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ABSTRACT

Abstract

On account of their sessile natures, plants depend upon complex internal signalling
pathways to monitor their surroundings and engage appropriate responses to adapt to them.
The interplay between many environmental factors means the majority of response
pathways in plants are activated or repressed by several biotic or abiotic stimuli. Such an
overlap has been identified between invertebrate herbivore-induced signalling pathways,
and those regulated by a component of sunlight, Ultraviolet-B (UV-B) radiation. UV-B
(280-315 nm) is a small yet potent component of solar radiation that can result in the
development of macromolecular damage in the majority of living organisms that are
exposed to the short wavelength radiation over prolonged periods of time. Plants, on the
other hand, seldom exhibit the negative effects of excessive UV-B exposure, but in fact
depend on such components of sunlight as environmental signals for regulating their
photomorphogenic and metabolic processes. In plants, the constituents of solar radiation
are detected by specialised photoreceptor proteins that, upon recognition of specific
qualities and/or quantities of light, initiate an array of downstream reprogramming events
that can promote fundamental developmental processes, such as germination, or dictate the
positioning of photosynthetic organelles in cells to maximise the rates of photosynthesis
while protecting the apparatus from excessive illumination. UV-B radiation is perceived
by a UV-B photoreceptor, UV RESISTANCE LOCUSS8 (UVRS), via intrinsic UV-B-
absorbing tryptophan chromophore residues that are embedded within the protein. UVRS
is present in the cytoplasm and nucleus as a homodimer when in the absence of UV-B, and
upon detection of the short wavelength radiation, it undergoes monomerisation and
accumulates in the nucleus, where it interacts with the E3 wubiquitin ligase,
CONSTITUTIVELY PHOTOMORPHOGENICI (COP1), initiating subsequent UVRS-
signalling cascades. @~ UVRS8-mediated responses include suppression of hypocotyl
extension, activation of DNA damage repair mechanisms, and increased biosynthesis of
UV-B-absorbing flavonoids, along with their accumulation in the epidermis.

Previous research has found that UV-B radiation can reduce the susceptibility of many
species of plants to pathogen infection, invertebrate herbivory and invertebrate oviposition,
in that plants placed under UV-B-excluding filters in controlled experimental conditions or
in the field sustaining higher levels of tissue damage to pests and pathogens. Microarray
studies have identified genes differentially regulated by herbivory and UV-B radiation,

including genes involved in the biosynthesis of the wound response phytohormone,
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jasmonic acid (JA). It has been suggested that plant sensitivity to JA is heightened,
possibly due to regulation in expression or the stability of components involved in
downstream JA signalling events. As such, the exact molecular mechanisms of UV-B-
enhanced plant defence against invertebrate pests and necrotrophic pathogens are
somewhat elusive, although the use of Arabidopsis mutants or over-expressing lines has
identified certain genes and pathways that may be involved in this response.

This study aimed to better understand the transcriptomic and metabolic basis of UV-B-
mediated defence in the commercially important crop, oilseed rape (Brassica napus),
against two destructive invertebrate pests, the grey field slug (Deroceras reticulatum) and
larvae of the Diamondback moth (Plutella xylostella). Choice chamber bioassays
conducted under controlled experimental conditions revealed that both invertebrates
displayed a feeding preference for WT Arabidopsis and B. napus plants maintained under
minus UV-B conditions, while use of Arabidopsis uvr8-1 mutants and 35Spro:GFP-UVRS
over-expressing lines found that a UV-B-mediated reduction in plant susceptibility is not
regulated by UVRS8. Several early-induced B. napus transcription factors were identified
in RNA-seq as being commonly regulated by UV-B radiation, MeJA treatment, slug
herbivory or Plutella herbivory, including WRKY40, ANAC102, ZAT6 and ERF'104, while
a selection of chlorine-containing metabolites, putative lipid-based molecules and
compounds associated with the phenylpropanoid pathway were found to accumulate in
response to UV-B- radiation and invertebrate herbivory using reversed-phase HPLC.

Two genes were selected from the RNA-seq data for over-expression in Arabidopsis, based
on their increased expression in response to separate UV-B radiation and herbivory
treatments in B. napus. One of these genes was predicted to encode VITAMIN C
DEFICIENT 2 (VTC2), a GDP-L-galactose phosphorylase involved in the first committed
step of L-ascorbate biosynthesis from D-glucose. The second is a putative aromatic alcohol
dehydrogenase ELICITOR-ACTIVATE GENE 3-2 (ELI3-2), which is part of a family of 9
proteins in Arabidopsis typically involved in the phenylpropanoid pathway. Despite not
being identified as differentially regulated in the RNA-seq data, an additional gene,
CAFFEATE O-METHYLTRANSFERASE 1 (COMTI), was also over-expressed in
Arabidopsis, due to its presence in a branch of the phenylpropanoid pathway previously
thought to be important in conferring UV-B-mediated resistance against the necrotrophic
fungus, Botrytis cinerea. Mutants impaired in the expression of either of these genes
retained the ability to deter invertebrate herbivores in a UV-B-dependent manner, while
Arabidopsis COMT1 over-expressing lines treated with UV-B radiation were not only less

susceptible to slug and Plutella herbivory than non-UV-B-treated plants of the same

ii
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genotype, but noticeably more resistant than UV-B-treated Col-0 progenitor lines.

This study obtained extensive information on the genetic and metabolic overlaps in B.
napus following UV-B radiation and invertebrate herbivory, and the data presented from
these studies, along with the results from the over-expressing Arabidopsis lines, will
hopefully provide some insight into the possible mechanisms of UV-B-mediated defence

against herbivore pests, and facilitate future research into this area of study.
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CHAPTER 1 INTRODUCTION

Chapter 1: Introduction

1.1 Solar radiation and plants

As sessile organisms, plants rely on internal signalling networks to detect changes in their
environment and regulate their biochemical and physiological processes accordingly to
promote growth and survival. On a daily basis, plants are bombarded with a plethora of
biotic and abiotic factors, some of which promote developmental processes, such as
germination and leaf positioning to maximise photosynthetic processes (Inouea et al.,
2008), while others can have negative effects on their survival, such as the transmission of
disease or subjection to drought. Undoubtedly, one of the most important environmental
factors required for sustaining plant life, and subsequently all life on earth, is solar
radiation. Sunlight is not only intrinsic for photosynthetic processes, but also serves as an
external signal that can reprogram approximately 20% of a plant’s genome (Jiao et al.,
2007) leading to an array of photomorphogenic and metabolic modifications in plants, such
as seedling emergence, phototropism, inhibition of hypocotyl elongation, and development
of reproductive organs (Kami et al., 2010). The biologically relevant range of solar
radiation that reaches the planet encompasses the long wavelengths of far-red light (~700-
800 nm) to the short wavelengths of Ultraviolet-B (UV-B) radiation at 280-315 nm (Figure
1-1), with the spectrum of visible light between 400-700 nm classed as photosynthetically
active radiation (PAR). As the name suggests, constituents of PAR are essential for
promoting plant photosynthetic processes, and subsequently sustaining their survival. The
different components of solar radiation can have different and overlapping effects on
plants, with red light promoting germination and shade avoidance (Aphalo et al., 1999,
Kami et al., 2010) and blue light regulating plant growth towards the light source
(phototropism), chloroplast accumulation and leaf expansion (Kinoshita et al., 2001,
Takemiya et al., 2005, Christie, 2007). Due to the complexity of plant signalling cascades,
it is unsurprising that many light-induced responses in plants converge with one another,
and also with those regulated by other abiotic and biotic factors, such as temperature and
nutrient availability (Jiao et al., 2007, Kilian et al., 2007, Franklin, 2009). Such
convergences in signalling pathways are thought to confer cross-tolerance to plants that are
exposed to multiple stresses or anticipate subjection to factors typically associated with a
“primary” stress (Pastori and Foyer, 2002). A particularly interesting cross-

communication event occurs between the UV-B- and wound-induced signalling pathways,
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the latter of which is activated by insect and pathogenic pests. Studies have so far
illustrated genetic and metabolic overlaps between these two signalling pathways, and it
has been shown with numerous plant species that removal of UV-B from their growing
environment can increase susceptibility to insect herbivory and oviposition (egg-laying;
(Izaguirre et al., 2003)(Caputo et al., 2006, Roberts and Paul, 2006, Demkura and Ballaré,
2012, Mewis et al., 2012). While the ability of UV-B radiation to mediate plant defence
against herbivore pests has received much attention over the past two to three decades, the
exact molecular mechanisms underpinning this phenomenon remain elusive.

The introductory chapter of this thesis provides a brief overview of plant responses to
components of visible and UV-A radiation, followed with a more detailed report of UV-B-
and herbivore pest-induced signalling pathways. Overlaps between these light- and
wound-responsive pathways will then be presented, along with an introduction to the

overall aims of this study.
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Figure 1-1. Components of the solar spectrum. The visible spectrum and part of the
UV spectrum of sunlight (~290-800 nm) reaches the earth’s surface, while the
stratospheric ozone layer removes the majority of UV-B from the spectrum, along with all
UV-C radiation.
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1.2 Plant responses to visible radiation

1.2.1 Perception of light via photoreceptor proteins

As previously mentioned, light not only drives photosynthetic processes, but also promotes
a wide range of developmental processes in plants. Dark grown seedlings exhibit a variety
of skotomorphogenic phenotypes, which include elongated hypocotyls, unopened apical
hook, unexpanded cotyledons and lack of pigmentation. Upon detection of light, seedlings
undergo major biological reprogramming events that adjust their growth and development.
These photomorphogenic plants possess shorter hypocotyls, opened apical hooks,
expanded cotyledons and are pigmented (Kim et al., 1998 ). The detection of sunlight and
activation of subsequent signalling pathways is facilitated by a series of photoreceptor
proteins that are responsive to the quality of radiation (the wavelengths of light, nm) and
the quantity of radiation (the number of moles of photons reaching a given area within a
specific time, usually referred to as the fluence rate, umol m? s@). To date five
photoreceptor families have been characterised in plants, including red- and far-red light-
absorbing phytochromes, blue/UV-A-responsive cryptochromes, phototropins and zeitlupe
proteins, and the UV-B-specific UV RESISTANCE LOCUS 8 (UVRS8) photoreceptor
(Figure 1-2). The phytochromes, cryptochromes, phototropins and zeitlupe proteins absorb
photons of light via organic non-protein cofactors called chromophores that typically
associate with the apoprotein photoreceptor at the N-terminal region. Upon absorption of
light, the chromophores undergo isomerization or reduction that induces a physical change
in the structure of the photoreceptor, allowing subsequent activation of light-induced
signalling responses (Taiz and Zeiger, 2002). Although each photoreceptor detects
specific wavelengths of light, signal integration exists where two or more photoreceptors

can activate overlapping genetic and physiological responses.
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Phytochrome
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Figure 1-2: Plant photoreceptor proteins and the wavelengths of light they detect.
Phytochromes detect red/far-red light, cryptochromes, phototropins, zeitlupe proteins
absorb blue/UV-A radiation and UVRS is a UV-B-specific photoreceptor. Phytochromes
possess an N-terminal sensory domain that binds covalently to a light-absorbing
chromophore, phytochromobilin (P¢B). The C-terminus contains various motifs involved
in signalling pathways: Per-ARNT-Sim (PAS) domains and Histidine Kinase-Related
Domain (HKRD). Cryptochromes contain a Cryptochrome N-terminal Photolyase-
Related Domain (CNT/PHR) and less conserved, intrinsically unstructured C-terminal
DAS Domain (CCT/DAS); FAD, Flavin Adenine Dinucleotide chromophore.
Phototropins possess a photosensory N-terminal domain consisting of two light-oxygen-
voltage (LOV) domains with flavin mononucleotide (FMN) chromophores. C-terminal
contains serine/threonine kinase domain for signalling processes. Zeitlupe proteins
possess a photosensory N-terminal region with a LOV domain and FMN chromophore,
along with an F-Box motif and 6x Kelch repeats (KELCH) in C-terminal region. UVRS is
a WD40 homodimeric photoreceptor with intramolecular tryptophan chromophores that
detect UV-B radiation. Image adapted from (Jiao et al., 2007), UVRS structure derived
from (Jenkins, 2014).

1.2.2 Plant responses to far-red/red light

Red and far-red light-induced plant responses are regulated by the phytochrome
photoreceptors, of which there are 5 members in Arabidopsis (phyA-phyE). Each
phytochrome contains a photosensory N-terminal domain to which the phytochrombilin
(P$B) chromophore covalently binds, and a regulatory C-terminal region that includes a

Histidine Kinase-Related Domain (HKRD) and dimerisation and localisation domains
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(Figure 1-2)(Chen and Chory, 2011). The ability of phytochromes to differentiate between
red and far-red light is facilitated by the photoreceptor existing in two physical states: the
biologically inactive red light-absorbing Pr state, and the biologically active far-red light-
absorbing Pfr state (Lagarias and Rapoport, 1980, Briggs and Huala, 1999). Upon
detection of red light, the Pr state undergoes a conformational change into the bioactive Pfr
form, and its subsequent translocation from the cytoplasm to the nucleus enables the
photoreceptor to direct light-responsive processes. This photoconversion is reversible, and
Pfr can return to the Pr state upon detection of far-red light or after prolonged exposure to
dark conditions (dark reversion)(Rockwell et al., 2006). The phytochromes phyB-phyE
are light-stable in Arabidopsis, and regulate responses to low-fluence red light and the
red:far-red light ratio. The light-labile phyA, on the other hand, regulates plant responses
to very low fluence rates of light and high irradiance, and is rapidly degraded in its active
Pfr form (Rockwell et al., 2006).

Phytochrome activity and photoconversion promotes the transition of plants from
skotomorphogenic to photomorphogenic growth and development, and regulates the shade
avoidance reaction and a series of photoperiodism responses, which lead to flowering and
bud dormancy. In addition, the ratio of Pfr:Pr in plants has been implicated in affecting
plant susceptibility to pathogenic and herbivore pests, with plants reared under high ratios
of far-red:red light, typical in a shaded environment, suffering higher rates of insect
consumption and sustaining larger lesions from the nectrotrophic fungus Botrytis cinerea

(Izaguirre et al., 2006, Cerrudo et al., 2012).

1.2.3 Plant responses to blue light and UV-A radiation

Plant responses to blue light are numerous, with the three blue light photoreceptors,
phototropins, cryptochromes and members of the zeitlupe family, controlling various
developmental and biochemical responses (Briggs and Huala, 1999).

The cryptochrome family of photoreceptors is made up of three members in Arabidopsis, 2
of which (cryl and cry2) are involved in entraining the circadian clock and regulating plant
developmental processes such as inhibition of hypocotyl elongation (Cashmore et al., 1999,
Lin et al., 2002), while the third, cry3, belongs to a cry-DASH (Drosophila, Arabidopsis,
Synechocystis and Homo) class of cryptochromes and demonstrates DNA-binding and
repair activities (Pokorny et al., 2008). All members of the cryptochrome family possess
an amino-terminal photolyase-related (Shinkle et al., 2004) domain that serves as the site

of chromophore binding (Figure 1-2). The chromophores include a primary/catalytic
5
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Flavin Adenine Dinucleotide (FAD) along with a light-harvesting pterin (Liscum et al.,
2003, Jiao et al., 2007), and also possess a C-terminal (CCT) domain that has been shown
to mediate protein-protein interactions and activate downstream signalling events (Liscum
et al., 2003). The cry family of photoreceptors regulate entrainment of the circadian clock,
seedling de-etiolation and stomatal opening (Liscum et al., 2003), and is known to overlap
slightly with phytochrome-regulated responses, such as cell elongation and flowering (Li
and Yang, 2007). While cry2 is constitutively localised in the nucleus, cryl is located in
the cytoplasm in dark conditions and undergoes nuclear localisation following detection of
light (Liscum et al., 2003). Here, these photoreceptors were shown to interact with the
RING E3 ubiquitin ligase and repressor of light signalling, CONSTITUTIVELY
PHOTOMORPHOGENICI (COP1) to inhibit its suppression of light-mediated responses
following photoexcitation of cry by blue/UV-A light (Liscum et al., 2003).

A selection of responses elicited by cryptochromes has been shown to be influenced by
phytochromes, with studies on phya mutants reporting a loss of several blue light-
dependent responses, such as hypocotyl inhibition, cotyledon opening and expansion, and
regulation of the circadian clock (Lin, 2000). Yeast two-hybrid screens additionally
demonstrated that cryptochromes and phytochromes interact with one another (Ahmad et
al., 1998), revealing signal integration between red/far-red light- and blue/UV-A-
responsive pathways.

Phototropins, a second blue/UV-A light photoreceptor, possess two Light-Oxygen-Voltage
domains (LOV1 and LOV2) at the N-terminal region and a C-terminal serine/threonine
kinase domain (Figure 1-2). Detection of blue light is facilitated by flavin mononucleotide
(FMN) chromophores, which upon excitation, activate a reversible photocycle by
covalently bonding with a cysteine residue in the LOV domain, inducing subsequent
conformational changes in the protein and allowing kinase activity of the C-terminal
region (Christie, 2007). Several substrates of phot kinases have been identified, for
including phototropin itself in a process of autophosphorylation (Briggs and Christie,
2002). Two phototropins have been identified in Arabidopsis (photl and phot2) that
mediate a variety of rapid light responses including chloroplast relocalisation, stomatal
opening, leaf positioning and phototropism (Briggs and Huala, 1999, Christie, 2007).
Phototropins have little influence on plant responses to blue light at the transcriptomic
scale (unlike phytochromes and cryptochromes)(Jiao et al., 2007), although several
proteins intrinsic to phototropin-regulated signalling have been identified, including NON-
PHOTOTROPIC HYPOCOTYL3 (NPH3), which is essential for phototropism and lateral

auxin redistribution (Demarsy and Fankhauser, 2009).
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A third class of blue light photoreceptors, ZEITLUPE proteins, also utilise LOV domains
and flavin mononucleotide chromophores for blue light detection. Three members of this
family are known to exist in Arabidopsis, namely Zeitlupe (ZTL), Flavin-binding Kelch
Repeat F-box 1 (FKF1) and LOV Kelch Protein 2 (LKP2)(Miyazaki et al., 2015). These
proteins consist of a single N-terminal LOV domain and FMN chromophore, along with an
F-box and several Kelch repeats on the C-terminus (Figure 1-2). Members of the
ZEITLUPE family are involved in entrainment of the circadian clock (hence their name)
by controlling the proteasome-dependent degradation of a key central clock protein,

TIMING OF CAB EXPRESSION1 (TOC1)(Kim et al., 2007b).

1.3 Effects of UV-B radiation on terrestrial plant development

1.3.1 UV-B radiation as an environmental signal for plants

Three components of light make up the UV spectrum: UV-A (315-400 nm), UV-B (280-
315 nm) and UV-C (= 280 nm; Figure 1-1). All UV-C radiation emitted from the sun,
along with the majority of UV-B (below ~ 295 nm), is absorbed by the stratospheric ozone
layer (McKenzie et al., 2003), with further fluctuations on the quantity of UV-B reaching
various global locations attributed to the angle of the sun’s rays, altitude, seasonal
positioning of the earth in relation to the sun, the albedo effect of the planet’s surface,
atmospheric aerosols and cloud cover (Caldwell and Flint, 1994, Schwander et al., 1999,
McKenzie et al., 2003, Jenkins, 2009). UV-B radiation is a small yet highly energised
component of sunlight that reaches the earth’s surface (< 0.5% of terrestrial radiation from
the sun)(Caldwell et al., 1994), and as such can act as a potentially damaging agent to
living organisms by inducing the development of cataracts, chronic sunburn, melanoma
and macromolecular damage via the formation of pyrimidine dimers (Norval et al., 2007).
Plants on the other hand, despite their sedentary nature, seldom exhibit negative effects of
UV-B exposure, a trait attributed to the presence of protective mechanisms that minimise
the extent of UV-B-induced damage in cells by promoting an array of genetic, metabolic
and photomorphogenic responses (Flint et al., 2008, Jenkins, 2009, Tilbrook et al., 2013).
These UV-B-induced responses can be broadly divided into two categories based on the
nature of the activated signalling pathways: “photomorphogenic” responses and “stress-
related” responses. The activation of one response category over another is determined by
the duration, quality and quantity of radiation, but whether or not a plant has received a

period of adaptation or acclimation to UV-B can also influence its degree of tolerance. For
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instance, plants that have been grown in the absence of UV-B (particularly under
controlled, laboratory conditions) are more likely to develop stress-related responses when
introduced to UV-B radiation for the first time than plants that have been maintained under
low UV-B fluence rates for at least several days. These plants tend to tolerate higher
fluence of UV-B radiation better than non-acclimatised plants, and exhibit constant,
steady-state expression of many UV-B-responsive genes following the transition from low
to high fluence rate conditions, indicating continuous activation of basal plant protective
mechanisms (Jenkins, 2009).

