % MS 0.8% agar media with addition of FLS to give a final
concentration of FLS at indicated concentrations (LM). Vehicle control condition included
addition of 0.1% DMSO to media. Seedlings were subsequently transferred to plates
omitting FLS for a further 6 days to track progress. Dotted line represents point of
transfer and grey background represents presence of FLS. Fresh weight (FW) and total
chlorophyll (chl) data points represent the mean + SEM of three biological replicates,
primary root length data points represent mean + SEM of 9-21 individuals.

This transient increase in growth was also seen in fresh weight and total chlorophyll,
although the differences were not statistically significant. However, when focusing on the
lowest concentration of FLS tested (5 nM) we saw a sustained increase in growth
throughout the FLS exposure period. At 200 uM FLS there was an almost immediate
reduction in growth after 1 day exposure and at the end of the testing period seedlings
were not able to accumulate any further fresh weight, chlorophyll or root length (figures

3.7A and 3.8).
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Figure 3.6. FLS treatment from germination reduces growth that is non-recoverable.
Col-0 seedlings grown for 7 days on % MS 0.8% agar (w/v) media with addition of FLS to
give a final concentration of FLS at indicated concentrations (LM). Vehicle control
condition included addition of 0.1% DMSO to media. Seedlings are subsequently
transferred to plates omitting FLS for a further 6 days to track progress. Graphs represent
(A) fresh weight (FW), (B) total chlorophyll (chl) and (C) root length measurements from 5
and 7 days on FLS (top two graphs) and 1, 4 and 6 days off FLS (bottom three graphs).
Fresh weight (FW) and total chlorophyll (chl) data points represent the mean + SEM of
three biological replicates, primary root length data points represent mean + SEM of 9-21
individuals. Asterisks denote P<0.05 in control seedlings compared to FLS treated
seedlings by Tukey’s post-hoc multiple-comparison test.
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Figure 3.7. The post-germinative effect of FLS on Arabidopsis seedlings. Col-0 seedlings
were grown on media omitting FLS for (A) 3 and (B) 7 days then subsequently transferred
to plates containing the indicated concentrations of FLS for a further 14/7 days. Dotted
line represents point of transfer and grey background represent presence of FLS. Fresh
weight (FW) and total chlorophyll (chl) data points represent the mean + SEM of three
biological replicates, primary root length data points represent mean + SEM of 8-56

individuals.

A similar experiment was carried out looking at more established seedlings; following 7
days growth off FLS, seedlings were transferred to plates containing FLS for a further 7
days. A similar pattern was observed. There was a transient increase in root length at
lower concentrations (figure 3.9C) and at 200 uM a decrease in growth was observed
after only 2 days exposure (figures 3.7B and 3.9). Due to the seedlings being significantly
more established at 7 days, compared to 3, they are able to buffer the effects of FLS more

successfully leading to a subtler growth enhancing effect of FLS at low concentrations.
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Figure 3.8. Low concentrations of FLS treatment 3 days after germination causes a
transient increase in growth. Col-0 seedlings were grown on media omitting FLS for 3
days then subsequently transferred to plates containing the indicated concentrations of
FLS for a further 14 days. Graphs represent (A) fresh weight, (B) total chlorophyll and (C)
root length measurements from 1, 2, 4, 7, 10 and 14 days on FLS (top-bottom). Fresh
weight (FW) and total chlorophyll (chl) data points represent the mean + SEM of three
biological replicates, primary root length data points represent mean + SEM of 19-56
individuals. Asterisks denote P<0.05 in control seedlings compared to FLS treated
seedlings by Tukey’s post-hoc multiple-comparison test.
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Figure 3.9. Low concentrations of FLS treatment 7 days after germination causes a
transient increase in growth. Col-0 seedlings were grown on media omitting FLS for 7
days then subsequently transferred to plates containing the indicated concentrations of
FLS for a further 14 days. Graphs represent (A) fresh weight, (B) total chlorophyll and (C)
root length measurements from 1, 2, 5 and 7 days on FLS (top-bottom). Fresh weight
(FW) and total chlorophyll (chl) data points represent the mean + SEM of three biological
replicates, primary root length data points represent mean + SEM of 8-31 individuals.
Asterisks denote P<0.05 in control seedlings compared to FLS treated seedlings by
Tukey’s post-hoc multiple-comparison test.
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3.2.4 FLS induces a de-etiolated phenotype in the absence of light and

perturbs subsequent chlorophyll accumulation in light
Seedling development in the dark is considerably different to development in light and as
seeds in contact with FLS in a field setting may be below the soil it was thought that FLS

effect on dark-grown seedling development would be an important factor to consider.

In the absence of FLS (figure 3.10) seedlings undergo skotomorphogenesis and display an
etiolated phenotype characterised by hypocotyl elongation and apical hook formation.
Upon addition of exogenous FLS, seedlings become de-etiolated and display shorter
hypocotyls and expanded cotyledons. These features were quantified and show
significant inhibition of hypocotyl elongation from 10 uM FLS and expansion of cotyledons
from 20uM FLS (figure 3.10) suggesting FLS has prevented normal skotomorphogenic
growth in the dark. Elongation of the primary root is a feature of photomorphogenic
growth and it is well established that when a WT seedling is grown in darkness root
elongation is inhibited but when transferred to light elongation occurs. FLS treatment in
the dark had no effect on root length up to concentrations of 150uM and only a slight
reduction was observed at 200uM (figure 3.10). This initially would suggest FLS is not
inducing photomorphogenic growth in the dark; however, primary root elongation is not
dependent upon activation of photomorphogenic development. Arabidopsis cop1
mutants display photomorphogenic growth in darkness and the gene expression profile is
similar to that of light-grown plants; however, primary root elongation is not activated
(Kircher & Schopfer, 2012) indicating this is not regulated by photoreceptors in the same
way. Chlorophyll synthesis is an essential part of photomorphogenic growth but it is
unable to be synthesised in the dark as the penultimate biosynthesis step requires the
light dependent protochlorophyllide oxidoreductase (POR) enzymes to convert
protochlorophyllide (Pchlide) to chlorophyllide. Therefore, chlorophyll cannot be
qguantified as in previous experiments; but it is possible to measure Pchlide levels to give
further indication of the developmental path of seedlings. In control seedlings Pchlide
was detectable at minimal levels; however, as FLS concentration was increased, Pchlide

levels also rose with over a 3-fold increase at only 20 uM (figure 3.10).
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Figure 3.10. Exogenous FLS induces a de-etiolated phenotype in the dark. Col-0
seedlings grown for 5 days in the dark on % MS 0.8% agar media with addition of FLS at
indicated concentrations (LM). Vehicle control condition included addition of 0.1% DMSO
to media. Data points represent the mean * SEM of four biological replicates, hypocotyl
length and cotyledon angle data points represent the mean + SEM of 60 individuals per
condition. Hypocotyl length and cotyledon angle measured on ImageJ software. Asterisks
indicate significant difference (p<0.05) compared to control conditions by Tukey’s post-

hoc multiple-comparison test.
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Activity of the chlorophyll biosynthesis pathway was also studied through gene
expression via qPCR on key genes involved in chlorophyll synthesis, chloroplast biogenesis
and light-dependent signalling (Stephenson et al., 2009; Stephenson & Terry, 2008).
Following 5 days growth in the dark exposed to 50uM FLS, PORA expression in FLS-
treated seedlings was unchanged relative to control. However, HEMA1 and CHLH
expression was increased up to 9-fold, respective to control, suggesting upregulation of
the chlorophyll biosynthesis pathway and also providing an explanation of the
accumulation of Pchlide in the dark by FLS. The expression of LHCB1.2 was also increased
following FLS treatment to almost 40-fold of control (figure 3.11A) suggesting chloroplast
biogenesis is initiated in response to FLS. Confirmation of FLS-induced changes in gene
expression came from RNAseq analysis of dark-grown, 50uM FLS-treated tissue — data
explored further in section 3.2.9. Comparing log2Fold change values of the four genes
studied using qPCR to the same four genes identified in the RNAseq study, a strong

relationship was observed (figure 3.11B).

It is known from the Arabidopsis flu mutant that an excessive accumulation of Pchlide in
the dark generates singlet oxygen (102) which leads to oxidative damage and inhibition of
chlorophyll production when dark-grown seedlings are transferred into the light
(McCormac & Terry, 2002, 2004; Meskauskiene et al., 2001; Page et al., 2017). To
determine if FLS-induced Pchlide accumulation is sufficient to cause oxidative damage,
Col-0 seedlings were grown in the dark for 5 d on increasing concentrations of FLS and
exposed to WL for 24 h. Following 24 h exposure to light, control seedlings were able to
produce chlorophyll, however, seedlings treated with 50uM or more FLS and above had
significantly reduced chlorophyll content (figure 3.12A). FLS also significantly reduced

fresh weight of seedlings from 20uM FLS in a dose dependent manner.
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Figure 3.11. FLS induces the expression of light-regulated genes in the dark. (A)
Simplified chlorophyll biosynthesis pathway indicating the step in which each protein
product of the quantified genes acts. Col-0 seedlings grown for 5 days in the dark on %
MS 0.8% agar media with addition of 50uM FLS. Gene expression in whole seedlings was
measured by quantitative RT-PCR relative to seedlings grown on 0.1% DMSO and
normalised to YELLOW LEAF SPECIFIC (YLS8). Data represents mean S.E of three
biological replicates. * p<0.05, ** p<0.01, *** p<0.001 in one-way ANOVA test. (B)
Comparison of gene expression in gPCR and RNAseq, expressed as log2fold change.
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Figure 3.12. FLS perturbs chlorophyll accumulation when seedlings are transferred to
light. Col-0 seedlings grown for 5 days on % MS 0.8% agar media with addition of FLS at
indicated concentrations. Plates were then moved into WL for 24 h (A) or 0-24 h (B) and
harvested to assess chlorophyll levels. Vehicle control condition included addition of 0.1%
DMSO to media. Data points represent the mean + SEM of four biological replicates.
Asterisks denote P<0.05 in control seedlings compared to FLS treated seedlings by
Tukey’s post-hoc multiple-comparison test. Scale bar represents 10mm.
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In a similar experiment, seedlings were grown in the dark for 5 d +/- FLS and subsequently
moved to WL for an increasing number of hours (figure 3.12B). Unsurprisingly, fresh
weight was significantly lower in 200uM FLS seedlings at all time points and none of the
conditions resulted in the accumulation of a significant increase in fresh weight over the
24 h WL period (figure 3.12B). If the experiment was continued, control seedlings would
be expected to show an increase. FLS treatment of both 20 and 200uM displays an
inhibition of total chlorophyll accumulation over the testing period. The control seedlings
are able to accumulate 2- and 5-fold more chlorophyll at the 8- and 24-hour time points,
respectively. In contrast, FLS treated seedlings display a perturbed response and are not

able to accumulate chlorophyll.

3.2.5 The role of HY5, HYH and PIF in FLS-induced de-etiolation

The bZIP transcription factors LONG HYPOCOTYL 5 (HY5) and HY5 HOMOLOG (HYH) are
key to control light-induced gene expression, downstream of photoreceptors, and are
essential in the transition from dark- to light-grown development (Holm et al., 2002). Loss
of function hy5 mutants display a dark-grown phenotype in the light identifying this gene
as a positive regulator of light signaling. Therefore, treating the hy5 hyh double mutant
with FLS in the dark would determine if these proteins are required for FLS-induced de-

etiolation or if FLS is activating a separate parallel pathway.

Ler WT seedlings display the same de-etiolated phenotype as Col-0 seedlings with an
increase in Pchlide, cotyledon opening and reduction in hypocotyl length after treatment
with FLS (figure 3.13). Although FLS was still able to induce aspects of de-etiolation in the
double mutant, a reduced response was observed. WT and mutant seedlings
accumulated a similarly low level of Pchlide in the absence of FLS, but, WT seedlings
accumulated significantly more Pchlide at 50uM FLS, whereas mutant seedlings require
150uM FLS to elicit a significant increase in Pchlide accumulation. A similar response was
evident when looking at cotyledon angle. From this it can be determined HY5 and HYH
may partially mediate, but are not absolutely required for, FLS-induced de-etiolation. As

these proteins are such key mediators in light-signaling, many pathways and molecules
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act upstream; therefore, studying the effect of FLS on pathways that converge on HY5

and HYH could provide more insight into FLS mode of action.

PIF (phytochrome interacting factor) proteins are bHLH transcription factors that bind to
the G-box in the promotor region of several genes and negatively regulate
photomorphogenesis in a number of ways, including repression of chlorophyll
biosynthesis genes (Stephenson et al., 2009; Leivar et al., 2009). Phytochromes in their
active state are able to de-stabilize these proteins to allow photomorphogenesis. The
guadruple mutant (pifg) displays a phenotype similar to FLS in the dark and has a gene
expression pattern similar to that of a red-light grown WT (Leivar et al., 2009) potentially
suggesting FLS could be targeting this pathway. To investigate this, pifg seedlings were
treated with increasing concentrations of FLS and grown in the dark. As expected, pifg
seedlings treated with no FLS display a de-etiolated phenotype characterized by
significantly increased Pchlide and reduced hypocotyl length. When FLS is added de-
etiolation is exaggerated, with Pchlide accumulation and hypocotyl length changing by
similar ratios to the WT seedlings (figure 3.14). From this, it is clear FLS is able to exert it’s
effects in the pifg mutant and therefore that FLS-induced de-etiolation is not dependent

on the four PIF proteins lacking in the pifg mutant.

3.2.6 Application of exogenous epi-brassinolide and gibberellin was unable

to reverse FLS-induced de-etiolation

It is well documented that light signaling intersects with hormone signaling and
biosynthesis paths and, specifically, that HY5 is implicated (Alabadi et al., 2008; Chen et
al., 2008; Cluis et al., 2004; Sibout et al., 2006; Vandenbussche et al., 2007; Weller et al.,
2009). In addition, a number of hormone-deficient or insensitive mutants display de-
etiolated phenotypes in the dark — similar to FLS treatment. For this reason, pre-cursors
of hormones or hormones themselves were added to the plant growth media alongside
FLS to determine if supplementation could alleviate FLS effects in the dark. This would
give an indication of whether FLS was acting to reduce endogenous hormone signaling to

cause de-etiolation in the dark.
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Figure 3.13. FLS-induced de-etiolation is partially mediated by HY5/HYH. Ler control
(black line) and hy5/hyh double mutant (grey line) seedlings grown for 5 days on % MS
0.8% agar media with addition of FLS to give a final concentration of FLS as indicated
(uUM). Fresh weight and Pchlide data points represent the mean + SEM of four biological
replicates, hypocotyl length and cotyledon angle data points represent the mean + SEM
of 27-69 individuals per condition. Hypocotyl length and cotyledon angle measured on
Image) software. Asterisks indicate significant difference (p<0.05) compared to Ler by
Tukey’s post-hoc multiple-comparison test.

Brassinosteroids (BRs) within Arabidopsis play a key role in photomorphogenesis and a
number of deficient mutants (e.g. det2) or insensitive mutants (e.g. bri) display de-
etiolation in the dark indicating BR is a negative regulator of photomorphogenesis.
Seedling were exogenously fed 5 and 10uM epi-brassinolide (EBR) in the presence and
absence of FLS and displayed no reversal of de-etiolation. Exogenous EBR did not have an
effect on fresh weight; but induced Pchlide accumulation in the presence of FLS.

Application of EBR reduced hypocotyl length in control seedlings and 20uM FLS-treated

seedlings and also induced cotyledon opening in control seedlings (figure 3.15).
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Figure 3.14. FLS-induced de-etiolation is not mediated by PIFs. Col-0 control (black line)
and pifqg mutant (grey line) seedlings grown for 5 days on % MS 0.8% agar media with
addition of FLS to give a final concentration of FLS as indicated (uM). Fresh weight and
Pchlide data points represent the mean + SEM of three biological replicates, hypocotyl
length data points represent the mean + SEM of 16-22 individuals per condition.
Hypocotyl length measured on Imagel software. Asterisks indicate significant difference
(p<0.05) compared to Col-0 by Tukey’s post-hoc multiple-comparison test.

Additionally, in all cases, application of EBR caused hypocotyl swelling and twisting. This is
characteristic of excess EBR due to a defect in normal patterning of cell elongation and
has been documented before (Tanaka et al., 2003). The inability of EBR to reduce FLS-
induced Pchlide accumulation and the abnormal hypocotyl phenotype, suggests that FLS
does not induce de-etiolation via a perturbation of BR biosynthesis. As the EBR at these
concentrations was having such a profound effect on hypocotyl growth the experiment
was repeated using 10nM and 100nM EBR to check if any effects were being masked by
EBR toxicity (data not shown). Even at these low concentrations the results were similar

with no reduction in Pchlide and the abnormal hypocotyl phenotype was still observed.
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Figure 3.15. Exogenous epi-brassinolide (EBR) is unable to rescue FLS induced a de-
etiolation. Col-0 seedlings were grown for 5 days in the dark on % MS 0.8% agar media
with addition of FLS and epi-brassinolide (EBR) at indicated concentrations (uM). Vehicle
control conditions included addition of 0.1% DMSO and 0.1% ethanol to media. Fresh
weight and Pchlide data points represent the mean + SEM of three biological replicates,
hypocotyl length and cotyledon angle data points represent the mean + SEM of 12-25
individuals per condition. Asterisks indicate significant difference (p<0.05) compared to
OuM EBR treatment by Tukey’s post-hoc multiple-comparison test

It is known that gibberellins (GAs) also repress photomorphogenesis in the dark through
studies using a GA biosynthesis inhibitor, paclobutrazol (PAC), and GA-deficient mutant
(ga1-3) that both display de-etiolation in the dark (Alabadi et al., 2004; Cheminant et al.,
2011). Therefore, exogenous GA was applied alongside FLS to determine if GA
biosynthesis was affected by FLS treatment. Exogenous GA had no effect on any
parameters measured (figure 3.16) with seedlings having the same phenotype regardless

of GA application.
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Figure 3.16. Exogenous gibberellic acid (GA) is unable to rescue FLS induced a de-
etiolation in the dark. Col-0 seedlings were grown for 5 days in the dark on % MS 0.8%
agar media with addition of FLS and gibberellic acid (GA) at indicated concentrations
(uM). Vehicle control conditions included addition of 0.1% DMSO and 0.1% ethanol to
media. Fresh weight and Pchlide data points represent the mean + SEM of four biological
replicates, hypocotyl length and cotyledon angle data points represent the mean + SEM
of 34-51 individuals per condition. Asterisks indicate significant difference (p<0.05)
compared to OuM GA treatment by Tukey’s post-hoc multiple-comparison test.

To show that 5 and 10uM are biologically relevant concentrations of GA and that the
results are not due to lack of GA entering the seedlings, 10uM GA was shown to be
sufficient to rescue PAC induced de-etiolation. 1uM PAC was able to induce a de-etiolated
phenotype similar to FLS — an accumulation of Pchlide, reduction in hypocotyl length and
opening of the cotyledons (figure 3.17); however, these features can be completely
reversed by 10uM GA. Through this study it is evident 10uM GA is sufficient to overcome
an inhibition of GA biosynthesis; therefore, as it is unable to reverse FLS-induced de-

etiolation, it can be concluded that FLS is not affecting GA biosynthesis.
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Figure 3.17. Exogenous gibberellic acid (GA) is able to rescue paclobutrazol (PAC) -
induced de-etiolation in the dark. Col-0 seedlings were grown for 5 days in the dark on %
MS 0.8% agar media with addition of paclobutrazol (PAC) and gibberellic acid (GA) at
indicated concentrations (LM). Fresh weight and Pchlide data points represent the mean
+ SEM of three biological replicates, hypocotyl length and cotyledon angle data points
represent the mean + SEM of 28-45 individuals per condition. Asterisks indicate
significant difference (p<0.05) compared to control treatment by Tukey’s post-hoc
multiple-comparison test.
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3.2.7 Application of exogenous auxins was able to reverse features of FLS-

induced de-etiolation

In comparison to EBR and GA, application of the naturally occurring auxin, indole acetic
acid (IAA), was able to significantly reduce a number of de-etiolated features caused by
FLS. Most notably, Pchlide accumulation of 20- and 200 uM FLS treated seedlings was
reduced by up to 49%, back to control levels, following co-application with IAA and
following IAA treatment FLS-induced cotyledon opening was completely reversed. The
fresh weight of 20uM FLS-treated seedlings was significantly increased following 5uM
exogenous |AA application; however, hypocotyl length was not reversed by exogenous
IAA. Additionally, there was no significant effects of IAA on control seedlings suggesting

these concentrations were appropriate (figure 3.18).

In a similar experiment, the synthetic auxins naphthaleneacetic acid (1-NAA) and 2,4-
Dichlorophenoxyacetic acid (2,4-D) were applied to determine if the response seen with
IAA was specific. 1-NAA was used in the same concentration range as IAA; however, as
2,4-D is more metabolically stable, lower concentrations were used. In a similar way to
IAA, 1-NAA and 2,4-D reduced Pchlide accumulation and cotyledon opening in the
presence of 20 and 200uM FLS; however, IAA remained more effective at the

concentrations used.

Additionally, 1-NAA and 2,4-D application had impacts upon seedlings in the absence of
FLS; 2,4-D significantly decreased fresh weight of control seedlings while 1-NAA and 2,4-D
both reduced hypocotyl length in control and FLS-treated individuals (figure 3.19A & B).
Overall, these results suggest that rescue of FLS-induced de-etiolation is specific to auxin,
but, IAA displays a more robust rescue than 1-NAA and 2,4-D. Therefore, in all future

experiments, IAA will be used as the exogenous auxin unless stated otherwise.
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Figure 3.18. The natural auxin, Indole-3-acetic acid (IAA), can reverse FLS-induced de-
etiolation. Col-0 seedlings were grown for 5 days on % MS 0.8% agar media with addition
of FLS and IAA to indicated concentrations. Vehicle control conditions included addition
of 0.1% DMSO and 0.1% ethanol to media. Pchlide data points represent the mean + SEM
of four biological replicates, cotyledon data points represent the mean + SEM of 27-108
individuals per condition. Cotyledon angle measured on Image)J software. Asterisks
indicate significant difference (p<0.05) compared to OuM IAA treatment by Tukey’s post-
hoc multiple-comparison test.
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Figure 3.19. The synthetic auxins, 1-Naphthaleneacetic acid (1-NAA) and 2,4-
dichlorophenoxyacetic acid (2,4-D), are able to reverse FLS-induced de-etiolation. Col-0
seedlings were grown for 5 days in the dark on %2 MS 0.8% agar media with addition of
FLS and (A) 1-NAA or (B) 2,4-D to indicated concentrations. Vehicle control condition
included addition of 0.1% DMSO and 0.1% ethanol to media. Fresh weight and Pchlide
data points represent the mean + SEM of three biological replicates, hypocotyl length and
cotyledon data points represent the mean + SEM of 9-57 individuals per condition.
Cotyledon angle measured on ImagelJ software. Asterisks indicate significant difference
(p<0.05) compared to OuM treatment by Tukey’s post-hoc multiple-comparison test.
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3.2.8 Ethylene precursor ACC can partially rescue FLS-induced de-etiolation

To determine if exogenous ethylene application is able to rescue FLS-induced de-
etiolation, the ethylene precursor 1-aminocyclopropane-1-carboxylic acid (ACC) was
supplemented to media with FLS at the same concentrations used for auxins. ACC
reduced Pchlide accumulation and cotyledon opening induced by 20uM FLS, but not
200uM FLS (figure 3.20). There was no increase in fresh weight, aside a slight increase at
the highest doses, or hypocotyl length; in fact, ACC treatment reduced hypocotyl length
significantly with a 51% and 43% decrease in control and 20uM FLS-treated seedlings,
respectively. This effect was unsurprising as ethylene treatment induces the characteristic
‘triple response’ (Guzman & Ecker, 1990). In seedlings without FLS, ethylene causes radial
swelling, inhibition of hypocotyl elongation and an exaggerated apical hook; this ‘triple
response’ is observable in seedlings treated with 20uM FLS, but not 200uM, suggesting
low concentrations of FLS does not impair ethylene signaling. This response seems to be
reduced in 200uM FLS seedlings, with only a 14% decrease in hypocotyl length and no
significant change in cotyledon opening (figure 3.20), indicating ethylene signaling is

altered.

Auxin and ethylene act both antagonistically and synergistically in processes like fruit
abscission and root elongation, respectively; they also reciprocally regulate each other’s
biosynthesis, signaling pathways and have a number of the same gene targets
(Zemlyanskaya et al., 2018). It is also evident in auxin mutants that there are strong
defects in ethylene responses. As ethylene is able to induce auxin biosynthesis, it was
thought that auxin and ethylene could demonstrate an additive effect. 1uM IAA and/or
ACC was supplemented into the media in the presence or absence of FLS as these
concentrations were sufficient to produce a response. There was no significant effect of
IAA or ACC on fresh weight of seedlings, except a reduction when 1uM IAA + 1uM ACC +
200uM FLS were all present (figure 3.21). IAA and ACC were able to reduce Pchlide
accumulation in 20uM FLS seedlings to similar levels; however, the effect wasn’t additive
when applied together. Interestingly, 1uM IAA was the only treatment able to reduce
Pchlide accumulation in 200uM FLS seedlings, by 59%; ACC alone or in combination with

IAA displayed no significant decrease in Pchlide (figure 3.21).
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Figure 3.20. Ethylene pre-cursor 1-aminocyclopropane-1-carboxylate (ACC) cannot
reverse FLS-induced de-etiolation. Col-0 seedlings were grown for 5 days in the dark on %
MS 0.8% agar media with addition of FLS and ACC to indicated concentrations. Vehicle
control conditions included addition of 0.1% DMSO and 0.1% ethanol to media. Fresh
weight and Pchlide data points represent the mean + SEM of three biological replicates,
hypocotyl length and cotyledon data points represent the mean + SEM of 31-44
individuals per condition. Cotyledon angle measured on ImagelJ software. Asterisks
indicate significant difference (p<0.05) compared to OuM ACC treatment by Tukey’s post-
hoc multiple-comparison test.

Only in the presence of ACC, regardless of IAA, was hypocotyl length reduced in control
and 20uM seedlings, 1uM IAA alone had no effect. The opposite effect was observed in
200uM FLS seedlings in which hypocotyl length was only reduced in the presence of IAA,
whereas ethylene alone had no effect. This is consistent with the results seen in figure
3.20. Both IAA and ACC alone were able to reduce cotyledon opening on FLS treated
seedlings; however, at low concentrations of FLS co-treatment with IAA + ACC was not
able to reduce cotyledon opening. At high concentrations IAA + ACC treatment looked

additive; although, germination and overall growth was greatly reduced in this treatment.
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Figure 3.21. Auxin and ethylene are partially additive in the reversal of FLS-induced de-
etiolation. Col-0 seedlings were grown for 5 days in the dark on %2 MS 0.8% agar media
with addition of FLS, Indole-3-acetic acid (IAA) and 1-aminocyclopropane-1-carboxylate
(ACC) to indicated concentrations. Vehicle control conditions included addition of 0.1%
DMSO and 0.1% ethanol to media. Fresh weight and Pchlide data points represent the
mean + SEM of three biological replicates, hypocotyl length and cotyledon data points
represent the mean + SEM of 25-35 individuals per condition. Cotyledon angle measured
on Imagel software. Asterisks indicate significant difference (p<0.05) compared to OuM
IAA/ACC treatment by Tukey’s post-hoc multiple-comparison test.
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3.2.9 Transcriptomic analysis of the effect of FLS treatment

In order to understand the global gene expression effect of FLS on both light- and dark-
grown Arabidopsis, seedlings were treated +/- 50uM FLS and grown for 5/7 days in the
dark/light, respectively, subsequently RNA was extracted from these samples and
sequenced. This experiment was designed to identify classes of genes preferentially
altered by FLS treatment to indicate where FLS may be targeting. RNA was extracted from
seedlings from 3 biological replicates of each condition which clustered together in a
principal component plot, displaying similar read counts between replicates (figure
3.22A). Following analysis using DESeq, differentially expressed gene (DEG) sets were
calculated comprised of 3679 up- and 4141 down-regulated genes and 1403 up- and 1263
down-regulated, in light- and dark-grown FLS treated samples, respectively (figure 3.22B).

[Raw data files to be submitted, available on request].

Gene ontology (GO) term enrichment analysis of significantly up-regulated genes from
dark-grown FLS-treated seedlings provided further support for FLS induction of a de-
etiolated phenotype. 72 biological processes were significantly enriched in these samples
with the majority of processes being involved in photosystem assembly and chloroplast
biogenesis (table 3.2). In addition, significantly enriched cellular component classes
included genes that perform functions in the chloroplast ribulose bisphosphate

carboxylase complex, photosystem | and photosystem Il (table 3.2).