Photomorphogenic responses are induced by low fluence rates of UV-B radiation that
serve as informative environmental signals to bring about a range of developmental and
biochemical changes within plants, such as inhibition of hypocotyl elongation (Barnes et
al., 1996, Kim et al., 1998 ) and the production of UV-absorbing phenolic compounds
(Lois, 1994)(Brosche and Strid, 2003). High fluence rates of UV-B, on the other hand,
lead to the development of tissue necrosis, reduced plant growth and crop yield, and can
also induce a series of stress-related responses that are also regulated by other
environmental stresses (A-H-Mackerness et al., 1999, Brosche and Strid, 2003,

Frohnmeyer and Staiger, 2003, Jenkins, 2009).

1.3.2 UV-B photomorphogenic signalling pathways

Low doses of UV-B radiation serve as informative signals to plants and regulate a range of
developmental processes, such as the promotion of cotyledon opening and the decreased
rate of hypocotyl elongation and primary root growth (Ballaré et al., 1995, Kim et al.,
1998 , Boccalandro et al., 2001, Shinkle et al., 2004), and the activation of DNA-damage
repair mechanisms and antioxidant scavengers of reactive oxygen species (ROS)(S.A.-H.-
Mackerness et al., 1999)(A.-H.-Mackerness et al., 2001). UV-B also induces a variety of
protective mechanisms, such as the deposition of UV-reflecting epicuticular wax layers
and accumulation of UV-absorbing phenolic compounds in the epidermis, which serves to
reduce the extent of UV-B penetration into the leaf and potential damage it may cause to
macromolecules and photosynthetic organs (Holmes and Keiller, 2002, Jenkins, 2009).
These photomorphogenic and biochemical responses to UV-B radiation are regulated by a
UV-B-specific signalling component, UV RESISTANCE LOCUS 8 (UVRS8), which was
identified over a decade ago (Kliebenstein et al., 2002) and recently confirmed as a UV-B-
specific photoreceptor (Rizzini et al., 2011).
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1.3.2.1 UV-B photomorphogenic signalling pathways are regulated by UVRS

UVRS is encoded at the UV RESISTANCE LOCUS & locus, which was first identified by
Kliebenstein and co-workers in 2002 utilising a forward genetics approach to screen
Arabidopsis mutants displaying UV-B-hypersensitive phenotypes. The isolation of a
mutant displaying increased UV-B sensitivity in the form of leaf necrosis and stunted
growth in the presence of UV-B led to the discovery of uvr8-1 (Kliebenstein et al., 2002).
This mutant was also unable to regulate the biosynthesis of UV-absorbing flavonoid
compounds in the phenylpropanoid pathway, with transcript and protein levels of
CHALCONE SYNTHASE (CHS), the enzyme involved in the first committed step of the
flavonoid biosynthesis pathway, being significantly lower in the uvr8-1 mutant compared
to wild type (WT) plants. The presence of stress-related proteins (e.g. PR1) and ROS
scavengers in uvr8-1 plants implied that reduced transcript and protein levels of CHS was
not caused by a general loss of stress-induced responses (Kliebenstein et al., 2002), but
was later shown to be a UV-B-specific response as both WT, uvr§-I and wuvr$-2
Arabidopsis lines displayed similar levels of CHS expression in response to far-red light
and UV-A radiation, along with sucrose and cold temperature treatments (Brown et al.,
2005).

Transcriptomic studies with uvr§-1 and additional alleles identified a large subset of UV-
B-responsive genes that were regulated in an UVR8-dependent manner (Brown et al., 2005,
Favory et al., 2009). Several of these genes encoded transcription factors, with one in
particular, the basic leucine-zipper (bZIP) protein ELONGATED HYPOCOTYLS (HY)S),
serving as an intrinsic regulator of the expression of UV-B-responsive genes (Ulm et al.,
2004, Brown et al., 2005). Inclusion of the Ay5 mutant in an Arabidopsis microarray
revealed that approximately 50% of UVRS8-responsive genes are transcribed by HYS,
indicating its role downstream of UVRS in the UV-B-response pathway (Brown et al.,
2005). HYS was found to share functional redundancy with its homologue, HYH, another
bZIP transcription factor shown to be responsive to UV-B radiation. Gene expression
analysis of /4y5 and Ayh mutants revealed HYS to have a more dominant role in
transcribing UV-B-responsive genes that HYH, as expression of select UV-B-responsive
genes, including CHS and ELIPI (EARLY LIGHT-INDUCIBLE PROTEINI), was
significantly reduced in the 4y5 and hy5hyh mutants, but not in 4yh (Brown and Jenkins,
2008).

HY'5 is not a UV-B-specific transcription factor, but is also known to regulate a number of

signalling pathways governed by red- and blue-light photoreceptors (Osterlund et al., 2000,
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Oravecz et al., 2006). Activity of HYS is regulated by the E3 ubiquitin ligase, COP1, a
repressor of light-signalling events that targets components of light-response pathways for
degradation in the dark, but is itself targeted for inactivation and nuclear exclusion in the
presence of visible light (Osterlund et al., 2000). However, COP1 was reported as being a
positive regulator of UV-B photomorphogenic responses in plants and an essential
component required for UV-B-dependent expression of HY5 and subsequent activation of
the UV-B-signalling pathway (Oravecz et al., 2006). Photomorphogenic responses to UV-
B are absent in cop!, uvr8 and copl uvr§ double mutants (Oravecz et al., 2006), suggesting
that both proteins are intrinsic components in the regulation of UV-B responses.

The use of GFP-UVRS constructs revealed that UVRS is predominantely located in the
cytosol under minus UV-B conditions, but undergoes rapid nuclear localisation upon
irradiation (Brown et al., 2005, Kaiserli and Jenkins, 2007, Jenkins, 2009). The presence
of UVRS in the nucleus suggested some sort of transcriptional regulatory role for this
protein, a hypothesis that was supported when ChIP analysis revealed that UVRS
associates with the HY5 promoter region (Brown et al., 2005). In addition, CFP-UVRS
and YFP-COP1 constructs were found to interact with one another in a UV-B-dependent
manner in mustard plants, indicating that these two signalling components can directly
influence transcription of UV-B-responsive genes (Favory et al., 2009).

While the regulation of UV-B-responsive signalling pathways by UVR8 was being
extensively studied soon after its discovery in 2002 (Kliebenstein et al., 2002), details of
the structure and regulation of UVRS8 were not published until fairly recently (Rizzini et al.,
2011, Christie et al., 2012, Wu et al., 2012). UVRS is a seven-bladed B-propeller WD40
protein of 440 amino acids (Christie et al., 2012, Wu et al., 2012) that is predominantly
present in the cytosol as homodimer in the absence of UV-B radiation, and undergoes rapid
monomerisation following UV-B exposure. Structurally, the UVRS protein was shown to
share 35% identity to that of the human REGULATOR OF CHROMATIN
CONDENSATION 1 (RCC1) protein, a guanine nucleotide exchange factor (GEF) for the
G-protein, Ran (Brown et al., 2005, Jenkins, 2009). UVRS8 was not found to share
functional similarity to RCCI1, however, as the UV-B-signalling component lacks several
amino acids required for maximal GEF activity in RCCI and its interaction with Ran, was
shown to possess under 10% GEF activity on human Ran compared to RCC1 in E. coli
cells, and failed to interact with Arabidopsis Ran proteins in yeast two-hybrid experiments
(Brown et al., 2005). The rapid monomerisation and nuclear localisation of UVRS in
response to UV-B radiation, along with the enhanced sensitivity and stressed-induced

phenotypes of UV-B-irradiated uvr8 mutants, indicated that UVR8 might possess a UV-B-
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photoreception role in plants. The role of UVRS8 as a UV-B-specific plant photoreceptor
was recently confirmed (Rizzini et al., 2011), with the mode of detection of UV-B photons
detailed shortly thereafter.  Unlike the far-red/red and blue/UV-A photoreceptors
previously mentioned in section 1.2, UVR8 does not depend on a non-protein
chromophore for UV-B photon absorption. Photoreception of UVRS is instead dependent
on intramolecular tryptophan (W) residues that possess an absorption maximum of 280nm
(UV-B; 280-315nm), and serve as the light-absorbing chromophore in the activation of
UVRS (Christie et al., 2012, Wu et al., 2012). The UVRS dimer possesses 14 tryptophan
residues along its dimer interface, with three of them from one monomer, W233, W285
and W337, forming the base of a pyramid with the W94 residue from the second monomer
as its apex. Mutagenic studies revealed, however, that only residues W285 and W233 are
critical for UV-B perception (Christie et al., 2012, Wu et al., 2012). The UVR8"***
mutant, which has an alanine residue in place of a tryptophan residue, appeared to be
constitutively monomeric and associated with COP1 in the presence or absence of UV-B
radiation, while mutating tryptophan to phenylalanine resulted in a constitutive UVRS
dimer that failed to monomerise in response to UV-B, and subsequently was unable to
interact with COP1 (O’Hara and Jenkins, 2012, Heijde et al., 2013). It was thus confirmed
that the UV-B photoreceptor UVR8’s mechanism of photon detection was achieved

through specific intramolecular tryptophan residues on the dimer interface of the protein.

1.3.2.2 UV-B photomorphogenic responses

Upon detection of UV-B radiation by intrinsic tryptophan residues, UVR8 regulates a
variety of genetic reprogramming events via transcription factors, such as HYS, to initiate
an array of photomorphogenic and metabolic responses. One of the most obvious
phenotypic responses to UV-B radiation is the reduction in hypocotyl elongation in
seedlings. Near-ambient levels of UV-B radiation were found to rapidly reduce hypocotyl
elongation of tomato (Lycopersicon esculentum) seedlings, with an approximate 45%
reduction in the length of UV-B-treated seedlings over minus UV-B-treated seedlings
detected 4 hours after the start of irradiation (Ballare et al., 1995). Inhibition of hypocotyl
elongation was also observed in response to less than 0.1 umol m™ s UV-B (Kim et al.,
1998 ), indicating that the molecular mechanisms for this physiological adaptation are very
sensitive to UV-B radiation.

An additional UV-B-sensitive molecular response that provides tolerance to short

wavelength radiation is the accumulation of UV-absorbing phenolic compounds in the
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epidermis of plants. Components of the flavonoid biosynthesis pathway, a branch of the
phenylpropanoid pathway involved in the production of anthocyanins, flavones and
flavonols (Winkel, 2006), have received much attention with regards to their
responsiveness to UV-B radiation (Li et al., 1993, Frohnmeyer et al., 1999, Jenkins et al.,
2001, Warren et al., 2003, Tattini et al., 2004). CHS transcripts have been shown to be
sensitive to low doses of UV-B, with CHS gene expression rapidly increasing following
millisecond exposures to UV-B radiation in parsley cell cultures (Frohnmeyer et al., 1999)
or after = 5 min exposures to UV-B in Arabidopsis (Jenkins et al., 2001, Jenkins, 2009).
Studies on Arabidopsis mutants with reduced or no pigmentation on the seed coat (testa)
identified 11 loci referred to as transparent testa (tt) that are required for the biosynthesis
of flavonoids (Shirley et al., 1995). Two mutants, #4 and 5, impaired in CHS and
CHALCONE ISOMERASE (CHI) activity, respectively, were found to be completely
deficient in flavonoids and highly sensitive to UV radiation (L1 et al., 1993). Interestingly,
studies on Arabidopsis mutants impaired in the biosynthesis of sinapate esters, an
alternative branch of the phenylpropanoid pathway involved in lignin production, have
likewise been shown to be highly sensitive to UV-B radiation, and in some cases more
susceptible to UV-B-induced damage that # mutants (Landry et al., 1995). One mutant
impaired in the activity of FERULIC ACID HYDROXYLASE, fahl, displayed upward
leaf curling when exposed to low fluence rates of UV-B radiation (0.4 kJ m™ h™") for 72
hours, while #5 mutants only developed similar phenotypes indicative of UV-B-induced
stress under slightly higher fluence rates (0.6 kJ m™? h™"). Regardless of the difference in
degree of sensitivity these mutants have to UV-B radiation, it is evident that the
phenylpropanoid pathway plays a major role in conferring plant tolerance and protection to
UV-B radiation.

The molecular mechanisms underlying these physiological responses are regulated at the
genetic and biochemical level (Jenkins, 2009), with studies on plant cell suspension
cultures revealing that regulation of CHS expression requires calcium ions, calmodulin and
protein phosphorylation (Christie and Jenkins, 1996b, Frohnmeyer et al., 1997).
Application of 50 uM of the voltage-dependent calcium channel blocker nifedipine to cell
cultures inhibited the expression of CHS in response to blue light, UV-A and UV-B
radiation, as did incubation of cell cultures with serine/threonine protein kinase inhibitors.
Addition of the calmodulin antagonist W-7 also impaired accumulation of CHS transcripts
to levels observed in untreated cell cultures following UV-B radiation but not UV-A or
blue light, implying that UV-B-regulation of CHS expression is slightly distinct from UV-

A/blue light-regulation of flavonoid biosynthesis (Christie and Jenkins, 1996a).
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In addition to mutation screens, microarray studies have expanded our knowledge on the
genetic mechanisms of UV-B-induced plant responses (Ulm et al., 2004, Brown et al.,
2005, Kilian et al., 2007, Morales et al., 2010). In a study conducted by Ulm and co-
workers (2004), a total of 107 Arabidopsis transcripts were identified as being
differentially regulated (with a minimum fold change in expression of 2) by low
wavelengths of UV-B radiation (= 305 nm). Approximately 20 of these transcripts
encoded transcription regulators, including those involved in developmental processes
(CIA2 and MYBI3) and abiotic stress responses (ZAT10, ZAT12, ABF3 and AZF2),
along with the known light-responsive transcription factors, HYS5 and HYH (Ulm et al.,
2004, Brown et al., 2005, Kilian et al., 2007). Some of the identified transcription factors
were found to positively regulate UV-B-induced signalling pathways, while others serve as
repressors of UV-B-induced responses. Members of various transcriptional regulator
families, such as MYB-related proteins, WRKY DNA-biding proteins, and NACs, have
been suggested to play roles in the regulation of plant responses to UV-B radiation, with
HYS still remaining the most important and well-studied transcription factor involved in
the UV-B response pathway. Indeed, the expression of several genes encoding UV-B-
responsive transcription factors has previously been shown to be regulated by HYS, with
expression of MYBI2 and MYBI11, two genes encoding R2R3-MYB transcription factors
important in the production of flavonoid compounds, being lower in Ay5 Arabidopsis
mutants than WT and 4yh mutants (Stracke et al., 2010a).

Expression of MYB34/ATR1, a MYB transcription factor proposed to regulate expression
of genes in the tryptophan pathway, was found to decrease in response to UV-B radiation,
as was the gene encoding a known repressor of UV-B-induced responses, MYB4 (Jin et al.,
2000, Ulm et al., 2004). Other MYB-encoding genes have been shown to increase in
expression following UV-B radiation, such as MYBI3, encoding a transcription factor
involved in developmental processes, and MYBI11, which functions alongside MYBI2 to
regulate flavonoid biosynthesis in Arabidopsis seedlings (Ulm et al., 2004, Stracke et al.,
2007). Expression of MYBI1, the main regulator of the phenylalanine ammonia-lyase gene
(PAL1I) in suspension-cultured cells of carrot (Daucus carota), was found to peak 2 hours
into treatment with UV-B radiation, with levels of PALI starting to increase approximately
1 hour afterwards (Maeda et al., 2005). These studies revealed multiple rapid responses in
plants to UV-B radiation, and further highlighted the importance of the phenylpropanoid
pathway in promoting plant protection against UV-B.
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1.3.3 “Stress-related” responses in plants induced by high fluence rates of UV-B

radiation

Prolonged exposure to UV-B radiation, especially short wavelengths and high fluence rates
that are above typical ambient levels, can induce a myriad of biochemical and physical
changes in plants that are reminiscent of those induced by other environmental stresses,
such a drought, low temperatures, and invertebrate pest attack. These responses include
activation of DNA-damage repair mechanisms and an accumulation of ROS scavenging
agents and antioxidants (Britt et al., 1993, Jansen et al., 1998, Jenkins, 2009).

DNA damage from UV radiation primarily takes the form of cyclobutane pyrimidine dimer
(CPD) formation, and to a lesser degree the production of pyrimidine [6-4] pyrimidinone
dimers (6-4 photoproduct)(Britt et al., 1993, Britt, 2004). These photoproducts can inhibit
transcriptional processes and subsequently lead to the growth arrest and death of cells. To
counteract UV-induced DNA damage, plants initiate rapid DNA-damage repair
mechanisms, such as nucleotide excision repair and homologous recombination, to remove
the majority of photoproducts before a mutation arises (Strid et al., 1994). In addition,
pyrimidine dimers are primarily repaired in a process known as photoreactivation, which is
mediated by photolyase proteins in the presence of blue/UV-A light (Britt, 2004).

An additional nonspecific UV-B response seen in plants is the accumulation of ROS,
which commonly accumulate in response to numerous biotic and abiotic stresses and cause
oxidative damage to cellular components. The origin of ROS produced by UV-B is not
obvious, however the inhibition of photosynthetic electron transport as a result of the
damaging effects of UV-B on photosystem II may be one source of ROS production
(Jansen et al., 1998)(A-H.-Mackerness, et al., 2001). To counteract the effects of ROS,
plants increase the biosynthesis and accumulation of ROS scavengers and antioxidants in
cells. Several transcriptomic reports have identified various genes associated with
reducing oxidative stress as being UV-B-responsive (Ulm et al., 2004, Brown et al., 2005,
Kilian et al., 2007). Likewise, metabolic studies have found that the abundance of
particular antioxidants, such as ascorbic acid (AsA)(Landry et al., 1995, Conklin et al.,
1996, Kusano et al., 2011), increases in response to UV-B radiation in Arabidopsis. AsA
has been documented as reversing some of the responses elicited in plants by UV-B
radiation. For example, cotyledon curling in B. napus was found to occur in response to
UV-B radiation, but inhibited by AsA (Gerhardt et al., 2005). Two mutants impaired in
the biosynthesis of phenolics, #5 and fahl, were found to possess higher levels of

ascorbate peroxidase activity than Ler controls in the presence of UV-B, indicating that
14



CHAPTER 1 INTRODUCTION

these two mutants experience increased oxidative stress due to UV-B (Landry et al., 1995).
This enhanced level of oxidative stress was thought to be partly a result of the decreased
levels of UV-absorbing phenolics in the epidermis, subsequently allowing for greater
penetration of UV-B photons to cellular organelles. Mutants impaired in the biosynthesis
of AsA, such as vtcl, are highly sensitive to UV-B radiation, as following exposure to UV-
B radiation, vfc/ mutants exhibit oxidative damage through increased levels of hydrogen
peroxide and thiobarbituric acid reactive substances (TBARS). In addition, activity of the
main ROS scavenging enzymes, such as superoxide dismutase, catalase and ascorbate
peroxidase, was insufficient to confer protection to the vtc/ mutants, indicating the

importance of AsA for plant survival under UV-B conditions (Gao and Zhang, 2008).

1.3.4 UV-B signalling pathways overlap with other biotic and abiotic pathways

UV-B radiation has been found to integrate into other biological signalling pathways
regulated by several environmental stimuli such as cold temperatures, drought and
wounding (Takeuchi et al., 1993, Chalker-Scott, 1999, Stratmann et al., 2000, Alexieva et
al., 2001, Gitz and Liu-Gitz, 2003, Maeda et al., 2005, Kilian et al., 2007, Demkura and
Ballaré, 2012, Mewis et al., 2012). The convergence between UV-B-regulated pathways
and those typically associated with other environmental factors has been studied at the
genetic and metabolic scale, as well as on a physiological level. In many cases UV-B has
been demonstrated to alleviate the effects of several environmental stresses on plant fitness
and development, particularly from drought (Alexieva et al., 2001) and invertebrate
herbivory (Stratmann et al., 2000, Izaguirre et al., 2003, Izaguirre et al., 2007, Demkura
and Ballar¢, 2012, Mewis et al., 2012).

Drought and UV-B have been shown to induce similar physiological and biochemical
responses in plants, albeit to different degrees of intensity (Alexieva et al., 2001). Both
environmental factors can stimulate a reduction in plant growth rate, stem elongation and
leaf expansion (Gitz et al., 2005), although this response is greater in pea (Pisum sativum)
and wheat plants subjected to UV-B radiation than drought stress (Alexieva et al., 2001).
Combining both treatments to pea plants reduced both the extent of UV-B-induced stem
growth inhibition and the drought-induced reduction of relative leaf water content (RWC)
in plant cells, suggesting that these two environmental signals integrate with one another to
lessen the effects of drought stress on plant growth and water loss. This hypothesis was
further supported when UV-B was shown to induce accumulation of osmolytes (e.g.

proline) and stress proteins, such as superoxide dismutase and catalase, quicker than
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drought stress in wheat and pea plants, which provided a possible explanation for the
improved RWC observed in plants subjected to both treatments simultaneously (Alexieva
et al., 2001). Biologically effective levels of UV-B radiation were also found to reduce
stomatal density and aperture in rice, decrease stomatal conductance in pea plants, and
reduce stomatal density and conductance in soybean (Glycine max)(Gitz and Liu-Gitz,
2003), in an attempt to reduce water loss from plants.

UV-B radiation has also been shown to increase expression of many wound-responsive
genes that are normally induced following pathogenesis or insect herbivory (Izaguirre et al.,
2003, Kilian et al., 2007, Mewis et al., 2012). Bioassay experiments with invertebrates
demonstrated that plants reared under attenuated or no levels of UV-B sustain greater
levels of consumption and increased use as an oviposition platform than those maintained
under UV-B conditions (Rousseaux et al., 1998, Rousseaux et al., 2004, Caputo et al.,
2006, Kuhlmann and Muller, 2009a, Demkura et al., 2010, Mewis et al., 2012). The
involvement of UV-B radiation in promoting plant defence against herbivore pests and
select pathogens has received much attention over the past two to three decades, however
the exact molecular mechanisms underpinning the convergence in these signalling
pathways remain elusive. The remainder of this introduction describes our current
knowledge on UV-B-mediated plant defence mechanisms against herbivore and pathogen

pests obtained from transcriptomic, mutagenic and metabolic studies.

1.4  Plant defence against invertebrate pests

As primary producers, terrestrial plants are susceptible to attack from pathogen and
herbivore pests, both of which have the potential to destroy an entire crop through the
transmission of disease or tissue loss from consumption. Invertebrate pests, which include
insect and gastropod organisms, not only depend on plants as a food source but also as a
shelter from predators and a site for oviposition. Plants can detect the presence of
invertebrate pests through the use of several surveillance mechanisms that recognize
physical and chemical characteristics of invading pests, however our understanding of the
modes of detection is poor in contrast to our knowledge of plant recognition of pathogens
(Jones and Dangl, 2006). Chemical elicitors present in invertebrate saliva or oviposition
fluid can be transferred to the plant host upon contact, and contain invertebrate-derived
compounds or invertebrate-modified plant-derived compounds (Howe and Jander, 2008).

These effectors are thought to be detected by disease resistance (R) proteins in plants, that
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subsequently induce appropriate defence response against the attacking invertebrate (Jones
and Dangl, 2006). In addition, detection of physical characteristics of invertebrates
(Damage/Herbivore Associated Molecular Patterns (DAMPs/HAMPs)(Erb et al., 2012)) or
wound trauma sustained from grazing invertebrates can also serve as a trigger for plant
defence responses, inducing the establishment of structural barriers, release of chemical
deterrents, or production of toxic compounds as defence mechanisms. Plant defence
against invertebrate and pathogenic pests is regulated by several plant phytohormones,
mainly salicylic acid (SA), ethylene (ET) and jasmonic acid (JA). These hormones can
work synergistically and antagonistically to regulate pathogen and pest defence responses
in very complex signalling pathways, with SA and associated derivatives crudely
considered as the predominant pathogen-response signalling molecules, while JA and
derivatives are regarded as the main defence regulators against invertebrate pests (Farmer

and Ryan, 1992, Bari and Jones, 2009).

1.4.1 Plant defence is regulated by the interplay of phytohormones

The interplay of SA, JA and ET and associated derivatives in mediating plant defence is
believed to be an evolutionary tactic that broadens the protective capabilities of plants to
the numerous attacking pests they are subjected to on a daily basis (Penninckx et al., 1998,
Reymond and Farmer, 1998, Vos et al., 2005). The molecular basis of this overlap
between signalling molecules remains somewhat elusive, however it is known that
different pathogen and invertebrate species can induce varying degrees of SA-, JA- and
ET-regulated responses, demonstrating the complexity of plant defence.

Inoculation of Arabidopsis with the biotrophic pathogen Pseudomonas syringae was found
to increase SA, JA and ET production, which was complemented with heightened
expression of marker genes associated with each hormone (PR-1 for SA, VSP2, PDF1.2
for JA and HEL for ET)(Vos et al., 2005). In contrast, the necrotrophic fungal pathogen
Alternaria brassicicola only elicited JA- and ET-responses, with no immediate change in
SA levels or expression of associated marker genes observed (Penninckx et al., 1998, Vos
et al., 2005). Levels of JA and ET were also found to increase in Arabidopsis subjected to
P. rapae herbivory, while the aphid species Myzus persicae induced no change in levels of
any of the phytohormones (Vos et al., 2005), an observation also seen in N. atfenuata
(Heidel and Baldwin, 2004). Despite this, M. persicae did elicit the expression of two SA-
responsive genes, PR-1 and BGL2, in WT Arabidopsis, an observation that was lost in the

nprl mutant impaired in SA signalling (Moran and Thompson, 2001), indicating that aphid
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herbivory targets SA-regulated pathways in host plants. Indeed, increased expression of
SA-responsive genes was also observed in tomato, sorghum and N. atfenuata subjected to
aphid herbivory (Heidel and Baldwin, 2004, Zhu-Salzman et al., 2004, Bruce and Pickett,
2007), while levels of SA were shown to heighten in wheat, soybean, tomato and barley
exposed to phloem-feeding pests (Thompson and Goggin, 2006), indicating that the role of
particular phytohormones against specific plant pests varies across plant species.

JA and SA are typically known to antagonize one another, with heightened expression of
SA-mediated defences against P. syringae in Arabidopsis shown to increase susceptibility
of these plants to necrotrophic pathogens, while JA-responses induced by P. rapae
herbivory were down-regulated by the biotrophic pathogen, Hyaloperonospora parasiticaa
(Spoel et al., 2007). Studies with mutant and over-expressing lines affected in JA- or SA-
induced signalling revealed convergence points between these two hormones. Over-
expression of the SA-responsive glutaredoxin (GRX480)-encoding gene in Arabidopsis
abolished expression of MeJA-responsive PDF1.2, but did not affect abundance of LOX2
or VSP2 transcripts, indicating that SA may work in tandem with a particular branch of the
JA-response pathway (Koornneef and Pieterse, 2008).

Likewise, JA and ET are suggested to work both antagonistically and in synergy with one
another to promote plant defence against microbial and invertebrate pests as well as
regulate several development processes, such as apical hook formation and ozone-induced
cell death (Penninckx et al., 1998, Rojo et al., 1999, Stotz et al., 2000, Lorenzo et al., 2003,
Rehrig et al., 2014). The ability of locally synthesized ET to repress JA-induced systemic
expression of wound-response genes maintains the correct spatial pattern of systemic
wound responses across the whole organism (Rojo et al., 1999), while positive interactions
between these hormones facilitates the expression of Pl-associated genes in wounded
tomato plants, which were found to not be regulated by JA or ET alone (O’Donnell et al.,
1996). Integration of JA- and ET-induced signalling pathways is mediated by the
pathogen-responsive transcription factor ETHYLENE RESPONSE FACTORI1 (ERFI),
with transcripts of this gene increasing in response to individual or combined treatments of
ET and JA, and over-expression of ERF'I in Arabidopsis increasing transcript abundance
of select wound-responsive genes, including JA-biosynthetic-encoding genes (e.g.
LIPOXYGENASE, LOX) and genes associated with glucosinolate and phenolic
biosynthesis (e.g. CY979B2, CCoAOMT and CAD)(Lorenzo et al., 2003). The repression
of other known JA-responsive genes in ERFI over-expressing lines (including VSP2)
suggests that, like SA, ET overlaps with a particular branch of JA-signalling. Interestingly,

ET and SA appear to have differential effects of the expression of certain JA-responsive
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genes (such as LOX and VSP2), indicating that these three phytohormones operate very
complex, finely tuned defence strategies against herbivore and pathogen pests.

Despite the interplay between these three phytohormones in conferring plant defence
against pests, JA and its derivatives are still regarded as the predominant wound-
responsive signalling molecules against herbivore invertebrates (Farmer and Ryan, 1992,
Bari and Jones, 2009) and necrotrophic pathogens (Vijayan et al., 1998). As such, an in
depth description of JA signalling pathways and subsequent induced defences shall be

discussed in the following sections of this chapter.

1.4.2 Jasmonic acid (JA)

Jasmonic acid is an oxylipin derived from o-linolenic acid (18:3) via the octadecanoid
pathway (Vick and Zimmerman, 1984), and serves as an important developmental
hormone regulating a diverse range of biological processes, such as seed germination, root
growth, tuber formation, fruit ripening, stomatal opening, leaf senescence and defence
against pests (Farmer and Ryan, 1992, Koda and Kikuta, 1994, He et al., 2002, Bari and
Jones, 2009). The octadecanoid pathway contains at least 7 catalytic steps involving a
variety of enzymes, such as lipoxygenases (LOX), allene oxide synthase (AOS) and allene
oxide cyclase (Wei et al.), that mediates peroxidation of linolenic acid to OPDA (12-oxo-
cis,cis-10,15-phytodienoic acid), a breakdown product of the hydroperoxide fatty acid of
linolenic acid by hydroperoxide cyclase (Zimmerman and Feng, 1978, Vick and
Zimmerman, 1984), and the precursor of JA. OPDA undergoes a series of reduction and
B-oxidation steps to shorten its acid side chains, leading to the production of the active (+)-
7-1so-jasmonic acid, which is quickly converted to the stable stereoisomer, (-)-jasmonic
acid (Wasternack and Parthier, 1997) (Vick and Zimmerman, 1984). JA can subsequently
undergo further enzymatic modifications to form numerous derivatives, such as methyl-
jasmonate (MeJA) and JA-amino acid conjugates collectively termed as jasmonates
(Chesney et al.), many of which play important roles in mediating plant defence along with
additional precursors of the octadecanoid pathway.

Initial studies investigating the effects of MeJA application on tomato plants reported
increased levels of proteinase inhibitors (PIs) which impair invertebrate gut digestive
processes (Farmer and Ryan, 1990), while the over-expression of S-adenosyl-L-
methionine:jasmonic acid carboxyl methyltransferase (JMT), the enzyme responsible for
the production of MeJA, led to constitutive expression of wound-responsive genes such as

VEGETATIVE STORAGE PROTEIN (VSP) and PLANT DEFENSINI.2 (PDF1.2) and
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reduced susceptibility of Arabidopsis to infection from the necrotrophic fungus, Botrytis
cinerea (Seo et al., 2001). MeJA was therefore regarded as an effective inducer of plant
defences, although was found to not be the main bioactive form of JA involved in
regulating these defences. Instead, a JA-amino acid conjugate jasmonyl-L-isoleucine (JA-
Ile) was identified as the bioactive form of JA (Staswick and Tiryaki, 2004).

The conjugation of JA to amino acids was found to occur in the presence of JASMONIC
ACID RESISTANTI1 (JARI), a JA-amino synthetase structurally related to adenylate-
forming enzymes of the firefly luciferase family. JARI1 adenylation of JA was shown to
produce bioactive derivatives of the hormone, with jarl-1 and jarl-8 mutants failing to
accumulate levels of JA-Ile. Interestingly, levels of JA-Val, JA-Leu and free JA were
similar in WT and mutant plants, while JA-Phe and JA-ACC levels increased over 2-fold
in mutants compared to WT (Staswick and Tiryaki, 2004), implying that JARI is important
in the formation of JA-Ile conjugates while other enzymes may be involved in the
production and/or regulation of additional JA-derivatives. Application of JA-Ile to jari-1
mutants complemented the jasmonate insensitive phenotype, while transgenic lines over-
expressing JAR!I in the jarl-1 mutant background had restored levels of JA-Ile, further
supporting the role of this protein in the synthesis of JA-Ile (Staswick and Tiryaki, 2004).
JA acts in both a local and systemic manner when conferring plant resistance against pests,
meaning that unchallenged regions of an attacked plant will express defence related genes.
The rapid transduction of JA-regulated signalling across an entire organism enables plants
to mount effective defence responses, as well as prime unchallenged tissue for an

impending attack.

1.4.3 Important regulators of JA-induced defence

Three additional components were identified as being intrinsic to JA-signalling events
through a series of mutagenic screens and microarray studies. The first component was
identified by Feys and co-workers in 1994 as a Skp1-Cull-F-box (SCF) ubiquitin E3 ligase
complex, CORONATINE INSENSITIVE 1 (SCF“°" or COI1). Arabidopsis coil mutants
were shown to be insensitive to both MeJA and a chlorosis-inducing toxin produced by
several pathovars of the plant pathogen Pseudomonas syringae, coronatine, by retaining
root and shoot growth in the presence of these agents while such developmental processes
were arrested in WT lines. These mutants were unable to accumulate anthocyanins in
response to coronatine and MeJA, and lacked two jasmonate-induced proteins, all of which

were observed in WT plants (Feys et al., 1994). In addition, coi/ mutants were less
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susceptible to a coronatine-producing strain of P. syringae (Atrl) than WT plants,
exhibiting fewer lesion areas, less chlorosis and a lower rate of Atrl colonisation on leaf
tissue over a 6-day period (Feys et al., 1994). However, the mutant was more susceptible
to certain necrotrophic fungi that are known to activate JA-regulated defence responses
(Lorenzo et al., 2004). These findings, along with the male sterility of coil plants,
indicated a role for COIl in mediating a variety of JA-regulated developmental and
defence-related pathways in plants. A microarray study of Arabidopsis WT and coil lines
indicated the influence of COIl on the JA signalling pathway, with 85% of the 212 JA-
inducible genes and ~ 44% of the 153 genes up-regulated by wounding shown to be
regulated by COI1 (Devoto et al., 2005). In addition, COI1 was also shown to be required
for repressing approximately 50% of genes likewise suppressed by JA or mechanical
wounding, demonstrating that COIl is an intrinsic component of JA-regulated signalling
events. Several of the JA-responsive, COIl-dependent genes were found to encode
transcription factors implicated in promoting plant defence responses, including MYB34,
which encodes a putative component of tryptophan-biosynthetic processes, and various
ethylene responsive factors such as ERF'I, which translate into transcription factors critical
for promoting synergistic interactions between MeJA- and ET-regulated pathways
(Lorenzo et al., 2003, Devoto et al., 2005). COII was subsequently regarded not only as
an important mediator of JA-induced plant defences, but also as a regulator of cross-
communication events between MeJA and ET in Arabidopsis, an important convergence of
phytohormones that was found to fine tune plant defence mechanisms to different
invertebrate and pathogen attackers (Rojo et al., 1999, Lorenzo et al., 2004).

While attempting to better understand the interplay between JA and ET signalling events, a
second important component of JA-regulated defence, a bHLH transcription factor, MYC2,
was identified. The jasmonate insensitivel (jail/jinl) Arabidopsis mutant was found in a
genetic screen to be insensitive to JA treatment, displaying no inhibition of shoot or root
growth in the presence of 50 uM JA, while development of WT Arabidopsis and ET-
insensitive ein3-3 mutants was arrested (Lorenzo et al., 2004). Characterisation of the
JAII loci revealed the MYC2 gene, which was shown to be responsive to JA in a COIl-
dependent manner and encode a basic helix-loop-helix-leucine zipper transcription factor.
Unlike the coil mutants, jinl retained male fertility and, interestingly, appeared more
resistant to two necrotrophic fungi, B. cinerea and Plectosphaerella cucumerina, than Col-
0, coil and ein3-3 lines (Lorenzo et al., 2004). Gene expression analysis of several
defence-related markers in WT and jin/ mutants found that expression of PR4, PRI and

PDF1.2, which are known to be positively regulated through the collaborative effort of JA
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and ET in an ERF1-dependent manner, increased in jin/ mutants but not in WT plants
treated with JA. On the other hand, a set of genes found to decrease in the jin/ mutant, but
not in WT upon treatment with JA, included the wound-responsive VSP2, which encodes
an insect-deterring phosphatase enzyme, and LOX3, encoding a component of JA-
biosynthesis (Lorenzo et al., 2004). These results collectively indicated that two branches
of the JA signalling pathway existed: the first promoted plant defence against invertebrate
pests was positively regulated by MYC2 but negatively by ERF1, while the second branch
conferred defence against necrotrophic pathogens and was negatively regulated by MYC2
and positively regulated by ERF1 (Rojo et al., 1999, Reymond et al., 2000, Lorenzo et al.,
2004). The interplay between MYC2 and ERF1 is believed to enable plants to fine-tune
their defence mechanisms against particular pests in an elegant mechanism that promotes
protection against invertebrate or necrotrophic attackers.

The final components of JA signalling were identified through mutagenic (Chini et al.,
2007) and microarray studies (Thines et al., 2007), presenting themselves as the final link
in understanding the molecular mechanisms of JA-signalling in plants. An Arabidopsis
microarray identified several early-induced JA-responsive genes that were found to encode
previously uncharacterised proteins containing a conserved 37-amino acid ZIM domain
motif, and were as such assigned the name of JAZ (JASMONATE ZIM-DOMAIN)
proteins. Twelve JAZ proteins have been discovered in plants (Chini et al., 2007), all
belonging to the TIFY family, on account of possessing a conserved TIFYXG sequence
within their ZIM motif. The ZIM domain is located at the N-terminal region of these
proteins, with an additional highly conserved Jas domain found on the C-terminus of JAZ
proteins. Unlike other ZIM and ZIM-like proteins identified in Arabidopsis, which contain
zinc-finger DNA-binding domains (e.g. CONSTANS, CO), the JAZ proteins were not
found to possess a characterised DNA-binding domain, despite transient expression of
GFP-tagged JAZI1 and JAZ6 demonstrating nuclear localisation of these proteins (Thines
et al., 2007).