Comparisons of DEGs in treatments/mutants that induce photomorphogenesis from
publicly available microarray data sets were also carried out to determine if FLS induced a
response similar to well characterised mutants. Comparing the significantly up- and
down-regulated DEGs between 3 data sets from Arabidopsis grown in the dark it was
shown that there was the most overlap in FLS treatment and pifg seedling data sets
(figure 3.23A & B). pifg seedlings, which have mutations in the four major PIFs, PIF1, PIF3,
PIF4 and PIF5, have a well-documented de-etiolated phenotype in the dark and a strong
overlap in expressed genes is consistent with the observed phenotype after FLS

treatment in the dark.
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Figure 3.22. The effect of FLS on the Arabidopsis transcriptome. RNA was extracted from
whole seedlings treated with 50 uM FLS and grown under WL (100£10pmol m2 s?) or
dark conditions. (A) Principal component plot displaying the relationships between 3
biological replicates in each growth condition. Control: 0 uM FLS, Treated: 50 uM FLS. (B)
MA-plots displaying 7820 and 2666 significantly differentially expressed genes (DEGs) in
light- and dark-grown samples, respectively (p<0.05 following Benjamini-Hochberg
correction). Red points represent significantly differentially expressed genes (DEGs). (C)
Venn diagram displaying DEGs shared between all conditions.

GO term enrichment analysis of the shared up-regulated genes (URGs) between FLS-
treated and pifq seedlings display significant enrichment in photosynthesis-related genes,
including a >40-fold enrichment in genes involved in chloroplast ribulose bisphosphate
carboxylase complex and photosystem Il stabilisation. Shared down-regulated genes
(DRGs) included genes involved in triterpenoid metabolism, cell-junction assembly and

response to various stresses (figure 3.23C).
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Table 3.1. Gene ontology enrichment analysis of biological processes induced by FLS in

dark-grown seedlings. This table represents the top 50 most highly enriched biological
processes from 1403 significantly upregulated genes.

Genesin False
reference  Genesin Expected Fold Discovery

GO biological process genome sample genes Enrichment  P-value Rate

sulfate reduction (G0:0019419) 4 4 0.2 19.7 3.25E-04 7.13E-03
chloroplast ribulose bisphosphate carboxylase complex assembly (G0:0110102) 5 5 0.25 19.7 5.37E-05 1.51E03
plastid translation (G0:0032544) 14 11 0.71 15.48 7.66E-09 4.76E-07
photosystem |l stabilization (GO:0042549) 7 5 0.36 14.07 1.56E-04 3.75E-03
chloroplast rRNA processing (G0:1901259) 16 11 0.81 13.54 2.05E-08 1.16E-06
reductive pentose-phosphatecycle (GO:0019253) 10 0.76 13.13 1.13E-07 5.73E-06
protein import into chloroplast thylakoid membrane (GO:0045038) 6 4 0.3 13.13 9.01E-04 1.75E-02
negative regulation of photosynthesis, light reaction (G0:0043155) 14 9 0.71 12.66 6.17E-07 2.94E-05
photoinhibition (G0:0010205) 14 9 0.71 12.66 6.17E-07 2.91E-05
photosynthesis, dark reaction (GO:0019685) 16 10 0.81 12.31 1.75E-07 8.76E-06
photosystem Il repair (GO:0010206) 15 9 0.76 11.82 9.44E-07 4.26E-05
santhophyll biesynthetic process (GO:0016123) 7 4 0.36 11.26 1.36E-03 2.51E-02
regulation of photosynthesis, light reaction (G0:0042548) 25 14 1.27 11.03 1.71E-09 1.19€-07
regulation of responseto oxidative stress (GO:1902882) 5 0.46 10.94 3.63E-04 7.87E-03
isoleucine metabolic process (GO:0006549) 5 0.46 10.94 3.63E-04 7.85E-03
isoleucine biosynthetic process (GO:0009097) 5 0.46 10.94 3.63E-04 7.82E-03
protoporphyrinogen IX biosynthetic process (G0:0006782) 11 6 0.56 10.75 9.82E-05 2.57E-03
protoporphyrinogen IX metabolic process (GO:0046501) 11 6 0.56 10.75 9.82E-05 2.55E-03
negative regulation of photosynthesis (GO:1905156) 17 9 0.86 10.43 2.07E-06 8.72E-05
regulation of generation of precursor metabolites and energy (G0:0043467) 28 14 1.42 9.85 5.23E-09 3.43E-07
carbon fixation (GO:0015977) 20 10 1.02 9.85 8.29E-07 3.80E-05
cellular responseto light intensity (GO:0071484) 10 5 0.51 9.85 5.22E-04 1.07E-02
cellular responseto superoxide (GO:0071451) 12 6 0.61 9.85 1.41E-04 3.49E-03
cellular responseto oxygen radical (GO:0071450) 12 6 0.61 9.85 1.41E-04 3.48E-03
valine biosynthetic process (G0:0009099) 8 4 0.41 9.85 1.96E-03 3.47E02
PSIl associated light-harvesting complex |l catabolic process (G0:0010304) 8 4 0.41 9.85 1.96E-03 3.46E-02
removal of superoxide radicals (G0:0019430) 12 6 0.61 9.85 1.41E-04 3.46E-03
superoxide metabolic process (GO:0006801) 13 6 0.66 9.09 1.98E-04 4.59E-03
regulation of chlorophyll biosynthetic process (G0:0010380) 18 8 0.91 8.76 2.08E-05 6.71E-04
aldehyde biosynthetic process (GO:0046184) 9 4 0.46 8.76 2.73E-03 4.65E-02
protein targeting to chloroplast (GO:0045036) 39 17 1.98 8.59 6.30E-10 4.77E-08
establishment of protein localization to chloroplast (GO:0072596) 39 17 1.98 8.59 6.30E-10 4.71E-08
photosynthesis, light harvesting (GO:0009765) 46 20 2.33 8.57 2.03E-11 1.79E-09
chlorophyll biosynthetic process (GO:0015995) 37 16 1.88 8.52 2.20E-09 1.50E-07
cellular oxidant detoxification (GO:0098869) 21 9 1.07 8.44 7.94E-06 2.90E-04
response to oxygen radical {GO:0000305) 14 6 0.71 8.44 2.71E-04 6.14E-03
response to superoxide (GO:0000303) 14 6 0.71 8.44 2.71E-04 6.12E-03
regulation of tetrapyrrole biosynthetic process (GO:1901463) 19 8 0.96 8.29 2.83E-05 8.62E-04
photosynthesis, light harvestingin photosystem | (G0:0009768) 24 10 122 8.21 3.03E-06 1.19E-04
protein localization to chloroplast (G0:0072598) 41 17 2.08 8.17 1.16E-09 8.35E-08
protein import into chloroplast stroma (G0:0045037) 17 7 0.86 8.11 1.01E-04 2.60E-03
photosystem Il assembly (GO:0010207) 22 9 112 8.06 1.07E-05 3.77E-04
cellular detoxification (GO:1990748) 25 10 127 7.88 4.06E-06 156E-04
protein refolding (GO:0042026) 26 10 1.32 7.58 5.38E-06 2.02E-04
photosystem | assembly (GO:0048564) 13 5 0.66 7.58 1.32E-03 2.46E-02
maturation of LSU-rRNA from tricistronic rRNA transcript (G0:0000463) 13 5 0.66 7.58 1.32E-03 2.45E-02
regulation of tetrapyrrole metabolic process (G0:1901401) 26 10 132 7.58 5.38E-06 2.01E-04
protein repair (GO:0030091) 29 11 147 7.47 2.03E-06 8.64E-05
regulation of chlorophyll metabolic process (GO:0090056) 24 9 122 7.39 1.88E-05 6.16E-04
photosyntheticelectron transport in photosystem | (G0:0009773) 16 6 0.81 7.39 4.81E-04 1.00E-02
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Table 3.2. Gene ontology enrichment analysis of cellular component affected by FLS in
dark-grown seedlings. This table represents the most highly enriched cellular component
classes from 1403 significantly upregulated genes.

Genes in False
reference Genesin  Expected Fold Discovery

GO biological process genome sample genes Enrichment  P-value Rate

chloroplast ribulose bisphosphate carboxylase complex (G0:0009573) 3 3 0.15 19.7 2.02E-03 1.85E-02
TAT protein transport complex (GO:0033281) 3 3 0.15 19.7 2.02E-03 1.83E-02
chloroplast photosystem | (GO:0030093) 3 3 0.15 19.7 2.02E-03 1.80E-02
chloroplastic endopeptidase Clp complex (GO:0009840) 8 6 0.41 14.78 2.70E-05 3.06E-04
magnesium chelatase complex (G0:0010007) 4 3 0.2 14.78 3.40E-03 2.99E-02
photosystem | reaction center (GO:0009538) 11 7 0.56 12.54 1.20E-05 1.49E-04
ribose phosphate diphosphokinase complex (GO:0002189) 5 3 0.25 11.82 5.25E-03 4.43E-02
nascent polypeptide-associated complex (GO:0005854) 5 3 0.25 11.82 5.25E-03 4.39E-02
Stromule (GO:0010319) 35 19 1.78 10.69 3.21E-12 6.09E-11
Glyoxysome (GO:0009514) 10 5 0.51 9.85 5.22E-04 5.29E-03
plastid chromosome (GO:0009508) 18 8 0.91 8.76 2.08E-05 2.51E-04
light-harvesting complex (GO:0030076) 25 11 1.27 8.67 6.32E-07 8.62E-06
photosystem |l oxygen evolving complex (G0:0009654) 23 10 117 8.57 2.24E-06 2.94E-05
Plastoglobule (GO:0010287) 79 32 4.01 7.98 1.02E-16 2.40E-15
chloroplast photosystem |1 (GO:0030095) 19 7 0.96 7.26 1.77E-04 1.88E-03
cytosolic large ribosomal subunit (GO:0022625) 147 54 7.46 7.24 1.31E-25 3.49E-24
plastid large ribosomal subunit (GO:0000311) 15 5 0.76 6.57 2.20E-03 1.95E-02
chloroplast thylakeid lumen (GO:0009543) 81 27 4.11 6.57 1.10E-12 2.17€-11
cytosolic small ribosomal subunit (G0:0022627) 108 35 5.48 6.38 1.03E-15 2.28E-14
chloroplast nucleoid (G0:0042644) 20 6 1.02 5.91 1.26E-03 1.18E-02
organellar small ribosomal subunit (G0:0000314) 27 7 1.37 5.11 1.03E-03 9.80E-03
chloroplast inner membrane (GO:0009706) 80 19 4.06 4.68 2.35E-07 3.34E-06
Preribosome (GO:0030684) 84 14 4.26 3.28 2.58E-04 2.69E-03
Apoplast (GO:0048046) 452 74 22.94 3.23 1.42E-16 3.29E-15
mitochondrial ribosome (GO:0005761) 56 9 2.84 Ll 3.90E-03 3.37E-02
Nucleolus (GO:0005730) 453 62 22.99 2.7 4.70E-11 8.48E-10
cell wall (GD:0005618) 773 82 39.24 2.09 3.39E-09 5.64E-08
Plasmodesma (GO:0009506) 1006 100 51.06 196 1.81E-09 3.10E-08
vacuolar membrane (GO:0005774) 637 60 32.33 186 1.52E-05 1.85E-04
mitochondrial envelope (GO:0005740) 395 34 20.05 17 4.43E-03 3.80E-02

Table 3.3. Experimental treatments for transcriptomic data set comparisons. Details of
experimental set-up and analysis of data used to compare to FLS-treated RNAseq data.

Accession No. Geno- Organism Seedling Age Light condition Temp. Treatment Reference
type Part

6 hWL GSE60835 Col-0 Whole plant 4 days Continuous dark - 4 days dark, 6 h WL (Dong et al., 2014)
pifq GSE60835 Col-0 Whole plant 4 days Continuous dark 4 days dark (Dong et al., 2014)
det1-1 GSE60835 Col-0 Whole plant 4 days Continuous dark = 4 days dark (Dong et al., 2014)
Dicamba GSE24052 Col-0 Whole plant 4 days 16:8 L:D 220C 7mM Dicamba 40 mins (Gleason et al., 2011b)
1AA E-MEXP-1256 Col-0 Whole plant 7 days 16:8 L:D 230C 20pM IAA 120 mins (Lee et al., 2009)
axr3-1-1AA GSE630 axr3-1 Whole plant 7 days 16:8 L:D 220C OuM IAA 120 mins (Okushima et al., 2005)
axr3-1+1AA GSE630 axr3-1 Whole plant 7 days 16:8 L:D 220C 5pM IAA 120 mins (Okushima et al., 2005)
4-thiazolidione GSE1491 Col-0 Whole plant 7 days 16:8 L:D 250C 10uM 4-thiazolidione 60 mins (Armstrong et al., 2004)
Furyl acrylate GSE1491 Col-0 Whole plant 7 days 16:8 L:D 250C 10uM Furyl acrylate 60 mins (Armstrong et al., 2004)
ga3-1 GSE26848 ga3-1 Shoots 18 days 16:8 L:D 18-230C 18 days light (Archacki et al., 2013)
Uniconazole-P GSE11852 Col-0 Whole plant 40.8-43.2 hours Continuous light = 10nM uniconazole-P (zhang et al., 2008)
Brassinolide GSE862 Col-0 Whole plant 9 days Continuous light 1uM brassinolide 150 mins (Nemhauser et al., 2004)
bril-5 GSE46456 bri1-5 Whole plant 7 days Continuous RL - 7 days RL
Jasmonate E-MEXP-883 Col-0 Whole plant 4 weeks 16:8 L:D 20:240C 0.1uM MelJA 6 hours (Dombrecht et al., 2007)
ABA GSE65016 Col-0 Whole plant 12 days 16:8 L:D 220C 50uM ABA 6 hours (Kim et al., 2019)
Cytokinin GSE102713 Col-0 Whole plant 10 days Continuous light 220C 5uM N-benzyladenine 120 mins (Shanks et al., 2018)
Norflurazon GSE12887 Col-0 Whole plant 5 days Continuous light = 5uM norflurazon (Koussevitzky et al., 2007)
100m NacCl GSE16765 Col-0 Leaves 20 days 10:14 L:D 23:180C 100mM NaCl 6 days (Chan etal., 2011)
140mM NacCl GDS3216 Col-0 Root 6 days Continuous light 140mM NaCl 32 hours (Dinneny et al., 2008)
PPN 14 days GSE37553 Col-0 Root cells 14 days Continuous light M. incognita infection 14 days
PPN 21 days GSE37553 Col-0 Root cells 21 days Continuous light - M. incognita infection 21 days
Cold E-TABM-52 Col-0 Rosette 14 days 16:8 L:D 40C 14 days 40C (Hannah et al., 2006)
2 h drought E-MEXP-2435 Col-0 Whole plant 7 days 16:8 L:D 220C 2 h drought stress (Abdeen et al., 2010)
24 h drought E-MEXP-2435 Col-0 Whole plant 8 days 16:8 L:D 220C 24 h drought stress (Abdeen et al., 2010)
96 h drought E-GEOD-35258 Col-0 Whole plant 11 days Continuous light 250C 96 h low water potential (Bhaskara et al., 2012)
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Figure 3.23. Comparison between transcripts down- and up-regulated by FLS from dark-
grown samples and other data sets from mutations or treatments resulting in a de-
etiolated phenotype. (A) Number of genes overlapping between data sets tested. A log
fold change cut-off 1 was applied to define differently regulated genes. (B) Significance of
the overlap between FLS treatment and indicated data set. Numbers represent ratios
between the number of overlapping genes and the number of genes that would be
expected by chance and are additionally depicted in a colour scale. Green indicates low
overlap, red indicates high overlap. (C) Top 10 highly enriched GO terms from up- and
down-regulated genes (URG and DRGs) shared between dark-grown FLS-regulated genes
and gene expression changes in dark-grown pifg seedlings.
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GO term enrichment analysis on significantly downregulated DEGs in both light- and dark-
grown samples displayed an increased frequency of auxin related biological processes
when comparing all explicit hormone classes (table 3.4). In light-grown samples, out of 86
enriched classes, from 4141 significantly downregulated genes, 9 classes were explicitly
hormone-related from which the majority included auxin-related classes such as auxin
efflux and auxin activated signalling pathway. Similarly, in dark-grown samples, out of 24
enriched classes, from 1263 significantly down regulated genes, 7 classes were explicitly

hormone-related with 5 of these directly associated with auxin (table 3.4).

Data set comparisons on available microarray data also indicated similarities in the DEGs
between light-grown FLS-treated samples and studies applying auxin-related compounds.
In comparison, other biotic and abiotic treatments displayed lower levels of similarity
(figure 3.24A & B). Interestingly, inhibitors of auxin transcription 4-thiazolidione and furyl
acrylate ester, had high DEG similarity in the DEGs to FLS treatment in the light; however,
GO term analysis of the shared DEGs did not indicate enrichment in auxin classes (figure

3.24C).
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Table 3.4. Hormone-related biological processes enriched following FLS treatment in
light- and dark- grown samples. Genes regulated in response to FLS were analysed by GO
term enrichment and filtered to display hormone-related biological processes in both up-
and down-regulated DEGs from light- and dark-grown FLS-treated samples.

Light/ Up/down Genesin False
Dark regulated reference Genesin Expected Fold Discovery
grown DEGs GO biological process genome pl genes Enrichment P-value Rate
Light Up cellular responseto SAstimulus (GO:0071446) 49 17 6.45 2.64 1.44E-03  2.50E-02
Light Up response to salicylic acid (G0:0009751) 203 70 26.71 2.62 1.21E-10 1.01E-08
Light Up response to abscisic acid (G0:0009737) 572 148 75.25 1.97 3.41E-12 3.73E-10
Light Up response to jasmonicacid (G0:0009753) 214 53 28.15 1.88 1.05E-04  2.70E-03
Light Up response to hormone (GO:0009725) 1720 380 226.27 1.68 2.04E-19 5.02E-17
Light Up cellular responseto ABA stimulus (GO:0071215) 242 52 31.84 1.63 2.39E-03  3.71E-02
Light Up cellular responseto hormone stimulus (GO:0032870) 860 157 113.14 1.39 2.24E-04 5.20E-03
Light Down auxin efflux (GO:0010315) 13 9 193 4.67 1.01E-03 1.93E-02
Light Down hormonetransport (GO:0009914) 91 30 13.5 2.22 3.40E-04 7.84E-03
Light Down auxin polar transport (G0:0009926) 78 25 11.57 2.16 1.66E-03  2.81E-02
Light Down cellular responseto auxin stimulus (G0:0071365) 183 57 27.14 2.1 4.11E-06 1.62E-04
Light Down auxin transport (GO:0060918) 87 27 129 2.09 1.75E-03  2.94E-02
Light Down auxin-activated signaling pathway (G0:0009734) 164 50 24.32 2.06 3.33E-05 1.03E-03
Light Down regulation of hormone levels (GO:0010817) 409 107 60.66 1.76 5.74E-07 2.93E-05
Light Down response to auxin (GO:0009733) 401 103 59.47 1.73 2.34E-06 9.81E-05
Light Down hormone metabolic process (G0:0042445) 259 60 38.41 1.56 2.46E-03 3.75E-02
Dark Up response to cytokinin (GO:0009735) 253 61 12.84 4.75 8.62E-21 1.89E-18
Dark Up salicylic acid metabolic process (GO:0009696) 30 7 152 4.6 1.74E-03  3.13E-02
Dark Up response to hormone (GO:0009725) 1720 160 87.31 1.83 2.09E-12  2.10E-10
Dark Up response to abscisic acid (G0:0009737) 572 49 29.03 1.69 8.46E-04 1.66E-02
Dark Down auxin polar transport (GO:0009926) 78 12 3.52 3.41 4.83E-04 2.62E-02
Dark Down hormonetransport (GO:0009914) 91 14 4.1 3.41 1.69E-04 1.20E-02
Dark Down auxin transport (G0:0060918) 87 13 3.92 3.31 3.67E-04 2.17E-02
Dark Down cellular responseto auxin stimulus (G0:0071365) 183 22 8.25 2.67 8.31E-05 6.30E-03
Dark Down auxin-activated signaling pathway (GO:0009734) 164 19 7.39 2.57 3.76E-04 2.16E-02
Dark Down response to abscisic acid (G0:0009737) 572 55 25.79 2.13 7.27E-07 1.23E-04
Dark Down response to auxin [60:000973%} 401 38 18.08 2.1 6.95E-05 5.55E-03

114



The nematicide, Fluensulfone, alters auxin responses in Arabidopsis

A

DRG 50uM FLS URG 50uM FLS
DRGno 3239 URGno 2186 SOUM FLS SOuM FLS
Diacamba 844 395 Diacamba 1013 382 D .
o) 20 21 1AA kE 13 axr3-1-AA. 35 axr3-1 -IAA 2.2
axr3-1-1AA 223 106 axr3-1-1AA 218 44 axr3-1 1AA 32 axr3-1 +IAA 33
axr3-1+AA 172 75 axr3-1+AA 165 50 4-thiazolidione 21 4-thiazolidione
4-thiazolidione| 173 49 4-thiazolidione| 322 142 Furyl acrylate | } Furyl acrylate
Furyl acrylate 14 7 Furyl acrylate 429 183 ga3-1 3 ga3-1 238
ga3-1 288 69 ga3-1 175 45 Uniconazole-P 1.1 Uniconazole-P 0.7
Uniconazole-P | 105 16 Uniconazole-P | 205 14 Brassinolide| 00 Brassinolide, 00
Brassinolide 7 0 Brassinolide 16 0 bri1-5 32 bri1-5 09
bri1-5 122 54 bril-5 282 23 Jasmonate 0.7 Jasmonate 21
Jasmonate 10 il Jasmonate 201 39 ABA ABA 23
ABA 816 239 ABA 1291 276 . fﬂ"“""""‘ i ; . fﬂ"“"‘""" ‘2":
= = orflurazon i orflurazon !
Cyt::dmn 1::1 2:3 Cyﬁ;]ldmn 121382 2160 100m NacCl 1.6 100m NacCl 2.0
Nortlurazon Novtlurazon 9 > 140mMNacl 12 140mMNaCl 1.7
100mNaCl 899 200 100m NacCl 1642 296 PPN 14 days 21 PPN 14 days 0.9
140mM Nacl 777 123 140mM NacCl 825 133 PPN 21 days 20 PPN 21 days 1.0
PPN 14 days 1899 540 PPN 14 days 1186 98 Cold 15 Cold 32
PPN 21 days 1596 431 PPN 21 days 1116 105 2hr drought 2.0 2hr drought a1
Cold 664 140 Cold 438 128 24hr drought 2.0 24hr drought 34
2hr drought 161 45 2hr drought 599 227 96hr drought 14 96hr drought 19
24hrdrought 496 139 24hrdrought 757 237
96hrdrought 1085 215 96hrdrought 954 167
resporse to reactive oxygen spedes (GO0000302) e
c toxin catabdii ¢ process (GO-0009407) PENIEEISISNSISIEN
heat acdimation (GO-0010286) ————
toxin m etabolic process (GO:0009404) IR
I} response to organonitrogen compound (GO 0010243) RIS
5 defense response tobacterium, incom pa tible inter action (GO-0009816) | EEEESESSSSTSITTSERIER
resporse to high lght intensity (GO:0009644) EEESIIESIESRIRSRIINS
regulation of DNA templated tr anscription i response tostress (GO-0043620) T —N=.
resporse to hydrogen peroxide (GO.0042542) S e
response to chitin (GO:0010200)
trichoblast differentiation (GO:0010054) =
plant-type cell wall modification (GO-0009827)
reactive oxygen species metabolic process (GO0072593)
cofactor catabalic process (GO.0051187)
g antibiotic catabalic process (GO:0017001)
o hydrogen peroxide metabolic process (GO:0042743)
plant-type cell wall loosening (GO
hydrogen peroxide catatolic process (GO:0042744)
cell wall involved 3l cell growth (GO:0042547)
plant-type cefl wall involved cell growth (GO:0009831)
0 10 20 30 0 50 60 70
response to high light intensity (GO:0009644)
response to hydrogen peroxide (GO:0042542)
regulation of transcription in response to stress (GO0043613)
defense response to insect (G0:0002213)
s positive regulation of transcription in response to heat stress (GO:0061408) N
£ positive regulation of transcription in response to stress (GO:0036003) | EEEGEG—G—_—G—_———
regulation of DNA-templated transcription in response to stress (GO:0043620)
response to chitin (G0:0010200)
protein autoubiquitination (GO:0051865)
respiratory burst involved in defense response (GO:0002673)
0 10 20 30 40 50 60 70

Fold Enrichment

Figure 3.24. Comparison between transcripts down- and up-regulated by FLS from light-
grown samples and other studies. (A) Number of genes overlapping between data sets
tested. A log fold change cut-off 1 was applied to define differently regulated genes. (B)
Significance of the overlap between FLS treatment and indicated data set. Numbers
represent ratios between the number of overlapping genes and the number of genes that
would be expected by chance and are additionally depicted in a colour scale. Green-red
indicating low-high similarity. (C) Top 10 highly enriched GO terms from up- and down-
regulated genes (URG and DRGs) shared between light-grown FLS treated samples and
samples treated with 4-thiazolidione appended with derivatized acetic acid (top) and furyl
acrylate ester of thiadazole heterocycle (bottom).
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3.2.10 Endogenous phytohormone quantification

The results to date indicate that the primary effect of FLS might be to inhibit the auxin
response. To determine whether the effect was on auxin biosynthesis we determined the
effect of FLS on the levels of various endogenous auxins by sending samples for hormone
guantification. We also took the opportunity to determine the impact of FLS on other
hormones. Light- and dark-grown FLS-treated samples were subject to liquid
chromatography mass spectrometry (LC/MS) analysis to determine endogenous hormone
levels within seedlings. It was shown, that FLS treatment in the light had a more
significant effect on phytohormone levels than in the dark. Focusing on IAA and IAA-Asp
conjugate levels, in the light, endogenous IAA was reduced by 54% (figure 3.25A), while
there was no difference in the dark. Additionally, the IAA-Asp conjugate was unaffected
by FLS treatment in light and dark. Looking at other endogenous hormones, it was shown
JA and DHZ levels increased by 1031% and 192% (figure 3.25D&J) in the light,
respectively; however, in the dark, JA levels were reduced by 50% (figure 3.25D),

demonstrating FLS has light-dependent effects on endogenous hormone signalling.

Looking into the effect of light on endogenous hormones, the data indicates a number of
phytohormone levels were higher in un-treated, light-grown samples. IAA, OPDA and SA
levels were largely decreased in dark-grown samples by 70%, 99% and 88%, respectively
(figure 3.25A,C&G), whilst JA and ABA displayed an increase in the dark by 166% and 83%,
respectively (figure 3.25D&F). A number of hormones and/or related conjugates
displayed no notable changes in light- and FLS-treatment, particularly the cytokinins tZR,

cZ and the auxin conjugate IAA-Asp.
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Figure 3.25. Effect of FLS on endogenous phytohormones. Phytohormones (A) Indole-3-
acetic acid (IAA), (B) IAA-Asp amide conjugate, (C) 12-oxophytodienoic acid (OPDA), (D)
Jasmonic Acid (JA), (E) jasmonoyl isoleucine conjugate (JA-lle), (F) Abscisic acid (ABA), (G)
Salicylic acid (SA) and active cytokinins (H) trans-zeatin riboside (tZR), (I) cis-zeatin (cZ), (J)
dihydrozeatin (DHZ) and trans-zeatin (tZ) were quantified using liquid chromatography
mass spectrometry analysis (LC/MS) from plant tissue treated +/- 50 uM FLS for 7 days in
continuous WL or for 5 days dark. Quantification was based upon comparison with
internal standards. tZ levels were too low to be detected in any samples and samples with
low (<1.3 pmole/g) were plotted with the value of 0.65. Data represents mean + SEM of 3
biological replicates; asterisks denote significant difference (p<0.05) between FLS treated
and untreated samples in paired t-test.
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3.3 Discussion

3.3.1 FLS has a unique profile of effects under different growth conditions

FLS application via foliar spray has resulted in mild phytotoxicity toward tomato and
eggplants during field trials (Morris et al., 2016) and preliminary studies have
demonstrated a reduction in fresh weight and root length in Arabidopsis seedlings when
FLS was applied to the media. Characterising the effects of FLS on plant growth may, not
only help to elucidate this chemical’s mode of action, but also provide information on

how best to protect crop plants grown in FLS-treated soil.

When applied exogenously, FLS induced a reduction in fresh weight and chlorophyll
content of seedlings when grown under white, red and blue light (WL, RL and BL). Overall
growth was affected more under RL and BL, compared to WL; this was expected as plant
growth is relatively poor in these conditions compared to WL. At field relevant
concentrations of <5uM FLS it was shown that Arabidopsis seedlings were not negatively
affected by FLS. This is in contrast to its effects on the PPN Globodera pallida; in G. pallida
as little as 1uM FLS is sufficient to inhibit hatching from the cyst (Feist et al., 2020)
suggesting FLS remains more efficacious to its target, PPNs. When studying the recovery
of FLS exposure, seedlings were able to continue growth at a similar rate to control
seedlings after exposure to concentrations lower than 20uM FLS. 20uM FLS exposure
caused a partially reversible inhibition of growth, while 50 and 200uM FLS irreversibly
inhibited growth. A similar pattern of recovery is observed in PPN populations; cysts
previously treated with very low concentrations (< 5uM FLS) began hatching after 7 days
in solution omitting FLS with the total cumulative hatch of 65% compared to the control
of 78%. Following 50uM FLS exposure, hatching from cysts only began 12 days after
transfer off FLS and total hatch only reached 40% at the end of the testing period; 500uM
FLS-treated cysts showed no recovery (Feist et al., 2020). Comparing the recovery
between Arabidopsis and G. pallida it is noted that, when FLS is present, PPNs are
susceptible to very low doses compared to Arabidopsis; however, both models display
robust recovery at low concentrations and an irreversible inhibition of development at

high doses.
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PPNs remain more susceptible to FLS following initiation of growth in the absence of FLS.
In a similar experimental set up to the post-germination treatment, hatching of G. pallida
juveniles was initiated and after 16 days, eggs were exposed to increasing concentrations
of FLS (Feist et al., 2020). At concentrations of <1 uM hatching was significantly inhibited,
although this inhibition was not seen in cysts. Comparatively, exposing Arabidopsis
seedlings to FLS after germination resulted in a dichotomy; at low concentrations, FLS
transiently increased the growth of seedlings, while a rapid inhibition of growth was
observed at high concentrations. This effect was seen even in established seedlings

suggesting FLS could be acting as a growth enhancer at low concentrations.

The transient enhancement in growth coupled with the phytotoxicity following long term
exposure to FLS indicates FLS could be promoting an uncontrolled growth pattern within
seedlings. Synthetic auxins such as 2,4-D and 1-NAA act as selective herbicides through a
similar mode of action; providing dicot weed control in cereal crops (Grossmann, 2003).
2,4-D was one of the first synthetic auxin herbicides to be commonly used and due to its
selectivity to dicots and stability compared to IAA (Ljung et al., 2002) over 600 2,4-D
based products are currently on the market (Song, 2014). The effects of auxinic herbicides
are similar to that induced by high doses of the natural auxin, IAA; at low doses plant
growth is promoted but at high doses excessive and unsustainable growth occurs
subsequently causing plant death. Characteristics of auxinic herbicide induced death
include upregulation of ABA and ethylene biosynthesis genes, reactive oxygen species
(ROS) production, disruption of chloroplasts and tissue necrosis (Grossmann, 2003). ROS
production following 2,4-D application promotes excessive cell expansion and tissue
proliferation and is thought to be the main toxic effect of this herbicide. Interestingly, the
phenotype observed in FLS-treated seedlings in a greening assay is also indicative of

excessive ROS production potentially suggesting a conserved mode of action.

3.3.2 FLS induces de-etiolation that is partially mediated by HY5 and HYH

Information on the impact of FLS on dark-grown seedlings is beneficial as crop seeds may
be planted into soil with FLS, and therefore their initial growth period until they emerge

from the soil would be in the dark. This initial period of growth is extremely important for
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plants as the nutrients within the seed are only able to support growth for a short period
of time and most of the nutrients are invested in hypocotyl elongation and maintenance
of the apical hook. When the seedling reaches light, the growth pattern changes to inhibit
hypocotyl elongation, expand cotyledons and elongate the primary root (Kircher &

Schopfer, 2012).

When applied exogenously, FLS induced a de-etiolated phenotype in the dark, including
the inhibition of hypocotyl elongation, promotion of cotyledon expansion and
accumulation of protochlorophyllide (Pchlide). Pchlide is the penultimate step in
chlorophyll biosynthesis and its conversion to chlorophyllide (Chlide) requires the light-
activated enzyme protochlorophyllide oxidoreductase (POR). POR catalyses transfer of a
hydride from NADPH to position C17 on Pchlide, followed by proton transfer from a
conserved Tyr residue to position C18 (Heyes et al., 2011) to synthesise Chlide. Under
normal conditions in the dark, chlorophyll biosynthesis is halted and Pchlide synthesised
is bound to POR proteins to avoid ROS production. This means when the seedling is
exposed to light all molecules of Pchlide can bind to POR proteins and NADPH to form
Chlide. However, if Pchlide is in excess, not all can bind to the limited POR proteins and
the unbound Pchlide results in cell death through the production of singlet oxygen (*0,)
(Triantaphylidés et al., 2008). There are no enzymatic means to detoxify 102 so when the

seedling is transferred into light, cell death occurs and growth is inhibited.

FLU acts as a negative regulator of chlorophyll biosynthesis through the inhibition of
glutamyl-tRNA reductase and the fluorescence (flu) mutant, generated in an EMS mutant
screen, is not able to restrict Pchlide accumulation in the dark, causing bleaching upon
exposure to WL (Meskauskiene et al., 2001). Feeding the tetrapyrrole precursor ALA also
causes a similar accumulation of Pchlide and bleaching when transferred to light due to a
10, burst (McCormac and Terry, 2002a; McCormac and Terry, 2004; Page et al., 2017).
Interestingly, in the greening experiment conducted with FLS, bleaching also occurred.
Untreated seedlings were able to accumulate chlorophyll after 5d growth in the dark and
24h in WL; whereas, FLS-treated seedlings did not display any indication of chlorophyll
accumulation suggesting a 'O, burst similar to the flu mutant/ALA feeding as a result of

Pchlide accumulation. Although a similar result was observed, the flu mutant and ALA
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feeding do not display a phenotype similar to FLS in the dark or light; the mutant and
ALA-fed seedlings grow as normal under continuous WL and do not display de-etiolation

in the dark (Meskauskiene et al., 2001).

The accumulation of Pchlide coupled with a de-etiolated phenotype following FLS
treatment suggest its synthesis is increased and FLS is inducing photomorphogenesis in
the dark. The initial step of Pchlide synthesis involves glutamate in the form of glutamyl-
tRNA (Glu) which is reduced to glutamate-1-semialdehyde (Schon et al., 1986) by
glutamyl-tRNA reductase and glutamate-1-semialdehyde-2,1-aminomutase, encoded by
the HEMA1 and GSA genes, respectively. An amino group from C2 of glutamate-1-
semialdehyde is then transferred to a neighbour carbon to synthesise ALA (Smith et al.,
1991). ALA is then converted through a sequence of reactions to protoporphyrin IX which
marks the branch point between heme or chlorophyll synthesis. In the first step of the
chlorophyll synthesis path, a Mg?* ion is inserted into the backbone of protoporphyrin IX
by Mg chelatase (MgCh); an enzymatic complex consisting of CHLH, CHLI and CHLD
(Jensen et al., 1999), to give Mg-protoporphyrin IX. The last step to Pchlide is then the
transfer of a methyl group to a carboxyl group on Mg-protoporphyrin IX to create a Mg-
protoporphyrin IX monomethyl ester, on which oxygen is incorporated to form Pchlide

(Tanaka, 2007), reviewed in (Mochizuki et al., 2010).

Following FLS treatment in the dark the expression of two key genes, HEMA1 and CHLH,
are increased significantly; which, coupled with the Pchlide accumulation measured
under FLS treatment, demonstrates FLS is able to induce this pathway to a higher extent
than usual in the dark. These genes are also induced in pifg mutants, which display a
similar phenotype (Stephenson et al., 2009). Expression levels of these genes are
relatively low in the dark so as not to over accumulate the photosensitiser intermediate,
Pchlide; however, upon FLS treatment the increase in the expression of these genes
would suggest FLS is inducing a light-response in seedlings, independent of light. FLS also
induces a large increase in the expression of the light-harvesting chlorophyll a/b-binding
(LHCB) gene LHCB1.2 which is, classically and most strongly, induced by light. LHCB
proteins are associated with chlorophyll to create the antennae complex that absorbs

light and transfers the energy to photosystem Il and has a role in protecting against
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photo-oxidative damage (Dall’Osto et al., 2015). In addition, PORA gene expression is not
altered following FLS treatment in the dark. PORA expression is high in etiolated seedlings
as it has a role in maintaining the crystalline structure of the prolamellar body (PLB) in
etioplasts before their light-induced conversion to photosynthetically active chloroplasts
(Sperling et al., 1997); however, upon exposure to light PORA expression and proteins
levels are rapidly decreased due to proteolysis of the enzyme in the absence of Pchlide
(Kay and Griffiths, 1983). Due to FLS treatment not affecting PORA expression in the dark,
this assumes FLS action is not to reduce POR levels to induce toxicity; although, protein

levels have not been investigated.

In conclusion, FLS induces phytotoxic effect on Arabidopsis seedling growth in the light;
but, in the dark, FLS induces de-etiolation. This de-etiolation was characterised by an
induction in Pchlide, coupled with inhibition of hypocotyl elongation, cotyledon opening
and expression of classically light-regulated genes. Shared de-etiolated phenotypes such
as increased Pchlide, short hypocotyls and expanded cotyledons are observed in a
number of light-signalling mutants, including pif mutants (Stephenson et al., 2009), cop
mutants (Deng et al., 1991) and det1 (Pepper et al., 1994). Observing such a large
increase in LHCB gene expression under FLS treatment, alongside an increase in HEMAI,
CHLH and Pchlide suggests FLS could be acting to induce photomorphogenesis via
inhibition of a negative regulator, like COP1. As mentioned previously, COP1 is an E3
ubiquitin ligase that targets HY5 for degradation to prevent photomorphogenic growth
and the copl mutant displays a similar phenotype to FLS in the dark, with an increase in
Pchlide (Sperling et al., 1998), inhibition of hypocotyl elongation and expanded
cotyledons (Deng et al., 1991). On the other hand, the photomorphogenic growth
promoting proteins such as HY5 could be stabilised by FLS meaning an active COP1
protein is unable to ubiquitinate its target for degradation and the pool of these positive
regulators is not diminished, allowing light-regulated growth to be induced. De-etiolation
in the dark is also seen in a number of mutants that are deficient or insensitive to
phytohormones (Alabadi et al., 2004; Barrero et al., 2008; Choe et al., 1998; Chory et al.,
1991; Hsieh & Okamoto, 2014; Nagpal et al., 2000; Sinclair et al., 2017; Sineshchekov et
al., 2004; Spichal et al., 2004; Szekeres et al., 1996; Vogel et al., 1998) suggesting FLS
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could be interfering with hormone biosynthesis or signalling pathways to induce this

phenotype in the dark.

In lieu of the fact that FLS induced a de-etiolated phenotype in the dark and increased the
expression of a number of light regulated genes, the first question raised was to ask if
FLS-mediated de-etiolation is caused by modulation of the light signalling pathway. HY5
and HYH bZIP transcription factors are positive regulators of light signalling as they are
able to induce the expression of light-regulated genes when seedlings are exposed to
light (Lee et al., 2007; Zhang et al., 2011). These genes indicate the start of
photomorphogenic growth and the seedling can begin to synthesise chlorophylls and
expand the cotyledons for light capture. However, in the dark, the COP9 signalosome
mediates the degradation of proteins targeted by the E3 ubiquitin ligase, COP1. COP1
localises in the nucleus, and targets HY5 and HYH proteins for degradation via the 26s
proteasome; ultimately inhibiting the subsequent expression of light-inducible genes and
photomorphogenesis (Yi and Deng, 2005). The HY5 and HYH proteins are essential in
photomorphogenesis, with their expression being induced following light treatment
(Zhang et al., 2017); therefore, the loss-of-function double mutant has a reduced
response to light and displays an elongated hypocotyl phenotype in the light (Holm et al.,
2002). As FLS was able to ‘bypass’ the requirement for light and cause de-etiolation in the
dark, the double hy5 hyh mutant was treated with FLS to determine if FLS-mediated de-
etiolation required these transcription factors. The double mutant had a reduced
response to FLS, suggesting FLS-induced de-etiolation was not fully mediated by these
proteins, but they still had a role as the response was reduced in comparison to WT. HY5
and HYH are major integration points that allow external and internal signals to be
integrated into the light signalling pathway (Chen et al., 2013; Cluis et al., 2004; Job &
Datta, 2020); therefore, as a partial resistance was displayed in the double mutant this
could suggest FLS is targeting a protein or gene upstream of HY5 and HYH in a parallel

path.

It has been proposed that HY5 and HYH are able to act as signal integration points
between light and hormone signalling networks to modulate growth in response to

phytohormones (Cluis et al., 2004). In a hy5 mutant the elongated hypocotyl, accelerated
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root growth and anthocyanin accumulation are, in part, explained by altered hormone
signalling. This mutant also displays reduced IAA7 and IAA14 gene expression, two
negative regulators of auxin signalling, suggesting auxin signalling is elevated in these
mutants. This alteration of auxin responsive genes indicates the presence of HY5 binding
sites in their promotors (Cluis et al., 2004). Additionally, the control of both light and
auxin signalling requires E3-mediated protein degradation. The COP9 signalosome
requires the activity of the E3 ubiquitin ligase, COP1, to degrade HY5 and HYH; however,
it has also been shown to be required by the SCF-type E3, SCF™®! to initiate auxin
responses and the degradation of SCF™R! substrates (Schwechheimer et al., 2001).
Reduced responses to auxin, jasmonic acid, and cold stress are also shared in mutants
with reduced function in the COP9 signalosome and mutants with reduced SCF-type E3
activity, suggesting the COP9 signalosome has a role in a number of SCF mediated
processes. Lastly, AXR1 regulates SCF™'R! and the axrl mutant displayed a requirement for
this protein in COP9 signalosome mediated repression of photomorphogenesis
(Schwechheimer et al., 2002). Therefore, this suggests that the light signalling pathway

can regulate and is regulated by hormone pathways, in particular auxin signalling.

In a further effort to understand how FLS is inducing de-etiolation, pifg seedlings were
treated with FLS. PIF (phytochrome interacting factor) proteins are BHLH transcription
factors that negatively regulate photomorphogenesis (Leivar and Quail, 2011). The
phytochrome family of photoreceptors responds to the R/FR light spectrum (Bae and
Choi, 2008) and upon exposure to RL phytochromes translocate to the nucleus and
promote the turnover of PIFs through ubiquitination and subsequent proteasome-
mediated degradation. This leads to a de-etiolated phenotype in the dark characterized
by inhibition of hypocotyl elongation, cotyledon opening and expression of light-inducible
genes (Hug and Quail, 2002; Shin et al., 2009; Stephenson et al., 2009; Leivar et al., 2009);
a phenotype similar to FLS treatment. Using the quadruple pifg mutant, it was shown FLS
effects in the dark were independent of the presence of PIF proteins and, therefore, that
the effect on Pchlide was not via this signaling pathway. However, transcriptomic analysis
revealed significant crossover of differentially expressed genes (DEGs) in both FLS treated
and pifqg seedlings. It is established in microarray analysis and RNAseq studies that the

pifg mutant in the dark has a gene expression pattern similar to that of a red-light grown
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WT (Shin et al., 2009; Dong et al., 2014). When comparing the genes induced in pifg
mutants to that induced by FLS treatment it demonstrated a large proportion of both up-
and down-regulated DEGs were shared between data sets; in particular genes involved in
plastid translation and photosystem assembly. This can be explained as it is likely both FLS
induced DEGs and pifqg DEGs are a result of downstream changes in HY5 regulated genes.
However, as indicated previously, hy5/hyh mutants are only partially resistant and FLS is
additive in a pifg mutant; therefore, FLS must be acting in a pathway upstream of these

key light signaling regulators.

3.3.3 Reversal of FLS induced de-etiolation is auxin specific

It is not only mutations in negative regulators of light-signalling that cause de-etiolation in
the dark. Mutations in hormone biosynthesis and/or signalling mediate de-etiolation.
While perception of light is well understood, downstream transduction and how light
mediates certain phenotypic changes is not clear, however, almost every plant hormone

has been implicated.

When a young shoot reaches the soil surface and is exposed to light there is a reduction
in the bioactive GA, GA; (Ait-Ali et al., 1999) which causes a reduction in shoot elongation.
In pea, the reduction in GA1 occurs as the LE (encoding PsGAsox1) gene that controls the
conversion of GAo to GA; is downregulated, while PsGAzox2, which codes for a GA 2-
oxidase that deactivates GA; is upregulated. These changes precede a reduction in GA1
levels and occur within 1 hour of light exposure (Reid et al., 2002). These changes in GA
levels are closely mirrored in Arabidopsis as transfer of seedlings from dark to WL induce
variations in transcript levels that are akin to GA synthesis and de-activation, also to an
accumulation of DELLA proteins (Achard et al., 2007; Alabadi et al., 2008; Cheminant et
al., 2011; de Lucas et al., 2008; Feng et al., 2008). These studies revealed the role of GAs
in hypocotyl growth in the dark; however, it was not known if this represented repression
of photomorphogenesis or a light independent mechanism to control cell expansion. To
differentiate between these hypotheses, cotyledon opening and apical hook formation
was more closely examined when seedlings were grown on a GA-biosynthesis inhibitor

paclobutrazol (PAC). WT seedlings displayed an etiolated morphology when grown in the
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dark; however, seedlings grown on PAC displayed a de-etiolated phenotype which could
be rescued by co-application of GA. Light-regulated gene expression was also higher in
PAC-treated seedlings. Furthermore, GA-deficient mutant gal-3 displayed a partial de-
etiolation suggesting GA acts to promote hypocotyl elongation and repress expression of

light-regulated genes (Alabadi et al., 2004).

It has also been long established that brassinosteroids (BR) play a negative-regulatory role
in de-etiolation, mainly based on the de-etiolated phenotype of a number of dark-grown
BR mutants such as det2 (Li et al., 1996; Fujioka et al., 1997), dwf4 (Azpiroz et al., 1998;
Choe et al., 1998), cpd (Miklds Szekeres et al., 1996), bril (Clouse et al., 1996) and bin2 (Li
et al., 2001). In addition, treatment of dark-grown seedlings with brassinazole (Brz), a BR
biosynthesis inhibitor, also induces some de-etiolated characteristics (Nagata et al.,
2000). This phenotype can be restored to a normal etiolated phenotype after application
of BRs. Microarray analysis has shown that BRs are able to down-regulate PIF3 (Goda et
al., 2002). This is a key transcription factor in the light-signalling pathway which suggests
that BRs may act as regulators of the light signalling path rather than or in addition to

functioning as downstream targets.

The addition of GA and EBR to dark-grown FLS treated seedlings did not illicit any rescue
suggesting FLS is not altering these hormone pathways. However, addition of exogenous
auxins IAA, 1-NAA and 2,4-D displayed reversal of the FLS dependent de-etiolation. Auxin
and light signaling are closely related; light is able to control auxin levels, transport and
distinct responses in cell types (Halliday & Fankhauser, 2003; Halliday et al., 2009). It is
suggested HY5 acts as a negative regulator of the auxin signaling pathway due to a study
describing a decrease in genes that negatively regulate auxin: IAA7 and IAA14, in hy5
mutants (Cluis et al., 2004). Auxin is also responsible for cell elongation and the shade
avoidance response. Active phyB (Pfr) has been shown to reduce IAA levels through
activation of genes that induce synthesis of indole glucosinolates and repression of auxin
biosynthesis genes such as TAA1 (Ciolfi et al., 2013; Song et al., 2020; Tao et al., 2008). In
contrast, when phyB is photo-converted to the inactive Pr form in low R:FR ratio light
conditions, a rapid elevation in auxin-regulated transcript levels are observed. This links

hormone and light signaling closely.
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A number of dominant aux/iaa mutants, shy2/iaa3, axr2/iaa7 and axr3/iaal7, also
display de-etiolated phenotypes in the dark (Leyser et al., 1996; Nagpal et al., 2000; Tian
et al., 2003a). In these mutants a mutation has been introduced in the DIl degron,
essentially stabilizing these proteins and reducing their auxin-induced turnover. The
mutations that are able to cause de-etiolation in the dark are a result of stabilization of
Aux/IAA proteins in the presence of auxin. This stabilization then represses ARF proteins
and, thus, reduces the expression of auxin-regulated genes, including Aux/IAAs (Tian et
al., 2002a). This dynamic negative-feedback pathway balances Aux/IAA and ARFs in cells
to allow a tissue-specific auxin response. As it is unlikely FLS induces a mutation in
Aux/IAA proteins to stabilize them, its action could be to block the TIR1 receptor that
targets the Aux/IAA proteins for degradation, stopping degradation of these repressors,
ultimately leading to photomorphogenesis. Through the co-application of exogenous
auxins and FLS it could be suggested that the degradation of Aux/IAA proteins may be

activated, and de-etiolation could be reversed.

Application of the ethylene precursor, 1-aminocyclopropane-1-carboxylic acid (ACC),
displayed slight reversal of FLS-induced de-etiolation and was partially additive with
exogenous |IAA. Ethylene regulation of de-etiolation is closely linked to auxin due to the
functional overlap of both their biosynthetic and response pathways (Swarup et al.,
2002). The enzyme ACC synthase catalyses the conversion of S-adenosyl-I-methionine
(SAM) to ACC and auxin is able to induce the transcription of ACC synthase genes to
increase ethylene biosynthesis (Abel et al., 1995; Tsuchisaka & Theologis, 2004). Ethylene
is also able to induce expression of ASA1 and ASB1 that catalyse the first step in
tryptophan biosynthesis, which is the precursor of auxin (Ljung et al., 2005; Stepanova et
al., 2005). Ethylene has an essential role in the maintenance of the apical hook in
etiolated seedlings as ethylene-treated seedlings and ethylene-overproducing mutants
display an exaggerated hook curvature phenotype in the dark. In comparison, ethylene
insensitive mutants display a hookless phenotype (Guzman & Ecker, 1990). Similarly, IAA-
treated seedlings or IAA-overproducing mutants alter hook formation suggesting auxin
may be involved here too (Swarup et al., 2002). Furthermore, it has been shown that

Arabidopsis NPH4 gene, which encodes auxin regulated transcriptional activator ARF7, is
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involved in apical-hook formation and can be repressed by application of exogenous

ethylene.

The well documented relationship between auxin and ethylene begins to explain the
partial rescue of de-etiolation by ACC; but the perceived alteration in ethylene responses
is unlikely to be the primary target of FLS as it is only occurring at high concentrations and
is more likely to be a secondary effect of FLS toxicity. Additionally, Pchlide levels were not
reduced following ACC treatment alone, suggesting FLS-induced de-etiolation is
independent of ethylene. In the next chapter the aim will be to uncouple the role of auxin
in FLS action and explore the potential treatments to alleviate FLS toxicity field

conditions.
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Chapter 4: The role of auxin in FLS

action
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4.1 Introduction

Plant growth and development is largely governed by light quality, quantity, direction and
duration and, as plants are sessile organisms, they are required to have a high degree of
developmental plasticity to maximise chances of survival and reproduction. Seedlings
undergo drastic developmental change, named de-etiolation, when moved from dark
conditions to light conditions; but, in chapter 3 it was discovered that FLS induced this
developmental change in the absence of light. FLS-mediated de-etiolation in the dark was
only partially regulated by key light signalling genes, HY5, HYH and PIFs, potentially
suggesting another primary pathway is targeted by this chemical that converges with light
signalling pathways. The role of phytohormones, specifically auxins, in reversing FLS-
induced de-etiolation was clear suggesting a potential role of auxin in FLS action in

Arabidopsis.

Auxins have been implicated in seedling de-etiolation and many molecular studies have
been carried out suggesting light is able to modulate auxin-signalling pathways. In
Arabidopsis light triggers auxin synthesis in young leaves and etiolated seedlings are
largely lacking auxin (Bhalerao et al., 2002). Auxin is then dispersed throughout the
seedlings to create auxin gradients and local auxin concentrations in various seedling
tissues that leads to discrete responses. In the shoot auxin induces cell expansion (Barbez
et al., 2017; Du et al., 2020), whereas, in the root auxin induces lateral root emergence
and primary root elongation (Velasquez et al., 2016; Barbez et al., 2017). Light signals can
control both the movement of auxin and response to auxin within cells allowing
development to be tuned to the light environment and for shoot and root development

to be coordinated.

Auxin regulated genes from the GH3, SAUR and Aux/IAA families, which are upregulated

within minutes of auxin application, localise to the nucleus and are upregulated by shade
conditions (Hagen and Guilfoyle, 2002; Iglesias et al., 2018). Additionally, AXR2, AXR3 and
SHY2 cause de-etiolation in dark-grown seedlings indicating these proteins could be light-
regulated (Colén-Carmona et al., 2000). This suggestion is supported by work showing the

SHY2 gene is regulated by light (Tian et al., 2003). These dominant mutations stabilize the
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proteins by introducing a mutation in their TIR1-binding domain. Furthermore, a number
of Aux/IAA proteins can interact with, and are phosphorylated by phyA and phyB in vitro
(Col6 n-Carmona et al., 2000; Xu et al., 2018; Yang et al., 2018). Together these results
imply that phosphorylation of Aux/IAA proteins by phytochromes may be the molecular
mechanism that underpins the integration of light and auxin signalling. A link between
light and auxin signalling also comes from the HY5 gene, which encodes a BZIP
transcription factor that acts a positive regulator of photomorphogenesis (Oyama et al.,
1997). The hy5 mutant exhibits a similar light-insensitive hypocotyl elongation phenotype
to that seen for an auxin insensitive mutant (Zobel, 1974) and the basic region of HY5 is
identical to the soybean transcription factor STF1A which is able to bind to the same
motif on the soybean GH3 promotor that confers auxin inducibility (Liu et al., 1994). This

confirms HY5 regulates expression of auxin-induced genes.

In this chapter the role of the phytohormone, auxin, in FLS action will be discussed.
Previous studies looking into the effects of FLS on Arabidopsis and described in Chapter 3
showed a profound effect on root development and application of FLS to dark-grown
seedlings induced a de-etiolated phenotype. This suggests that a potential mode of action
of FLS is to alter auxin biosynthesis, transport and/or perception. The role of auxin in
ameliorating some phytotoxic effects of FLS will also be considered with the aim to

extrapolate the results to crop species.
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4.2 Results

4.2.1 Exogenous IAA displays a more robust rescue of FLS in the dark

Previously, it was observed that applications of exogenous auxins at low micromolar
concentrations were able to significantly decrease FLS-induced de-etiolation. To
determine the threshold of this rescue, IAA from 1-1000 nM was applied exogenously to
seedlings in the presence and absence of 50 uM FLS. The fresh weight of 50 uM FLS-
treated seedlings was generally lower than control; however, at 1 uM (1000 nM) IAA
fresh weight was significantly increased by 48% and comparable to control levels (figure
4.1). Similarly, 50 uM FLS-treated seedlings had significantly shorter hypocotyls; however,
there was a slight but significant increase in hypocotyl length in the presence of 10-500
nM IAA. Pchlide levels were also sensitive to an increase in IAA; the addition of 10 nM IAA
alongside 50 uM FLS significantly reduced Pchlide accumulation by 18%, relative to 50uM
FLS treatment alone. However, Pchlide levels were only similar to control at 1uM IAA
which elicited a 72% decrease in Pchlide accumulation. Likewise, cotyledon opening was
significantly reduced from 10nM IAA, but did not reach control levels until 500nM [AA.
IAA treatment had little to no effect on seedlings grown in the absence of FLS (figure 4.1)
Although IAA at these concentrations was not enough to fully reverse FLS-induced de-

etiolation, the effect of sub-uM concentrations of IAA are clear.

In order to ascertain if auxins were able to have the same effect in the light, exogenous
IAA was applied alongside FLS at the same concentrations used previously. Following 7
days growth in the light, 1 and 5 uM IAA was not able to significantly improve the growth
of FLS-treated seedlings (figure 4.2A). Treatment with IAA appeared to increase both
fresh weight and total chlorophyll of seedlings treated with 200 uM FLS, but this increase
was not significant. In contrast, seedlings not treated with FLS displayed a reduction in
growth following IAA application. It is known that excess auxin results in phytotoxicity,
therefore, reduced concentrations of auxins were applied to light-grown seedlings and it
was shown that >100 nM IAA was sufficient to increase root length in FLS-treated
individuals by 55%. This was not mirrored in fresh weight or total chlorophyll levels for

which |AA did not have any effect.
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Figure 4.1. IAA is able to rescue FLS induced a de-etiolation at sub-uM concentrations.
Col-0 seedlings grown for 5 days in the dark on %2 MS 0.8% agar media with addition of
FLS and IAA at indicated concentrations (UM). Vehicle control conditions included
addition of 0.1% (v/v) DMSO and 0.1% (v/v) ethanol to media. Hypocotyl length and
cotyledon angle measured on Imagel software. Fresh weight and Pchlide data points
represent the mean + SEM of four biological replicates, hypocotyl and cotyledon data
points represent the mean + SEM of 27-45 individuals per condition. Asterisks indicate *
p<0.05, ** p<0.01, *** p<0.001 between black line (-FLS treatment) and grey line (+FLS
treatment) by Tukey’s post-hoc multiple-comparison test.