JAZ proteins exhibit functional redundancy in plants, and as such no obvious phenotype
could be detected in JAZ T-DNA insertion mutants. Interestingly, over-expression of
JAZ-encoding genes revealed no evident phenotype, but targeted deletion of conserved
domains and expression of such constructs in WT Arabidopsis plants under the control of
the constitutive 355 promoter identified one line, 355-JAZIA3A4 (residues 202-228), that
possessed a male-sterile phenotype reminiscent of that seen in coil, which could not be
rescued with the application of JA. These plants were also shown as being JA-insensitive,

failing to undergo JA-induced root elongation inhibition, possessing weak expression of
22



CHAPTER 1 INTRODUCTION

JA-responsive genes and displaying slightly more resistance to P. syringae that WT plants
(Thines et al., 2007). It was hypothesised from the JA-insensitive nature of this line, along
with the inability of JA to rescue these phenotypes and the nuclear localisation of JAZ, that
these proteins acted as negative regulators of JA signalling events.

To further assess any role of JAZ proteins in JA-signalling, pull-down assays were
conducted with JAI3, a member of the JAZ family, and additional components of the JA-
signalling pathway, starting with COIl. [*S]JAI3 was found to interact with maltose
binding protein (MBP)-COI1, and likewise [*>S]COI1 interacted with MBP-JAI3 (Chini et
al., 2007), with repeats of this study using truncated versions of JAI3 identifying the site of
interaction on JAI3 at the N-terminal region, where the ZIM motif is located. This finding
implied that COI1 may be involved in the degradation of JAZ proteins, a hypothesis that
was confirmed with transient expression studies using transgenic Arabidopsis 35S-JAZ1-
GUS lines and GFP-JAI3 constructs in tobacco (Thines et al., 2007, Chini et al., 2007).
Arabidopsis 355-JAZ1-GUS lines displayed weaker signals than “control” lines expressing
the 355-GUS construct alone, and treatment with 100 uM JA revealed complete loss of
GUS activity 1 hour later, indicating degradation of these constructs in a JA-dependent
manner (Thines et al., 2007). Likewise, transient expression of GFP-JAI3 revealed a JA-
dependent loss of fluorescence in nuclei (Chini et al., 2007), an observation that was lost in
both the JAI3AC and coil mutants, indicating the importance of the C-terminal region of
JAZ proteins for their degradation, that is dependent on COI1. The addition of 10 or 100
uM MG132, a 26S proteasome inhibitor, maintained GUS activity and GFP fluorescence
respectively following treatment with JA, implying that the repressive nature of JAZ on
JA-signalling is abolished by its polyubiquitination by COI1, and subsequent degradation
via the 26S proteasome. Yeast two-hybrid analysis revealed that JAZ-COI1 interaction is
dependent on presence of the JA-derivative JA-Ile, with MeJA and the JA precursor,
OPDA, unable to promote yeast growth (Thines et al., 2007).

The exact mode of JAZ repression on JA-signalling was elucidated using in vitro pull-
down assays, which identified a direct interaction between JAI3 and MYC2 (Chini et al.,
2007). This interaction was found to occur at the C-terminal of JAI3 and the N-terminal
region of MYC2, implying that the Jas domain is an intrinsic motif for promoting JAZ-
MY C2 interaction. Unlike for COI1, this interaction is not dependent upon the presence of
JA-Ile, further supporting a role for JAZ proteins in repressing JA-responses in the absence
of this phytohormone.

Genetic studies revealed that the regulatory roles of COIl, JAZ and transcription factors

such as MYC2 on JA-responses operate in a negative feedback loop, as eight JAZ-
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encoding genes were identified as being constitutively over-expressed in 355:MYC2 lines,
while their expression was significantly reduced in myc2 mutants compared to WT plants
(Chini et al., 2007). Investigation of the promoter regions of J4Z genes revealed the
presence of G- and/or T/G-box motifs, which are target binding sites of MYC2. Therefore,
JA-induced signalling pathways were found to operate via an auto-regulatory mechanism,
where the repressive nature of JAZ proteins prevented transcription of wound-induced
genes by directly inhibiting activity of JA-responsive transcription factors in the absence of
JA-Ile, but were rapidly degraded via the 26S proteasome in a COI1-dependent manner to
promote JA-induced defence upon detection of JA-Ile (Figure 1-3).
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Figure 1-3: Schematic overview of invertebrate-induced defence responses in plants
mediated by JA. A, in unchallenged tissue JAZ proteins interact with MYC transcription
factors to repress expression of JA-responsive genes, however in the presence of the
bioactive form of JA, JA-Ile, in B, the SCF°" E3 ubiquitin ligase interacts with JAZ to
mark for degradation via the 26S proteasome, subsequently alleviating repression of MYC
transcription factors and promoting JA-responsive defence mechanisms. Figure adapted
from (Chico et al., 2008).
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1.4.4 Plant defence mechanisms

Activation of MYC2 and additional JA-responsive transcription factors gives rise to
increased abundance of various defence-related transcripts, and subsequent accumulation
of defensive compounds and structural barriers. Some of these plant defence mechanisms
can be constitutively present in plant tissue or induced upon recognition of physical and/or
chemical characteristics of the attacking invertebrate or microbe, and further categorised
into two strategic groups depending on whether these responses function in a direct or

indirect manner against the pest (Figure 1-4)(Kessler and Baldwin, 2002).

PESTS SIGNAL RECEPTOR PHYTOHORMONES DEFENCE
DIRECT
PAMPs
SA .
« Structural strengthening
* Production of chemical toxins/deterrents
- Glucosinolates
JA - Proteinase inhibitors
- Phenolics
DAMPs
ET
HAMPs
INDIRECT

« Volatile Organic Compounds (VOCs)
« Extrafloral nectar rewards

Figure 1-4: Brief overview of pathogen- and invertebrate-induced direct and indirect
defences in plants. Plant receptors can detect invertebrate pests via their
Pathogen/Damage/Herbivore Associated Molecular Patterns (PAMPs, DAMPs or HAMPs,
respectively) or effectors from invertebrate saliva and/or ovipositon fluid to mount a series
of phytohormone-regulated direct and indirect defence against them. Image adapted from
(Ballare¢, 2014). Image of P. syringae-infested Nicotiana tabacum extracted from Forestry
Images (http://www.forestryimages.org/browse/detail.cfm?imgnum=5368884).

Constitutive plant defences are present in tissue regardless of an invertebrate attack, while
inducible defences are activated upon detection of an invertebrate threat (Chen, 2008).
Both forms of defence include structural and chemical protective mechanisms, with those
of a constitutive nature being more metabolically expensive to plants and potentially less
effective than induced responses, as they divert specific resources away from
photosynthetic processes towards the biosynthesis of defensive compounds and pose the
risk of not being specific to the attacking pest (Reymond and Farmer, 1998). Constitutive

defence is commonly seen in select plant organs, with reproductive tissues tending to
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possess large quantities of defensive proteins and metabolites at all times to deter grazing
pests and promote plant species survival (Bostock, 2005).

Direct defences actively deter or destroy pests, while indirect defence mechanisms instead
act as attractants to natural predators of the attacking pest. Direct defences include the
development of physical barriers, such as thorns, trichomes, and lignification of tissue to
reduce the ease of invertebrate consumption and tissue digestibility (Wittstock and
Gershenzon, 2002), along with the production of chemical defences that serve as anti-
nutritive compounds and deterrents such as phenolics, proteinase inhibitors (PIs) or toxic
compounds such as glucosinolates (Leon et al., 2001). Indirect defence mechanisms that
attract the attention of invertebrate predators and parasites include the emission of volatile
organic compounds (VOCs) and the provision of nectar and nutritional rewards to the
predator. The production and activation of these defence mechanisms has been found to
vary across plant species and in relation to the attacking pest, with conflicting arguments
suggesting that invertebrates may be able to elicit different defence responses in plants or
respond differently to defence mechanisms based on their physical feeding mechanism
and/or dietary preferences (Bidart-Bouzat and Kliebenstein, 2011, Ali and Agrawal, 2012).
The main feeding mechanisms possessed by invertebrate species are leaf chewing, leaf
mining, piercing-sucking and phloem feeding, while invertebrates classed as generalist
feeders graze upon a broad range of plant families (polyphagous), and specialist feeders
have a more restricted diet limited to only a few plant families or members within the same
family (mono- or oligophagous). Examples of generalist feeders include the aphid species
Myzus persicae, the Egyptian Cotton Leafworm, Spodoptera littoralis, and the grey field
slug Deroceras reticulatum, while the diamondback moth, Plutella xylostella, and the
Brevicoryne brassicae aphid species are classed as specialists due to their diet comprising
of members from the Brassicaceae family.

It has been reported that leaf-chewing and phloem-feeding invertebrates can induce
different wound responses in plants (Heidel and Baldwin, 2004, Zhu-Salzman et al., 2004,
Vos et al., 2005), with the puncture-feeding pest Tupiocoris notatus shown to repress the
expression of some JA-responsive Pl-encoding genes in N. attenuata, which are known to
increase in response to grazing caterpillars, and inducing expression of many SA-related
genes (Heidel and Baldwin, 2004). In addition, aphid attack and exogenous SA
application induced similar responses in N. attenuata, with both JA- and SA-responsive
genes being up-regulated in expression following either treatment. Herbivory from the
caterpillar, Manduca sexta, however, induced a transcriptomic response reminiscent of that

generated by JA-application (Heidel and Baldwin, 2004), indicating that phloem-feeders
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and leaf-chewing invertebrates may spark different wound-responses predominantly
regulated by different phytohormones.

In addition to different plant responses being induced by invertebrates from separate
feeding guilds, a specialist/generalist paradigm exists which implies that specialist feeders
have more tolerance to plant defence mechanisms than generalist feeders on account of
evolving various adaptations to counteract the negative effects of these defences (Agrawal
and Kurashige, 2003). This paradigm has subsequently been expanded to state that
generalist and specialist feeders may trigger different plant defences, however controversy
exists around whether or not these differences do indeed exist (Bidart-Bouzat and
Kliebenstein, 2011). Examples of varying plant defence mechanisms towards specific
invertebrate pests, and the subsequent responses of these herbivores to the defence
responses, shall be discussed further on.

Despite variation in the exact molecular defence mechanisms activated in plants by
different invertebrate pests, the overall responses to herbivory include heightened levels of
ROS scavengers, modification in Ca”" fluxes, differential expression of JA-responsive
genes and accumulation of various defence-related compounds. These defence-related
compounds include glucosinolates, alkaloids (e.g. caffeine, nicotine and morphine),
tannins, saponins, cyanogenic glycosides and terpenoids, the latter family being one of the
most diverse in plants, possessing over 40,000 known structures. In addition, components
of the phenylpropanoid pathway have a major role in conferring plant defence against
invertebrate and microbial pests, by providing both chemical deterrents and structural
barriers, along with the signalling molecule, SA (Dixon et al., 2002a). In light of the
diverse roles possessed by various components of biological pathways in plant defence,
clusters of defence compounds shall be discussed individually in the following sections,

starting with phenylpropanoids.
1.4.4.1 The phenylpropanoid pathway

A number of defence-related compounds originate from the phenylpropanoid pathway and
are directed towards reinforcing structural barriers against pests and pathogens (e.g.
lignin), serving as signalling molecules in defence-associated pathways (such as SA), or
presenting themselves as feeding deterrents or toxins (e.g. phenolics). Phenylpropanoids
can be divided into three categories, namely phytoalexins (e.g. stilbenes, coumarins and
isoflavonoids), phytoanticipins (such as chlorogenic acid, CGA) and signal molecules

(SA). The phenylpropanoid pathway is also home to the biosynthesis of UV-absorbing
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flavonoids, and monolignols which are the building blocks of the architectural biopolymer,
lignin. The smooth running of this complex pathway depends on a number of enzymes,
including the afore-mentioned PAL, cytochrome P450 hydroxylases and O-
methyltransferase (OMTs), along with input of amino acid substrates and intermediates
derived from the shikimate pathway (Yao et al., 1995).

The responsiveness of components in this pathway to JA treatment or
invertebrate/microbial attack has been identified via “omics”-based studies (Yao et al.,
1995) (Daayf et al., 2000) (Dixon et al., 2002b) (Shadle et al., 2003) (Lattanzio and
Cardinali, 2006, Ralph et al., 2006) (Izaguirre et al., 2007) (Konig et al., 2014), with
metabolic analysis on B. rapa subjected to MeJA treatment revealing increased levels of
the phenylpropanoids 5-hydroxyferuloyl-, coumaroyl-, caffeoyl-, feruloyl- and sinapoyl-
malates, along with hydroxyl-feruoyl (Liang et al., 2006b).

Several studies on transgenic and mutant plants have highlighted the importance of
phenylpropanoids in conferring plant defence against pests, with tobacco mutants impaired
in the production of the first committed enzyme of the phenylpropanoid pathway, PAL,
appearing more susceptible to infection from the necrotrophic plant fungus Cerospora
nicotianae, and transgenic tobacco lines over-expression PAL displaying increased
resistance to the pathogen (Shadle et al., 2003). These findings were attributed to the
modified levels of various downstream phenylpropanoids, particularly levels of CGAs
such as caffeoyl-quinic acid, which were found to increase considerably in tobacco plants
over-expressing PAL, indicating that these compounds are efficient at reducing plant
susceptibility to invading microbial pests. CGA is derived from caffeic acid and quinine,
which are synthesised from phenylalanine and dehydroquinate intermediates, respectively,
derived from the shikimate pathway. A study by Yao and co-workers (1995) further
highlighted the importance of CGAs and additional phenylpropanoids in promoting potato
tuber defence against the hemi-biotrophic oomycete Phytophthora infestans, by expressing
in this plant a gene from Catharanthus roseus encoding tryptophan decarboxylase (TDC),
which redirects tryptophan into tryptamine. The authors observed decreased levels of
tryptophan, phenylalanine and phenylalanine-associated derived phenolic compounds, with
levels of CGA (the major soluble phenolic ester in potato tubers) falling by 2-3-fold, and
soluble phenolic compounds such as ferulic acid-derivatives and p-coumaric acid
decreasing by 30-40% in transgenic tubers compared to WT. In addition, transgenic tubers
were noticeably more susceptible to P. infestans than WT, indicating the importance of
phenylpropanoids in plant defence, along with the high demand for products derived from

the shikimate pathway for facilitating plant defence (Yao et al., 1995). The extent of
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phenylpropanoid accumulation in response to herbivory can vary across plant species, with
N. longiflora showing overall higher levels of select CGA compounds but lower
concentrations of dicaffeoylspermidine compounds than N. attenuata following simulated
herbivory (Izaguirre et al., 2007).

Studies with coil-1 and WT Arabidopsis lines identified several wound- and P. rapae-
responsive genes encoding components of the phenylpropanoid pathway that increase in
expression in a COIll-dependent (CCR, CHS, 4CL and COMT) and COIll-independent
manner (PALI and CMI)(Reymond et al., 2000), suggesting that regulation of the
expression of various phenylpropanoid-associated genes by herbivory and/or wounding
can take place via the JA-lle-signalling pathway outlined in Figure 1-4, and by an
additional pathway.

In addition to chemical defence mechanisms, components of the phenylpropanoid pathway
have also been suggested to provide structural barriers against invading pests. One branch
of the phenylpropanoid pathway leads to the biosynthesis of sinapate esters and lignin, the
latter compound being the second most abundant plant polymer on the planet, that serves
as a waterproofing and strengthening agent in specific plant tissues (Halpin et al., 1994).
Lignin is an inconvenient plant product in various commercial and agricultural systems by
affecting cell wall polysaccharide degradation to simple sugars for fermentation in the
biofuel industry, preventing use of woody material in the pulp and paper industry without
its initial removal from cellulose, (Whetten and Sederoff, 1991), and limiting digestibility
of forage crops for livestock (Jung and Vogel, 1986). Despite this, lignin’s ability to
strengthen cell walls has been implicated in plant defence against microbial pests (Lim et
al., 2001). Tobacco antisense lines of COMT, CCoAOMT, CCR and CAD, enzymes
active in the biosynthesis of lignin precursors, display decreased quality and quantity of
lignin, with one tobacco line expressing the double antisense construct CCoAOMT/COMT
being the most affected, both in relation to its development and resistance to TMV made
evident by sustaining larger TMV-induced necrotic lesions than WT lines (Camera et al.,
2004). A diverse role for members of the phenylpropanoid pathway in promoting plant
defence against a myriad of invertebrate and microbial pests is therefore evident, and
increased expression of several genes associated with this pathway in a COIl-independent
manner suggests that phenylpropanoid-associated plant defence may be activated through

multiple biological signalling events.
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1.4.4.2 Glucosinolates

Glucosinolates are specialised, sulphur-rich defence compounds predominantly found in
members of the Brassicaceae family, and have received a great deal of attention over the
years in relation to their defence-promoting properties and diversity in cruciferous plants.
These compounds can be characterised as being aliphatic, aromatic or indolic based on the
nature of their amino acid side chains (of which over 120 different side chain structures are
known to exist)(Hopkins et al., 2009). Indole glucosinolates are derived from tryptophan,
and make up approximately 10% of known glucosinolates found in vegetative tissue, such
as leaves and roots. Aromatic glucosinolates (synthesised from phenylalanine or tyrosine)
likewise make up a small proportion of glucosinolates in plants (~10%), while aliphatics
derived from methionine make up approximately 50% of glucosinolates in plants,
particularly in seeds, flowers and siliques (Hopkins et al., 2009). The requirement for
substrates derived from the shikimate pathway means that, like phenylpropanoids,
glucosinolate biosynthesis and subsequent plant defence can be affected by mutations in
the shikimate pathway, with the redirection of tryptophan into tryptamine reducing the
quantity of indole glucosinolates in transgenic plants expressing TDC (Yao et al., 1995).
The biosynthesis of glucosinolates generally takes place over three steps involving amino
acid chain elongation, core glucosinolate biosynthesis and side chain modification, with
key enzymes including methylthioalkyl-malate synthase (MAM) and a myriad of
cytochrome P450 enzymes from the CYP79 and CYP83 subgroups (Sasaki-Sekimoto et al.,
2005, Zang et al., 2009). In Arabidopsis, seven members of the CYP79 family have been
identified (Mikkelsen et al., 2003), with CYP79A2, CYP79F1 and CYP79F2 targeting
chain-elongated methionine derivatives and phenylalanine for metabolism, while
CYP79B2 and CYP79B3 convert tryptophan to indole-3-acetaldoxime (Hull et al., 2000,
Mikkelsen et al., 2000, Mikkelsen et al., 2003). The function of the remaining two
members of this family, CYP79C1 and CYP79C2, remains somewhat elusive (Mikkelsen
et al., 2003). Glucosinolates are constitutive defences as they are always present in plant
cell vacuoles in an inactive form. Upon invertebrate herbivory and tissue damage,
glucosinolates are released from their compartments into the cytosol where they are
hydrolysed by myrosinase proteins, resulting in the accumulation of toxic by-products
including isothiocyanates, nitriles and thiocyanates (Mithen, 2001). The nature and degree
of toxicity of these final products are largely dictated by the specific side chain of the
glucosinolate, however additional factors, such as cellular pH and the concentration of

ferrous 1ons, also influence the characteristics of the final product (Mithen, 2001).
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Glucosinolates appear to be regulated in response to specific herbivore pests and/or
defence-related signalling molecules, as application of MeJA to Arabidopsis plants was
found to increase the abundance on indole glucosinolates by approximately 3 to 4-fold
along with expression of tryptophan-metabolizing genes, CYP79B2 and CYP79B3, while
levels of aliphatic glucosinolates were not largely affected by MeJA (Mikkelsen et al.,
2003). Likewise, the mustard beetle Phaedon cochleariae increased levels of certain
indole glucosinolates in 12-day old broccoli sprouts while M. persicae and P. brassicae did
not invoke any noticeable change in levels of these compounds in comparison to untreated
controls (Mewis et al., 2012).