Conversely, in control seedlings treated with no FLS, the addition of exogenous IAA
reduced growth (figure 4.2B), further suggesting FLS impacts normal auxin signaling in
Arabidopsis. Although there was not a complete rescue of FLS toxicity by IAA, the
increase in root length and auxin resistance provides some evidence of a role for IAA in

FLS phytotoxicity in the light.
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Figure 4.2. Exogenous IAA partially rescues toxicity of high concentration FLS in the
light. Col-0 seedlings grown for 7 days in the light on % MS 0.8% agar media with (A) FLS
at 0, 20 and 200 uM +/- 1 or 5 uM 1AA (B) 0 or 50uM FLS alongside increasing
concentrations of IAA from 1 nM-1 uM. Data points represent the mean + SEM of three
biological replicates. Asterisks indicate * p<0.05, ** p<0.01, *** p<0.001 between no IAA
treatment and IAA treated samples by Tukey’s post-hoc multiple-comparison test.

134



The nematicide, Fluensulfone, alters auxin responses in Arabidopsis

4.2.2 IAA rescue of FLS-induced de-etiolation is not due to a delay in

development

It is known that changes in hormone levels, specifically GA deficiency in the ga1-3
mutant, causes a delay in developmental timing and the de-etiolated phenotype in the
dark of a ga1-3 seedling takes longer to manifest (Alabadi et al., 2004). To determine IAA
treatment was truly rescuing FLS-induced de-etiolation and not simply causing a
developmental delay, an IAA rescue time course was carried out in which seedlings were
harvested from 2-8 days growth in the dark. This allowed a more dynamic understanding

of both FLS action and IAA rescue in the dark.

A striking result was demonstrated when measuring Pchlide and cotyledon opening. At
day 2 there was no significant difference between conditions; however, from day 4 FLS-
treated seedlings without IAA displayed a >3-fold increase in Pchlide accumulation that
subsequently plateaued. In all other conditions Pchlide remained at a background level. It
is clear that treating seedlings with IAA alongside FLS stops the excessive Pchlide
accumulation seen with FLS treatment alone; additionally, IAA + FLS treatment did not
show any indication that Pchlide would increase even if the experiment was continued
suggesting IAA rescue of FLS-induced Pchlide accumulation is not solely due to a delay in
development. Cotyledon opening also followed a similar pattern, although IAA treatment
induced low levels of cotyledon opening compared to untreated seedlings (figure 4.3).
From this data it can be seen that FLS induces its effects after around 4 days growth in the

dark and co-treatment with IAA is able to maintain a rescue over a prolonged period.

In contrast, little rescue of fresh weight and hypocotyl was seen. Seedling fresh weight
was significantly higher in the absence of IAA at day 2, regardless of FLS treatment.
However, at day 4, seedlings not treated with FLS increased fresh weight compared to
seedlings treated with FLS. At day 6, all seedlings began to display a plateau in fresh
weight, possibly due to a reduction in energy availability; however, FLS treatment
continued to result in significantly lower fresh weight and IAA treatment in the absence of
FLS had the highest fresh weight. At the latest time point of 8 days, FLS treated seedlings

were significantly different compared to control, regardless of IAA presence (figure 4.3). A
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similar pattern was seen when measuring hypocotyl length; at the earlier time points IAA
treatment caused a shorter hypocotyl length, independent of FLS treatment, and FLS
treatment alone displayed an inhibition of hypocotyl elongation from day 4. At the later
time points, FLS-treated seedlings displayed shorter hypocotyls compared to controls,
although there was a slight, but not significant, increase in hypocotyl length when FLS and
IAA were used simultaneously (figure 4.3). These results demonstrate a similar pattern to
IAA rescue at 5 days, only minimal differences in fresh weight and hypocotyl length were

observed with IAA treatment.
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Figure 4.3. IAA rescue of FLS de-etiolation is not due to a delay in development. Col-0
seedlings grown for 5 days in the dark on % MS 0.8% agar media with addition of FLS and
IAA at indicated concentrations (uM). Vehicle control conditions included addition of
0.1% DMSO and 0.1% ethanol to media. Hypocotyl length and cotyledon angle measured
on Imagel software. Fresh weight and Pchlide data points represent the mean + SEM of
three biological replicates, hypocotyl length and cotyledon angle data points represent
the mean + SEM of 37-81 individuals per condition. Asterisks indicate significant
difference (p<0.05) between untreated (black line) and IAA treated seedlings by Tukey’s
post-hoc multiple-comparison test.
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4.2.3 Auxin dependent gene expression is variable in light and dark

To further understand how FLS is altering auxin responses in Arabidopsis, expression of a
number of auxin biosynthesis genes and auxin-responsive genes were studied in both
light and dark-grown seedlings. Total RNA was extracted from 7-day old light-light and 5-
day old dark-grown seedlings treated with and without 50uM FLS treatment and gene
expression was analysed using quantitative RT-PCR (qPCR). IAA genes that encode
Aux/IAA repressor proteins were selected as they display a significant increase in
expression following auxin exposure (Hagen and Guilfoyle, 2002), while the biosynthesis
genes were selected as they each represent a key point in the pathway to synthesise IAA

(figure 4.4A).

In the dark 4 out of 5 of the auxin biosynthesis genes tested had increased expression in
FLS-treated samples, with a 5-fold increase in expression of ASA1 (figure 4.4B). In
contrast, only TAA1 displayed reduced expression following FLS treatment in the light
(figure 4.4C). These qPCR expression results were further validated when plotted against
log2fold change scores retrieved from transcriptome analysis producing an R?value of
0.66 (figure 4.4D). In the light, all 5 IAA genes tested had significantly reduced expression
when seedlings were grown in the presence of FLS relative to seedlings grown without
FLS (figure 4.4B). IAA3 expression appeared to be the most affected in the light with
expression in these samples being 10 times lower than untreated controls. Following
growth in the dark, FLS treatment decreased expression of all JAA genes with the
exception of IAA2 (figure 4.4C). Comparison to gene expression in the RNAseq
transcriptome analysis (see section 3.2.9) confirmed similar expression levels using in

both methods (figure 4.4D).
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Figure 4.4. Auxin biosynthesis genes are not downregulated in response to FLS.
Expression of auxin biosynthesis genes. (A) Simplified schematic of the auxin biosynthesis
pathway. Red indicates where the enzyme product of each gene acts, (B) dark- and (C)
light-grown samples measured by quantitative RT-PCR, (D) gPCR gene expression was
correlated against expression levels of the same genes following transcriptome analysis by
RNAseq. RNA was collected from seedlings grown on % MS 0.8% agar media + 50uM FLS
for 5 days in the dark (black bars) or 7 days in the light (red bars). Gene expression in
whole seedlings was measured by qPCR relative to seedlings grown on 0.1% DMSO and
normalised to YELLOW LEAF SPECIFIC (YLS8). Data represents mean 1S.E of three
biological replicates. * p<0.05, ** p<0.01 in a one-way ANOVA test.
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Figure 4.5. Auxin signalling genes are downregulated following FLS exposure. gPCR
measuring expression of Aux/IAA genes. RNA collected from seedlings grown on % MS
0.8% agar media = 50uM FLS for 5 days in the dark (A) or 7 days in the light (B). (C) qPCR
gene expression was correlated against expression levels of the same genes following
transcriptome analysis by RNAseq. Gene expression in whole seedlings was measured by
gPCR relative to seedlings grown on 0.1% DMSO and normalised to YELLOW LEAF SPECIFIC
(YLS8). Data represents mean #S.E of three biological replicates. * p<0.05, ** p<0.01, ***
p<0.001 in one-way ANOVA test.

Looking further into expression data from the transcriptomic analyses we also see a trend
in which auxin responsive gene classes - Aux/IAA, SAUR, GH3s and ARFs have lower
expression following FLS treatment in both light and dark (table 4.1; appendix table S8).
Aux/IAA gene expression was most affected by FLS treatment with 9/28 and 15/27 genes

being significantly different following FLS treatment in the dark and light, respectively.
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Table 4.1. Summary table of auxin responsive genes from RNAseq analysis. Genes with
an adjusted P-value of < 0.05 following Benjamini—Hochberg correction for multiple
testing were classed as significantly differentially expressed.

Dark Light
Auxin Genes Genes
. Total genes . . Total genes " R
responsive ” differentially . > differentially
identified identified
gene class expressed expressed
Aux/IAAs 28 9 27 15
SAURs 67 6 67 22
GH3s 10 3 10 3
ARFs 16 2 15 5

Interestingly, the most affected gene in this class was IAA3. Following FLS treatment in
the light, JAA3 expression was significantly reduced 4.7-fold compared to control
seedlings; this strong reduction was not seen in dark-grown samples in which FLS only
resulted in a 0.92-fold reduction in IAA3 expression. This is in contrast to the gPCR results
that displayed a significant downregulation of IAA3 by FLS in the dark. Here we show a
clear reduction in auxin-responsive gene expression caused by FLS in the absence of a
reduction in auxin biosynthetic gene expression. The results indicate that FLS perturbs
auxin signalling and that the proposed inhibition of auxin responses is not due to a

reduction in auxin biosynthesis gene expression.

4.2.4 Auxin distribution and quantity is altered following long-term FLS
exposure

It is not only auxin quantity that has an effect on plant growth, auxin localisation within
the seedling impacts physiology. For example, the polar auxin transport inhibitor N-1-
Naphthylphthalamic Acid (NPA) does not decrease auxin levels endogenously, it acts to
reduce the transport of auxin to sites of root initiation and elongation and leaf primordia
(Scanlon, 2003). In an attempt to discover how FLS is affecting auxin within the plant,

auxin levels were visualised using DR5::VENUS, DII::VENUS and IAA2::GFP reporters.
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The DR5::VENUS reporter is an output of the auxin response pathway as the DR5
promotor consists of an auxin response element that initiates the transcription and
translation of VENUS, a fast maturing YFP, to give a visual output of auxin signalling
(Ulmasov et al., 1997; Heisler et al., 2005). Following 7 days growth in the light, 20 uM FLS
had a clear effect on DR5::VENUS expression (figure 4.6A). Relative quantification of
fluorescence 200 um from the root tip showed a 94% decrease in the number of nuclei
expressing VENUS. This could be, in part, explained by FLS reducing cell number in the
root; however, there was no significant difference in cell numbers 200 micrometres from
the root tip between control and FLS-treated dark- or light-grown seedlings - seedlings
had, on average 13 cells 200 um from the root tip. Therefore, this results suggests that
FLS is reducing auxin levels or signalling within the root tip leading to phytotoxicity;
therefore, a 1 uM IAA treatment was given to seedlings before imaging to determine if
this could eliminate any change in auxin levels. Due to the activity of the DR5::VENUS
reporter being affected by rates of transcription and translation a 3 h treatment was
given as it has been described previously that there is a time delay of around 1.5-2 h
between changes in auxin abundance and subsequent DR5 reporter activity (Brunoud et
al., 2012). Interestingly, a similar pattern was observed, even following auxin feeding.
Activity increased by 75% in control seedlings following feeding; however, the reduction
in fluorescence by FLS was exacerbated following a short 3-hour 1 uM IAA treatment in
which no nuclei expressed VENUS over designated threshold levels (figure 4.6A).
Considering auxin feeding was able to increase reporter activity in control seedlings, but

not in FLS-treated seedlings, it could be suggested FLS is acting to inhibit auxin signalling.

In contrast, when seedlings were grown for 5 days in the dark, with no IAA treatment, FLS
did not alter DR5::VENUS fluorescence at all; however, following the 3 h IAA treatment a
1467% increase in fluorescence was seen after FLS treatment indicating a strong

synergistic induction of auxin signalling by IAA and FLS (figure 4.6A).
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Figure 4.6. The effect of FLS treatment on auxin signalling is different in light and dark at
the root tip. Seedlings expressing DR5::VENUS (A), DII::VENUS (B) and IAA2::GFP (C)
seedlings were grown for 5 days in the dark (black bars) or 7 days in WL (red bars) on %
MS 0.8% agar media +20uM FLS. Prior to staining seedlings were transferred onto a plate
containing 1uM IAA for 3h, or received a 3 h mock treatment. Graphs represent mean
number of nuclei with fluorescence (DR5/DII) or total fluorescence (GFP) in an area 200
um from the root tip £SEM (n=4), * p<0.05 ** p<0.01 *** p<0.001 in one-way ANOVA.
Propidium iodide staining shown in red and reporter in green. Scale bar represents
100pm.

In an effort to further confirm FLS effects on auxin, the IAA2::GFP reporter was also
utilised. The IAA2 gene is highly inducible by auxin; therefore, GFP activity will be
increased in the presence of auxin. When using this reporter, the number of nuclei with
GFP activity could not be determined, only relative fluorescence within 200 um of the
root tip. In light-grown seedlings, without a 3 h auxin treatment, GFP fluorescence was
62% lower in FLS-treated seedlings; however, this result was not statistically significant

(p=0.054) due to variation in the control (figure 4.6C).
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This difference became significant after a 3 h auxin treatment when a 76% decrease in
GFP fluorescence was seen in FLS-treated seedlings. In contrast to the VENUS reporters,
dark-grown, IAA2::GFP expressing seedlings were able to display higher fluorescence in
FLS-treated seedlings even with no auxin treatment and following auxin treatment there
was no significant difference between control and FLS-treated seedlings due to high
variability among individuals (figure 4.6C). Nevertheless, reporter activity remained
higher in FLS-treated seedlings, indicating FLS caused an increase in auxin signalling in the

dark.

Changes in auxin distribution and quantity can also be measured through the use of
DII::VENUS reporter. DII::VENUS was engineered through fusing VENUS to domain Il of
the Aux/IAA protein, IAA28, and expressing it under a constitutive promoter (Brunoud et
al., 2012). Domain Il is the auxin-interaction domain found in Aux/IAA proteins and
DII::VENUS is rapidly degraded by auxin; therefore, DII::VENUS fluorescence is able to
indicate the absence of auxin or auxin perception and is the inverse of the DR5::VENUS
reporter that is induced by auxin. Following growth in light, seedling root tips displayed a
very high DII::VENUS fluorescence when treated with 20uM FLS; a 514% increase in
fluorescence was recorded when quantifying the number of nuclei with fluorescence in
populations with and without IAA treatment (figure 4.6B). The increase in fluorescence of
this reporter inversely correlates with the DR5::VENUS expression pattern suggesting a
FLS-dependent decrease in auxin signalling at the root tip in the light. In dark-grown
seedlings, opposing patterns were also seen; with no IAA treatment FLS had a minimal
effect on DII::VENUS expression. However, following IAA treatment, FLS treated seedlings
displayed 92% lower fluorescence suggesting an increase in auxin-mediated degradation
of Aux/IAA proteins. IAA treatment was also able to reduce DII::VENUS fluorescence by

66% in the absence of FLS.

The use of different reporter genes allows a deeper understanding of the role of auxin in
FLS action; in all reporters it has been shown FLS decreases auxin signalling in the light
and this is not rescued by the addition of exogenous IAA. In contrast, in the dark, FLS has
a minimal effect on auxin signalling at the root, except in the presence of IAA. These

observations were universal suggesting FLS effects are not reporter specific.
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4.2.5 Auxin signaling at the root tip is decreased rapidly upon FLS exposure

Previously, the effect of FLS on auxin signaling was observed under long term FLS
exposure. This showed, particularly in the light, that FLS treatment at >20 uM results in
severe phenotypic and gene expression changes (section 3.2.1 and 3.2.9) raising the
qguestion of whether the changes in auxin signaling bought about by FLS are a secondary
effect. To further understand the dynamics and relationship between FLS and auxin
signaling we used the sensitive DII::VENUS reporter in a time course assay to determine if
FLS was able to induce the same changes seen previously but within a significantly shorter
time frame. DII::VENUS expressing seedlings were grown in the light for 5 days in the
absence of FLS before transfer to FLS containing plates for the indicated time periods;
control seedlings were moved to plates containing 0.1% DMSO to replicate potential

mechanical insults that would affect expression.

Three time course assays were performed, continually decreasing FLS exposure time
(figure 4.7A-C). At every time point tested, FLS-treated individuals had significantly more
nuclei expressing the DII::VENUS construct at the root tip. Throughout all time course
assays the mock-treated individuals (black line) maintained DII::VENUS fluorescence at a
steady, low state, with around 15 nuclei showing DII::VENUS fluorescence. FLS exposure
significantly increased fluorescence to around 50 nuclei (figure 4.7) resulting in a 162%
increase after only 15 minutes of FLS exposure (the shortest time period in which a
measurement could be taken) and ending in a 144% increase after 48 hours of exposure.
The maintenance of DII::VENUS expression by FLS in three separate assays demonstrates
the ability of FLS to interact with the auxin signalling pathway. Additionally, the ability of
FLS to induce this expression so quickly indicates the potential of this compound to be

directly interfering in auxin signaling.
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Figure 4.7. The DII::VENUS reporter is stabilised rapidly at the root tip upon FLS
exposure. DII::VENUS seedlings were grown for 5 days in WL and exposed to 20 uM
fluensulfone (FLS) or mock treatments for the indicated time on % MS 0.8% agar plates.
Treatments from 0-48 hours (A), 0-60 min (B) and 0-20 min (C). Graphs represent average
number of nuclei with fluorescence in an area 200 um from the root tip +SEM (n=7-13), *
p<0.05 ** p<0.01 *** p<0.001 in one-way ANOVA. Propidium iodide staining displayed in
red and DII::VENUS in green. Scale bar represents 100 um.
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4.2.6 TIR1 antagonist, auxinole, phenocopies FLS

Auxin dependent gene expression can be downregulated by acting at a number of points,
namely: auxin biosynthesis, auxin transport and auxin signalling. To understand how FLS
is altering auxin dependent gene expression phenotypic comparisons were made with
established auxin biosynthesis, transport and signaling inhibitors in two light conditions.
Kynurenine and yucasin represent auxin biosynthesis inhibitors targeting TAA1 (He et al.,
2011) and YUCCA1 (Nishimura et al., 2014); NPA (Depta et al., 1983) is an auxin efflux

inhibitor and auxinole is a TIR1 antagonist (Hayashi et al., 2012).

As FLS induces a robust de-etiolated phenotype in the dark, all compounds were added to
plant growth media at 20 uM for comparison. Following 5 days growth in the dark, it was
evident that the majority did not induce de-etiolation. At 20 uM, in the dark, FLS was able
to decrease fresh weight by 34%, hypocotyl length by 30% while increasing Pchlide
accumulation by 154% and allowing cotyledons to open. The biosynthetic inhibitors
kynurenine and yucasin only displayed a 23% decrease in fresh weight and a 9% increase
in hypocotyl length, respectively with no significant effect on Pchlide accumulation or
cotyledon opening, while NPA only caused a marginal 9% decrease in hypocotyl length. In
contrast, auxinole phenocopied FLS in all aspects; fresh weight was decreased by 20%,
hypocotyl length by 9%, but more interestingly, 20 1M auxinole was also able to increase
Pchlide by 105% and induced cotyledon opening (figure 4.8A). FLS remained to be more
potent at inducing de-etiolation at the same concentrations; but, the specificity of Pchlide
accumulation to the TIR1 antagonist auxinole suggests a potential conserved mode of
action with FLS. Phenotypic comparisons to FLS were also made following growth in the
light. FLS decreased fresh weight, total chlorophyll and root length by 60%, 82% and 56%,
respectively. While all other inhibitors were able to reduce root length significantly, only
auxinole and kynurenine reduced fresh weight and total chlorophyll was not affected with
any treatment (figure 4.8B). The lack of similarity in phenotype in the light, particularly
between FLS and auxinole, could be the result of more dominant light-induced pathways
masking the effects of these compounds. Nevertheless, the clear de-etiolation by
auxinole coupled with the inability of other compounds to phenocopy FLS in the dark

suggests the potential of a conserved target, namely the TIR1 receptor.
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Figure 4.8. Comparing phenotypes of FLS-treated seedlings and seedlings treated with
auxin inhibitors. Col-0 seedlings grown for 5 days in the dark (A) or 7 days light (B) on %
MS 0.8% agar media with addition of inhibitors to a concentration of 20 uM. Vehicle
control conditions included addition of 0.1% DMSO to media. Fresh weight, Pchlide and
total chlorophyll data points represent the mean £ SEM of three biological replicates;
hypocotyl, cotyledon and root length data points represent the mean + SEM of 32-47
individuals per condition. Asterisks denote P<0.05 in control seedlings compared to FLS
treated seedlings by Tukey’s post-hoc multiple-comparison test. NPA =
Naphthylphthalamic acid.
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To probe the hypothesis that FLS could be acting as an auxin antagonist further, in depth
comparisons were carried out with auxinole, but also including another proposed auxin
receptor inhibitor, the partial antagonist p-chlorophenoxyisobutyric acid (PCIB) (Oono et
al., 2003).. Following 5 days growth in the dark, it was clear that PCIB did not induce a de-
etiolated phenotype comparable to FLS or auxinole. PCIB at even 200 uM could not
induce significant cotyledon opening of seedlings; however, auxinole was able to
stimulate cotyledon opening albeit not to the extent of FLS. PCIB also failed to cause the
accumulation of Pchlide and levels were maintained at all concentrations; but, auxinole
mirrored FLS almost exactly by inducing Pchlide accumulation by 239% at the highest
concentration compared to an increase in Pchlide on FLS of 153% (figure 4.9A).
Previously, it was shown that transferring FLS-treated seedlings from dark to light
conditions resulted in the perturbation of chlorophyll production, likely due to singlet
oxygen toxicity from high levels of accumulate Pchlide. Again, auxinole and FLS-treated
populations demonstrated a dose dependent decrease in both fresh weight and total
chlorophyll levels (figure 4.9B); whereas, PCIB treated seedlings were able to grow

significantly more, accumulating more fresh weight and total chlorophyll.

Interestingly, a different relationship was seen between these three compounds when
seedlings were grown in the light. All three inhibitors displayed a clear dose dependent
decrease in fresh weight, total chlorophyll and root length, with PCIB demonstrating a
more similar phenotype to FLS (figure 4.9C). One feature noted was the severe
agravitropism of auxinole-treated seedlings, a phenotype not observed following FLS

exposure and only mildly in PCIB treated seedlings.

Dynamics of auxin signalling in DII::VENUS expressing seedlings were also compared. In a
similar pattern to dark-grown seedlings, it was evident that a short exposure of 20 uM FLS
and auxinole was sufficient to inhibit DII::VENUS degradation to a similar extent (figure
4.10A&B). In contrast, PCIB treatment appeared to show only a weak effect, but that was

not significant (figure 4.10C).
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Figure 4.9. Comparing phenotypes of FLS-treated seedlings and seedlings treated with
established auxin antagonists, auxinole and PCIB. Col-0 seedlings grown for 5 days in the
dark (A), 5 days in dark + 24 h light (B) and 7 days light (C) on % MS 0.8% agar media with
addition of inhibitors to indicated concentrations. Vehicle control conditions included
addition of 0.1% DMSO to media. Fresh weight, Pchlide and total chlorophyll data points
represent the mean + SEM of three biological replicates, cotyledon data and root length
data points represent the mean * SEM of 13-44 individuals per condition. Images are
representative seedlings at exposed to 50uM of the indicated chemical in each condition.
Red arrows denote de-etiolated seedlings and scale bar represents 1cm. Asterisks
indicate * p<0.05, ** p<0.01, *** p<0.001 between FLS treatment and grey lines by Tukey’s
post-hoc multiple-comparison test.
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Figure 4.10. DII::VENUS stabilisation in seedlings treated with FLS and known auxin
antagonists. DII::VENUS seedlings were grown for 5 days in WL and exposed to 20uM (A)
FLS, (B) Auxinole, (C) PCIB or mock treatments for the indicated time on % MS 0.8% agar
plates. Graph represents mean number of nuclei with fluorescence in an area 200 um
from the root tip +SEM (n=7-13), * p<0.05 ** p<0.01 *** p<0.001 in one-way ANOVA.
Propidium iodide staining displayed in red and DII::VENUS in green. Scale bar represents
100 um.
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4.2.7 Auxin receptor mutants display de-etiolated phenotypes in the dark

The similarities between auxinole and FLS treatment compared to that of other auxin
inhibitors raises the hypothesis FLS could also be acting as an auxin receptor antagonist.
To begin answering this question, a number of TIR/AFB mutants were treated with FLS
and grown in the dark to determine if these mutants displayed any resistance. A selection
of single (tir1), double (tir1, afb2-3) and triple (tirl, afb2-3, afb4-8; tirl, afb2-3, afb5-5)
mutants (M Ruegger et al., 1998; Walsh et al., 2006; Parry et al., 2009) were studied as it
is known there are functional redundancies between T/IR1, AFB2 and AFB3 and also

between AFB4 and AFB5 (Dharmasiri et al., 2005; Prigge et al., 2016).

FLS was able to induce Pchlide accumulation in all mutants and also induce cotyledon
opening. The tirl-1, afb2-3, afb5-5 triple mutant did display partial resistance to FLS-
induced cotyledon opening; however, these mutant seedlings had a lower rate of
germination compared to other lines, which may have affected the phenotype. It was
interesting to note the effect of TIR1/AFB mutations in the absence of FLS also; the
double and two triple mutants displayed significantly elevated levels of Pchlide compared
to WT, this was coupled with a subtle, but significant, increase in cotyledon opening in
the tir1-1, afb2-3 double mutant (figure 4.11) further cementing an association between

light and auxin signalling pathways in Arabidopsis.
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Figure 4.11. Auxin receptor mutants are partially de-etiolated. tir1/afb mutants were
grown for 5 days in darkness on indicted concentrations of FLS. Cotyledon angle was
measured using Imagel software. Pchlide data points represent the mean + SEM of three
biological replicates, cotyledon angle represents mean + SEM of 8-30 individuals per
condition. Asterisks denote P<0.05 in WT seedlings compared to mutant seedlings by
Tukey’s post-hoc multiple-comparison test.
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4.2.8 Co-treatment with auxins protect seedlings and permits chlorophyli

accumulation

Auxin-specific reversal of FLS-induced de-etiolation was established previously with
application of exogenous auxins, IAA, 1-NAA and 2,4-D reducing Pchlide accumulation.
This result suggested the possibility of using auxins as a potential method to ameliorate
FLS phytotoxicity. To explore this further, a greening assay was conducted in seedlings
that were treated +/- FLS +/- IAA. As shown previously 20 uM FLS significantly reduced
fresh weight and total chlorophyll accumulation from 4 hours post-transfer to light,
compared to control seedlings (figure 4.12A). However, addition of IAA at 100 nM and 1
KM was able to allow accumulation of both fresh weight and total chlorophyll over time.
The application of IAA at both concentrations displayed a similar rate of chlorophyll
accumulation from 0-8 hours in the light; however, at the end of the sampling period, co-
treated seedlings were only able to accumulate around 50% of the chlorophyll measured
in control seedlings (figure 4.12A). Addition of IAA to seedlings in the absence of FLS had
minimal effects; fresh weight and total chlorophyll accumulation was not compromised in

the 24-hour period.

In contrast to IAA, application of 2,4-D did not elicit the same rescue. 2 hours post
transfer to light of 20 uM FLS-treated seedlings, 10 nM 2,4-D treatment further inhibited
fresh weight accumulation, with 5 nM 2,4-D seedlings also demonstrating a reduction in
fresh weight. This reduction in fresh weight was sustained throughout the 24-hour assay,
resulting in a 43% reduction in the co-treated populations (figure 4.12B). Similar to IAA,
2,4-D application in the absence of FLS did not significantly affect fresh weight. 2,4-D was
also not able to permit chlorophyll accumulation in FLS treated seedlings in contrast to
IAA. All seedlings exposed to 20 uM FLS, regardless of 2,4-D concentration, were unable
to accumulate chlorophyll from 2-24 hours. Control seedlings with and without 2,4-D
displayed a large increase in total chlorophyll levels over time; resulting in a 22-fold
increase in chlorophyll compared to FLS treated samples at 24 hours (figure 4.12B).
Higher concentrations of 2,4-D were tested (up to 50 nM) but 2,4-D herbicidal effects
were amplified in this set-up and caused severe and rapid seedling death upon transfer to

light (data not shown).
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Figure 4.12. IAA treatment reverses the FLS-induced block of chlorophyll production.
Col-0 seedlings grown for 5 days on % MS 0.8% agar media with addition of FLS and (A)
IAA or (B) 2,4-D to indicated concentrations, plates were then moved into WL for the
indicated number of hours (0-24h). Data points represent the mean + SEM of three
biological replicates. Asterisks indicate * p<0.05, ** p<0.01, *** p<0.001 between

control seedlings (black line) compared to 20 uM FLS treated seedlings by Tukey’s post-

hoc multiple-comparison test.
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4.2.9 Pre-treatment with auxins protect seedlings from FLS-induced

protochlorophyllide accumulation

Encouraged by the rescue of chlorophyll accumulation by IAA in both the dark, and in
greening assays, auxins were applied as a ‘pre-treatment’ to FLS to determine if a short
exposure to these compounds could ameliorate the effects of FLS. Seedlings were grown
in the dark for 2 days +/- 1 uM IAA then transferred to plates containing IAA, FLS or both
for a further 3 days in the dark. Focusing on fresh weight and cotyledon opening, there
was no significant change with any combination of treatment; although pre-treatment did
lead to a marginal increase in cotyledon opening. Pchlide accumulation showed an
interesting dynamic; seedlings co-treated with IAA were able to inhibit FLS-dependent
Pchlide accumulation as described previously (black bars). Interestingly when seedlings
were given 1 uM for 2 days prior to their exposure to FLS (grey bars) Pchlide
accumulation was reduced by 24%, on average compared with FLS-treated or FLS and I1AA
co-treated seedlings (figure 4.13A). When pre-treating with IAA, hypocotyl length was
also reduced in seedlings that were subsequently grown in the presence of IAA. However,
in seedlings grown in the presence of 20 uM FLS after the IAA pre-treatment, hypocotyl
length was not affected (figure 4.13A), indicating FLS could be blocking IAA inhibition of

hypocotyl elongation.

The same experimental set-up was repeated and the seedlings were then transferred to
WL for a further 24-hours after the 5-day period in the dark. Similarly to dark-grown
seedlings, fresh weight was not affected by the IAA pre-treatment. However, chlorophyll
accumulation was significantly increased after IAA pre-treatment in control and FLS-
treated seedlings (figure 4.13B). Following no IAA pre-treatment (black bars), subsequent
growth on FLS +/- IAA resulted in, on average, an 81% reduction in total chlorophyll
compared to control. But, when seedlings were exposed to 1 uM IAA for two days prior to
FLS, seedlings accumulated an average of 221% more chlorophyll after 24 hours in the

light returning chlorophyll to near control levels (figure 4.13B).
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Figure 4.13. Pre-treatment of seedlings with IAA reduces Pchlide accumulation and
allows chlorophyll biosynthesis. Col-0 seedlings were grown for 2 days on % MS 0.8%
agar media with no IAA (black bars) or 1uM IAA (grey bars). Following this, seedlings were
transferred to plates with addition of FLS and IAA to indicated concentrations for a
further 3 days in the dark (A) and an additional 24-hours continuous WL (B). Data points
represent mean + SEM of three biological replicates, hypocotyl length and cotyledon
angle represent mean + SEM of 18-23 individuals per condition. Asterisks indicate *
p<0.05, ** p<0.01, *** p<0.001 between black bars (-IAA pre-treatment) and grey bars
(+1AA pre-treatment) by t-test.
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Figure 4.14. Pre-treatment of seedlings with 2,4-D reduces Pchlide accumulation and
allows chlorophyll biosynthesis. Col-0 seedlings were grown for 2 days on %2 MS 0.8%
agar media with no 2,4-D (black bars) or 100nM 2,4-D (grey bars). Following this,
seedlings were transferred to plates with addition of FLS and 2,4-D to indicated
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WL (B). Data points represents mean * SEM of three biological replicates, hypocotyl
length and cotyledon angle represent mean + SEM of 18-23 individuals per condition.
Asterisks indicate * p<0.05, ** p<0.01, *** p<0.001 between black bars (-2,4-D pre-
treatment) and grey bars (+2,4-D pre-treatment) by t-test.
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These assays were also completed using 100 nM 2,4-D to compare if natural and synthetic
auxin compounds could be used as a treatment. Dark-grown seedlings displayed a very
similar pattern of rescue to IAA; fresh wright was largely unaffected apart from an
increase in seedlings pre-treated with 100 nM 2,4-D and subsequently grown on normal
media (figure 4.14A). In the absence of a 2,4-D pre-treatment (black bars) there was a
FLS-dependent increase in Pchlide accumulation that was partially reduced in the
presence of 2,4-D, while 2,4D pre-treatment (grey bars) was successful in reducing
Pchlide accumulation back to control levels (figure 4.14A). A similar pattern was observed
when looking at cotyledon angle, although the variability among individuals was high.
Similar to IAA, 2,4-D pre-treatment caused a reduction in hypocotyl length in all
subsequent growth conditions except for 20 uM FLS without additional 2,4-D, further
supporting the idea that FLS could be blocking the action of auxins. 2,4-D pre-treatment
also demonstrated similar outcomes to IAA in the greening assay. There was no
discernible effect on fresh weight; however, 2,4-D pre-treatment is sufficient to increase
chlorophyll accumulation in FLS-treated seedlings following 24-hours in the light (figure
4.14B). Although chlorophyll levels were not increased to control levels, they were

significantly increased compared to seedlings that had not been pre-treated with 2,4-D.

4.2.10 Seed treatment of FLS is phytotoxic to seedlings and reversible by

auxin treatment

It has been established FLS induces a de-etiolated phenotype in the dark, perturbs
subsequent chlorophyll accumulation when transferred to light and reduces overall
growth in the light. In previous assays FLS has been spiked into the media and present
throughout the growth period; however, it’s efficacy as a seed treatment has not been
established. WT Arabidopsis seeds were imbibed in water and increasing concentrations
of FLS for 24 hours before being grown in 3 light conditions to determine FLS effects.
Following 5 days growth in the dark, FLS >20 uM were able to significantly reduce fresh
weight by 20% and treatments above 200 uM FLS increased Pchlide accumulation of
seedlings by 32%, on average. These significant changes were not coupled with significant

difference in morphology (figure 4.15A).
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Figure 4.15. 24 h seed treatment with FLS is sufficient to induce Pchlide accumulation.
Col-0 seed were imbibed for 24-hours in sterile water with indicated amounts of FLS and
subsequently grown on % MS 0.8% agar media in 3 light conditions: (A) 5 days dark, (B) 5
days dark followed by 24 h light, (C) 7 days continuous light. Data points represent mean
1+ SEM three biological replicates. Hypocotyl length, cotyledon angle and root length
represent mean = SEM of 17-22 individuals per condition. Asterisks denote P<0.05 in
control seedlings compared to FLS treated seedlings by Tukey’s post-hoc multiple-
comparison test.

In a greening assay >200 uM FLS decreased fresh weight, while only 1 mM was sufficient
to reduce subsequent chlorophyll accumulation (figure 4.15B) and after 7 days growth in

the light FLS seed treatment had no detrimental effects on growth (figure 4.15C).

As demonstrated previously, the auxins IAA and 2,4-D were able to alleviate a number of
FLS-induced phenotypes when applied as a ‘pre-treatment’ before the seedlings were
exposed to FLS. To understand more about this relationship and to explore the potential
of using auxins as a seed treatment, seeds were imbibed +/- FLS +/- IAA and subsequently
grown on media — FLS (figure 4.16) or +20 uM FLS (figure 4.17) in 3 light conditions.
Interestingly, treating seeds with 200 uM IAA inhibited FLS-dependent Pchlide
accumulation and reduced Pchlide levels by 40% compared to seeds imbibed in FLS alone
(figure 4.16A). A similar pattern was observed for measurements of cotyledon angle; FLS
seed treatment alone increased cotyledon opening, while IAA treatment was able to
reduce this, but not significantly due to high variability of this response. Seed treatment
of IAA only had marginal and not significant effects on seedlings in greening and
continuous light assays. IAA seed treatment (grey bars) slightly increased total chlorophyll
levels in both assays compared to FLS seed treatment alone (black bars) (figure 4.16B&C).
These results were replicated almost exactly in similar assays that treated seeds +/- FLS,
+/- IAA, but subsequently grew the seedlings on plates containing 20 uM FLS (figure 4.17).
Again, FLS-induced Pchlide accumulation was successfully reversed even in the presence
of FLS in the media. This was also true for cotyledon opening in which |AA seed treatment
(grey bars) significantly reduced cotyledon opening compared to FLS seed treatment
(black bars) (figure 4.17A). In the same manner as the previous study, IAA seed treatment
appeared to increase total chlorophyll in both greening and continuous light assays but

the differences were not significant (figure 4.17B&C).
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Figure 4.16. 24 h seed treatment with IAA is able offset the effect of an FLS seed
treatment. Col-0 seed were imbibed for 24-hours in sterile water with indicated amounts
of IAA and/or FLS and subsequently grown on % MS 0.8% agar media excluding FLS in 3
light conditions: (A) 5 days dark, (B) 5 days dark followed by 24 h light, (C) 7 days
continuous light. Data points represent three biological replicates. Hypocotyl length,
cotyledon angle and root length represent mean + SEM of 15-22 individuals per condition.
Asterisks indicate * p<0.05, ** p<0.01, *** p<0.001 between black bars (FLS) and grey bars
(FLS+IAA) by t-test.
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Figure 4.17. IAA seed treatment is sufficient to reduce FLS-induced de-etiolation for
seedlings grown in the presence of FLS. Col-0 seed were imbibed for 24-hours in sterile
water with indicated amounts of IAA and/or FLS and subsequently grown on % MS 0.8%
agar media with 20uM FLS in 3 light conditions: (A) 5 days dark, (B) 5 days dark followed
by 24 h light, (C) 7 days continuous light. Data points represent mean + SEM of three
biological replicates. Hypocotyl length, cotyledon angle and root length represent mean +
SEM of 13-24 individuals per condition. Asterisks indicate * p<0.05, ** p<0.01, *** p<0.001
between black bars (FLS) and grey bars (FLS+IAA) by t-test.
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4.3 Discussion

4.3.1 FLS and auxin present a dichotomous relationship dependent on light

conditions

Due to the identification of a number of differentially expressed auxin regulated genes
following transcriptomic analysis, a de-etiolated phenotype rescued by exogenous auxins,
the reduced response to FLS in the hy5 hyh mutant and the understanding that light and
auxin signalling pathways are integrated, the role of auxin in FLS mediated de-etiolation
was explored using a number of techniques. It was established previously that application
of auxins at low micromolar concentrations was sufficient to reverse the effects of FLS in
the dark and further work demonstrated this rescue is able to occur even at nanomolar
concentrations. The rescue of FLS-induced de-etiolation was not due to a delay in
development which is evident in the gal-3 mutant. This mutant displays a de-etiolated
phenotype that takes longer to emerge due to delayed developmental timing (Alabadi et
al., 2004). The maintenance and sensitivity of rescue in FLS+IAA-treated seedlings suggest
this effect is not secondary to a general toxicity in the dark. Interestingly, there was a
disparity in rescue when treating seeds in the light. IAA dependent rescue of FLS toxicity
was minimal, but can be seen after 24 h light after transfer from dark — a physiologically
relevant situation, indicating the potential of light signalling interaction in FLS and auxin

action.

Further evidence for a role of FLS in the alteration of auxin and light signalling comes from
gene expression data demonstrating FLS induced auxin biosynthesis genes in dark-grown
seedlings but not light-grown seedlings, while a decrease in IAA gene expression was seen
in both conditions. ASA1 is a gene that encodes the alpha subunit of anthranilate
synthase, an enzyme that catalyses the first reaction in the tryptophan (Trp) biosynthesis
path. CYP79B2 and CYP79B3 encode enzymes that convert Trp to indole-3-acetaldoxime,
a precursor of both indole glucosinolates (GSs) and IAA, while TAA1 and YUCCA1 act in
the IPyA pathway to convert Trp to IAA in the main Trp-dependent IAA biosynthesis path
(zhao, 2010).
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YUCCAs act downstream of TAA1 and are regulated by a number of factors, including PIFs
(Miller-Moulé et al., 2016) and are also transcriptionally regulated through a negative
feedback mechanism dependent on endogenous auxin levels (Suzuki et al., 2015). In the
presence of excess auxin, YUCCA expression is downregulated, however in the presence
of an auxin biosynthetic inhibitor, YUCCA expression is upregulated. Therefore, the
upregulation witnessed upon FLS treatment may suggest low endogenous auxin levels in
the dark or reduced auxin signalling. In both light- and dark-grown seedlings we also saw
significant down regulation in a number of /AA genes. To activate transcription of auxin
response genes, auxin binds the TIR1/AFB receptor which tags Aux/IAA proteins for
degradation. This allows ARF proteins to bind to auxin responsive elements within
promoters of target genes, such as IAAs, SAURs and GH3s (Mockaitis and Estelle, 2008).
Downregulation in a number of these auxin responsive genes demonstrated in gPCR and
transcriptomic analyses suggests FLS may be either directly or indirectly in the pathway to
cause a reduced auxin response. De-etiolation in the dark, characterised by inhibition of
hypocotyl elongation, cotyledon opening, expression of light-regulated genes and Pchlide
accumulation, coupled with severe effects on primary root elongation and auxin
resistance in the light points to FLS targeting a process that connects auxin and light

signalling.

Early evidence demonstrated that photoreceptor signalling pathways are able to
differentially control cell expansion in hypocotyls and cotyledons through the
modification of auxin signalling (Colon-Carmona et al., 2000; Tian et al., 2003). Gain of
function mutant, shy2-2, which encodes the IAA3 protein, causes a decreased interaction
between IAA3 and SCFTIR1 (Tian et al., 2003), resulting in high steady state levels of IAA3
and decreased expression of auxin-responsive genes (Tian et al., 2002). Interestingly,
these mutants also display a de-etiolated phenotype when grown in the dark, suggesting
the accumulation of I1AA3 is affecting light responses (Kim et al., 1998). In the absence of
sucrose in the media, light is able to induce expression of IAA3 and this is not seen in the
shy2-2 mutant due to negative autoregulation (Tian et al., 2002). Consistent with the idea
that this mutant activates light responses, a number of light-inducible genes such as LHCB
(CAB) are upregulated in the shy2-2 mutant (Kim et al., 1998). Auxin has been shown to

downregulate some light-induced genes (Gil et al., 2001); therefore, the increased
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expression of LHCB genes in the shy2-2 mutant could be a result of reduced auxin
responses. Furthermore, the shy2-2 mutant displays comparable levels of light-induced

genes to WT when grown in the light which is also true for FLS-treated seedlings.

Studies have also highlighted a molecular convergence of light and auxin signalling to
regulate plant development. Mutations in genes encoding phyA and phyB rapidly induce
expression of auxin regulated genes, revealing phytochromes as potent repressors of
auxin signalling (Devlin et al., 2003). Later, it was shown that photoreceptors, CRY1 and
active forms of phyB and phyA can directly interact with various Aux/IAA proteins in
response to blue and RL, respectively. Direct physical interactions between the
photoreceptors and Aux/IAAs proteins resulted in Aux/IAA protein stabilisation and even
prevented interactions of Aux/IAAs proteins with TIR1/AFB receptors (Xu et al., 2018;
Yang et al., 2018). It was suggested the photoreceptors outcompete the auxin receptors
for Aux/IAA protein binding and subsequent stabilisation allows the interaction between
Aux/IAAs and ARF transcription factors, leading to inhibition of ARF-induced gene
expression and shorter hypocotyls. CRY1 inhibition of hypocotyl elongation was also
demonstrated to be mediated in two ways: the first, by the N-terminal domain of the
CRY1 protein stabilising Aux/IAA proteins, while the C-terminal domain interacts with

COP1 to stabilise HY5 (He et al., 2015; Yang et al., 2000).

As discussed previously, HY5 and HYH bZip transcription factors are positive regulators of
photomorphogenesis (Holm et al., 2002) and their accumulation is rapidly induced by
light, following COP1 deactivation (Osterlund et al., 2000; Sibout et al., 2006). HY5 and
HYH are also proposed to act as signal integration points between light and hormone
signalling networks. Consistent with this suggestion, both AXR2/IAA7 and SRL/IAA14 gene
expression is repressed in hy5 and hyh mutants (Cluis et al., 2004; Sibout et al., 2006)

suggesting HY5 and HYH are negative regulators of the auxin signalling pathway.

The relationship between light and auxin signalling has also been raised when
interpreting the effect of FLS and IAA treatment on seedlings. In Arabidopsis a number of
mutants have been identified that are resistant to the effects of exogenous auxins,

named AXR mutants. Two of these AXR genes encode Aux/IAA repressor proteins IAA7
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(AXR2) and 17 (AXR3) (Leyser et al. 1996; Nagpal et al., 2000) and AXR1 encodes a
ubiquitin-activating E1 enzyme essential in light and auxin signalling (Leyser et al., 1993)
and interestingly, both axr2 and axr3 mutants show a de-etiolated phenotype in the dark
(Nagpal et al., 2000), similar to FLS. Resistance to exogenous auxins was also observed in
FLS-treated seedlings in the light. In control seedlings, exogenous application of IAA
reduced fresh weight, total chlorophyll and root length of seedlings characteristic of
excess auxin treatment; however, FLS treated seedlings did not display the same
phenotypes, in fact, root length was significantly increased upon exogenous IAA
application. This same relationship was also displayed in the confocal imaging
experiments in which application of exogenous IAA did not affect FLS-dependent
transcription of the DR5::VENUS reporter or the stabilisation of the DII::VENUS protein.
The gain-of-function mutation in axr2 acts in a similar way to shy2-2, stabilising IAA7 and
reducing auxin signalling (Timpte et al., 1994); additionally, the axr1 mutant displays
reduced Aux/IAA protein degradation due to mutations within the E1 ubiquitin-activating
enzyme that functions to tag Aux/IAA proteins for degradation (Leyser et al., 1993). This
suggests the auxin resistance observed in FLS treated samples could be explained by the
stabilisation of Aux/IAA proteins. However; the 3 h IAA treatment was sufficient to
increase DR5::VENUS transcription and degrade DII::VENUS in dark-grown FLS-treated
seedlings, suggesting activation of auxin signalling. This specific effect is only seen in dark-
grown seedlings, much like the ability of exogenous auxin to rescue responses to FLS.

Thus, there is a dichotomous relationship of auxin and light signalling, exacerbated by FLS.

4.3.2 The role of FLS as an auxin receptor antagonist

Arabidopsis mutants with stabilised Aux/IAA repressor proteins can phenocopy the
effects of FLS in multiple aspects including de-etiolation and gene expression profile;
however, Aux/IAA stabilisation could be affected in multiple ways. As mentioned
previously, the AXR1 protein is required for the function of a ubiquitin-activating E1
enzyme to repress photomorphogenesis in the dark (Leyser et al., 1993). If FLS was
affecting transcription of the AXR1 gene, protein stability of key light and auxin signalling
molecules may be maintained in the dark, causing subsequent photomorphogenic

growth, characteristic of stabilised HY5, HYH and Aux/IAA repressor proteins. FLS could
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also directly be affecting the function of the SCF™®! complex which acts to degrade the
Aux/IAA proteins that negatively regulate auxin signalling, acting as an auxin receptor
antagonist. Aux/IAA repressor protein bind TIR1/AFB receptors in an auxin-dependent
manner to induce their degradation and initiate ARF-mediated transcription of auxin
regulated genes. Stabilised Aux/IAA proteins bind to ARFs and repress auxin signalling;
therefore, if there was an inhibition of Aux/IAA protein degradation, these proteins would
accumulate and auxin-dependent genes would not be expressed even when auxin

biosynthesis was not perturbed.

The potent auxin receptor antagonist, auxinole (a-[2,4-dimethylphenylethyl-2-oxo]-IAA),
was designed following in silico virtual screening for TIR1/AFB receptor antagonist
activity. This molecule competitively inhibits a number of auxin responses in Arabidopsis
and molecular docking analysis demonstrates the compound’s phenyl ring is able to form
a strong interaction with Phe82 of the TIR1 receptor, a key residue essential for Aux/IAA
protein docking (Hayashi et al., 2012). In the TIR1-IAA-Aux/IAA complex, auxin binds to
TIR1 and the tryptophan and second proline residues in the WPPV motif in domain Il of
the Aux/IAA proteins form a hydrophobic interaction with the aromatic ring of IAA. This
increases the binding affinity of Aux/IAA, allowing IAA to act as a ‘molecular glue’ (Tan et
al., 2007) . Phe82 of TIR1 has a role in binding both IAA and Aux/IAA proteins (Hao et al.,
2010); therefore, auxinole was designed to block binding of the WPPV motif to Phe82 of
TIR1. The IAA moiety of auxinole is positioned in TIR1 in the same coordination as |IAA;
however, the phenyl ring in auxinole forms a hydrophobic interaction with Phe82 to
prevent the access and subsequent docking of Aux/IAA proteins. Auxinole also has two
additional methyl groups on its phenyl ring that limits its rotation and enhances
antagonistic activity (Hayashi et al., 2012). Additionally, pull-down assays indicate
auxinole is able to reduce IAA-dependent binding of the IAA7 degron peptide leading to

stabilisation of these Aux/IAA repressor proteins in vivo.

Exposure to FLS for as little as 15 minutes caused rapid DII::VENUS stabilisation and
comparisons to various auxin inhibitors initially suggested FLS was not acting to rescue
auxin biosynthesis or transport. Interestingly, a similarity was observed between the

effects of FLS and auxinole; both compounds caused de-etiolation that subsequently
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reduced chlorophyll production in the light and reduced plant growth in the light. Further
studies with the partial auxin receptor agonist, p-Chlorophenoxy isobutylic acid (PCIB)
(Oono et al., 2003), indicate the similarity between FLS and auxinole effects, including the
dynamics of signalling in the root tip. PCIB was not able to mirror DII::VENUS stabilisation
or de-etiolation, only reduce growth in the light; although it has been shown PCIB cannot
fully antagonise all auxin-dependent responses (Hayashi et al., 2008), potentially

explaining the disparity.

Further evidence for a role of FLS as an auxin antagonist comes from studies on the
TIR1/AFB family of auxin receptors. TIR1 and 5 AFB proteins make up a small family of
auxin receptors (Dharmasiri et al., 2005) that link auxin perception to Aux/IAA protein
degradation. Treating a number of single, double and triple tirl/afb mutants with FLS
resulted in only a partial resistance in the triple mutant lines; however, these genes have
overlapping functions and act in a partially redundant fashion to mediate auxin responses
(Dharmasiri et al., 2005). Interestingly, in the absence of FLS, the double and triple
tirl/afb mutants displayed increased Pchlide and partial cotyledon opening suggesting a

role of TIR1/AFB proteins in the maintenance of an etiolated phenotype.

In the case of FLS, light signalling is clearly induced in the dark. This suggests positive
regulators of photomorphogenesis, such as HY5 and HYH, are stabilised. This then, in
turn, is assumed to reduce auxin signalling, characterised by reduction in IAA gene
expression and inhibition of hypocotyl elongation. The mechanism by which FLS is directly
acting is yet unknown. However, given the fact Aux/IAA protein stabilisation via auxin
receptor antagonist treatment or mutations in auxin receptors leads to similar
phenotypes, it can be suggested that FLS may also be acting to inhibit receptor activity

and stabilise Aux/IAA proteins.
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4.3.3 Auxins may have a role in protecting against FLS phytotoxicity in the

field

Auxin rescue of FLS-induced de-etiolation initiated further studies to explore the potential
role of auxin as a treatment to reverse FLS phytotoxicity in the field. FLS phytotoxicity is
not observed in the majority of applications to crop species (Morris et al., 2015; Noe et
al., 2015; Oka, 2014; Oka et al., 2009; 2012). However, foliar application of elevated levels
of FLS, above what is used commercially, resulted in reduced growth in tomato and
eggplant (Giannakou et al., 2019; Morris et al., 2016). In Arabidopsis it was determined
phytotoxicity came from the chloro-thiazole-sulfone scaffold (personal communication,
ADAMA) and it was suggested the reduced shoot and root growth was down to a

disruption in phytohormone signaling (personal communication, ADAMA).

Any potential treatments to alleviate yield loss in the field is useful information to
enhance FLS commercial use; therefore, the role of exogenous auxins was investigated.
Exogenous application of IAA, but not 2,4-D, allowed FLS-treated seedlings to accumulate
chlorophyll following a period of growth in the dark, while both auxins were successful in
ameliorating FLS effects even when applied before FLS exposure, suggesting auxins could

function as a protective treatment.

The use of auxin analogues as herbicides is long standing, with 2,4-D being the most
commonly and widely used compound in this group (Costa and Aschner, 2014; Quareshy
et al., 2018). Its primary function is to promote the uncontrolled growth of dicots, but not
monocots, allowing this compound to be successfully used for weed control in crop fields.
Its relative specificity for dicots, moderate acute toxicity in humans and low development
of resistance (Busi et al., 2018) has led to a sustained role in agriculture. The use of the
natural auxin, IAA, is less common; however, its use as a fertilizer has been studied in
cereal crops. The effects of auxin (IAA) and its precursor L-tryptophan were studied when
added to nitrogen-enriched compost (NEC). It was found that enrichment of 50% NEC
with L-tryptophan and IAA improved yield and nutrient uptake of cereal crops, although

L-tryptophan was more effective than pure IAA (Ahmad et al., 2008).
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FLS seed treatment was sufficient to bring about a reduction in growth and even a small
reduction in growth could scale up in the field to result in significant yield losses. Treating
seeds with IAA was able to overcome this growth reduction by FLS and was even able to
increase seedling growth in the presence of FLS, demonstrating IAA may have a role in

protection against FLS.

Seed treatments are commonly used within agriculture and refer to the application of
certain agents to seeds prior to sowing for the control of pests that attack seeds,
seedlings or plants. Primarily, seed treatments are to minimize the effects of early season
insects and seed-borne disease in a sustainable manner. The more environmentally
friendly options such as crop rotation, sanitation and ploughing are not effective enough
to support necessary crop yield for the growing agricultural sector, while chemical control
methods bear their own disadvantages including cost, non-target organism toxicity and
health hazards (Sharma et al., 2015). Seed treatment, be it basic dressing or coating and
pelleting, could provide a good practice in order to balance effective pest management
while ensuring cost effectiveness and reduced effects on ecosystems. Plant disease
prevention through the use of fungicidal seed treatment on small grain cereal crops has
been extremely successful (Mathre et al., 2001). Seed treatments to control nematode
infestation are also currently on the market including Syngenta’s ‘Cruiser Maxx Potato
Extreme’ to control the soybean cyst nematode and Bayer Crop Science’s VOTiVO™
(Bacillus firmus) to reduce nematode impact (Crop Protection Monthly, 2014). Seed
treatments are available for a number of different chemical classes demonstrating the
possibility of using FLS as a nematicidal seed treatment, in conjunction with auxin derived
compounds to reduce potential phytotoxicity. Although appropriate concentrations are

required to promote growth and prevent auxin acting as a herbicide.
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Chapter 5: A forward genetics
approach to identify targets that

facilitate FLS susceptibility
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5.1 Introduction

Molecular genetic analysis requires an organism that is well-characterised and easily
manipulated. As discussed previously, Arabidopsis is well-suited to manipulation and
continues to be a useful model organism to conduct genetic screens, allowing
identification of genes and characterisation of defined mutants. Due to the fact that a
high number of Arabidopsis mutants have been identified and characterised, using this
organism for mode of action studies allows identification of a phenocopy for FLS
treatment that could indicate a possible FLS target. It also lends particularly well for mode
of action studies on agricultural products due to the fact the results may be directly
applicable to crop species or identify a potential target in crop species for further study.
Studies utilising existing Arabidopsis mutants have provided insight into the molecular
mode of action for herbicides, such as Dicamba (Gleason et al., 2011) and Flufenacet,

(Lechelt-Kunze et al., 2003) allowing development of herbicide resistance in crop plants.

Forward genetic screens in Arabidopsis also allow for mode of action studies through
studying gene function through the identification of a desired phenotype (Page and
Grossniklaus, 2002; Bolle et al., 2011). This is achieved following mutagenesis of a large
number of WT seeds, either with a chemical mutagen or irradiation. Chemical treatments
such as ethyl methane sulfonate (EMS) introduces many mutations in each plant and it is
suggested that it is possible to find a mutation in any gene through screening fewer than
5000 plants from the M1 generation (Greene et al., 2003). In most cases the M1 seed is
grown to maturity and the seeds (M2) are screened for the desired phenotype, allowing
recessive mutations to be recovered. Dominant mutations in the M1 generation have also
been reported (McConnell et al., 2001), but this is rare. The use of forward genetic
screens in Arabidopsis has been fundamental in identifying genes involved in
photomorphogenesis through screening for mutants that show defects in seedling
development. The long hypocotyl (hy) (Chory et al., 1989; Koornneef et al., 1980), det and
cop (Chory et al., 1989; Deng et al., 1991) mutants discussed previously were all identified

through this method.
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Forward genetic screens for gene targets of chemicals using EMS have also been carried
out to successfully to identify genes that underpin resistance of the herbicides
chlorsulfuron and imidazolinone (Jander et al., 2003). M2 generation plants were grown
on concentrations of herbicides that induced 100% lethality and lines that were able to
survive were selected, grown to maturity and seed from these plants were screened in
the next generation to confirm resistance. All resistant mutants were backcrossed to WT
and F1 plants were all resistant, indicating mutations were dominant. All mutations in the
chlorosulfuron-resistant lines had the same nucleotide change in the CSR1 gene and three
nucleotide changes in the CSR1 gene were present in imidazolinone-resistant lines
(Jander et al., 2003). Forward genetic screens have also been carried out that identified
reduced sensitivity to sulfanilamide compounds used as antimicrobial
chemotherapeutics. Seedlings were grown in the presence of 3uM sulfanilamide and lines
with reduced sensitivity and enhanced sensitivity were selected. Mutations were mapped
to genes with no functional annotation, however, it was the first demonstration of such
phenotypes for either gene (Schreiber et al., 2012). This suggests Arabidopsis is a viable

organism to use in mode of action studies on both clinical drugs and agricultural products.