The effects elicited on invertebrate pests by glucosinolates is also thought to vary across
pest species, with some invertebrates being negatively affected by the consumption of
these compounds, while others utilize glucosinolates as feeding and oviposition stimulants.
For example, P. rapae larvae were found to use the glucosinolate sinigrin as a feeding
stimulant, while adult P. rapa and Pieris napi oleracea regarded the same compound as a
cue for egg laying (Huang and Renwlck, 1994, Renwick and Lopez, 1999). Additionally,
P. rapae larvae were shown to be unaffected by ingesting toxic glucosinolates defence
compounds from Brassicaceae plants, instead sequestering these secondary metabolites for
their own use (Huang and Renwlck, 1994, Renwick and Lopez, 1999). A conflicting study
in 2003, however, observed reproducible reductions in the performance on P. rapae
maintained on artificial diets containing toxic alkyl isothiocyanate breakdown products of
glucosinolates, with P. rapae mortality reaching approximately 40% with increasing
concentrations of the toxin (0-1.69 umol/g fresh weight in diet, resembling naturally
occurring concentrations in plant tissue) and 0% on the control diet, while the relative
growth rate of survivors (g/g/day) was negatively affected by increased concentrations of
glucosinolates (Agrawal and Kurashige, 2003).

Molecular studies have been conducted to assess whether or not a specialist/generalist
paradigm exists in relation to invertebrate responses to glucosinolate defences. One study
investigating glucosinolate content in Arabidopsis plants subjected to herbivory from two
specialist and 2 generalist feeders (one phloem-feeding aphid and one leaf-chewing
caterpillar from each dietary group) found that while there was little difference between the
levels of aliphatic glucosinolates induced by the generalist and the specialist aphid species,
significant differences existed between the accumulation of aliphatic and indole
glucosinolates in response to P. rapae and the generalist caterpillar Spodoptera exigua
(Mewis et al., 2006). A separate study investigating the effects of glucosinolates on the

specialist moth P. xylostella and generalist snail Helix pomatia found that both
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invertebrates were able to attenuate the ill-effects of glucosinolate breakdown products by
possessing a sulfatase enzyme in their guts which deactivated these toxic compounds
(Hopkins et al., 2009). The combined results from both studies suggests that plant
defences induced by various invertebrate pests and their subsequent responses to these
mechanisms may not primarily be a result of invertebrate dietary specifications, but down
to species-specific evolutionary developments that have facilitated each herbivore species
to compete in its own arms’ race against specific plant hosts. As a result, the effectiveness
of glucosinolates against invertebrate pests is variable, with some able to regard these
compounds as toxins or deterrents, while others view them as biological cues to commence

grazing or egg laying.

1.4.4.3 Additional chemical and structural defences

Additional defensive compounds that have not been explored in depth in this introductory
chapter include PIs, VOCs, alkaloids and terpenoids. While these defences are important
in promoting plant survival against herbivore pests, they shall not be focused upon in this
study, therefore are only briefly described.

PIs are potentially fatal compounds for invertebrates on account of their ability to inhibit
protein hydrolysis in the digestive tract by tightly binding to proteolytic enzymes (such as
serine, cysteine, aspartic- and metallo-proteinases), an interaction which prevents the
invertebrate from assimilating amino acids from food sources, negatively impacting their
growth and developmental processes and potentially leading to starvation and death
(Kuhlmann and Muller, 2011). Growth of larvae from the meal worm Tribolium confusum
was found to be inhibited when fed on a protein fraction obtained from soybean, while
trypsin inhibitors were toxic to M. sexta larvae when incorporated into an artificial diet.
Although the toxic effects of trypsin inhibitors were shown to be reversible with the
addition of methionine to the diet of M. sexta, reduced fitness of invertebrates following
excessive consumption of PIs can lead to long-term health effects due to a reduction in the
efficiency of their digestive tract (Ryan, 1990).

Volatile organic compounds (VOCs), which function as indirect defence mechanisms, are
composed predominantly of terpenoids, alkanes, aldehydes, esters and aromatics (Leitner
et al.,, 2005), with the exact concentrations of each compound dependent upon the
attacking invertebrate. For example, levels of alkanes, alkenes and homoterpenes in M.
truncatula vary in response to S. littoralis caterpillars or the spider mites Tetranychus

urticae, with the differences in VOC constituents proposed to be attributed to the different
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hormone pathways regulated by each herbivore, as S. littoralis rapidly increases levels of
JA following herbivory, while 7. urticae instead induces an accumulation of SA, both
locally and systemically (Leitner et al., 2005). Terpenoids additionally contribute towards
direct plant defences, and are regarded as one of the most diverse group of defence
compounds in plants. The effects of particular terpenoids are again dependent on the
attacking invertebrate; for example, isoprene was found to deter M. sexta caterpillars, have
little effect on P. rapae or P. xylostella behaviour, and additionally serve as an indirect
defence by attracting the attention of the parasitic wasp, Diadegma semiclausum (Mithofer
and Boland, 2012).

The diverse collection of plant defence mechanisms highlighted in the above sections of
this chapter demonstrates the complexity of the plant-pest evolutionary arms’ race, and the
inability of one defence strategy to deter all invaders explains the presence of so many
defence compounds in plants. It is plausible that the anthropogenic categorization of
invertebrates based on their feeding mechanisms and dietary preferences does not
necessarily reflect their effects on plant defence or response to such defence mechanisms,
and that other (specific?) properties of individual invertebrate species may determine how

they interact with plant hosts.

1.5  UV-B-induced responses overlap with those regulated by JA/herbivore pests

So far in this chapter, plant responses to either UV-B radiation or JA/invertebrate pests
have been discussed, with several compounds or biological pathways being described in
relation to both stimuli. Indeed, previous studies have observed overlapping regulatory
roles of UV-B and JA/herbivory on plant biology (A-H-Mackerness et al., 1999, Izaguirre
et al., 2003, Stratmann, 2003, Caldwell et al., 2007, Izaguirre et al., 2007, Demkura et al.,
2010), with microarray data revealing an approximate 20% overlap in the regulation of
herbivore-response by UV-B in N. longiflora (Izaguirre et al., 2003), and multiple
bioassays observing the ability of UV-B radiation to enhance plant defence against
invertebrate and necrotrophic pests. This final section of the introductory chapter
introduces our current knowledge on the overlap between UV-B- and wound-responses in

plants, before discussing the aims of this project
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1.5.1 UV-B reduces plant susceptibility to invertebrate and necrotrophic pests

Outdoor and laboratory-based studies have shown that removal of UV-B from plant
growing environments increases their susceptibility to invertebrate consumption
(Rousseaux et al., 1998, Izaguirre et al., 2003, Rousseaux et al., 2004, Caputo et al., 2006),
their use as an oviposition platform (Caputo et al., 2006, Foggo et al., 2007) and reduces
their tolerance to necrotrophic fungi (Demkura and Ballaré, 2012). These findings have
been documented in several plant species, including members of the Brassicaceae family
(Caputo et al., 2006, Kuhlmann and Muller, 2009a, Mewis et al., 2012), Nicotiana
(Izaguirre et al., 2003, Izaguirre et al., 2007) and beech trees (Rousseaux et al., 2004), in
response to thrips (Kuhlmann and Muller, 2009a), aphids (Kuhlmann and Muller, 2009b)
and Plutella (Caputo et al., 2006).

When maintained under terrestrial levels of UV-B radiation, Arabidopsis plants sustain up
to 3 times less damage from invertebrate pests compared to plants grown under attenuated
levels of UV-B radiation (Caputo et al., 2006), a finding that extends to shrub plants, with
Gunnera magellanica plants exposed to UV-B radiation sustaining ~ 70% less tissue
damage from Lepidopteran pests than plants maintained under attenuated levels of UV-B
radiation (Rousseaux et al., 2001). Arabidopsis plants were also shown as being less
susceptible to infection from B. cinerea following exposure to UV-B (Demkura and
Ballaré, 2012), sustaining smaller lesion areas compared to —UV-B-treated plants, and also
compared to a UV-B- and -UV-B-treated mutant impaired in the phenylpropanoid pathway.
The observed reduction in plant susceptibility to pests in a UV-B-dependent manner is not
uniform across all members of the plant kingdom, however, as the mountain birch Betula
pubescens was shown to be largely unaffected in its interaction with the autumnal moth
Epirrita autumnata under elevated levels of UV-B radiation (Anttila et al., 2010).

The effects of UV-B radiation on the biology of plants have also been suggested to impact
invertebrate fitness, with the weight of P. brassicae caterpillars and M. persicae aphids fed
on minus —UV-B broccoli sprouts being approximately 40-70% higher compared to larvae
fed on +UV-B plants (Mewis et al., 2012). Likewise, the growth rate of M. sexta fed on
UV-B-treated N. attenuata and N. longiflora was lower than the weight of those
maintained on —UV-B-treated plants, although the weight of caterpillars fed on -/+UV-B-
treated N. attenuata was lower than those fed on -/+UV-B-treated N. longiflora, indicating
varying effects of these two closely related species on invertebrate growth in general

(Izaguirre et al., 2003). However, an alternative study reported no difference in Plutella
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larval weight on —UV-B or +UV-B Arabidopsis (Caputo et al., 2006), highlighting the
varying indirect effects of UV-B radiation on the fitness of invertebrate pests.

In addition to modifying plant attractiveness to herbivore pests, UV-B radiation is
proposed to directly affect the behaviour of invertebrate pests via their perception of the
component of sunlight. UV assists invertebrates with orientation, navigation, feeding and
mating, and various studies have shown that whiteflies and aphids detect and move
towards areas of UV-A and UV-B light (Kuhlmann and Muller, 2011), while the thrip
species Caliothrips phaseoli is attracted to UV-A, but actively moves away from areas of
high UV-B to those of low UV-B (Mazza et al.,, 2002). While the majority of
investigations demonstrating that UV-B radiation reduces plant susceptibility to herbivory
claim that this response of invertebrates is due to the effects of UV-B radiation on the
physical and/or chemical profile of the plant, one particular study presented evidence to
suggest that the feeding preferences of Plutella larvae was not determined by the effects of
UV-B on plant quality but by insect perception of UV-B. Caputo and co-workers (2006)
conducted choice chambers under —UV-B conditions in a glasshouse and found no
significant difference in the area of leaf tissue consumed from plants pre-exposed to UV-B
or maintained under —UV-B conditions. However, as these choice chamber bioassays were
only conducted for 3 hours, it is possible that the visual effects of UV-B-treated plants on
invertebrate behaviour are apparent after a set period of time that exceeds 3 hours.

The exact evolutionary basis for the overlap between light- and JA/herbivore-induced
responses in plants, or the effects of solar radiation on plant attractiveness to invertebrate
pests remains unknown, however it is conceivable that the integration of UV-B-signalling
into plant defence pathways promotes “cross-tolerance" (section 1.1), to prime plants for
impending attacks. However, the kinetics of these responses into the subjective night (e.g.
when UV-B radiation is absent from the plant’s growing environment) has not been
elucidated, therefore it is unknown how effective UV-B-induced plant defences are against

nocturnal pests, such as molluscs.

1.5.2 Assessing the overlaps between UV-B- and wound-response pathways

Genetic and metabolic studies have attempted to pinpoint where UV-B- and wound-
responsive pathways intercept in plants, with several reports indicating that the effects of
UV-B radiation on JA are highly species-specific. An accumulation of both JA and ET
was observed in Arabidopsis plants exposed to supplementary UV-B radiation, which also

induced expression of several stress-related genes such as PR-/ and PDF[-2. Studies with
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UV-B-treated JA (jarl) and ET (etrl-1) mutants demonstrated that ET was required for
UV-B-dependent accumulation of PR-1, while both hormones worked synergistically with
UV-B to induce expression of PDF[-2 (A-H-Mackerness et al., 1999). In contrast, UV-B
was not found to increase JA levels in tomato plants (Stratmann et al., 2000) or M.
attenuata (1zaguirre et al., 2003, Demkura et al., 2010). The importance of JA in
promoting UV-B-enhanced defence in Arabidopsis was demonstrated with WT and jari-1
lines, where the reduction in Plutella oviposition on UV-B-treated Col-0 plants compared
to individuals of the same ecotype grown under attenuated levels of UV-B was lost in the
jarl-1 mutant, with adult moths being unable to differentiate between UV-B- and
attenuated UV-B-treated jarl-1 plants for egg laying (Caputo et al., 2006). These jarl-1
mutants also displayed decreased levels of UV-absorbing compounds, which could be
indicative of the differences observed between the two Arabidopsis lines. Interestingly,
this apparent requirement of JA for UV-B-dependent phenolic accumulation in
Arabidopsis is absent in N. attenuata anti-sense LOX3 mutants (as-lox3), as this study
reported no change in levels of flavonoids in the as-lox3 mutant impaired in the
biosynthesis of jasmonates (Izaguirre et al., 2007).

UV-B radiation alone is not known to have a direct effect on the activity of PI, however
evidence suggests that it may be able to enhance activity of Pls already induced by
wounding or herbivory (Stratmann et al., 2000, Izaguirre et al., 2003). Varying effects of
UV-B radiation on PI accumulation and activity have been observed in members of the
Solanaceae family, with UV-B radiation increasing expression of Pl-related genes in N.
attenuata, but decreasing levels in N. longiflora (Izaguirre et al., 2003), suggesting that
UV-B can differentially affect plant-invertebrate interactions across closely related plant
species.

Glucosinolates do not offer any UV-protection to plants, however the expression of several
genes encoding components of glucosinolate biosynthesis (e.g. MAMI, MYB51, CYP79’s
and CYPS81’s) were shown to increase in response to UV-B radiation, while levels of
aliphatic glucosinolates increased significantly (~2-fold) in broccoli sprouts subjected to a
2-hour irradiation period under ecologically relevant levels of UV-B (Mewis et al., 2012).
Indole glucosinolate levels remained unchanged in the same plants, however, indicating
that UV-B exerts differential effects on different glucosinolate compounds. Interestingly,
herbivory from P. brassicae, M. persicae or P. cochleariae did not affect levels of
aliphatic glucosinolates in broccoli sprouts compared to untreated controls, and while a
combination of UV-B radiation and herbivory increased the content of these compounds

compared to the individual herbivore treatments, no difference was seen between the
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combined treatments and UV-B-alone (Mewis et al., 2012). Levels of indole
glucosinolates were similar in M. periscae- and P. brassicae-treated plants as seen in
control and UV-B-treated plants, although P. cochleariae elicited an increase in the levels
of two glucosinolates in particular, 1-methoxy-indol-3ylmethyl and indol-3ylmethyl,
which was repressed slightly upon combining treatment of broccoli with this herbivore and
UV-B radiation (Mewis et al., 2012). Therefore, not only are the effects of UV-B on
different glucosinolates variable, but the combined effects of UV-B and invertebrate
herbivory can elicit different chemical profiles in the same plant.

The importance of the phenylpropanoid pathway in conferring protection against UV-B
radiation (section 1.3.2.2.) and resistance against invertebrate pests (section 1.4.4.1) has
been previously outlined in this introductory chapter. Many compounds, including CGA
and dicaffeoylspermidine isomers, accumulate in response to wounding and UV-B
radiation in N. attenuata and N. longiflora, albeit to varying degrees across the two plant
species (Izaguirre et al., 2007). Flavonoids have been described as functioning as feeding
and oviposition deterrents, as well as anti-nutritive agents, however the exact effects they
elicit on invertebrate pests varies, with incorporation of flavonoids into insect artificial
diets impacting the fitness and survival of several Lepidopteran species, while some
specialist invertebrates are attracted to these metabolites, using them as stimulants for
feeding and ovipositing (Harborne and Williams, 2000).

An enzyme of the phenylpropanoid pathway involved in the biosynthesis of lignin and
sinapate precursors, FERULIC ACID 5-HYDROXYLASE (F5H), has been implicated in
promoting UV-B-mediated plant defence against B. cinerea in Arabidopsis. The
Arabidopsis F5SH mutant, fahl-7, was shown as being unable to reduce B. cinerea-induced
lesion area in the presence of UV-B, an observation that was seen in WT plants and 74
mutants impaired in the production of CHS (Demkura and Ballaré, 2012). This finding
implied that one branch of the phenylpropanoid pathway (i.e. the sinapate/lignin
biosynthetic branch) exerts a larger influence in mediating UV-B-enhanced defence
against necrotrophic pests over the branch involved in the biosynthesis of anthocyanins.
As this study did not include invertebrate pests, it is unknown whether or not this particular
component of the phenylpropanoid pathway or similar enzymes are potentially important
in regulating UV-B-mediated defence against invertebrate herbivores, and as such warrants
further attention.

The effects of UV-B radiation on enforcing structural defences are unclear, however lignin
does not appear to be involved in UV-B-mediated plant defence. Levels of this

biopolymer were not shown to increase in response to UV-B radiation in soybean crops,
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and as such were not attributed to the UV-B-induced reduction in susceptibility of these
plants to caterpillars of Anticarsia gemmatalis (Zavala et al., 2001). However, increased
deposition of cuticular waxes and lignification was observed in transgenic rice (Oryza
sativa) over-expressing the UV-B- and MeJA-responsive OsWRKY89 gene, with these
lines also possessing decreased levels of soluble and cell-wall-bound phenolic compounds
and higher levels of SA. These lines were more resistant to attack from the rice blast
fungus (Magnaporthe grisea) and white-backed planthopper (Sogatella furcifera), and
appeared less attractive to female planthoppers for ovipositing than WT or RNAi-silenced
WRKYS89 rice lines (Wang et al., 2007). It is therefore possible that UV-B and JA
pathways can converge to heighten structural defences against invertebrate and microbial

pests, however more work is required to test this theory.

1.5.3 UVRS in UV-B-enhanced plant defence

A role of the UV-B photoreceptor, UVRSE, in mediating UV-B-enhanced plant defence in
Arabidopsis against B. cinerea was recently reported using the uvr§-6 mutant (Demkura
and Ballaré, 2012). Following a 4-hour exposure to UV-B radiation, Col-0 plants
possessed smaller lesion areas induced by B. cinerea compared to control plants
maintained under white light-only conditions. This enhanced resistance to B. cinerea was
absent from uvr§-6 mutants exposed to UV-B radiation, indicating that UV-B-mediated
defence against necrotrophic microbes is dependent upon UVRE (Demkura and Ballaré,
2012). A requirement for UVRS in promoting plant defence against invertebrate pests in a
UV-B-dependent manner has not yet been reported, and due to the evident complexity in
plant defence signalling pathways, it cannot be assumed that UVRS is also required for
enhancing pest defence in the presence of UV-B, despite being the UV-B-photoreceptor.
As only one study to date has investigated the role of UVRS in regulating UV-B-mediated
plant defence, further research is required to assess whether UV-B-mediated defence

operates through the UV-B photoreceptor or if it is independent of UVRS.
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1.6 The aims of this study

The overall aim of this study was to elucidate the molecular basis of UV-B-induced
invertebrate resistance in a commercially important crop, Brassica napus (oilseed rape), by
utilising a transcriptomic and metabolic approach to study the whole genome and
metabolome modifications of this crop in response to UV-B radiation, invertebrate
herbivory, or exogenous application with MeJA. To this end, two leaf-chewing
invertebrate pests were used, the first being a generalist mollusc, the grey field slug
(Deroceras reticulatum (Limacoidea: Agriolimacidae)), the second, larvae of the specialist
feeder the diamondback moth (Plutella xylostella). These invertebrates are referred to
simply as slugs and Plutella throughout this study. B. napus was selected as the model
organism for this project for several reasons. It is accepted that plant defence responses
may vary across plant species, therefore it seemed logical to investigate the effects of UV-
B radiation on enhancing defence responses in a commercially important crop. In saying
that, the close family relationship between B. napus and Arabidopsis (Brassicaceae family)
allowed knowledge on genetic, metabolic and physiological aspects of Arabidopsis to be
transferred (to some extent) to B. mnapus, and several Arabidopsis mutants were
incorporated into this project. Access to the Arabidopsis genome also proved very
beneficial during transcriptomic analysis of B. napus, as combining the sequenced
Arabidopsis genome with either the 95K Brassica Unigene (Trick et al., 2009) or the
recently sequenced B. napus genome (Chalhoub et al., 2014) allowed putative gene
annotations to be assigned to B. napus transcripts (Chapter 4). In addition to B. napus’
close relationship to Arabidopsis, its use in this project was also due to the degree of
overlap between UV-B- and wound-induced responses in this crop having not yet been
investigated, although convergences between these two signalling pathways have been
studied in another member of the Brassicaceae family, broccoli (Mewis et al., 2012).