In this chapter EMS mutagenesis to identify FLS resistance will be discussed with
particular focus on isolation and characterisation of potentially-resistant lines selected
from the M2 generation. A forward genetic screen using EMS has previously been carried
out on C. elegans using 1mM FLS for 24h as a selection protocol for resistance. Two
strains were selected that were able to develop to an adult stage and propagate,
however, development and propagation were poor. One strain retained a higher pumping
rate on FLS compared to WT, however, this strain still died when left for 48h on 1mM FLS
(Kearn, 2015). This suggests there was only low-level resistance and neither strain has
mutations in the major target of FLS. Furthermore, at 1mM it is certainly possible that FLS
interacts with multiple targets, hence multiple mutations would be required for high-level
resistance. In this chapter the aim was to use a selection protocol that will only require a
single mutation to acquire high-level FLS resistant Arabidopsis lines. From this the
mutation may be mapped to a single gene and the mode of action of FLS can be

ascertained.

173



The nematicide, Fluensulfone, alters auxin responses in Arabidopsis

5.2 Results

5.2.1 Determination of mutagenesis and screening protocol

In order to optimise the conditions for the screen, the FLS concentration to be used and
mutagen effectiveness were assessed. Due to the large numbers of seeds planning to be
screened, the candidate concentration of FLS to use was required to be high enough to
determine a discernible difference between seedlings that displayed resistance or not,
but low enough to allow the possibility of resistance and recovery of resistant seedlings.
The screening conditions used were either under continuous WL or a dark to light
greening assay and based on data shown in chapter 3, 50 uM was suggested to be a
suitable concentration. This concentration gave a clear visual difference between control
and FLS-treated seedlings and all phenotypic measurements recorded were significantly

lower when treated with 50 uM FLS.

To confirm 50 uM FLS was an appropriate concentration to use in the screen, a
penetrance test was carried out in which WT seedlings were grown for 7 days in
continuous WL on media +50 uM FLS. Seeds were sown individually on 9cm plates, the
same manner planned for the screen. After 7 days growth, none of the 2,050 WT seeds
on 50 uM FLS displayed a phenotype comparable to the untreated WT seeds, suggesting
50 uM FLS was sufficient to minimise the possibility of a false positive (figure 5.1A). No
guantitative recordings were taken on these seedlings as selection of potential resistant
mutants in the screen would, initially, be carried out visually and later confirmed

guantitatively.

As the protocol for EMS mutagenesis is very variable in terms of EMS concentrations and
exposure time, an initial small-scale mutagenesis was carried out using 4 concentrations
of EMS. Around 1500 WT Arabidopsis seeds (M1 seed) per condition were treated with
0.25, 0.5, 0.75 or 1% (w/v) EMS for 4 hours and continually agitated to ensure all seeds
were exposed. These seeds were grown to maturity in pools of ~10 and allowed to self-
fertilise. The resulting M; seeds were used to determine mutagen effectiveness in
preparation for a large-scale mutagenesis. Germination, bleaching and growth were

recorded to compare the effects of increasing EMS concentration. Germination of M
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seed was decreased to a large extent in the 0.5 and 0.75% conditions, whereas 0.25% and
1% had a rate similar to untreated seed (figure 5.1B,C). This could suggest 0.5% EMS was
the concentration causing more mutations; however, when growing the initial M1 seed to
maturity it was noted that seeds treated with 0.75% or 1% EMS had extremely low
viability and the plants that were able to grow to maturity were mostly sterile. Therefore,
the M; seed that was able to be collected following 0.75% or 1% EMS were likely more
viable than seed from plants treated with 0.25% and 0.5% EMS. A similar pattern was
evident when recording the number of individuals that were bleached or had reduced
growth with 0.5% displaying the highest rates consistently (figure 5.1B, C). In conclusion,
the mutagen was able to induce an effect at all concentrations tested and in subsequent

large-scale mutagenesis 0.75% EMS was used.

5.2.2 Isolation of FLS resistant mutants

Following treatment of seeds with 0.75% EMS, 608 pools of M1 plants, averaging ~8
plants per pool were harvested, giving seed from an estimated ~4800 M1 generation
plants for screening. M1 plants were allowed to self to permit recessive homozygous
mutations in the M, generation. M; seeds from these 608 pools were screened in two
conditions: continuous WL and a greening assay. An average of around 500 seeds were
sown per pool/per plate/per screening condition, giving an estimate of ~608,000 M
seeds screened from the ~4800 M1 individuals. From these 608,000 seeds screened, 94
potential resistant lines were selected, recovered and grown to maturity to assess if

resistance has been retained in this generation (figure 5.2 for method of screening).

Eighty-seven of the 94 individuals were selected from the continuous light screens on
their ability to grow significantly better on 50 uM FLS compared to the majority of the
population and a WT population grown on the same plate. Individuals were primarily
selected for increased aerial tissue growth, primary root elongation and greening. The
other 7 individuals were selected from greening assays conducted on 50 uM FLS. These
individuals were selected on their ability to produce chlorophyll after transfer to WL. This
screen seemed to be more stringent, only leading to a small number of individuals being

selected by this method.
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Figure 5.1. EMS mutagenesis of Arabidopsis seedlings. (A) Preliminary screen to test for
penetrance of the FLS concentration used in the mutagenesis screen. WT (Col-0) seedlings
grown for 7 days in continuous light on media with addition and omission of 50uM FLS for
comparison. A total of 2050 WT individuals were tested over two time periods. (B) M2
progeny, from ~1500 WT (Col-0) mutated M1 parental lines per condition, were
harvested and grown on media for 7 days in continuous light to determine mutagen
effectiveness. 900 individuals per condition. Red arrow represents seedling with reduced
growth and white arrow indicates a bleached seedling. (C) Visual abnormalities including
germination, bleaching and reduced growth (defined by cotyledon breadth <2mm) were
recorded. Scale bars represent 1cm.

The names of each mutant represent the % EMS used, the pool number (#) and the
number of separate individuals selected from the same pool (x). However, for ease of
reference in further work, each individual is referred to by a single number, denoting the
timeline in which they were screened and selected (appendix table S9). Each potentially

resistant line was rescued from FLS and grown to maturity on soil.
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Figure 5.2. Schematic of forward genetic screen. WT Arabidopsis seed was treated with
EMS and allowed to grow and self-fertilise to form an M; seed that was screened on FLS.
All M1 pool were represented in the screen. Resistant lines were selected, back-crossed
and segregated for sequencing and SNP mapping.

They were then allowed to self-fertilise to produce M3 seed. This generation of seeds
from each of the 94 lines was then subjected to a re-screening protocol +/- 50 uM FLS,
alongside WT. Fresh weight, total chlorophyll and primary root length were quantified to
identify the most resistant lines (figure 5.3, appendix figure S1). In some cases, lines
appeared to have lost resistance to FLS. However, a number of lines were able to display
improved growth and this was particularly evident when measuring primary root length
(figure 5.3; table 5.1). Focussing on primary root elongation, as this was a prominent
selection characteristic, a number of patterns were observed in mutants. Either they
displayed WT levels of growth, which was the case for the majority of lines, decreased
growth +/- FLS (table 5.1), or increased growth. Increased growth could be further
subdivided into separate categories: increased growth with and without FLS or increased
growth only with or without FLS. From these analyses, six mutants determined to

demonstrate the highest level of resistance were selected for further analysis.
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Table 5.1. Significant changes in root length of mutant lines compared to WT following
are-screen on 50 pM FLS. Numbers refer to mutants in appendix figure S1.

No. of lines
No Change 34
Increase +/- FLS 10
Increase — FLS only 16
Increase + FLS only 12
Decrease +/- FLS 5
Decrease - FLS only 9
Decrease + FLS only 2
Decrease — FLS, Increase + FLS 3

Five mutants, #22, 61, 69, 93 and 94, all displayed significantly increased primary root
length on 50 uM FLS compared to WT in the absence of improved growth on 0 uM FLS
(figure 5.3A, C-F). In addition, mutant #51 displayed increase root length in both the
absence and presence of FLS, compared to WT (figure 5.3B), potentially suggesting a
mutation that allow increased primary root elongation and may provide a good

comparison to other lines.

5.2.3 Secondary screening of selected resistant lines

The 6 lines taken forward were subjected to a more in-depth study of their resistance.
Each line was assayed in 3 growth conditions: 7 d WL, a greening assay transferring from
dark to light, and 5 d dark. Looking at each line, in continuous light #22 was able to
significantly increase fresh weight, total chlorophyll and primary root length on 50 uM FLS
compared to WT by 40%, 67% and 96%, respectively. In the dark, #22 increased fresh
weight by 66% and decreased FLS-induced Pchlide accumulation by 51% but did not affect
morphology. Additionally, in the greening assay, an increase in fresh weight and total
chlorophyll was measured; 22% and 474%, respectively (figure 5.4). In line #51, increased
growth was also observed; however, this was only in fresh weight or root and hypocotyl
length and occurred both in the presence and the absence of FLS. Chl and Pchlide levels
remained unchanged in #51 (figure 5.5). This indicates line #51 could be carrying a
mutation to enhance cell elongation and does not confer true FLS resistance. Lines #61,
#69, #93 and #94 displayed intermediate levels of FLS resistance (figures 5.6-9)

summarized in table 5.2.
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Figure 5.3. Re-screen of 6 lines that show the highest level of FLS-resistance. WT
seedlings were grown in WL alongside each line for 7 days light on % MS 0.8% agar media
with addition of FLS to 50 uM. Vehicle control condition included addition of 0.1% (v/v)
DMSO to media. Fresh weight and total chlorophyll data points represent the mean of
one biological replicate, root length data points represent the mean + SEM of 7-30
individuals per condition. Asterisks indicate * p<0.05, ** p<0.01, *** p<0.001 between WT

seedlings and resistant lines by t-test.
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Figure 5.4. Performance of FLS-resistant line #22 in 3 growth conditions. WT seedlings
were grown alongside line #22 for 7 days light (A), 5 days in dark + 24 h light (B) and 5
days in the dark (C) on % MS 0.8% agar media with addition of FLS to 50 uM. Vehicle
control condition included addition of 0.1% DMSO to media. Fresh weight, Pchlide and
total chlorophyll data points represent the mean + SEM of three biological replicates,
cotyledon data and root length data points represent the mean + SEM of 16-60
individuals per condition. Asterisks indicate * p<0.05, ** p<0.01, *** p<0.001 between WT
seedlings and resistant lines by t-test.
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Figure 5.5. Performance of FLS-resistant line #51 in 3 growth conditions. WT seedlings
were grown alongside line #51 for 7 days light (A), 5 days in dark + 24 h light (B) and 5
days in the dark (C) on %5 MS 0.8% agar media with addition of FLS to 50 uM. Vehicle
control condition included addition of 0.1% DMSO to media. Fresh weight, Pchlide and
total chlorophyll data points represent the mean + SEM of three biological replicates,
cotyledon data and root length data points represent the mean + SEM of 16-22

individuals per condition. Asterisks indicate * p<0.05, ** p<0.01, *** p<0.001 between WT

seedlings and resistant lines by t-test.
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Figure 5.6. Performance of FLS-resistant line #61 in 3 growth conditions. WT seedlings
were grown alongside line #61 for 7 days light (A), 5 days in dark + 24 h light (B) and 5
days in the dark (C) on % MS 0.8% agar media with addition of FLS to 50 uM. Vehicle
control condition included addition of 0.1% DMSO to media. Fresh weight, Pchlide and
total chlorophyll data points represent the mean + SEM of three biological replicates,
cotyledon data and root length data points represent the mean + SEM of 14-21
individuals per condition. Asterisks indicate * p<0.05, ** p<0.01, *** p<0.001 between WT
seedlings and resistant lines by t-test.
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Figure 5.7. Performance of FLS-resistant line #69 in 3 growth conditions. WT seedlings
were grown alongside line #69 for 7 days light (A), 5 days in dark + 24 h light (B) and 5
days in the dark (C) on % MS 0.8% agar media with addition of FLS to 50 uM. Vehicle
control condition included addition of 0.1% DMSO to media. Fresh weight, Pchlide and
total chlorophyll data points represent the mean + SEM of three biological replicates,
cotyledon data and root length data points represent the mean + SEM of 17-22
individuals per condition. Asterisks indicate * p<0.05, ** p<0.01, *** p<0.001 between WT
seedlings and resistant lines by t-test.
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Figure 5.9. Performance of FLS-resistant line #94 in 3 growth conditions. WT seedlings
were grown alongside line #94 for 7 days light (A), 5 days in dark + 24 h light (B) and 5
days in the dark (C) on %5 MS 0.8% agar media with addition of FLS to 50 uM. Vehicle
control condition included addition of 0.1% DMSO to media. Fresh weight, Pchlide and
total chlorophyll data points represent the mean + SEM of three biological replicates,
cotyledon data and root length data points represent the mean + SEM of 7-23 individuals
per condition. Asterisks indicate * p<0.05, ** p<0.01, *** p<0.001 between WT seedlings
and resistant lines by t-test.
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Table 5.2. Secondary screening of six FLS-resistant mutants. Col-0 row arrows represent
the effects of 50 uM FLS on WT seedlings. Arrows associated with mutants represent
significant differences between mutant and Col-0 lines on 50 uM FLS (e.g. green arrow
displays significantly increased root length on FLS compared to WT). Dashes represent no
change to WT on FLS.
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Figure 5.10. Developmental characterization of FLS- resistant lines. 7-12 individuals for
WT and each FLS-resistant mutant were grown in soil and monitored daily for seedling

emergence, bolting and formation of the first flower. Data points represent the mean +
SEM of 7-12 individuals per line. Asterisks indicate **** p<0.0001 between WT seedlings
and resistant lines by Dunnett’s post-hoc multiple-comparison test.
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5.2.4 Characterizing the development of FLS-resistant lines

The next step in the screening protocol was to back-cross the most resistant lines with
WT to achieve a segregating population for sequencing. It was noted that seed yield and
growth of mutants was severely perturbed, which ultimately lead to unsuccessful

backcrossing in all lines except #51 from which a small number of seeds were harvested.

To inform on the role of the mutations within these lines, the development of seedlings
and young plants was recorded. Days to germination, bolting and flowering were logged
in multiples individuals to build a profile of development (figure 5.11). Lines #22 and #61
displayed significantly increased time to germinate, taking 3-4 times as long as WT for
seedlings to emerge from soil. Line #61 also displayed delayed bolting time, while both
#22 and #61 took significantly longer to flower. Other lines, #51, #69, #93 and #94 had

comparable timelines to WT (figure 5.11).

Once each line had flowered, multiple flower buds were removed from different
inflorescences to assess reproductive organ formation (figure 5.11). Interestingly, line #22
displayed a significant increase in both stamen and pistil length, 21% and 29%,
respectively. Although both reproductive parts were increased, the pistil displayed more
elongation, causing a reduction in stamen:pistil ratio by 18%. This was not coupled with a
change in stamen number (figure 5.11). Lines #61 and #69 demonstrated a decrease in
stamen lengths by 13% and 11%, respectively; however, no other lines had significantly
different pistil lengths to WT. However; marginal alterations in stamen and pistil lengths
did affect lines #51 and #69 and they exhibited a 13% and 6% decrease in stamen:pistil
ratio, respectively. Stamen number was also reduced in these mutants, with both lines,

on average, having 4 stamens per flower, compared to the standard 6 in WT (figure 5.11).

Once siliques had formed on each plant, their final length was recorded. Unsurprisingly,
all lines that displayed aberrant silique or stamen growth had significantly shorter siliques
than WT, with line #22 displaying the largest reduction of 67% (figure 5.12). However,
lines #93 and #94 also demonstrated reduction in silique length in the absence of stamen

or pistil changes suggesting a subtler phenotype.

187



The nematicide, Fluensulfone, alters auxin responses in Arabidopsis

5.0 .
4.54 *
= 4.0 H
£ E 3.5 ,
- £
S = 3.0 .
=3 £
s 2 25 C
E = 2.0 8
= ;
k) & 1.5 .
(7]
1.04
0.51
0.0 T T T T T T T 0.0 T T T T T T T
WT #22 #51 #61 #69 #93 #94 WT #22 #51 #61 #69 #93 #94
1.2 7-
:
1.0 .- * . [ R oo
: : * . * * = =5
P . . * *
I . s ;.';gz. g 5 54 .
= o8] -l : g i g
o b
i R L & [
5 0.6 5§e l . c
@ 0.4 & 5l
0.2 14
0.0 T T T T T T T 0 T T T T T T T
WT #22 #51 #61 #69 #93 #94 WT #22 #51 #61 #69 #93 #94

Figure 5.11. Reproductive organ measurements in FLS-resistant lines. Data points
represent the mean = SEM of 20-71 stamens and 4-16 pistils from varying inflorescences
were measured from mutants. To determine relationship between stamen and pistils
length, values were plotted as a ratio. Asterisks indicate * p<0.05, ** p<0.01, *** p<0.001,
**** n<0.0001 between WT seedlings and resistant lines by Dunnett’s post-hoc multiple-
comparison test. Scale bar represents 1 cm.

Finally, these plants were allowed to self-fertilise so seed yield and size could be recorded
in each mutant line. Seed yields were variable between plants, however, lines #22 and
#61 exhibited a severe reduction of 93% and 94%, respectively, resulting in almost no
recovery of seeds from these individuals. Lines #51 and #69 also displayed a reduction in
yield, although this wasn’t significant; whereas, #93 and #94 yielded similar to WT (figure
5.13). All of these yield changes were not coupled with changes in seed size, excluding

line #69 that had an 11% increase in size (figure 5.13).
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Figure 5.12. Silique development in FLS-resistant lines. Data points represent the mean
SEM of 17-31 siliques per line. Asterisks indicate **** p<0.0001 between WT seedlings and
resistant lines by Dunnett’s post-hoc multiple-comparison test.
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Figure 5.13. Seed yield and seed size in FLS-resistant lines. Seed yield data points
represent the mean + SEM of 4-7 mature plants per line, seed size data points represent
the mean + SEM of 45-60 individual seeds per line. Asterisks indicate *** p<0.001 between
WT seedlings and resistant lines by Dunnett’s post-hoc multiple-comparison test. Scale
bar represents 0.5 cm.
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5.3 Discussion

Although the genetic basis of these resistant mutations has not been discovered yet, in
depth studies into the development of each line has given a further understanding into
the potential roles of FLS to inform on its mode of action. Lines resistant to FLS primarily
displayed improved growth, specifically in the presence of FLS except for line #51, which
demonstrated improved growth regardless of FLS application. Line #51 had increased root
length and hypocotyl elongation compared to the other mutants, ultimately leading to
increased fresh weight; although, this was in the absence of changes in Pchlide and
chlorophyll levels suggesting that the mutation(s) within this line leads to increased cell
elongation. Although line #51 displays features of increased growth on FLS, this effect is
global, occurring even in normal growth conditions, suggesting this mutation is not

specifically FLS-resistant.

Auxin is the dominant phytohormone in the regulation of elongation responses,
responding to changes in light and gravity; however, the developmental context and
interactions with other hormones play a large role in auxin mediated cell elongation (Del
Bianco and Kepinski, 2011). Auxin and brassinosteroid demonstrate synergistic
interactions in promoting hypocotyl elongation and have highly overlapping
transcriptional responses (Goda et al., 2004); while normal auxin responses require
gibberellin (Chapman et al., 2012). Auxin response factors 6 (ARF6) and 8 (ARF8) are
closely related and were previously shown to redundantly regulate hypocotyl elongation
in Arabidopsis (Nagpal et al., 2005), with double mutants displaying significantly shorter
hypocotyls that WT or single mutants. The majority of ARF6 target genes are also targets
of BZR1 and/or PIF4 indicating the interdependency on hormone and light signalling
pathways (Oh et al., 2014).

The precise mechanism of cell elongation by auxin is via the ‘acid growth theory’, first
proposed in the 1970s (Hager et al., 1971; Cleland, 1976). This theory proposes that auxin
causes the activation of plasma membrane localized H*-ATPases, that in turn lead to
acidification of the apoplast and thus trigger cell-wall loosening enzymes to enhance cell

elongation (Hager, 2003). This hypothesis applies to both shoots and roots (Barbez et al.,
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2017), in which at low concentrations auxin signalling promotes the apoplastic
acidification, but at high auxin concentrations apoplastic alkalization occurs to reduce
elongation (Barbez et al., 2017). This demonstrates a complex, concentration and tissue

dependent role of auxin in cell elongation.

Similar patterns between resistant lines were observed, with lines #22 and #61 displaying
a number of related features including delayed development, reduced silique length and
severely affected seed yield. Lines #93 and #94 were also consistently similar in all
responses. Analogous phenotypes in independently selected lines #22 and #61 suggest
the possibility that they are allelic mutations, although sequencing will be needed to
confirm this. In comparison, lines #93 and #94 were selected from the same pool initially;
each pool contained seed from multiple M1 plants so the similarities can be explained by

these lines both originating from the same parent plant.

Line #22 showed the highest level of resistance to FLS in multiple conditions while
presenting an interesting phenotype at the reproductive stage. Compared to WT, line #22
had longer stamen filaments and pistils, resulting in a reduced stamen:pistil ratio, and
thus unsuccessful self-pollination. Pistils are the female part of the plant, while stamens
are male and their function is to produce pollen grains ready for release at flower
opening. In Arabidopsis, 6 stamen primordia develop and sequentially mature through an
early phase of stamen formation, and a late phase consisting of anther dehiscence, pollen
grain maturation, and filament elongation (Smyth et al., 1990). Stamen development
should be coordinated with pistil growth to allow self-pollination; however, alterations

leading to uncoordinated development can result in sterility.

Auxin not only controls cell elongation, it is also required for meristem initiation and
stamen development. Reduction in auxin biosynthesis in yuc4 and yucl/yuc4 mutants
(Staldal et al., 2012), and inhibition of auxin transport by NPA or pin mutations (Bennett
et al., 1995; Okada et al., 1991) all display a reduced number of stamens and reduced
number of floral organs. In addition, late stage stamen development, particularly filament
elongation is severely affected by mutations in ARF3 (Sessions et al., 1997), ARF5
(Przemeck et al., 1996), ARF6 and ARF8 (Nagpal et al., 2005), all of which display
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significantly shorter stamen filaments compared to WT. Late stage anther dehiscence,
pollen maturation and filament elongation is also regulated by the auxin receptor
TIR1/AFB family and in triple and quadruple mutants anther dehiscence and pollen
maturation were recorded earlier and filament elongation was inhibited (Cecchetti et al.,
2008). Interestingly, pistil length were also recorded to be 25% shorter than WT in these
mutants (Cecchetti et al., 2008). Auxin signalling is also involved in seed development
including embryo, endosperm and seed coat development in both dicots and monocots
(Cao et al., 2020). A number of auxin biosynthesis, transport and signalling genes have
been implicated, namely TIR1/AFB and ARF genes (Dharmasiri et al., 2005; Goetz et al.,
2006).

It is clear auxin plays a major role in tightly regulating a number of developmental
processes and differences observed in the FLS-resistant lines can be explained in relation
to mutations in auxin signalling pathways. In a number of the resistant lines stamen
filament elongation is uncoordinated to pistil development and stamen number is
reduced. This leads to reduced self-pollination and subsequent reduced seed yield. In the
highly resistant line #22, stamen and pistil length are increased, while in lines #61 and #69
stamen length is reduced. Resistance to FLS, on this basis, suggests in line #22 there could
be mutations within auxin signalling to stabilise ARF proteins, or conversely, increase the
degradation of Aux/IAA repressor proteins that de-activate ARFs. Theoretically, as ARFs
are positive regulators of elongation, these mutations would lead to increased
transcription of ARF-induced genes leading to longer stamens and filaments. In addition,
this would explain a level of FLS resistance. As discussed previously, FLS is hypothesised to
be acting as an auxin receptor antagonist to stabilise Aux/IAA proteins, therefore,

mutations to stabilise ARFs could cause resistance.

Through the study of stamen and pistil development it was revealed that reproductive
growth was altered in resistant lines. Attempts to backcross the mutants failed prior to
these observations, but this information could inform on better practise to achieve
coordinated development of WT and resistant lines for successful backcrossing in the
future in order to achieve segregating populations for sequencing and identification of

the causative mutations.
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Although the genetic basis of these resistant mutations has not been discovered yet, in
depth studies into the development of each line has given a further understanding into
the potential roles of FLS to inform on its mode of action. Lines resistant to FLS primarily
displayed improved growth, specifically in the presence of FLS; however, line #51
demonstrated improved growth regardless of FLS application. Line #51 had increased root
length and hypocotyl elongation compared to mutants, ultimately leading to increased
fresh weight; although, this was in the absence of changes in Pchlide and chlorophyll
levels indicating mutations within this line lead to increased cell elongation. Although line
#51 displays feature of increased growth on FLS, this effect is global, occurring even in

normal growth conditions, suggesting this mutation is not truly FLS-resistant.
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Chapter 6: General Discussion
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6.1 FLS acts to stabilize Aux/IAA proteins in Arabidopsis

The primary aim of this project was to elucidate the mode of action of FLS.

Through various molecular, genetic and phenotypic studies it is suggested FLS primary
mode of action in Arabidopsis is to stabilise Aux/IAA repressor proteins by acting as an
auxin receptor antagonist (figure 6.1). FLS-induced phenotypes include the development
of a de-etiolated phenotype in the dark that is rescued by application of exogenous
auxins, but not other hormones tested, coupled with changes in endogenous auxin levels
and auxin regulated gene expression preferentially over other hormones. Additionally, it
is shown FLS can act rapidly to stabilise the DII::VENUS reporter and can be phenocopied

by the known auxin receptor antagonist, auxinole.

Auxin acts as a molecular glue, increasing binding affinity of Aux/IAA repressor proteins to
the F-box proteins of the TIR1/AFB family. Aux/IAA proteins bind via their DIl domain and
are then ubiquitinated and subsequently degraded by the 26s proteasome. Auxin
response factor proteins (ARFs) are then de-repressed and auxin-inducible genes are
transcribed, including Aux/IAA genes. This results in a sophisticated negative feedback
loop in response to auxin levels, allowing normal growth and development of the root
system in the light and maintenance of the etiolated phenotype in the dark (figure 6.1
left). Upon application of exogenous FLS, it is suggested that FLS is able to bind TIR1/AFB
receptors; however, Aux/IAA proteins are not able to form a TIR1/AFB-FLS-Aux/IAA
complex due to incompatible binding. This results in the stabilisation of Aux/IAA proteins

and subsequent downstream effects seen following FLS treatment (figure 6.1 right).

Initial evidence of FLS acting as an auxin-like compound came from severe inhibition of
primary root elongation when applied exogenously, while displaying a transient increase
in growth following short-term, low concentration exposure. It is known that auxin
signalling is tightly regulated in plants, with signalling outcomes finely tuned by
subcellular, cellular and tissue locations and that at optimum concentrations auxin acts as
a growth promotor (Enders and Strader, 2015). However, when in excess, auxin and
auxin-related molecules negatively affect growth, inhibiting primary root elongation and

promoting uncontrolled growth (Thimann, 1939).
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Further evidence for FLS role as an auxin receptor antagonist comes from the de-etiolated
phenotype induced by application of FLS, coupled with the rescue of this phenotype by
auxins IAA, 1-NAA and 2,4-D and the observation of an auxin resistant phenotype in the
light. As discussed previously, a number of mutations/alterations in the core light
signalling pathway can induce de-etiolation in the absence of light; however, de-etiolation
in the presence of FLS was specifically reversed by exogenous application of auxins. The
gain-of-function mutants axr2, axr3 (Nagpal et al., 2000; Timpte et al., 1994; Yang et al.,
2004). and shy2-2 (Kim et al., 1998a; Tian et al., 2003a) display the same phenotype as
FLS-treated seedlings. These particular mutants have a single amino acid mutation within
the DIl domain of Aux/IAA proteins IAA7, IAA17 and IAA3 causing their stabilisation which
leads to de-etiolation. Mutations in this key domain alters the Aux/IAA degradation rates
in response to auxin meaning exogenous auxin application could not reverse their
phenotypes. However, as we suggest FLS is competing with endogenous IAA to bind
TIR1/AFB receptors, the application of exogenous auxins in the dark could reduce the

number of FLS molecules bound to TIR1/AFB.