The first goal of this project was to assess any effect of UV-B radiation on modifying the
attractiveness of B. napus to slug and Plutella herbivory (Chapter 3). To achieve this,
invertebrate choice-chamber bioassays were set up where B. napus or Arabidopsis plants
previously irradiated under minus UV-B (-UV-B) or plus UV-B (+UV-B) conditions were
presented to a known number of invertebrates, and the area of leaf tissue consumed over a
48-hour period was reported to indicate invertebrate feeding preferences. The influence of
another component of UV radiation (UV-A) on plant susceptibility to pests was also

studied in similar bioassay experiments, before regulatory roles of the UV-B photoreceptor,
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UVRS, on UV-B-enhanced defence was assessed by measuring leaf area consumed by
invertebrates on Arabidopsis uvr8-1 and 35Spro:GFP-UVRS lines.

Transcriptomic analysis of B. napus plants subjected to individual treatments of UV-B
radiation, exogenous MeJA treatment, slug herbivory or Plutella herbivory via RNA-seq
(Chapter 4) allowed identification of early-induced transcriptional regulators that increased
in expression by multiple treatments. Several genes identified in this experiment were
selected for over-expression in Arabidopsis, to assess any roles they may have in
promoting UV-B-enhanced plant defence against slugs and Plutella (Chapter 6). To
compliment the findings obtained from this study, a global metabolic profile of B. napus
plants exposed to the same 4 treatments mentioned above was acquired using reversed-
phase HPLC (Chapter 5), to identify key signalling pathways and their associated
components that facilitate the convergence of UV-B- and wound-response pathways in B.

napus.
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Chapter 2: MATERIALS AND METHODS

2.1 Materials

2.1.1 Chemicals
Unless otherwise stated, all chemicals were obtained from Sigma-Aldrich Company Ltd.

(Poole, Dorset, UK), Fisher Scientific UK Ltd. (Loughborough, Leicestershire, UK).

2.1.2 Antibiotics
Ampicillin and gentamycin were obtained from Melford Ltd. (Ipswich, Suffolk, UK) and
kanamycin from Sigma-Aldrich. All were dissolved in sterile distilled water. Working

concentrations of all antibiotics used are shown in Table 2-1.

Antibiotic Working Concentration
Ampicillin 100pug/ml
Gentamycin 30ug/ml
Kanamycin (E.coli) 50ug/ml
Kanamycin (plants) 75ug/ml (agar plates) or 100ug/ml (silicon dioxide plates)

Table 2-1: Working concentrations of antibiotics.

2.1.3 Enzymes

Enzymes used for DNA and RNA modifications, cDNA synthesis, PCR, ligations and
restriction digests were obtained from Promega (Southampton, Hampshire, UK), New
England Biolabs (Hitchin, Hertfordshire, UK) and Life Technologies Ltd. (Paisley, UK).

All were used according to the manufacturer’s instructions.

2.1.4 Plasmid vectors
Plasmid vectors used for the generation of transgenic Arabidopsis plants are shown in

Table 2-2.
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Plasmid Vector Properties of Plasmid Vector Source

pEZR(K)L-C 35S promoter and a GFP tag on Dr. Gert-Jan de Boer, University of
N-terminus region of the inserted gene Amsterdam (Schnurr et al., 2002)

pEZR(K)L-N 35S promoter and a GFP tag on Dr. Gert-Jan de Boer, University of
C-terminus of inserted gene Amsterdam (Schnurr et al., 2002)

pGWBI15 35S promoter and 3-HA tag on Dr. Nakagawa Shimane, University
N-terminus of inserted gene of Japan (Nakagawa et al., 2007)

Table 2-2: Plasmid vectors used throughout this study.

2.1.5 Bacterial strains

E.coli TOP10 cells (Agilent Technologies, California, USA) were transformed with the
plasmid vector constructs for sub-cloning. Arabidopsis transformation with pGWBI15,
pEZR(K)L-C and pEZR(K)L-N containing either VTC2, ELI3-2 or COMTI was carried

out with Agrobacterium tumefaciens strain GV3101.

2.1.6 Additional reagents and materials

Methyl jasmonate (MeJA) = 95% was purchased from Sigma-Aldrich Company Ltd.
(W341002-25G-K), as was silicon dioxide (Si0, purum p.a.; acid purified; 40-200 mesh;
84880). A wetting agent, Surfac UN65, was a kind gift from Dr. lan Bedford at the John

Innes Centre, Norwich, from a stock supply purchased from Surfachem.

2.1.7 Equipment
Centrifugations were conducted with an Eppendorf 5415 D bench-top centrifuge (up to 2
ml tubes), SORVALL LEGEND RT Centrifuge (15-50 ml Falcon centrifuge tubes).

2.2 Preparation of media and solutions

2.2.1 Measurement of pH

The pH of solutions and media was carried out using a glass electrode attached to a Jenway
3320 pH meter (Jenway, Felsted, Essex, UK).

2.2.2 Autoclave sterilization

Solutions, media and equipment were sterilized using a benchtop autoclave (Prestige

Medical, Model 220140) for 15 minutes at 120°C, latm.
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2.2.3 Filter sterilization
Heat sensitive solutions wee filter sterilized through a 0.2um pore diameter Nalgene filter

using a needleless syringe.

23 Plant material

2.3.1 Seed stocks

Brassica napus RV31 seeds were purchased from the John Innes Centre (Norwich).
Arabidopsis thaliana Landsberg erecta (Ler) and Columbia-0 (Col-0) wild type seeds were
from stocks established in the Jenkins lab. The segregating and homozygous T-DNA
mutants (Table 2-3), all of which are in a Col-0 background, were obtained from The
European Arabidopsis Stock Centre (NASC, Nottingham, UK). The uvr§-1 mutant (in the
Ler background) was provided by Professor Daniel Kliebenstein (UC Davis, California,
USA). The 35Spro:GFP-UVRS over-expressing line in a Ler background was generated
by a previous member of the Jenkins lab. Chinese cabbage var. Apex and lettuce seeds
were obtained from Sea Spring Seeds (http://www.seaspringseeds.co.uk) and Dobbies

Garden Centre, respectively, as a food source for the invertebrates.

T-DNA Mutant NASC (SALK) Accession Name
comtl N25167 (SALK 135290C)
eli3-2 N696708 (SALK_206866C)
jarl-1 N8072

vtc2 N656047 (SALK 146824C)

Table 2-3: NASC T-DNA Arabidopsis mutant lines used in this study.

2.3.2 Growth of plants on soil

B. napus, cabbage, lettuce and Arabidopsis seeds were sown in pots on the surface of
compost dampened with tap water. Pots were covered with cling film and given a period
of vernalisation at 4°C in the dark for 2-4 days before being transferred to 20°C growth
chambers for germination. Unless stated otherwise, Arabidopsis and B. napus were kept
under approximately 70 umol m” s’ constant white light in growth chambers until
treatment. Plants for floral dip transformation and seed collection were maintained under

these conditions until flowering or dried out.
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2.3.3 Surface sterilization of seeds
Arabidopsis seeds to be sown on 2 MS agar plates were surface sterilized using 70%
ethanol for 2 minutes, 50% (v/v) sodium hypochlorite for 5 minutes, then rinsing several

times with sterile distilled water under all bleach was removed.

2.3.4 Growth of plants on agar plates

Surface sterilised Arabidopsis seeds were sown on 2 Murashige and Skoog salts (2.15 g/L)
containing 0.8% agar with the pH adjusted to 5.7. 75 ug/ml kanamycin was added for
segregating Arabidopsis transgenic lines. After seeds were sown on the surface of the agar,
plates were sealed with micropore tape, wrapped in tin foil, inverted and kept at 4°C for 2
days in the dark. Seeds were germinated under approximately 70 umol m™s" constant

white light, and grown for the desired period of time.

2.3.5 Growth of plants on silicon dioxide plates

Segregating Arabidopsis transgenic lines were initially studied on 2 MS agar plates as
described in section 2.3.4. An alternative method was also used, where non-sterilised
Arabidopsis seeds were sown on top of non-sterile silicon dioxide as described by Davis et
al. (2009). The silicon dioxide was initially poured into petri dishes, where it was
dampened in % MS solution (1.1 g/L MS salts, 0.5 g/l MES, pH adjusted to 5.7)
containing 100 mg/ml of kanamycin. The plates were swirled then the bases were tapped
to remove air bubbles from the sand, and allowed to sit in the media for several minutes
before all liquid was removed with a pipette. Plates were again sealed with micropore tape,
wrapped in tin foil, and kept upright in the darkness at 4°C for 2 days before being
transferred to 70 umol m™s™ constant white light for germination and growth (Davis et al.,

2009).

2.4 Invertebrate material

2.4.1 Invertebrate sources

Two invertebrates were studied during this project, larvae of the Diamondback moth,
Plutella xylostella, and grey field slugs, Deroceras reticulatum (Figure 2-1). The initial
invertebrate stocks maintained at the University of Glasgow were given as a kind gift from
Mr. Gavin Hatt from the Entomology department at the John Innes Centre, Norwich.

Slugs were collected around the Norwich area, while Plutella larvae were from a long
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generation of captured moths held in the entomology facilities at the John Innes Centre.
Subsequent slug colonies were established in the laboratory by collecting adults and eggs
of the specific slug species (Deroceras reticulatum) from fields in Carluke, South

Lanarkshire.

A The Grey Field Slug B The Diamondback Moth
(Deroceras reticulatum) (Plutella xylostella)

Figure 2-1: Images of the two invertebrates used in this study. The indirect effects of
UV-B radiation on the feeding preferences of A, juvenile grey field slugs (Deroceras
reticulatum) and B, larvae of the Diamondback Moth (Plutella xylostella) was investigated
in this project. Pictures courtesy of staff at the Entomology department, the John Innes
Centre.

2.4.2 Invertebrate maintenance

Plutella were kept in mesh-covered cages on a diet of Chinese cabbage (var. Apex), in a
growth chamber set at 22°C in a 16h:8h light:dark cycle. Slugs were separated into small
groups and kept in large petri dishes with dampened blue roll as a base. They were fed on
a mixture of Chinese cabbage and lettuce, and kept in the shade under a bench top in the
laboratory. Cages and petri dishes were cleaned out or replaced as required, and fresh food

added when regularly.

2.5 Treatments

2.5.1 Light sources

Light treatments were carried out in growth chambers at 20°C. White light treatments (-
UV-B) were conducted using warm white fluorescent L36W/30 tubes (Osram, Munich,
Germany). UV-B radiation was provided with two sources: narrowband UV-B tubes
(Philips TL20W/01RS; Philips, Aachen, Germany, Figure 2-2A) and broadband UV-B
tubes (UVB-313; Q-Panel Company, USA; Figure 2-2B). The broadband tubes were
covered with a cellulose diacetate filter (Cat. No FLM400110/2925, West Design Products,
London, UK)) to remove short wavelength radiation below approximately 290 nm from the

emitted spectrum of light reaching the plants. Cellulose acetate was replaced every 24
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hours. As narrowband tubes do not emit these short wavelengths, they were not covered in
cellulose diacetate. Broadband tubes have a maximum emission at 313nm, and
narrowband at 311nm. Both sources can also emit very low levels of UV-A and blue light,
however they have not been found to induce a UV-A/blue light specific response (Ulm et
al., 2004). Removal of UV-A and UV-B from light sources in certain invertebrate
bioassays was achieved using a Lee 130 clear filter (Lee Filters, Hampshire, UK), which
removes wavelengths below approximately 400 nm.

The narrowband UV-B source was used to irradiate SDS-PAGE gels before conducting
Western blots. Broadband UV-B was used for plant illuminations.

White light fluence rates were measured using a LI-250A light meter attached to a LI-190
quantum sensor (LI-COR, Lincoln, NE, USA). UV-B fluence rates were measured using a
Spectro Sense 2 SKL904 meter and a UV-B sensor, SKU 430/SS2 (Skye Instruments,
Powys, UK). Spectral measurements of wavelengths between 200-800nm were measured
using a Macam Spectroradiometer model SR9910 (Macam Photometrics Ltd., Livingston,

UK).
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Figure 2-2: Spectra of light emitted from the two UV-B sources used in this study.
The spectrum of light emitted from A, narrowband UV-B tubes, Philips TL20W/01RS and
B, broadband UV-B tubes, UVB-313, Q-Panel. From Monika Heilmann’s Ph.D thesis,
University of Glasgow, 2013.
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2.5.2 Invertebrate bioassays at the University of Glasgow

Invertebrate assays were conducted on three week old Brassica and Arabidopsis plants. B.
napus were germinated and grown under approximately 70 umol m™s™ of constant white
light for 2 weeks, then either maintained under these conditions for a further week or
moved to 70 umol m™s™ white light supplemented with either 3 umol m™s™ broadband
UV-B or 70 umol m?s" of UV-A. The same protocol was followed for Arabidopsis,
however they were grown under white light conditions for 17 days before being either
maintained under these conditions for a further 4 days, or exposed to 70 umol m™ s white
light supplemented with 1.5 umol m™s™' broadband UV-B.

All bioassays were choice chamber assays, where invertebrates were presented with two
plants that had received different light treatments for 4-7 days prior to the bioassay, and
were allowed to choose which plant they preferred to graze upon over a 48-hour period.
The feeding preferences of slugs and Plutella larvae were studied separately.

The assays took place in the Plutella growth chamber, where only warm white light is
illuminated. Invertebrates underwent a period of fasting before the assay began. Second
instar Plutella larvae were removed from their mesh cages carefully using a dampened
paintbrush to a plastic container lined with dampened tissue paper that contained no food.
The larvae were kept here for 1-2 hours before the start of the experiment. Juvenile slugs
were moved carefully using the flat end of a spatula to a petri dish lined with dampened
tissue paper. The petri dishes were sealed with micropore tape, and the slugs left overnight
without food.

For all assays, intact plants were used. In order to calculate the leaf area consumed by the
invertebrates, each leaf from the plants were photographed against a piece of white paper
that had cm ruler markings drawn on it before the start of the experiment. For leaves that
were slightly curled at the edges (a more prominent trend seen in UV-B treated B.napus
plants), the side to which it curled towards was carefully pressed against the paper. This
appeared to be effective at flattening the leaf without wounding it. Photographs were
uploaded to a computer, and leaf area was measured using ImageJ 1.47v software.

On the day of the bioassays, dampened tissue paper was put on the base of the invertebrate
cages, and one white light plant (-UV) and one UV treated plant (+UV-A/B) was
positioned randomly in the cages. Invertebrates larvae were deposited in the centre of the
cages, and allowed to move towards the plant of their choosing. Ten second instar Plutella

larvae or 2 juvenile slugs were used in each bioassay.
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At the end of the 48-hour herbivory period, invertebrates were removed, and leaves were
detached from each plant at their petioles and stuck to white A4 paper using double-sided
tape. The leaves were then scanned onto a computer alongside a ruler with cm markings
on it, and the areas of leaf tissue was measured using ImageJ 1.47v software. The area of
tissue remaining on each leaf could be compared to the starting leaf area, which
subsequently revealed the total area of leaf tissue consumed by the invertebrates.

Several independent replicates of each bioassay were carried out on different occasions,
with at least two biological replicates included examined on each occasion. As
invertebrates can themselves be a source of variation, it was important to conduct as many
replicates as possible over the course of the project.

Results were presented as bar charts to display the total area or average area of leaf tissue
consumed (cm?) by each invertebrate, and boxplots were also generated to display the
spread of areas of tissue consumed across several replicates. For the boxplots, the middle
line represents the median data point, while the 1 and 3™ quartile (the lower section and
upper section of the box, respectively) each contain 25% of the data. The two vertical
lines indicate the outliers that are 1.5 times the interquartile range (IQR). A white circle on
the boxplot shows the position of an extreme outlier that is not within the 1.5x limit of the
IQR.

Standard error of the mean (Willis et al.) error bars are included on bar charts to show the
spread of variation of the sample means. Statistical analysis of the results was executed on
R using Analysis of Variance (ANOVA) and Tukey’s Honest Significant Difference
(HSD) post-hoc test.

2.5.3 Treatments for gene expression analysis

For gene expression analysis, B.napus and Arabidopsis plants were grown under constant
warm white light for three weeks prior to treatment. For B.napus, the youngest and second
youngest true leaves were harvested for all treatments. All Arabidopsis leaves were
harvested following light and methyl jasmonate treatment, while only those leaves

showing signs of herbivory were collected following invertebrate treatment.

2.5.3.1 UV-B treatment

All plants were transferred under low white light (approximately 20 umol m?s™) the night
before treatment was due to commence. Plants were exposed to 3 umol m? s of
broadband UV-B, and individual plant samples were harvested at various time points over

a 24 hour period. Each time point had three biological repeats. For B.napus, the youngest
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and second youngest true leaves were harvested. For Arabidopsis, all leaf tissue was

harvested.

2.5.3.2 Methyl jasmonate treatment

A stock solution of 1 M methyl jasmonate in 100% ethanol was kept at 4°C. Working
concentrations of 10 uM, 100 uM and 1 mM methyl jasmonate 0.01% ethanol were made
fresh on the day of treatment, and a wetting agent, Surfac UN65, was added to a final
concentration of 0.01% (v/v), to enable methyl jasmonate to penetrate through the waxy
epidermal layer of the plant leaves.

Using a cosmetic spray bottle, 3 week old plants were sprayed with either water, 0.01%
ethanol 0.01% UNG65, or the working concentrations of methyl jasmonate (plus 0.01%
ethanol and 0.01% UNG65). The water and ethanol/UN65 treatments acted as additional
controls, to confirm that the changes in gene expression were due to methyl jasmonate, and
not another component of the solution.

After treatment, plants were put into pot trays and stored under low white light (20 wmol
m?s"). Propagators were placed on top of the trays to prevent volatile organic compounds
from treated plants coming into contact with other plants. All plants, including the white
light (no treatment) controls received this precautionary measure. Individual plants were

harvested over a 24-hour period, three biological replicates harvested at each time point.

2.5.3.3 Invertebrate treatments

Initial invertebrate treatments took place in the Entomology department of the John Innes
Centre, and later at the University of Glasgow. In both cases, 3-week old B. napus plants
were used. The two invertebrates received a period of starvation immediately before the
bioassays began. Juvenile slugs were transferred to petri dishes lined with dampened
tissue and sealed with breathable surgical tape, then stored in a cool room out of direct
sunlight for approximately 16 hours with no food. Enough slugs were collected to ensure
that two for each individual plant would be available. Second instar Plutella larvae were
collected with a fine paintbrush and deposited in small, transparent plastic boxes. These
boxes were again lined with dampened tissue, and no food source was provided. Experts
at the Entomology department recommended a starvation period of 1-2 hours for Plutella
larvae, to reduce cases of cannibalism within the boxes and/or death of invertebrates. Ten
larvae for each plant were used, and the boxes were stored at 20°C under white light (-UV-

B) during the starvation period.
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To restrict the movement of invertebrates during the experiment, transparent, plastic clip
boxes were used to house individuals leaves (Figure 4. A). These boxes possessed a 1 cm
diameter circular hole on one side for the petioles of in tact plants to sit in. To prevent
invertebrates from escaping through these holes, small sponge slices were inserted along
with the petiole, filling the surplus gap while protecting the petiole.

At 3 weeks old, the B. napus plants had relatively long petioles, which meant they were
liable to breaking easily. Many petioles were snapped due to the strain imposed by the clip
boxes, therefore it was important to rest boxes on top of the plant pots, or a ledge of similar
height, to reduce the strain on the petioles.