Auxin
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Figure 6.1. Model for FLS action on auxin signalling. (Left) Schematic depiction and
simplified diagram of the auxin signalling pathway in Arabidopsis grown without FLS
treatment. Auxin (IAA — navy) binds to its receptor TIR1 (red) and this allows the binding of
Aux/IAA proteins (yellow) in domain Il. Aux/IAA proteins are targeted for degradation via
the 26s proteasome. The removal of Aux/IAA proteins allows ARF transcription factors
(blue) to bind to promoters of auxin responsive genes (including IAA genes) to induce auxin
signalling. (Right) Schematic depiction of the auxin signalling pathway in Arabidopsis grown
in the presence of FLS. FLS (black) could potentially bind to the TIR1 receptor in place of
auxin and prevent TIR1 from binding Aux/IAA repressor proteins. This causes repression of
ARF proteins and downstream responses are not activated. FLS could also be acting to
directly stabilize Aux/IAA proteins to achieve a similar outcome.
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Exogenous auxin rescue of FLS-induced phenotypes is specific to dark-grown seedlings
suggesting the mode of action is distinct depending on the light conditions. However,
dark-grown seedlings are largely devoid of auxin and light triggers its synthesis (Bhalerao
et al., 2002). This was further confirmed by endogenous hormone quantification.
Therefore, in the dark, the addition of exogenous auxins alongside FLS increases the
population of auxin-bound TIR1/AFBs to non-toxic levels. On the other hand, in the light
the seedling has a high level of endogenous auxin competing with the exogenous FLS
bound to TIR1/AFB so the application of more auxin in this scenario would not be

effective in reducing the response to FLS.

Key similarities between known auxin receptor antagonists, auxin signalling pathway
inhibitors and FLS further support the hypothesis. Auxinole was designed as a potent
auxin antagonist, acting to bind to TIR1 in place of auxin and block the key Phe82 residue,
essential for Aux/IAA protein docking (Hayashi et al., 2012). Two compounds: furyl
acrylate ester of a thiadiazole heterocycle and 4-thiazolidinone appended with a
derivatized acetic acid, were identified as inhibitors of auxin transcriptional activity via a
chemical genetic screen for compounds able to silence auxin-activated transcription
(Armstrong et al., 2004). All 3 compounds demonstrated stabilisation of Aux/IAA proteins
and auxinole was confirmed to have antagonist activity in pull-down assays.
Phenotypically, FLS and auxinole share a number of characteristics, including but not
limited to de-etiolation and rapid DII::VENUS reporter stabilisation; while FLS treatment
demonstrated significant gene expression overlap with the inhibitors of auxin
transcriptional activity. This evidence further suggests FLS role as an auxin receptor

antagonist.

6.2 Application of Arabidopsis mode of action to plant parasitic nematode
species

The initial reasoning for studying FLS mode of action (MOA) in Arabidopsis was to inform
on the MOA in plant parasitic nematode (PPN) species for which FLS is targeted. Initial
studies deemed its mode of action to be distinct from anticholinesterases and

macrocyclic lactones (Kearn et al., 2014), while more recent work has suggested its role
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as a metabolic inhibitor (Feist et al., 2020). A precise molecular target within PPNs would
be valuable as more nematicides with the same efficacy and specificity could be

developed.

The hypothesis that FLS is acting as an auxin receptor antagonist in planta is solely based
on data presented here. However, information gained through studies in Arabidopsis can
help to explain a number of observations seen in nematodes and suggest a common
target pathway. Auxin is synthesised from the amino acid, tryptophan and within this
biosynthetic pathway also leads to the production of 5-hydroxytryptamine (5-
HT/serotonin). In seedlings, 5-HT is able to display functional overlap with auxin and is
able to antagonise the effect of auxins (Pelagio-Flores et al., 2011). Within PPNs,
tryptophan-derived 5-HT has an essential role in the activation of stylet thrusting and this
movement is crucial for successful root invasion of G. pallida juveniles (Crisford et al.,
2018). It has been shown that a number of 5-HT antagonists such as reserpine,
methiothepin and octopamine potently inhibit G. pallida infectivity by inhibiting stylet
thrusting (Kearn, 2015; Crisford et al., 2018), highlighting a promising route to target
PPNs.

Interestingly, FLS was suggested to interact with the serotonergic signalling pathway
within PPNs. Initial observations demonstrated that FLS is able to stimulate stylet
thrusting at >500 uM, similarly to 5-HT. Additionally, FLS was able to block the induction
of stylet thrusting by 5-HT suggesting a potential role as an antagonist in this pathway
(Kearn, 2015). Furthermore, pre-incubation with both methiothepin and octopamine was
able to reduce FLS-stimulated stylet thrusting (Kearn, 2015) signifying FLS could, at least
in part, be targeting PPNs via the serotonergic signalling pathway and acting as a partial
agonist to a 5-HT receptor. It was proposed that application of FLS to PPNs reduced the
number of receptors available for 5-HT occupancy, thus bringing about inhibition of stylet
thrusting in the presence of 5-HT, but stimulation in the absence. This hypothesis is
similar to what has been suggested for FLS action on the Arabidopsis auxin signalling
pathway and begins to make robust connections between mode of action in different

organisms.
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6.3 The role of auxin in ameliorating FLS effects

The practical application of this work could be vital in ameliorating potential side effects
of FLS on crop plants in the field. Although dicots seem to be more susceptible to
phytotoxicity, these species tend to be high value and any reduction to yield has major
financial consequences for farmers. It is important to understand the dynamics of FLS
treatment on plants to improve application rate, concentration and potential effects on
other organisms. It has been demonstrated that FLS is able to affect seedling growth
before, during and after germination; but, seedlings are able to recover from exposure to
concentrations below 20 uM. The highest concentration any organism is likely to be
exposed to in the field is <30 uM immediately after FLS application (Kearn, 2015)
suggesting any phytotoxicity to seedlings would be minimal. However, seed germination
and the early stages of seedling growth are the most sensitive to both biotic and abiotic
stresses and can affect subsequent growth and yield; therefore, having a potential

treatment to reduce FLS-induced stress on crop species could increase long-term yield.

The role of auxin in FLS action has been discussed in depth previously and while mode of
action is valuable to investigate, the impact of this in the field presents new methods to
ameliorate FLS toxicity. The auxins IAA, 1-NAA and 2,4-D are able to significantly reduce
FLS-induced de-etiolation of dark-grown seedlings and allow subsequent development of
the seedling in the light. This effect was also seen if auxins were used as a pre-treatment
before FLS exposure or even as a seed treatment, suggesting the potential use of auxins
as a pre-plant treatment to prevent negative effects of FLS on germinating/young

seedlings in the soil.

As discussed previously, 2,4-D based products are some of the most widely used
herbicides on the market and have been used for over 70 years. 2,4-D was first
commercialised for use in the 1940s, and has revolutionised weed control. It is a synthetic
auxin herbicide that stimulates uncontrolled growth when applied in doses in excess of
what is required for normal endogenous auxin signalling within dicots (Quareshy et al.,
2018). Its effect on dicots has been described in three phases: stimulation, inhibition and

decay (Grossmann, 2010). Stimulation begins within minutes of application and it
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characterised by ethylene and ABA hyperaccumulation and metabolic activation of
ATPases and ion channels. The inhibition phase includes production of ROS, stomatal
closure and physiological defence responses that ultimately lead to the decay phase. This
occurs around 3 days post-application and is distinguished by destruction of chloroplasts,

membranes and vascular systems, leading to plant death (Grossmann, 2010).

It is understandable that the idea of using exogenous auxins, such as 2,4-D, to ameliorate
the effects of FLS is concerning due to their primary uses as herbicides; however,
application of L-tryptophan and IAA to nitrogen-based fertiliser has been shown to
increase biomass and yield in cereal crops (Ahmad et al., 2008; Ahmad et al., 2008; Zaman
et al., 2015). This presents the possibility of using auxins, or auxin pre-cursors, in the field
without the potential of herbicidal action. Furthermore, evidence has demonstrated
auxin does not have to be present throughout FLS application to still ameliorate effects,
although this does enhance its ability to alleviate these effects, and that even auxin seed

treatment is sufficient to relieve some side effects of FLS.

The possibility of using auxins as a seed treatment may be a more attractive option in the
field as this treatment does not require re-application meaning the potential of auxin-
based toxicity is reduced. But, theoretically, this would be adequate enough to attenuate
FLS phytotoxicity to allow germination and initial seedling growth vital for plant

establishment and considerable yield.

Seed priming is commonly used as a tool to advance the seed metabolic processes and
improve germination rate. There are a number of methods including hydropriming,
halopriming, osmopriming, thermopriming, solid matrix priming and biopriming (Ashraf
and Foolad, 2005). All methods essentially imbibe seeds pre-planting to improve
uniformity of germination and to increase final yield. Many studies have shown priming
seed with plant hormones can increase seed germination under stress conditions; for
example, treating wheat seed with IAA or 1-NAA alleviated the adverse effects of high
salinity (Balki & Padole, 1982; Gulnaz et al., 1999). Auxin priming of sorgum, faba bean
and cotton seed is also able to increase final yield under non-stress conditions (Thakre

and Ghate, 1984; Harb, 1992). This confirms that the use of auxins in a seed priming
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treatment is commercially viable, although appropriate ratios would have to be tested in
the presence of FLS at field relevant concentrations to maximise yield and prevent

herbicidal action.

6.4 Auxin and light signaling pathways are closely linked to regulate

photomorphogenic growth

Not only have these results informed on the mode of action of FLS, they have also
substantiated a relationship between light and auxin signalling. The association of light
and auxin signalling is established but not fully understood; in seedlings, light brings
about photomorphogenic growth, allowing a sessile organism to change its development
in response to the environment. Auxin is an essential regulator of growth in plants with
functions in organogenesis, tropic responses, cell division and expansion (Woodward and
Bartel, 2005) and light is able to trigger vast changes within the complex auxin signalling
pathways. In data presented here there is a clear relationship between auxin levels and
light; endogenous hormone quantification displayed a 70% decrease in IAA levels when
seedlings were grown in the dark and confocal imaging using 3 reporter lines consistently
displayed lowers levels of auxin signalling at the root tip in dark grown seedlings. This is
consistent with the idea that etiolated seedlings are largely devoid of IAA (Bhalerao et al.,

2002).

In Arabidopsis seedlings, photomorphogenesis is closely tied to endogenous auxin levels.
Auxin biosynthesis mutants sav3/taal are deficient in endogenous auxin and are seen to
have exaggerated photomorphogenic phenotypes, including short hypocotyls and more
expanded cotyledons (Tao et al., 2008). Conversely, yucca and red1 mutants with high
endogenous auxin lead to reduced photomorphogenic growth characterised by hypocotyl
elongation and reduced cotyledon expansion (Hoecker et al., 2004; Kim et al., 2007).
Phytochromes have a large role in coordinating light and auxin signalling to alter
development; active phyB (Pfr) is able to reduce IAA levels by activation of SUR2 and
repression of TAA1, while reduced phyB Pfr under low R:FR ratio light elicits the opposite
response and increase IAA levels (Tao et al., 2008). Both phyA and phyB are strong

repressors of auxin-related gene transcription as removal of these photoreceptors
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initiates a rapid elevation in transcription of Aux/IAAs, SAURs and GH3s (Devlin et al.,
2003). Phytochromes have also been suggested to directly control auxin signalling via
Aux/IAA repressor proteins. When translocated to the nucleus in response to light, PHYA
and PHYB are able to interact with Arabidopsis SHY2/IAA3, AXR3/IAA17, IAA1, IAA9 and
pea IAA4 (Colon-Carmona et al., 2000; Tian et al., 2003; Yang et al., 2018; Xu et al., 2018)
to phosphorylate and stabilise these proteins. Other key mediators in controlling auxin
signalling are the bZip transcription factors, HY5 and HYH, and BHLH transcription factors,
PIFs. HY5 and HYH transcription factors promote photomorphogenesis (Holm et al., 2002)
while also repressing auxin signalling (Cluis et al., 2004). Conversely, it has been shown
PIF4 and PIF5 are positive regulators of auxin biosynthesis and induce auxin regulated
gene expression, particularly in shade conditions (Franklin et al., 2011; Hornitschek et al.,

2012; Nozue et al., 2011).

While here we have confirmed auxin levels are reduced in dark-grown seedlings, another
noteworthy observation was made that in the dark mutations within TIR1/AFB receptors
promote partial de-etiolation in Arabidopsis. Auxins are perceived by a co-receptor
complex consisting of TIR1/AFB and Aux/IAA proteins, leading to degradation of Aux/IAAs
and activation of ARF dependent transcription (Dharmasiri et al., 2005). The TIR1/AFB
protein family consists of 6 members: TIR1 and 5 AFBs which display functional
redundancies between each other, specifically TIR1, AFB2/3 and AFB4/5 (Dharmasiri et
al., 2005; Prigge et al., 2020). This could explain why partial de-etiolation was only seen in
double and triple mutants. It is known TIR1 is a primary receptor and is essential in root
elongation, while AFB5 has a larger role in hypocotyl and inflorescence development
(Prigge et al., 2020). Furthermore, levels of TIR1/AFB proteins are not equal spatially or
temporally and levels are dynamic in response to a constantly changing environment
(Vidal et al., 2010; Wang et al., 2016). It has been established that a number of auxin
resistant mutations, resulting in Aux/IAA protein stabilisation (IAA3, IAA7 and IAA17),
confer partial de-etiolation in the dark (Kim et al., 1998b; Leyser et al., 1996; Nagpal et al.,
2000); however, mutations within the TIR1/AFB receptors have not been thoroughly
investigated in regards to their role in photomorphogenesis. However, it would seem a
practical assumption that reduced presence of TIR1/AFB receptors within seedlings would

ultimately lead to the stabilisation of Aux/IAA proteins and subsequent de-etiolation.
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6.5 Conclusions and future research directions

The data presented here support a model for FLS MOA as an auxin receptor antagonist.
Evidence for this comes from phenotypic, molecular and genetic analysis; however,
TIR1/AFB-Aux/IAA pairs have various affinities for each other and for different auxins.
This results in a range of Aux/IAA half-lives and outputs depending on cell-type and
development stage making the explanation of some observations challenging. Therefore,
although we present a number of instances in which FLS acts as an auxin receptor
antagonist, further work needs to be done to understand its specificity and effectiveness

as a potential tool in dissecting the auxin signalling path further.

In the immediate future, TIR1 pull-down assays in the presence of IAA and/or FLS should
be completed to determine if FLS is able to reduce IAA binding to TIR1. Established TIR1
receptor antagonist, auxinole, has been shown to reduce efficacy of IAA binding to TIR1
(Hayashi et al., 2012)indicating a suitable comparison for FLS. This would certainly be able
to determine if FLS was physically able to bind TIR1 to block IAA and Aux/IAA protein
docking. Additionally, quantifying Aux/IAA protein levels in the presence of FLS would
support its ability to stabilize these proteins. In addition, the FLS-resistant lines isolated
from the forward genetic screen should be sequenced and SNPs mapped. Knock-out lines
based on each SNP can be generated and screened for FLS resistance. This could result in
the identification of a number of FLS targets, whether that be uptake carrier proteins,
influx/efflux transporters to move it around the plant or a molecular target within a

specific signaling pathway.

In conclusion, this project has generated valuable knowledge about the effect of FLS on
plants and how best to ameliorate these effects within the field. It has also demonstrated
a strong role of auxin in FLS action in plants and the suggestion of a serotonergic mode of
action in nematodes, which can be followed up to generate more effective and selective
nematicides to reduce crop loss. Finally, this project has also established and
corroborated a strong link between auxin and light signalling to coordinate plant
development, and potentially discovered a new tool to dissect the complex auxin

signalling pathways within plants.
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Appendix : Supplementary data
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S1. Phytohormone extraction and quantification

The Proteomics & Mass Spectrometry Facility at the Danforth Plant Science Centre is
kindly acknowledged for its contribution in performing phytohormone extraction and
mass spectrometry of samples. This material is based upon work supported by the
National Science Foundation under Grant No. DBI-1427621 for acquisition of the QTRAP
LC-MS/MS.

S$1.1 Materials

Analytical reference standards for the analytes indole-3-acetic acid (IAA; Sigma-Aldrich St.
Louis, MO), N-(3-indolylacetyl)-DL-aspartic acid (IAA-Asp; Sigma-Aldrich, St. Louis, MO),
(+/-)-jasmonic acid (JA; Tokyo Chemical Industry Company, Tokyo, Japan), salicylic acid
(SA; Acros Organics, Geel, Belgium), (+/- )-abscisic acid (ABA; Sigma-Aldrich, St. Louis,
MO), N-jasmonyl-L-isoleucine (JA-lle; Toronto Research Chemicals, Toronto, ON), 12-oxo-
phytodienoic acid (OPDA; Cayman Chemical, Kalamazoo, Ml), cis-zeatin (cZ; Santa Cruz
Biotechnology, Santa Cruz, CA), trans-zeatin (tZ; Caisson Labs, Smithfield, UT), DL-
dihydrozeatin (DHZ; Research Products International, Mount Prospect, IL), trans-zeatin
riboside (tZR; Gold Biotechnology, St. Louis, MO) as well as the internal standards - ds-JA
(Tokyo Chemical Industry Company, Tokyo, Japan), ds-IAA (CDN Isotopes, Pointe-Claire,
QC), ds-dinor-OPDA (Cayman Chemical, Kalamazoo, Ml), de-SA(CDN lIsotopes, Pointe-
Claire, QC), de-ABA (ICON Isotopes, Dexter, Ml), ds-trans- zeatin (OlChemIm, Olomouc,
Czech Republic ), ds-trans-zeatin riboside (OlIChemIm, Olomouc, Czech Republic), *Cs°N
JA-lle (New England Peptide, Gardner, MA), and *C,>°N IAA-Asp (New England Peptide,
Gardner, MA). LC-MS grade methanol (MeOH) and acetonitrile (ACN) were sourced from
J.T. Baker (Avantor Performance Materials, Radnor, PA) and LC-MS grade water was
purchased from Honeywell Research Chemicals (Mexico City, Mexico). Stock solutions
were prepared in 50% methanol and stored at -80° C. Standard solutions were prepared

fresh in 30% methanol.

$1.2 Phytohormone extraction

Phytohormones c/tZ, DHZ, tZR, SA, ABA, IAA, IAA-Asp, JA, JA-lle and OPDA were extracted
at a tissue concentration of 100 mg/mL in ice cold 1:1 MeOH: ACN. Around 100 mg of

tissue sample were weighed and 10 pL of mixed stable-isotope labelled standards (1.25
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UM for ds-tZ, ds-tZR, ds-SA, de-ABA, ds-JA, d5- IAA and Cs*N-1AA-Asp, 12.5 uM for *C¢**N-
JA-lle and d5-dinor-OPDA) were added into each sample prior to extraction. The samples
were homogenized with a TissuelLyzer-Il (Qiagen) for 5 minutes at 15 Hz and then
centrifuged at 16,000 x g for 5 minutes at 4°C. The supernatants were transferred to new
2 mL tubes and the pellets were re-extracted with 600 puL 1:1 ice cold MeOH: ACN. These
extracts were combined and dried in a vacuum centrifuge. The samples were then
reconstituted in 100 uL 30% methanol, centrifuged to remove particulates, and then
passed through a 0.8 um polyethersulfone spin filter (Sartorius, Stonehouse, UK) prior to

dispensing into HPLC vials or well plates for LC-MS/MS analysis.

$1.3 LC-MS/MS Analysis

Phytohormones c/tZ, DHZ, tZR, SA, ABA, IAA, IAA-Asp, JA, JA-lle and OPDA were
quantified using a targeted multiple reaction monitoring (MRM)/isotope dilution-based
LC-MS/MS method. A Shimadzu Prominence-XR UFLC (UPLC) system connected to a SCIEX
hybrid triple quadrupole-linear ion trap MS equipped with Turbo V™™ electrospray
ionization (ESI) source (SCIEX, Framingham, MA) were used for the quantitative analysis.
Three microliters of the reconstituted samples were loaded onto a 4.6 x 50 mm 1.8 um
ZORBAX Eclipse XDB-Cyscolumn (Agilent Technologies, Santa Clara, CA, USA) and the
phytohormones were eluted within 12.0 minutes, in a binary gradient of 0.1% acetic acid
in water (mobile phase A) and 0.1% acetic acid in 3:1 ACN:MeOH (mobile phase B). The
initial condition of the gradient was 10% B from 0 to 2.0 minutes, ramped to 50% B at 4.0
minutes, further ramped to 65% at 8.5 minutes, and then quickly raised to 95% B at 9.0
minutes and kept at 95% B until 12.0 minutes. The flow rate was also changed during the
gradient, starting at 0.6 mL/min from 0 to 3.5 minutes, and then dropped to 0.3 mL/min
at 4.0 minutes and kept at 0.3 mL/min until 12 minutes. Source parameters were set as
follows: curtain gas 25 psi; source gas1 40 psi; source gas2 50 psi; collisionally activated
dissociation (CAD) gas set to ‘medium’; interface heater temperature 500° C; ionspray
voltage set to #4500 V. Individual analyte and internal standard ions were monitored
using previously optimized MRM settings programmed into a polarity switching method
(cytokinins and auxins detected in positive ion mode, others detected in negative ion

mode). Analyst 1.6.2 software (SCIEX, Framingham, MA) was used for data acquisition;
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MultiQuant 3.0.2 software (SCIEX, Framingham, MA) was used for data analysis. The
detected phytohormones were quantified based upon comparison of the analyte-to-
internal standard integrated area ratios with a standard curve constructed using those
same analytes, internal standards and internal standard concentrations (1.25 pM ds-
dinor-OPDA and 3Ce*N-JA-lle; others 0.125 uM). The analytical method was calibrated

over the linear range of 4.8 fmol to 30 pmol loaded on the column.
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Table S1. Gene ontology enrichment analysis of biological processes. This table
represents the most highly enriched biological processes from 1263 significantly
downregulated genes following FLS treatment in the dark.

Genesin False
reference Genes in Expected Fold Discovery

GO biological process genome sample genes Enrichment  P-value Rate

tricyclic triterpenoid metabolic process 4 4 0.18 22.18 2.10E-04 1.43E-02
cell-cell junction assembly 5 4 0.23 17.74 3.65E-04 2.18E-02
response to symbiont 14 5 0.63 7.92 1.04E-03 4.95E-02
water transport 29 10 1.31 7.65 4.36E-06 5.15E-04
cellulose catabolic process 25 7 1.13 6.21 3.56E-04 2.17E02
wax biosynthetic process 22 6 0.99 6.05 1.06E-03 4.93E-02
cuticle development 34 8 1.53 522 3.T4E-04 2.19E-02
amino acid transmembrane transport 53 12 239 5.02 1.91E-05 1.74E-03
gravitropism 79 16 3.56 4.49 2.90E-06 3.65E-04
auxin polar transport 78 12 3.52 3.41 4.83E-04 2.62E02
hyperosmoticresponse 73 11 3.29 3.34 9.55E-04 4.82E-02
response to water deprivation 339 47 15.28 3.07 1.70E-10 1.44E-07
hemicellulose metabolic process 101 14 4.55 3.07 4.40E-04 2.45E-02
auxin-activated signaling pathway 164 19 7.39 2.57 3.76E-04 2.16E-02
protein autophosphorylation 217 25 9.78 2.56 7.52E-05 5.85E-03
lipid transport 207 23 9.33 2.46 2.07E-04 1.42E-02
cell wall organization 517 57 23.31 245 8.12E-09 3.00E-06
pectin metabolic process 175 19 7.89 241 9.60E-04 4.77E-02
response to cold 414 44 18.67 2.36 1.06E-06 1.56E-04
root morphogenesis 247 26 11.14 233 2.21E-04 1.45E-02
anatomical structure formation involved in morphogenesis 192 20 8.66 2.31 9.96E-04 4.91E-02
drug catabolic process 248 25 11.18 2.24 4.28E-04 2.43E-02
unidimensional cell growth 273 27 12.31 2.19 4.5TE-04 2.50E-02
response to abscisic acid 572 55 25.79 213 7.2TE-07 1.23E-04

Table S2. Gene ontology enrichment analysis of cellular component. This table
represents the most highly enriched cellular component classes from 1263 significantly
downregulated genes following FLS treatment in the dark.

Genesin False

reference Genesin  Expected Fold Discovery
GO biological process g pl genes  Enrichment  P-value Rate
Casparian strip 11 6 0.5 12.1 0.0000523 0.00129
ER body 10 5 0.45 11.09 0.00031 0.00578
cell surface 15 6 0.68 8.87 0.000198 0.0039
lysosome 56 11 2.52 4.36 0.000129 0.00268
plant-type vacuole membrane 119 18 5.37 335 0.0000258 0.000686
late endosome 79 11 3.56 3.09 0.00169 0.0265
plasmodesma 1006 108 45.36 2.38 3.45E-15 9.18E-13
cytoplasmic vesicle part 214 22 9.65 2.28 0.00095 0.016
trans-Golgi network 312 30 14.07 2.13 0.00024 0.00464
anchored component of membrane 315 29 14.2 2.04 0.00068 0.0117
apoplast 452 40 20.38 196 0.000124 0.00264
intrinsic component of plasma membrane 337 29 15.19 191 0.00168 0.0266
endoplasmic reticulum 939 83 45.04 184 3.83E-07 0.0000151
integral component of membrane 4075 266 183.73 1.45 1.04E-09 5.84E-08
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Table S3. Gene ontology enrichment analysis of biological processes. This table
represents the top 50 most highly enriched biological processes from 3679 significantly
upregulated genes following FLS treatment in the light.

Genesin False

reference  Genesin Expected Fold Discovery
GO biological process genome sample genes Enrichment  P-value Rate
pyridoxine biosynthetic process 8 7 1.05 6.65 0.000785 0.0155
pyridoxal phosphate biosynthetic process 7 6 0.92 6.52 0.00204 0.0332
leucine catabolic process 7 6 0.92 6.52 0.00204 0.033
photosystem Il stabilization 7 6 0.92 6.52 0.00204 0.0329
plastoquinone biosynthetic process 7 6 0.92 6.52 0.00204 0.0328
photoinhibition 14 12 1.84 6.52 0.000012 0.000374
cytochrome b&f complex assembly 7 6 0.92 6.52 0.00204 0.0327
cellular responseto light intensity 10 8 132 6.08 0.000492 0.0104
detection of external biotic stimulus 10 8 132 6.08 0.000492 0.0104
regulation of responseto oxidative stress 9 7 118 5.91 0.00126 0.0227
photosyntheticacclimation 9 7 118 5.91 0.00126 0.0225
vitamin E biosynthetic process 9 7 118 5.91 0.00126 0.0225
chlorophyll catabolic process 12 9 158 5.7 0.000304 0.00683
positive regulation of RNA polymerase |l transcriptional preinitiation complex
assembly 8 6 1.05 5.7 0.00322 0.0481
proteasomal ubiguitin-independent protein catabolic process 22 16 2.89 5.53 1.92E-06 0.0000701
photosystem Il repair 15 10 197 5.07 0.000278 0.00638
defense responseto bacterium, incompatible interaction 40 26 5.26 4.94 6.97E-08 4.63E-07
plastid translation 14 9 1.84 4.89 0.00068 0.0135
photosystem Il assembly 22 14 2.89 4.84 2.51E-05 0.000726
xanthophyllmetabolic process 14 8 1.84 4.34 0.00235 0.0367
response to superoxide 14 8 1.84 4.34 0.00235 0.0365
response to molecule of fungal origin 16 9 2.1 4,28 0.00137 0.0242
systemic acquired resistance, salicylic acid mediated signaling pathway 16 9 2.1 4,28 0.00137 0.0242
endoplasmic reticulum unfolded protein response 18 10 2.37 4,22 0.000803 0.0157
protein stabilization 15 8 197 4.05 0.00323 0.0481
plant-type hypersensitive response 67 34 8.81 3.86 4.59E-09 3.31E-07
response to molecule of bacterial origin 34 17 4.47 3.8 3.71E-06 0.00105
response to ozone 32 16 421 3.8 6.24E-05 0.00169
regulation of chlorophyll metabolic process 24 12 3.16 3.8 0.000509 0.0106
thylakoid membrane organization 47 23 6.18 3.72 2.23E-06 0.0000792
negative regulation of programmed cell death 23 11 3.03 3.64 0.00115 0.0211
protein-chromophorelinkage 23 11 3.03 3.64 0.00115 0.021
cellular oxidant detoxification 21 10 2.76 3.62 0.00196 0.0321
defense responseto fungus, incompatibleinteraction 45 21 5.92 3.55 1.07E-06 0.00034
protein targeting to chloroplast 38 18 5.13 3.51 5.02E-06 0.0014
protein quality control for misfolded or incompletely synthesized proteins 22 10 2.89 3.46 0.00255 0.0391
regulation of systemic acquired resistance 22 10 2.89 3.46 0.00255 0.039
response to absence of light 40 18 5.26 3.42 6.49E-05 0.00174
glycerol ether metabolic process 29 13 3.82 3.41 0.000675 0.0135
ATP hydrolysis coupled proton transport 26 11 3.42 3.22 0.00247 0.0379
photosynthetic electron transport chain 45 19 5.92 3.21 8.08E-05 0.00213
cellular responseto decreased oxygen levels 31 13 4.08 3.19 0.0011 0.0204
response to hypoxia 67 28 8.81 3.18 2.18E-06 0.0000781
response to hydrogen peroxide 79 33 10.39 3.18 2.84E-07 0.0000135
cellular responseto heat 65 27 8.55 3.16 3.6E-06 0.000121
regulation of photomorphogenesis 29 12 3.82 3.15 0.00185 0.0309
carotenoid biosynthetic process 34 14 4.47 3.13 0.000827 0.0161
neurotransmitter metabolic process 34 14 4.47 3.13 0.000827 0.016
response to chitin 137 56 18.02 3.11 4.8E-11 4.3E-09
regulation of dephosphorylation 27 11 3.55 3.1 0.00311 0.0468
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Table S4. Gene ontology enrichment analysis of cellular component. This table
represents the most highly enriched cellular component classes from 3679 significantly
upregulated genes following FLS treatment in the light.