Invertebrate grazing took place for 1 hour. The boxes and pests were then removed from
the plants, and samples were harvested at regular intervals over a 25-hour period, with time
point 1 (T=1) being the time at which the invertebrates were removed from the plants.
These experiments were later replicated at the University of Glasgow, with one minor
difference: plastic drinks cups and fine mesh netting were used to confine invertebrates to
one leaf instead of the plastic boxes used at the John Innes Centre. Squares of fine mesh
were cut out, and a ~ 1 cm diameter hole was punched through the middle of them. A
straight line was then cut from this hole to one side of the square using a pair of scissors, to
create a slit. 2 juvenile slugs or 10 second instar Plutella larvae were deposited in the
bottom of the cup, and one B. napus leaf was then inserted into the cup. A mesh square
was gently pulled around the stem via the cut slit, until the stem sat in the 1 cm diameter
hole in the middle. The mesh was then taped to the side of the cup, and a piece of tape was
put along the length of the cut slit. The cup was rested in such a position that prevented

the stem or plant from being damaged.

2.6 DNA and RNA methods

2.6.1 Isolation of genomic DNA from Arabidopsis and B. napus

Genomic DNA was extracted from Arabidopsis and B.napus using the Qiagen Dneasy®
Plant Mini Kit (Qiagen, Crawley, West Sussex, UK) according to the manufacturers
instructions. Extractions were carried out on approximately 100 mg of leaf tissue, which
was ground to a fine powder in liquid nitrogen using a mortar and pestle. Tissue was
transferred to a 1.5 mL Eppendorf tube, where cell lysis and DNA extraction took place as
described in the Qiagen Dneasy® Plant Mini Kit handbook. Purified genomic DNA was

eluted from the Dneasy membrane in 50 ul of sterile distilled water, and stored at 4 °C.
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2.6.2 Isolation of plasmid DNA

Small-scale plasmid DNA purifications from E. coli were carried out using the Qiagen®
Plasmid Mini Kit following the manufacturers instructions. A single bacterial colony was
inoculated in 10 mL LB medium containing the appropriate antibiotics for plasmid
selection, and incubated at 37 °C overnight with constant shaking at 200 rpm. Cells were
pelleted at 4, 000g for 10 mins, and the supernatant was discarded. Cell lysis and plasmid
DNA purification was carried out as detailed in the Qiagen® Plasmid Mini Kit protocol,

and plasmid DNA was stored at -20 °C.

2.6.3 Isolation of RNA from Arabidopsis and B. napus

RNA was extracted from both Arabidopsis and B.napus using TRIzol® Reagent from
Invitrogen (Life Technologies) and following the manufacturer’s instructions with one
minor modification. RNA precipitation was carried out using pre-chilled isopropyl alcohol
at either 4 °C or 20°C overnight. Samples were stored at -80°C after redissolving RNA in
30 ul of sterile DEPC’ed water.

2.6.4 Quantification of DNA and RNA

The quality and quantity of DNA and RNA was carried out using a spectrophotometer
(Eppendorf Bio Photometer) by adding 2 ul of sample to 98 ul of dH,O and measuring the
absorbance at 230, 260 and 280nm.

2.6.5 Dnase treatment of RNA from Arabidopsis and B. napus

Dnase treatment of RNA was conducted using the DNA-free™ DNA removal kit from
Life Technologies (cat. Number AM1906) following the manufacturers instructions.
Approximately 2 ug of RNA was Dnased at 37 °C for 1 hour with 2 units of the Dnase |
enzyme and 1 x Dnase buffer in a 25 uL reaction volume. The reaction was terminated
using 3.5 uL of Dnase Inactivation Reagent and incubating at room temperature for 5 min,

and the efficiency of the Dnase treatment was tested using a 35 cycle PCR reaction and

ACTIN? primers.

2.6.6 Reverse transcription of Arabidopsis and B. napus RNA
First strand cDNA was synthesised from Dnased RNA using SuperScript” II Reverse
Transcriptase from Life Technologies following the manufactures protocol. 1 ug of

Dnased RNA was reverse transcribed in a 30 uL reaction volume with 4 uM oligo-dT
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primers (dTTP20) at 65 °C for 5 min. The mixtures were briefly cooled on ice, and 1x
Reverse Transcriptase Reaction Buffer, | mM dNTPs, and 50 units of Rnase inhibitor
(Promega) were added. Reaction mixtures were then incubated at 42 °C for 2 minutes,
before adding 200 units of SuperScript” II to the mixture. Samples were then incubated at
42 °C for 50 min, and the reaction inactivated by heating at 70 °C for 15 min. The cDNA

samples were then stored at -20 °C.

2.6.7 Semi-quantitative and quantitative PCR

Semi-quantitative RT-PCR was conducted using GoTaq” G2 Flexi DNA Polymerase
(Promega cat no. M7801). Equivalent quantities of cDNA, estimated using reactions with
EFla primers, were used as templates for semi-quantitative RT-PCR. Each reaction
contained 1x Green GoTaq” Flexi buffer, 0.1 mM dNTPs, 0.5 uM of each gene specific
primer and 0.625 units of GoTaq™ G2 Flexi DNA Polymerase in a 25 uL reaction volume.
Primers for Arabidopsis and B. napus were designed using CLC Genomics Workbench
(version 7.0, Qiagen), except those for genotyping, which were obtained from the SALK
T-DNA primer design website (http://signal.salk.edu/tdnaprimers.2.html). Primers were
synthesised by Invitrogen and are listed in Table 2-4. As sequencing of the B. napus
genome was not completed and published until late 2014 (Chalhoub et al., 2014), the
Arabidopsis genome, Brassica 95K Unigene, and sequenced genome of the B. napus
progenitor species, B. rapa and B. oleracea, were used as platforms for primer design.
Transcript abundance measurements using quantitative RT-PCR (qPCR) was carried out
on a StepOnePlus™ Real-Time PCR machine (Life Technologies), using Brilliant III
Ultra-Fast SYBR master mix (Agilent Technologies Cat No. 600882) while adhering to the
MIQE guidelines (Bustin et al., 2009).

PCR products of whole gene fragments were subcloned into the pCR™2.1 TOPO vector
(Life Technologies) according to the manufacturers instructions to generate suitable
standards for gene expression analysis. Six 1/10 serial dilutions of each construct where
made, the highest concentration being 10 pg/uL, and analysed on every qPCR plate to
generate a standard curve. Satisfactory standard curves possessed a 95-105% efficiency of
amplification, and the equation of the standard curve was used to calculate the DNA
quantity of each Ct value, providing the Ct values were not higher than that of the most
diluted standard sample. An absolute target copy number could subsequently be calculated
from this DNA quantity. Three technical replicates of each sample were run on each plate.

The cycling conditions were as follows: 95 °C 2 min, (95 ° 10 sec, 60 °C 20 sec) x 40
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cycles, 95 °C 1 min, 60 °C 30 sec, 95 °C 5min, with data collection at every +0.3 °C
increment on the final ascent to 95 °C.

Expression changes in the genes of interest are presented as relative fold changes with
regards to the reference gene, EF/a. Results are also presented with standard deviation
(SD) error bars, to indicate the degree of variability across three technical replicates or
several biological replicates. ANOVA was performed using R to assess the statistical

significance of the results.

B. napus gene primers for semi-quantitative RT-PCR

Arabidopsis Arabidopsis | Brassica ID Primer Sequence
Gene ID Gene Name

At5g60390 EFla Bra010178 For— 5> ATACCAGGCTTGAGCATACCG 3’

Rev -5 GCCAAAGAGGCCATCAGACAA 3
AT3G45140 LOX2 Bra003526 For— 5> ACCATCACCACTCATCAACC ¥’

Rev -5 TATGCAGCAAAGATGACAGC ¥’
AT5G08640 FLS Bra009358 For— 5> ATGGAGATCGAGAGAGTCCAAG ¥’

Rev -5 TCAGTCCAGAGGAAGCTTATTGAGC 3’
AT5G54160 COMTI Bra029041 For— 5> ATGGGATCAACGGCGGAGACAC ¥’

Rev -5 TTACATCTTTTTGAGCAGCTCAATAACG 3’
AT4G26850 VTC2 Bol1006503 For— 5> ATGCTGAAAATCAAGAGGGTTCC 3’

Rev -5 TCACTGAAGAACAAGGCACTCAGAG 3’
AT5G13930 CHS Bo1034259 For— 5> TCAAGCGCATGTGCGATAAGTCG 3’

Rev -5 TGCTGGTACATCATGAGACG 3°
AT1G32640 MyC? Bra010178 For— 5> ATGAATCTCTGGACCACCGACG 3’

Rev -5 AGATTAAACTCGCCCGGAGC 3’
AT4G37990 ELI3-2 Bo01032749 For— 5> ATGGTCAGCTCATGCGGGT 3’

Rev -5 TTAAGGACTAGGCTTCAAGGTG 3’
AT4G39950 CYP79B2 Bra011821 For— 5> GAGATACTCAAGCAACAAGACG ¥’

Rev—-5" TCTCTTCTGGTGAAGCCACC 3’
AT3G45640 MPK3 Bra038281 For — 5> GAGATGTGGTTCCTCCACCA 3’

Rev -5 ACTTGAGCCCTCGAAGAAGC 3’
AT2G38470 WRKY33 Bra017117 For— 5> ATGTTGAGAGGGCATCAAATGA 3’

Rev - 5" GATCTTGTGCCAGTCTGTTTGTAGA 3’
AT5G42650 AOS Bra035320 For— 5> ATGGCCTCTGCTTCACCTCATTTCC 3’

Rev -5 CTAAAAGCTAGCCTTCCTCAGAGACG 3’
AT5G09810 ACT7 Bra028615 For — 5> TGGAACTGGAATGGTGAAGG 3’

Rev -5 ATACCTCTCTTGGACTGAGC 3’
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B. napus gene primers for qPCR
Arabidopsis Brassica Primer Sequence
Gene ID homologue ID
AT4G37990 Bo1032749 For— 5> TTCCCCGATGAAGTATCACG 3’
(ELI3-2) Rev -5 CCATAGTACCCATTGCATCC 3’
AT4G26850 Bol1006503 For— 5" CTTGATGCCACAGTGTTACG 3’
(V1C2) Rev—-5" CTTTCCTCTGACAGAGAAGC 3’
AT5G54160 Bra029041 For— 5> TCTCACGTCTTACTCCATCC 3’
(COMTI) Rev -5 ACCAGCTTTCCATGAGAACC ¥’
AT1G32640 Bra010178 For— 5> TCGATCCAGTTTGAGAATGG 3’
(MYC2) Rev -5 TGCTGAATTTCGGATTCTGG 3°
AT4G01370 Bol010768 For— 5> TCAGCCAATGTGTTACACCG 3’
(MPKH4) Rev -5 AGATATCGATCGCTGCTGTG 3’
AT3G45140 Bra003526 For— 5" GTTATGATGCTACCTCCTGC 3°
(LOX2) Rev -5 TACAGCAATGAGTCCTCAGC 3°
Primers for NASC genotyping
Arabidopsis NASC ID Primer Sequence
Gene ID
VTC2 SALK 146824c For -5 GTGTTCTTGACTGCTTGCCTC 3’
Rev -5 CCAAGAAGCTTCAAATGCAAC 3’
COMTI SALK 135290c For— 5> TTGAAACTAGCTTGGTCGGTG 3’
Rev -5 AATTCTTGATGGTGGGATTCC 3’
COMTI SALK 020611c For— 5" TCCGGTTTGCAAGTATTTGAC3’
Rev - 5" CTAGGGTCAGTCCCGTGGTAC3’
AOS SALK 017756¢ For— 5" GTTCTTCAAATCACGAATCC 3
Rev -5 AAAACTCGTAGAGTCTCTGG 3°
ELI3-2 SALK 206866¢ For — 5> ATGGGAAAGGTTCTTCAGAAAGAGG 3’
Rev -5 TAGGATTAGGCTTCAATGTGTTGGC 3°
LBbl.3 5" ATTTTGCCGATTTCGGAAC 3’
(T-DNA INSERT)
B. napus and plasmid primers for cloning
B. napus Sequence
Gene and
Plasmid
COMTI For - GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGGATCAACGGCGGAGACAC
pGWBI14 | Rev - GGGGACCACTTTGTACAAGAAAGCTGGGTTTTACATCTTTTTGAGCAGCTCAAT
AACG
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COMTI For - GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGGATCAACGGCGGAGACAC
pGWBI15 | Rev — GGGGACCACTTTGTACAAGAAAGCTGGGTTCATCTTTTTGAGCAGCTCAATAA
CG
vTrc2 PstI Restriction enzyme: For - AAACTGCAGATGCTGAAAATCAAGAGGGTTCC
pEZRLC BamHI Restriction enzyme: Rev - AAAGGATCCTCACTGAAGAACAAGGCACTCAGAG
ELI3-2 EcoRI Restriction enzyme: For - AAAGGATCCGCCATCTTTTTGAGCAGCTCAATAACG
pERZLC BamHI Restriction enzyme: Rev - AAAGAATTCATGGTCAGCTCATGCGGGT
ELI3-2 EcoRI Restriction enzyme: For - AAAGGATCCGCCATCTTTTTGAGCAGCTCAATAACG
pERZLN BamHI Restriction enzyme: Rev - AAAGGATCCGCAGGACTAGGCTTCAAGGTG
Arabidopsis gene primers for semi-quantitative RT-PCR
Arabidopsis Gene ID Primer Sequence
AT5G60390 (EF14) For - 5 TGAGCACGCTCTTCTTGCTTTCA 3’
Rev - 5> GGTGGTGGCATCCATCTTGTTACA 3°
ATA4G37990 (ELI3-2) For - 5' AGTCGGAGTTGGGTGTTTGG 3'
Rev - 5' ACCATGTGGTCGGAGTAACC 3'
ATA4G26850 (VTC2) For - 5' CTTGATGCCACAGTGTTACG 3'
Rev - 5' CTTTCCTCTGACAGAGAAGC 3'
AT5G54160 (COMTTI) For - 5' GATGGTGTTTCCATTGCTGC 3'
Rev - 5' AACGCGCTCATTCCATAAGC 3'
AT1G32640 (MYC2) For — 5 GATGAGGAGGTGACGGATACGGAA
Rev - 5" CGCTTACCAGCTAATCCCGCA
Arabidopsis gene primers for semi-quantitative RT-PCR
Arabidopsis Gene ID Primer Sequence
AT5G60390 For - 5 TGAGCACGCTCTTCTTGCTTTCA 3’
(EF14) Rev - 5> GGTGGTGGCATCCATCTTGTTACA 3’
AT4G37990 For - 5' AGTCGGAGTTGGGTGTTTGG 3'
(ELI3-2) Rev - 5' ACCATGTGGTCGGAGTAACC 3'
AT4G26850 For -5 GGACTTGCCCTAAAGAACGA
Zi%) Rev - 5" GTGTTCTCGGTCCCATATCC
AT5G54160 For - 5' GATGGTGTTTCCATTGCTGC 3'
(COMTI) Rev - 5' AACGCGCTCATTCCATAAGC 3'

Table 2-4: Primers used for semi-quantitative and quantitative RT-PCR with B.
napus and Arabidopsis cDNA/DNA. Brassica ID correspond to the Brassica gene that

was used for primer design (B. rapa, “Bra.

2

B. oleracea, “Bol.”). For = forward primer,

Rev = reverse primer.

2.6.8 Electrophoresis of DNA and RNA

Gel electrophoresis of DNA and RNA was carried out on agarose gels with 1:10,000

dilution of SYBR"™ Safe DNA gel stain (Invitrogen). The percentage of agarose gel varied

depending

on the size of amplicons/products being analysed (0.8% (w/v) for large
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amplicons, 2.5% (w/v) for large amplicons). RNA and PCR products generated using
KOD reagents were mixed with 6 x loading buffer (Promega), and all samples were
separated by agarose gel electrophoresis in TAE buffer (40 mM Tris-HCI, 1 mM EDTA) at
100 V.

2.6.9 Extraction and purification of DNA from agarose gels
DNA was separated on 1% agarose gels stained with SYBR® Safe. Bands of the desired
size were visualized and excised under a UV-illuminator. DNA was purified using the

QIAquick® Gel Extraction Kit (Qiagen) and following manufacturers instructions.

2.6.10 Restriction digest
Restriction digests of 0.5 to 1 pg of DNA were carried out using the appropriate restriction
enzymes and buffers at concentrations and incubation conditions according to the

manufacturer’s instructions.

2.6.11 DNA ligation

Digested and purified DNA obtained from PCR reactions and plasmid DNA with
appropriate restriction sites were used for DNA ligations. An aliquot of plasmid vector
and DNA insert was separated on an agarose gel to estimate quantities. An approximate
3:1 ratio of insert:vector was calculated. Reactions were set up in a total volume of 10 pl
containing 1 x ligation buffer and 1 pl of T4 DNA ligase (Promega). The ligation mix was
incubated either at room temperature for 3 hours, and then 2-5 pl of the mix was used for

transformation of competent E. coli TOP10 cells.

2.6.12 DNA sequencing
To confirm the DNA sequence of plasmids and constructs generated for sub-cloning and
use as qPCR standards, nucleotide sequencing was carried out by GATC Biotech

(Konstanz, Germany), according to the service’s instructions.

2.6.13 Genotyping
Arabidopsis mutants obtained from NASC were genotyped as described in the SALK T-
DNA primer design website (http:/signal.salk.edu/tdnaprimers.2.html). Two

combinations of primers were used for each template, one set to target genomic DNA of
the gene in question (primers LP and RP), the other set comprising of a gene-specific

primer (RP) and a T-DNA-specific primer (LBb1.3). The former primer set indicates if the
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T-DNA insertion is absent if a band appears on an agarose gel, the latter will yield a PCR

product if the insert is present.

2.7 Protein methods

2.7.1 Protein extraction from Arabidopsis and B. napus

Arabidopsis and B.napus plants were freshly ground up in micro-extraction buffer (20 mM
HEPES pH 7.8, 450 mM NaCl, 50 mM NaF, 0.2 mM EDTA, 25% (v/v) glycerol, 0.5 mM
PMSF, 1 mM DTT and protease inhibitor mix (Complete Mini, Roche)) using a mortar and
pestle kept on ice. The homogenate was centrifuged at 16,000g for 10 minutes at 4°C, and

the supernatant transferred to a fresh 1.5 ml tube. Protein was stored at -80°C.

2.7.2 Quantification of protein concentrations

Protein concentration was measured using the Bradford colorimetric method, with bovine
serum albumin (BSA) used as a standard. Bradford assay solution (Bio-Rad, UK) was
diluted five-fold with distilled water and filter sterilized. 2 pl of protein extract was added
to 1 ml of Bradford solution and mixed to obtain a homogenous colour. The absorbance at
595 nm was recorded with a spectrophotometer (Eppendorf, Germany) against a blank
sample (Bradford assay solution without any protein sample). The concentration of each
sample was calculated based on the equation of a standard curve obtained using a serial

dilution of BSA standards of known concentrations (1, 2, 4, 6, 8, 10 pg/ul).

2.7.3 SDS-PAGE

The volume of protein sample required to load 25 ug on an SDS gel were calculated, and
enough 4 x SDS protein sample buffer (250 mM Tris-HCI pH 6.8, 2% (w/v) SDS, 20%
(v/v) B-mercaptoethanol, 40% (v/v) glycerol, 0.5% (w/v) bromophenol blue) was added to
achieve a final volume of 20 ul. The samples were boiled for 5 min at 95°C.

For studying UVRS, 12.5% polyacrylamide separating gels with a 4% polyacrylamide
stacking gel were used (Separating: 12.5% (w/v) polyacrylamide, 0.38 M Tris-HCI pH 8.8,
0.1% (w/v) SDS, 0.05% (w/v) APS, 0.07% (v/v) TEMED; Stacking: 4% (w/v)
polyacrylamide, 132 mM Tris-HCI pH 6.8, 0.1% (w/v) SDS, 0.05% (w/v) APS, 0.15%
(v/v) TEMED). Proteins were separated according to their size in SDS running buffer (25
mM Tris-HCI pH 8.5, 190 mM glycine and 0.1% (w/v) SDS) at 150V for approximately

120 minutes. Protein molecular weights were determined using a prestained molecular
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weight marker (P7708, New England Biolabs). SDS-PAGE gels were then irradiated

under a high flounce rate of narrowband UV-B radiation for 10 minutes.