Genes in False
reference  Genesin  Expected Fold Discovery

GO biological process genome sample genes Enrichment  P-value Rate
chloroplastic endopeptidase Clp complex 8 7 1.05 6.65 0.000785 0.00949
ESCRT | complex 8 6 1.05 5.7 0.00322 0.0314
proteasome core plex, alpha-subunit pl 10 7 1.32 5.32 0.00192 0.0204
autophagosomemembrane 12 7 1.58 4.43 0.00404 0.0377
proteasome regulatory particle, base subcomplex 19 11 2.5 4.4 0.00034 0.00453
chloroplast photosystem Il 19 11 2.5 4.4 0.00034 0.00447
stromule 35 19 4.6 4.13 0.00000536 0.0000851
chloroplast thylakoid lumen 81 40 10.66 3.75 3.86E-10 B8.22E-09
photosystem |l oxygen evolving complex 23 11 3.03 3.64 0.00115 0.0134
plastoglobule 79 36 10.39 3.46 1.46E-08 2.73E-07
chloroplast inner membrane 80 34 10.52 3.23 1.36E-07 2.38E-06
peroxisomal membrane 43 15 5.66 2.65 0.00287 0.0288
intrinsic component of mitochondrial membrane 46 15 6.05 248 0.0041 0.0379
mitochondrial matrix 165 42 21.71 1.93 0.00029 0.00391
plant-typevacucle membrane 119 29 15.65 1.85 0.00439 0.0399
apoplast 452 95 59.46 16 0.0000658 0.00096
plasma membrane 3843 713 505.56 141 1.03E-18 3.77E-17
cytosol 2245 404 295.34 1.37 4.24E-09 8.06E-08
plasmodesma 1006 175 132.34 1.32 0.000716 0.00886
integral component of membrane 4075 688 536.08 1.28 1.36E-10 3.08E-09
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Table S5. Gene ontology enrichment analysis of biological processes. This table
represents the most highly enriched biological processes from 4141 significantly
downregulated genes following FLS treatment in the light.

Genesin False

reference  Genesin Expected Fold Discovery
GO biological process sampl genes Enrichment  P-value Rate
phragmoplast assembly 6 6 0.89 6.74 0.00213 0.0335
AMP salvage 6 1.04 5.78 0.00352 0.0488
cellular responseto iron ion starvation 7 6 1.04 5.78 0.00352 0.0487
guard mother cell differentiation 10 8 1.48 5.39 0.00101 0.0193
anthocyanin-containing compound biosynthetic process 17 12 2.52 4.76 0.00013 0.00342
procambium histogenesis 10 7 1.48 4.72 0.00355 0.049
auxin efflux 13 9 1.93 4.67 0.00101 0.0193
microtubule-based movement 70 48 10.38 4.62 4.63E-14 8.55E-12
nuclear DNA replication 12 8 178 4.49 0.00228 0.0352
DNA replication initiation 23 15 3.41 4.4 3.72E-05 0.00113
very long-chain fatty acid biosynthetic process 17 11 2.52 4.36 0.000426 0.00918
microtubule nucleation 14 9 2.08 4.33 0.00147 0.0255
cutin biosyntheticprocess 18 11 2.67 4.12 0.000606 0.0124
DNA unwindinginvolvedin DNA replication 17 10 2.52 3.97 0.00133 0.0236
cell wall pectin metabolic process 48 28 712 3.93 1.06E-07 6.75E-06
asymmetric cell division 21 12 3.11 3.85 0.000541 0.0112
flavonel metabolic process 16 9 2.37 3.79 0.00288 0.0416
negative regulation of DNA-dependent DNA replication 16 9 2.37 3.79 0.00288 0.0413
phloem transport 18 10 2.67 3.75 0.00183 0.0302
mitotic spindle organization 22 12 3.26 3.68 0.000739 0.0146
male meiotic nuclear division 24 13 3.56 3.65 0.000472 0.0101
positive gravitropism 32 17 475 3.58 7.98E-05 0.00221
DNA -dependent DNA replication maintenance of fidelity 19 10 2.82 3.55 0.00247 0.0375
ribosomal large subunit assembly 42 22 6.23 3.53 8.91E-06 0.000323
transmembrane receptor protein tyrosine kinase signaling pathway 119 60 17.65 3.4 9.24E-13 1.44E-10
wax biosynthetic process 22 11 3.26 3.37 0.00207 0.0329
negative regulation of mitotic cell cycle phasetransition 24 12 3.56 3537 0.00132 0.0236
plant-type cell wall modification invelved in multidimensional cell growth 27 13 4 3.25 0.0011 0.0208
cytoplasmic translation 59 28 875 352 2.52E-06 0.000103
ribosomal small subunit assembly 34 16 5.04 3.17 0.000372 0.00841
regulation of DNA endoreduplication 24 11 3.56 3.08 0.0035 0.0488
purine ribonucleoside metabolic process 33 15 4.89 3.06 0.000744 0.0146
maturation of LSU-rRNA 29 13 4.3 3.02 0.00181 0.0301
spindle assembly 38 17 5.64 3.02 0.000391 0.00868
regulation of meristem growth 45 20 6.67 3 0.000133 0.00348
mitotic cell cycle checkpoint 32 14 475 2.95 0.00147 0.0255
positive regulation of cell proliferation 61 26 9.05 2.87 3.08E-05 0.000968
plant-type cell wall loosening 38 16 5.64 2.84 0.00153 0.0264
leaf vascular tissue pattern formation 31 13 4.6 2.83 0.00288 0.0417
mitatic sister chromatid segregation 36 15 534 2.81 0.00235 0.036
respense to zincion 41 17 6.08 2.8 0.0011 0.0208
cuticle development 34 14 5.04 2.78 0.00361 0.0496
negative regulation of chromosome organization 40 16 593 2.7 0.0019 0.0312
cytoplasmic microtubule organization 43 17 6.38 2.67 0.00142 0.025
respense to nematode 74 29 10.98 2.64 4.09E-05 0.00123
regulation of mitotic nuclear division 73 28 10.83 2.58 6.97E-05 0.00199
anatomical structure arrangement 60 23 8.9 2.58 0.000387 0.00864
positive regulation of cell cycle 84 32 12.46 2.57 2.11E-05 0.000693
glucosinolate biosynthetic process 53 20 7.86 2.54 0.00121 0.0219
serine family amino acid biosynthetic process 51 19 7.56 2.51 0.00181 0.0301
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Table S6. Gene ontology enrichment analysis of cellular component. This table
represents the most highly enriched cellular component classes from 4141 significantly
downregulated genes following FLS treatment in the light.

Genesin False

reference  Genesin  Expected Fold Discovery
GO biological process genome sample genes  Enrichment  P-value Rate
MCM complex 6 6 0.89 6.74 0.00213 0.0208
chaperonin-containing T-complex 11 10 1.63 6.13 0.000116 0.00152
tubulin complex 13 10 1.93 5.19 0.000293 0.00359
nuclear pore inner ring 8 6 1.19 5.06 0.00549 0.046
kinesin complex 65 47 9.64 4.88 2.08E-14 5.82E-13
DNA polymerase complex 10 7 1.48 472 0.00355 0.0331
condensed nuclear chromosome, centromeric region 10 7 1.48 4,72 0.00355 0.0328
cell surface 15 10 2.22 4.49 0.000656 0.00734
cytosolic large ribosomal subunit 147 93 21.8 4.27 4.93E-24 4.37E-22
cytosolic small ribosomal subunit 108 68 16.02 4.25 6.9E-18 2.53E-16
gamma-tubulin complex 13 8 1.93 4.15 0.00328 0.0314
preprophase band 17 9 2.52 3.57 0.00391 0.0356
spindle microtubule 17 9 2,52 3.57 0.00391 0.0353
nuclear replisome 20 10 2,97 3.37 0.00328 0.0309
kinetochore 27 13 4 3.25 0.0011 0.0116
centrosome 46 21 6.82 3.08 0.0000678 0.000913
cyclin-dependent protein kinase holoenzyme complex 51 23 7.56 3.04 0.0000361 0.000534
nucleosome 45 20 6.67 3 0.000133 0.00171
cortical microtubule cytoskeleton 26 11 3.86 2.85 0.00562 0.0467
cytoplasmic microtubule 26 11 3.86 2.85 0.00562 0.0464
phragmoplast 75 29 11.12 2.61 0.0000463 0.000657
plasmodesma 1006 336 149.21 2,25 1.03E-34 1.56E-32
trans-Golgi network 312 o7 46.27 2.1 1.81E-09 4.48E-08
nucleolus 453 138 67.19 2.05 2.24E-12 6.1E-11
plant-type cell wall 387 116 57.4 2.02 2.92E-10 7.4E-09
anchored component of plasma membrane 171 a4 25.36 173 0.00203 0.02
apoplast 452 109 67.04 163 0.0000107 0.000171
endosome 420 101 62.29 162 0.00003 0.00045
vacuolar membrane 637 140 94.48 148 0.0000457 0.000657

Table S7. Hormone quantification of FLS-treated samples. Endogenous phytohormones
were quantified through liquid chromatography mass spectrometry analysis (LC/MS) from
plant tissue treated +/- 50 uM FLS for 7 days continuous light or 5 days dark. DD=Dark-
grown, LL=Light-grown, 0/50 represents FLS treatment and 1-3 represents biological
replicates. NF=Not found.

Result (pmole/g frozen sample)

Sample Sample
weight Nan!:e I1AA t-ZR JA-lle OPDA JA ABA |AA-Asp c-Zeatin t-Zeatin SA DHZ
(mg)

78.70 DDO1 9.0 <13 3.9 72.7 36.1 29.9 4.2 <13 NF 48.7 <1.3
155.60 DDO2 9.4 <1.3 2.4 46.1 21.5 36.8 6.6 <1.3 NF 33.9 <1.3
122.80 DDO3 8.1 <1.3 <13 62.2 27.8 27.9 4.7 <13 NF 52.2 <1.3
130.60 DD501 9.0 <1.3 1.9 101.3 18.8 18.0 6.1 <1.3 NF 131.0 <1.3
151.90 DD502 5.1 <1.3 1.6 57.0 12.5 7.5 5.3 <1.3 NF 81.2 <1.3
111.70 DD503 8.7 <1.3 <13 60.5 11.5 14.9 6.3 1.8 NF 33.7 <1.3
133.00 LLO1 29.2 <1.3 <1.3 5857.0 9.8 15.8 3.6 1.4 NF 401.0 <13
135.50 LLO2 30.3 <1.3 <1.3 7130.0 111 21.2 2.5 1.7 NF 365.0 <13
125.90 LLO3 28.8 <1.3 <1.3 4522.0 11.2 14.6 5.1 <1.3 NF 3230 <13
125.80 LL501 13.9 <1.3 <1.3 3947.0 101.7 9.4 4.9 <1.3 NF 850.0 2.2
132.00 LL502 104 <1.3 3.0 2401.0 106.0 11.2 3.7 <1.3 NF 658.0 1.8
110.40 LL503 16.3 <1.3 <1.3 3138.0 1543 13.1 4.0 <1.3 NF  1106.0 1.7
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Table S8. Expression of auxin-related genes in transcriptomic analysis. Transcript level
changes of auxin-related genes to FLS treatment from light and dark grown seedlings
samples. Black text denotes no significant gene expressions changes, blue text denotes
significantly down regulated and red denotes significantly upregulated transcript levels in
response to FLS treatment.

Dark-grown Light-grown Dark-grown Light-grown

Gene ID  Gene name log2fold change log2fold change Gene ID  Gene name log2fold change log2fold change
AT3G62980 TIR1 0.511828 0.028369 AT4G34770 SAUR1 -0.07428 153442
ATAG03190 AFB1 0.212804 -2.68938 AT4G34780 SAUR2 3.974112 NA
AT3G26810 AFB2 -0.50928 -0.44835 ATAG3A7S0 SALRS -2.02602 4120157
AT1G12820 AFB3 -0.38092 -0.1419 ATAGIAB0 SALIRA 443142 -1.7518
AT4G24390 AFB4 .0.43962 0.65522 ATAG34810 SAURS -1.16976 0.383243

AT2G21210 SAURG -0.61658 0.357434
AT5G49980 AFB5 -0.42265 -0.23451 AT2621200 SAUR? 28374 0257507
AT1610940 AsK1 0.243026 0.271633 AT2GL6S80 SAURS 099469 770678
ATAG02570 cuL -0.10404 0.408041 ATAG36110 SAURS 097113 103929
ATS5G20570 RBX1 0.140893 0.648234 AT2G18010 SAURLO 123494 -4.27056
AT1G59750 ARF1 -0.41806 -0.48012 ATSG66260 SAUR11 -3.27918 2023093
ATSG62000 ARF2 -0.31987 -0.3031 AT2621220 SAUR12 -0.84084 222381
AT2G33860 ARF3 0.063378 -0.71391 AT4G38825 SAUR13 -0.49846 -3.78152
ATSG60450 ARF4 0.21221 -1.06634 ATAG38840 SAUR14 0.00225 -1.36372
AT1619850 ARFS -0.09563 L8758 ATAG38850 SAURLS 4192136 -0.94305
AT1630330 ARF6 -0.46664 -0.7482 ﬂ:g;z:gg x::;g :gg;iz 'D":f:ss
ATS5G20730 ARF7 -0.34466 0.416405 AT3051200 <AURS A A
ATSG37020 ARF8 0.079879 -0.63084 ATSG18010 SAURLS 122152 -5.04962
AT4G23980 ARF9 -0.45656 -0.2807 ATSG18020 SAUR20 202680 40392
AT2G28350 ARF10 -0.73661 -0.68989 ATSG18030 SAUR21 -0.98188 -1.91686
AT2G46530 ARF11 -1.2192 -0.73548 ATSG18050 SAUR22 -0.89628 -5.59923
AT1634310 ARF12 NA NA AT5G18060 SAUR23 -0.95905 -6.15078
AT1G34170 ARF13 NA NA AT5G18080 SAUR24 -1.41466 -6.35151
AT1G35540 ARF14 NA NA AT4G13790 SAUR25 -0.203 NA
s s v o o s
AT4G30080 ARF16 -0.36485 0.027795 ATAC01830 <AUR2E et A
AT1G77850 ARF17 -0.26569 0.498916 AT2003820 <AURZS 073186 66196
AT3G61830 ARF18 -0.46382 -2.50043 ATSG53550 SAURSO 149195 127048
AT1G19220 ARF19 -0.07955 -0.55503 ATAGOOBSO SAUR31 0.6142 -3.95582
AT1G35240 ARF20 0.365997 NA AT2G46690 SAUR32 -0.71139 087116
AT1G34410 ARF21 NA NA AT3G61900 SAUR33 -1.82166 0.855766
AT1G34390 ARF22 NA NA ATAG22620 SAUR34 0.368361 4.775335
AT1G43950 ARF23 NA NA ATAG12410 SAUR35 1.674592 -2.78058
AT4G14560 1AA1 0.291956 -1.41828 AT2645210 SAUR36 -0.16907 2771311
AT3623030 1AA2 -0.25487 1.252087 ATAG31320 SAURS? NA 73807
AT1604240 18A3 -0.9182 -4.70498 P P ol B
AT5G43700 1AA4 -0.64823 -0.92668

AT1G79130 SAUR40 NA NA
AT1GAS5E0 IAAS B NA ATIG16510 SAURA1 0.913837 2046026
AT1G52830 1AA6 -2.9711 NA AT2G28085 SAUR42 429156 NA
AT3623050 1AA7 0.050384 -0.19281 ATSGA2410 SAURA3 NA -2.88109
AT2G22670 1AAS -0.14194 -1.5999 AT5G03310 SAUR44 0.714631 -3.3887
ATS5GE5670 1AA9 -0.12806 -0.89871 AT2G36210 SAUR4S -4.65548 0.582377
AT1G04100 1AAL0 0.437983 1.247466 AT2G37030 SAUR4G 1676 NA
AT4G28640 1AAL1 0.408701 -0.42732 AT3620220 SAUR4? NA NA
AT1604550 1AA12 -0.26044 -0.33068 AT3G09870 SAUR4g NA NA
AT2G33310 \AAL3 076563 0.97611 AT4G34750 SAURAY 0.902686 0.348381

AT4G34760 SAURS0 -0.77097 -1.5382
ATAG14550 IAAL4 -1.01272 -1.0122 AT1G75580 SAURS1 0.080112 -0.64207
AT1G80350 1AA15 NA 0.445437 AT1G75590 SAURS52 2190461 -71.02226
AT3G04730 1AAL6 0.152404 0.419049 ATLG19840 SAURS3 0200881 .8.03848
AT1G04250 I1AAL7 -1.51334 -3.91179 AT1G19830 SAURS4 -6.12475 -5.65054
AT1G51950 1AA18 0.322414 1.020637 ATSG50760 SAURSS -0.99958 0.279573
AT3G15540 1AA19 -1.58828 -1.58828 AT1676190 SAURS6 NA -0.97067
AT2G46990 1AA20 -0.04815 -0.13225 AT3G53250 SAURS? +2.49964 -0.81529
AT5G20730 1AA21 -0.07955 -0.55503 AT1643040 SAURSS NA +3.74959
AT1619220 1AA22 0.354655 0.05572 ﬁﬁiiﬁﬁﬂ ::z;:: °§";—’:59 2135;3:‘;1
ATSG20730 1AA23 -0.43928 -0.43506 AT1G28420 AURG1 0027056 23887
AT1G19850 1AA24 1.210189 1.367828 AT1629430 SAUR62 128782 197037
AT5G20730 1AA25 0.136456 -1.80617 ATLG25400 SAURG3 194058 74835
AT3G16500 1AA26 -0.27935 -0.30861 AT1G29450 SAURGA -1.49752 -6.32958
ATAG29080 I1AA27 1.081168 1.30429 AT1G29460 SAURGS -1.23536 -7.04784
AT5G25890 1AA28 0.872053 -0.78805 AT1G29500 SAUR66 -1.27705 -1.64091
AT4G32280 1AA29 -1.06843 -1.06843 AT1G29510 SAURG7 -2.42646 -6.89142
AT2G14960 GH3.1 -6.87261 -6.82486 AT1G29490 SAURGS -248974 NA
AT4G37390 GH3.2 -0.26739 -0.99372 AT5G10990 SAURGY NA -2.62202
AT2G23170 GH3.3 0.398947 -1.67979 AT5620810 SAUR70 -0.84768 0.059941
o w a e s o
ATAG27260 GH3.5 -0.40974 -0.57409 AT3603847 SAURTS NA A
ATSG54510 GH3.6 -0.52779 0.18801 AT3G12955 SAUR7A 120971 062675
AT2G47750 GH3.9 -0.43188 -1.73428 ATSG27780 SAURTS NA NA
AT2G46370 GH3.11 -0.16044 -0.10966 ATSG20820 SAUR76 0258225 -1.76959
AT5G13320 GH3.12 -1.5148 4.374463 AT1G17345 SAUR77 1.286004 -1.58783
AT5G13370 GH3.15 1.142902 2.339219 AT1G72430 SAURTS -0.54921 1.325409
AT1G28130 GH3.17 -1.64297 -0.326 AT2G35290 SAUR79 0.183441 2.665684
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Table 9. Details of 94 potentially resistant lines selected from screening on 50 uM FLS.
The names of each mutant represent % EMS treatment, # indicates pool number and (x)
denotes separate individuals selected from the same pool.

Mutant pool EMS% pool # M, harvested Date screened M; harvested Selflct;duf;um
1 1% #1 (1) 7317 26.7.17 5.1017 LL
2 1% #1 (2) 7.3.17 26.7.17 5.1017 LL
3 0.75% #2 7317 31.7.17 16.11.17 LL
4 1% #3 (1) 7317 30.8.17 27.11.18 L
5 1% #3 (2) 7317 30.8.17 27.11.18 L
6 1% #3 7317 30.8.17 23118 LL
7 0.75%#6 (1) 7317 7.10.17 1318 LL
8 0.75% #6 (2) 7.3.17 7.10.17 LL
9 0.5% #1 21.8.17 9.12.17 (U5
10 0.5% #4 21.6.17 8.3.18 LL
11 0.5% #20 (1) 19.6.17 23.3.16 L
12 0.5% #20 (2) 19.6.17 23.3.17 L
13 0.5%#15 (1) 21.6.17 23.3.18 (UL
14 0.75% #19 204.18 20.7.18 DD
15 0.75% #13 204.18 20.7.18 31.10.18 DD
16 0.25% #2 20.4.18 2.7.18 31.10.18 LL
17 0.25% #13 (1) 20.4.18 16.7.17 21.11.18 L
18 0.25% #13 (2) 204.18 16.7.18 21.11.18 LL
19 0.75%#3 (2) 204.18 19.7.18 31.10.18 LL
20 0.75% #14 (1) 20.4.18 20.7.18 31.10.18 LL
21 0.75% #14 (2) 204.18 20.7.18 31.10.18 L
22 0.75% #15 (2) 204.18 20.7.18 21.11.18 LL
23 0.75% #15 (1) 204.18 20.7.18 21.11.18 LL
24 0.75% #22 (1) 24.4.18 25.7.18 21.11.18 LL
25 0.75% #22 (2) 244.18 25.7.18 21.11.18 L
26 0.75% #22 (3) 24.4.18 25.7.18 21.11.18 LL
27 0.75% #26 24418 25.7.18 21.11.18 L
28 0.5% #4 (1) 27.6.17 2.7.18 5.11.18 LL
29 0.5% #4 (2) 27.6.17 2.7.18 5.11.18 LL
30 0.5% #4 (3) 27.6.17 2.7.18 5.11.18 LL
31 0.5% #4 (4) 27.6.17 2.7.18 5.11.18 (UL
32 0.5% #26 (3) 22217 15.6.17 5.11.18 LL
33 0.5% #30 22217 15.6.17 5.11.18 L
34 0.5% #33 22217 15.6.17 5.11.18 LL
35 0.5%#34 22217 15.6.17 511.18 L
36 0.75% #31 (1) 24.4.18 26.7.18 21.11.18 LL
37 0.75% #31 (2) 244.18 26.7.18 21.11.18 LL
38 0.75% #33 (1) 244.18 26.7.18 21.11.18 LL
39 0.75% #33 (3) 244.18 26.7.18 21.11.18 L
40 0.75% #51 (1) 24.4.18 31.7.18 21.11.18 LL
41 0.75% #51 (2) 24.4.18 31.7.18 21.11.18 L
42 0.75% #51 (3) 24.4.18 31.7.18 21.11.18 LL
43 0.75% #51 (4) 24418 31.7.18 21.11.18 (UE
44 0.75% #60 24.4.18 3.8.18 21.11.18 LL
45 0.75% #198 (1) 15.5.18 10.8.18 21.11.18 DD
46 0.75% #198 (2) 15.5.18 10.8.18 21.11.18 DD
47 0.75% #198 (3) 15.5.18 10.8.18 21.11.18 DD
48 0.75% #198 (6) 15.5.18 10.8.18 21.11.18 DD
49 0.75% #124 (1) 8.5.18 21.8.18 5.12.18 L
50 0.75% #124 (2) 8.5.18 21.8.18 5.12.18 LL
51 0.75% #124 (3) 8.5.18 21.8.18 5.12.18 (U5
52 0.75% #125 (1) 8.5.18 21.8.18 5.12.18 LL
53 0.75% #125 (2) 8.5.18 21.8.18 5.12.18 L
54 0.75% #125 (3) 8.5.18 21.8.18 5.12.18 LL
55 0.75% #125 (4) 85.18 21.8.18 51218 LL
56 0.75% #125 (5) 85.18 21.8.18 5.12.18 LL
57 0.75% #125 (6) 85.18 21.8.18 5.1218 LL
58 0.75% #125 (7) 8.5.18 21.8.18 5.12.18 LL
59 0.75% #127 (1) 8.5.18 21.8.18 5.12.18 LL
60 0.75% #127 (2) 8.5.18 21.8.18 5.12.18 LL
61 0.75% #134 8.5.18 21.8.18 5.12.18 L
62 0.75% #135 (1) 8.5.18 20.8.18 5.12.18 LL
63 0.75% #135 (2) 8.5.18 20.8.18 5.1218 L
64 0.75% #135 (3) 8.5.18 20.8.18 5.12.18 LL
65 0.75% #135 (4) 85.18 20.8.18 5.1218 L
66 0.75% #145 (1) 11.5.18 17.8.18 5.12.18 LL
67 0.75% #145 (2) 11.5.18 17.8.18 5.12.18 L
68 0.75% #145 (3) 11.5.18 17.8.18 5.12.18 L
69 0.75% #152 (1) 11.5.18 17.8.18 5.1218 LL
70 0.75% #152 (2) 11.5.18 17.8.18 5.12.18 LL
71 0.75% #152 (3) 11.5.18 17.8.18 5.1218 L
72 0.75% #152 (4) 11.5.18 17.8.18 5.12.18 LL
73 0.75% #152 (5) 11.5.18 17.8.18 5.1218 L
74 0.75% #152 (6) 11.5.18 17.8.18 5.12.18 LL
75 0.75%#4 (1) 2719 15.7.19 24.10.19 [
76 0.75% #4 (2) 2.7.19 15.7.19 241019 L
n 0.75%#5 (1) 2.7.19 15.7.19 24.10.19 L
78 0.75%#5 (2) 2.7.19 15.7.19 24.10.19 L
79 0.75%#5 (3) 27.19 15.7.19 24.10.19 LL
80 0.75% #5 (4) 2.7.19 15.7.19 24.10.19 LL
81 0.75% #10 2.7.19 15.7.19 4.1119 LL
82 0.75% #18 (1) 2.7.19 18.7.19 24.10.19 LL
83 0.75% #18 (2) 2.7.19 18.7.19 4.1119 LL
84 0.75% #43 (1) 3.7.19 26.7.19 24.10.19 LL
85 0.75% #43 (2) 3.7.19 26.7.19 24.10.19 LL
86 0.75% #43 (3) 3719 26.7.19 24.10.19 LL
87 0.75% #43 (4) 3719 26.7.19 24.10.19 LL
88 0.75% #43 (5) 3719 26.7.19 24.10.19 LL
89 0.75% #64 3.7.19 21.7.19 24.10.19 L
90 0.75% #69 4.7.19 31.7.19 24.10.19 L
91 0.75% #78 4.7.19 16.8.19 24.10.19 DD
92 0.75% #100 4.7.19 12.9.19 18.12.19 LL
93 0.75% #115 (1) 8.7.19 12.9.19 18.12.19 LL
94 0.75% #115 (2) 8.7.19 12.9.19 18.12.19 LL
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Figure S1. Re-screen of 91 potentially FLS-resistant lines. WT seedlings were grown in WL
alongside each line for 7 days light on %2 MS 0.8% agar media with addition of FLS to 50
M. Vehicle control condition included addition of 0.1% (v/v) DMSO to media. Fresh
weight and total chlorophyll data points represent the mean of one biological replicate,
root length data points represent the mean + SEM of 4-41 individuals per condition.
Asterisks indicate * p<0.05, ** p<0.01, *** p<0.001 between WT seedlings and resistant
lines by t-test.
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