2.7.4 Western blot transfer

Proteins separated by SDS-PAGE were transferred onto nitrocellulose membranes (Bio-
Rad, Hertfordshire, UK) at 400 mA for 45 minutes in transfer buffer (25 mM Tris-HCI pH
8.5, 190 mM glycine and 20% (v/v) methanol). Membranes were stained in Ponceau
solution (0.1% (v/v) Ponceau S, 1% (v/v) acetic acid) to allow visualisation of Rubisco
protein bands, and evaluate if protein samples were loaded equally. Images of the
membranes were taken using either a scanner or the Fusion FX7 Advance SUPER-
BRIGHT instrument (Peqlab c/o VWR International, Leicestershire, UK). Membranes
were rinsed with TBS (25 mM Tris-HCI pH 8, 150 mM NacCl, 2.7 mM KCl) and then
blocked overnight at 4°C with 10% non-fat dried milk in TBS-T (25mM Tris-HCI pH 8,
150mM NaCl, 2.7 mM KCI, 0.1% (v/v) Triton-X) to prevent non-specific binding of the

antibodies on the membrane.

2.7.5 Immunolabelling

Primary and secondary antibodies (Table 2-5) were diluted to the stated concentrations in
TBS-T with 10% non-fat dried milk. Incubation with the primary antibody was done for 1
hour with gentle rotating at room temperature. Primary antibodies were rescued after use,
and stored at -20°C for multiple incubations with membranes. Following removal of the
primary antibody, the membrane was washed 4 times with TBS-TT (25mM Tris-HCI pH 8,
150mM NaCl, 2.7 mM KCI, 0.1% (v/v) Triton-X, 0.05% (v/v) Tween) and once with TBS
for 5 minutes each time. The membrane was then incubated for 1 hour at room
temperature with the appropriate HRP-conjugated secondary antibody (Sigma-Aldrich),
which was diluted in 10% dried milk TBS-T. This was followed with five washes in TBS-

TT and 2 washed in TBS, for 5 minutes each time.

Primary antibody Primary antibody Secondary antibody and dilution
and dilution Source
Anti-GFP (1:10,000) Clontech Anti-mouse (1:10,000)
Anti-UVRS polyclonal Fisher Scientific Anti-rabbit (1:20,000)
(1:10,000)
Anti-UVRS C-terminal E. Kaiserli (Kaiserli Anti-rabbit (1:5000)
(1:5000) and Jenkins, 2007)

Table 2-5: Antibodies used for immunolabelling.
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2.7.6 Immunodetection

Chemiluminescent detection of protein bands was achieved using SuperSignal West Femto
Substrate (Thermo Scientific, Product No. 34094) according to the manufacturer’s
instructions. After incubation with the reagents, the membrane was visualised with the

Fusion instrument.

2.8 Bacterial transformation

2.8.1 Production of chemically competent E. coli cells

One colony of E. coli TOP10 cells was grown overnight in 5 ml of Luria Broth (LB)
medium at 37°C with constant shaking at 200 rpm. The 5 ml subculture was then
inoculated in 250 ml of LB medium and grown until it reached an ODg of approximately
0.4. Cells were then pelleted at 4,000 g for 10 minutes at 4°C. After discarding the
supernatant, the pellet was washed 3 times with 50 ml of ice-cold water and once with 20
ml of CCMBS80 buffer (10mM KOAc pH 7.0, 80mM CaCl,2H,0, 20mM MnCl,4 H,O0,
10mM MgCl,6 H,0, 10% glycerol, pH adjusted to 6.4 with 0.1 N HCI). The pellet was
then resuspended in 5 ml of CCMBS80 buffer, and aliquots of 100 ul were snap frozen in

liquid nitrogen and stored at -80°C.

2.8.2 Transformation of chemically competent E. coli cells

100 ul aliquots of chemically competent E. coli TOP10 cells were transformed according
to the manufacturer’ instructions. The transformation process included 30 minutes on ice,
a 42°C heat shock for 45 seconds, followed by constant shaking at 37°C for 1 hour. The
cells were then plated on LB agar plates containing the appropriate antibiotic for selection

of the plasmid. Plates were incubated overnight at 37°C.

2.8.3 Production of chemically competent A. tumefaciens cells

Agrobacterium strain gv3101 was inoculated in a 10 ml subculture of LB medium with 30
ug/ml gentamycin, and grown for 20-24 hours with constant shaking (200 rpm) at 28°C.
The subculture was then inoculated in 1 litre of LB medium with rifampicillin and
gentamycin, and grown to an ODggo of 0.5-0.8. Cells were pelleted at 2,000 g for 10
minutes at 4°C. After the supernatant was discarded, the pellet was resuspended in 100 ml

of cold sterile 10% (v/v) glycerol. The cells were pelleted and resuspended two more
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times, with the volume of 10% glycerol being reduced to 10 ml then 1 ml. Aliquots of 50

ul were snap frozen in liquid nitrogen then stored at -80°C.

2.8.4 Transformation of chemically competent A. tumefaciens cells

Aliquots of 0.1 mL chemically competent Agrobacterium cells were removed from -80°C,
and thawed until almost liquid. 1-2 ug of plasmid DNA was added to aliquots, and the
contents were mixed gently but thoroughly, then snap frozen in liquid nitrogen. Cells were
thawed at 37°C for 5 min, 150 uL YEP liquid media added and incubated at 28°C for
approximately 3 hours with constant shaking at 200 rpm. The cells were then spread on
YEP plates containing appropriate antibiotics, and incubated for 2-3 days at 28°C.
Positive colonies were confirmed by colony PCR using one gene-specific primer and one

plasmid-specific primer.

2.9  Generation of transgenic plants

2.9.1 Generation of constructs for over-expression in plants

Three B.napus genes were selected for over-expression in Arabidopsis, their putative
Arabidopsis orthologues being COMTI, ELI3-2 and VTC2. Initial attempts to insert the
genes into two binary vectors, pGWB14 and pGWBI15 (containing an HA tag to the C- and
N-terminal region of the insert, respectively) were not overly successful, with pGWB15-
COMTI the only construct generated. As a result, the other two genes were inserted into
pEZR(K)L-C and pEZR(K)L-N, which possess a GFP tag at the N- and C-terminal regions
of the insert, respectively. Both the pGWB and pEZR(K)L vectors contain the constitutive
35S promoter of the Cauliflower Mosaic Virus (CaMV) to over-express levels of the

inserted genes.

2.9.2 Transformation of Arabidopsis by floral dipping

Transgenic lines of Arabidopsis were created in the Col-0 WT background and in NASC
homozygous comtl, eli3-2 and vtc2 mutants. Plants for transformation were grown under
constant white light (~100 umol m™s™) until flowers began to develop (4-5 weeks).

One colony of Agrobacterium containing the desired plasmid construct was inoculated in
500 ml LB medium with appropriate antibiotics and grown at 28°C with constant shaking
(200 rpm) until an ODggp of 1.5-2.0 was reached. The cells were pelleted at 2,000g for 15

minutes and resuspended in infiltration medium (2.2 g/l MS salts, 50 g/l sucrose, 0.5 g/l
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MES and 200 ul./l Silwet L77) to an ODggo of approximately 0.8. The upper region of the
plants were submerged and gently swirled in the infiltration medium for around 20 seconds.
Plants were kept inside transparent bags to create humid conditions for no more than 24

hours, and then kept under high white light for 3-4 days before being re-dipped.

2.9.3 Screen for Arabidopsis homozygous lines

Seeds collected from transgenic lines 4-5 weeks after floral dipping were surface sterilised
and sown on %2 MS agar plates or not surface sterilised and sown on silicon dioxide plates
as described in sections 2.3.4 and 2.3.5, respectively. Seedlings that showed antibiotic
resistance (Zaller et al.) were rescued on soil and grown until they set seed (T2). These
seeds were subsequently grown on silicon dioxide pre-wetted with % MS and scored for
antibiotic resistance segregation. Lines displaying a 3:1 segregation were identified,
rescued on soil, and their levels of GFP or HA expression were checked by Western
blotting with the GFP- and HA-antibody, respectively, and by gene expression analysis.
The lines with satisfactory levels of GFP or HA were carried on to the T3 generation, and
those exhibiting 100% resistance to antibiotic selection and possessing satisfactory

GFP/HA levels were used for further analysis.

2.10 Transcriptome profiling of B. napus by RNA-seq

Transcriptomic changes in leaf tissue of 3-week old B. napus plants treated with UV-B
radiation, MeJA treatment, slug herbivory or Plutella herbivory (as in section 2.5.3) was
investigated with RNA-seq at the Glasgow Polyomics Facility. Sequencing took place in a
NextSeq™ 500 (Illumina) desktop machine, and reads were aligned to either the Brassica
95K Unigene (Trick et al., 2009) or B. napus genome (Chalhoub et al., 2014). Alignment
of reads against the reference sequences was achieved using TopHat v 2.1.12, and
differential expression analysis was conducted with Cuftlinks v 2.2.1 (Trapnell et al.,
2012). Arabidopsis gene annotations were donated to the RNA-seq transcripts based on
their sequence similarity to the Arabidopsis genome (TAIR10). As sequence similarity
between two genes from different species does not necessarily mean that the encoded gene
products are functionally similar (therefore, not homologous to one another), the assigned
Arabidopsis gene functions are described as being putative homologues to the RNA-seq
transcripts. Functional analysis of the RNA-seq transcripts was carried out using the
online bioinformatics resource, DAVID (the Database for Annotation, Visualization and
Integrated Discovery (Huang, 2009 #87)). As DAVID did not recognize the Brassica

Unigene or B. napus gene ID’s, the TAIR ID’s of the putative Arabidopsis homologues
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were used instead to identify gene ontology (GO) groups enriched in the dateset.
Enrichment scores highlight the GO terms that are most represented in the list of genes
submitted to DAVID, which subsequently allows the investigator to identify the biological

processes that are most significant in the study at hand.

2.11 Global metabolite analysis of B. napus by reverse-phased chromatograph

Reverse-phased chromatography MS was employed to conduct global metabolomics on B.
napus leaf tissue treated with UV-B radiation, MeJA treatment, slug herbivory or Plutella
herbivory (as in section 2.5.3). Plants were harvested 24 hours after the onset of treatment
for metabolomic analysis. HPLC-grade acetonitrile was acquired from Fisher Scientific,
Loughborough, UK. HPLC grade H20 was purchased from VWR Chemicals, Fountenay-
sous-Bois, France. Formic acid (for mass spectrometry) was acquired from Fluka
Analytical (Sigma Aldrich), Steinheim, Germany. Samples were injected onto an Acquity
UPLC BEH 2.1 x 150 mm column with 1.7 pm particle size (Waters, Elstree, UK),
equipped with the corresponding pre-column, operated by an UltiMate 3000 RSLCnano
liquid chromatography system (Dionex, Camberley, Surrey). The LC mobile phase was a
biphasic linear gradient from 5% B to 50% B over 30 min, followed by an 4.5 min wash
with 90% B, and an 15 min re-equilibration with 5% B, where solvent B is 0.1% formic
acid in acetonitrile and solvent A is 0.1% formic acid in water. The flow rate was 150
puL/min, column temperature was held at 35 °C, injection volume was 10 pL, and samples
were maintained at 5 °C in the autosampler. An Orbitrap™ Elite (Thermo Scientific) mass
spectrometer was calibrated using Thermo calibration mix in negative ionization mode and
tuned on m/z 514.28 (MFRA). Source mass spectrometry settings were as follows: a HESI
probe was used with AGC 1 x 106 (full scan mode) and 5 x 104 (MSn mode), sheath gas
10 a.u., auxiliary gas 3 a.u., sweep gas 3 a.u., capillary temperature 275 °C, source voltage
5 kV, source current 100 pA, S-lens RF 67.3%, skimmer offset 0 V, maximum ion times of
500 ms (full scan mode) and 100 ms (MSn mode), and all scans consisted of 1 microscan.
Data was obtained in profile mode, for full scans the m/z window was 70.00 — 1000.00 and
the resolution was set to 240.000. For fragmentation experiments, key settings were:
isolation width of 1.0 Da, minimum signal required of 500, first mass fixed at 50.00 m/z
(HCD), and a dynamic exclusion of 48 seconds. A rejection list was included with the 4
most intense ions encountered in blank injections. HCD fragmentation spectra of the most
intense ion (data dependent acquisition) in the full scan were obtained at 30, 70, and 110
normalized collision energies (NCE). CID-MSn (n<3) fragmentation was performed as in

(van der Hooft et al., 2012). Chromatograms and data analysis was carried out using
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Xcalibur™ software (Thermo Scientific), and putative compound annotations were

assigned based on chemical formulas using online resources including KEGG.
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Chapter 3: UV-B Radiation Decreases Brassica napus and

Arabidopsis thaliana Susceptibility to Invertebrate Herbivory

3.1 Introduction

Select components of solar radiation have already been found to affect plant interactions
with pathogens or invertebrates. Plants exposed to higher ratios of far-red:red light (i.e.
conditions found under a shaded vegetation canopy) appear more susceptible to
invertebrate consumption (Izaguirre et al., 2006), while UV-B radiation can instead
promote plant defence mechanisms against invertebrates and select pathogens. Outdoor
and laboratory-based studies have shown that removal of UV-B from plant growing
environments increases their susceptibility to invertebrate consumption (Rousseaux et al.,
1998, Izaguirre et al., 2003, Rousseaux et al., 2004, Caputo et al., 2006), their use as an
oviposition platform (Caputo et al., 2006, Foggo et al., 2007) and reduces their tolerance to
necrotrophic fungi such as Botrytis cinerea (Demkura and Ballaré, 2012). This finding has
been documented across several plant species, including members of the Brassicaceae
family (Caputo et al., 2006, Kuhlmann and Muller, 2009a, Mewis et al., 2012), Nicotiana
(Izaguirre et al., 2003, Izaguirre et al., 2007), tomatoes (Stratmann et al., 2000), and beech
trees (Rousseaux et al.,, 2004), with thrips (Kuhlmann and Muller, 2009a), aphids
(Kuhlmann and Muller, 2009b) and Plutella xylostella (Caputo et al., 2006) employed as
the infesting pests of interest. While the molecular basis of UV-B-mediated defence is not
fully understood, it has been suggested that the UV-B photoreceptor, UVRS, is required for
enhancing Arabidopsis defence against B. cinerea (Demkura and Ballaré, 2012), as the
reduction in lesion area on inoculated WT leaves in the presence of UV-B is lost in the
uvr8-6 null mutant. However, no studies have been conducted to investigate any role of
UVRS in promoting plant defence against invertebrates.

This chapter examines the effects of UV-B and an additional component of the UV-
spectrum, UV-A, on the susceptibility of the commercially important crop oilseed rape
(Brassica napus) to two destructive agricultural pests (Plutella xylostella and juvenile grey
field slugs, Deroceras reticulatum). Bioassays were conducted under controlled laboratory
conditions, with plants exposed to or sheltered from either UV-A or UV-B radiation, and
invertebrate feeding preferences evaluated by measuring the leaf area consumed of -UV

and +UV pre-treated plants. With the use of Arabidopsis mutants impaired in UV-B- or

64



CHAPTER 3 RESULTS

JA-signalling, the importance of UVRS and the bioactive form of jasmonic acid, JA-Ile, in

regulating UV-B-induced defence was also investigated.

3.2 UV-B-treated Brassica napus are less susceptible to invertebrate herbivory

The effects of a 7-day UV-B pre-treatment on the area of Brassica napus leaf tissue
consumed by Plutella larvae and juvenile slugs was assessed. Plants were grown for two
weeks under 70 umol m™ s™' constant white light, then either maintained under these
conditions for a further 7 days (-UV-B treatment), or moved to white light supplemented
with broadband UV-B at 3 umol m™s” (+UV-B treatment). The broadband UV-B source
encompasses a wide range of the UV-B spectrum and overspills slightly into the UV-A
spectrum (Figure 2-1B, section 2.5.1 of Materials and Methods).

Second instar Plutella larvae and juvenile slugs were collected from their growth
enclosures, and given a period of starvation for 1 and 12 hours, respectively (as described
in section 2.5.2 of Materials and Methods). Following starvation, the invertebrates were
distributed in the centre of mesh choice chamber cages and presented with two B. napus
plants, one pre-treated under -UV-B conditions, the other under +UV-B conditions. The
feeding preferences of Plutella larvae were studied separately from those of juvenile slugs.
Bioassays were carried out with at least three paired replicates (in separate cages), and
several independent bioassays were conducted on different dates. The position of the
plants in each cage varied across all replicates to eradicate any influence of plant location
on the results. Leaf area was measured before and after the bioassay as previously
described (section 2.5.2 of Materials and Methods) to calculate the leaf area consumed by

invertebrates.

3.2.1 Plutella xylostella prefer grazing upon —UV-B-treated Brassica napus

Bioassays conducted with Plutella larvae revealed a clear-cut difference in the levels of
susceptibility between —UV-B and +UV-B pre-treated plants, both visually (Figure 3-1A)
and upon leaf area measurements (Figure 3-1B). Examination of the plants following
herbivory revealed that —UV-B and +UV-B pre-treated plants are both susceptible to
invertebrate grazing, but to different extents (Figure 3-1A).
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Figure 3-1: UV-B-treated Brassica napus show reduced susceptibility to Plutella
xylostella larvae. Seven-day exposure to UV-B radiation reduces B. napus susceptibility
to second instar Plutella larvae grazing, which is evident both visually, A, and upon
measuring the average area of leaf tissue consumed (cm®) over a 48-hour period, B.
Variation in total tissue area consumed in the -UV-B and +UV-B plants across the 24
biological replicates is shown in C. Plants were reared under 70 wmol m->s" constant
white light for 14 days, then either maintained under these —UV-B conditions for a further
7 days or exposed to +UV-B conditions (70 umol m™s™ white light + 3 umol m?s™
broadband UV-B). Choice chambers contained one -UV-B and one +UV-B plant side by
side. Ten 2™ instar larvae were transferred to the cage with a fine paintbrush following a
I-hour period of starvation, being deposited an equal distance between the two plants.
Bioassays ran for 48 hours under a long day photoperiod (16h light:8h dark). N=24. Bars
for B represent estimated mean + SEM. Significance of the +UV-B treatment against the —
UV-B treatment was calculated using ANOVA and Tukey’s Honest Significant Difference
(HSD) post-hoc test. p <0.00041.

The difference in average area of leaf tissue consumed in the ~UV-B-treated and +UV-B-
treated B. napus is statistically significant, with the —UV-B plants being preferred by

Plutella larvae for consumption. This general trend can also be seen across each individual

replicate (Figure 3-1C), where higher levels of consumption on —UV-B plants is observed
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in approximately 80% of replicates. There is also noticeable variation in the total leaf area
consumed in both “UV-B and +UV-B B. napus plants across all 24 replicates in Figure 3-
1C, a finding that is most probably due to larval feeding behaviour.

Despite the variation in leaf area consumed across the replicates, the findings support the

hypothesis that UV-B radiation reduces B. napus susceptibility to Plutella larvae.

3.2.2 Slugs prefer grazing upon —UV-B-treated Brassica napus

Slugs, on the other hand, do not appear to respond to UV-B-treated B. napus in the same
manner as Plutella larvae (Figure 3-2). Visually, differences in leaf area consumed
between —UV-B and +UV-B plants can be seen across most replicates (Figure 3-2A),
however when combining the results from all replicates, no statistically significant
difference in slug feeding preferences can be found with ANOVA (Figure 3-2B). This
result implies that pre-treating B. napus with UV-B radiation does not induce slug-
deterring mechanisms, but when the ten replicates are examined individually, a slightly
different story emerges (Figure 3-2C). There is an indication that slugs generally prefer
feeding upon —UV-B plants, as greater levels of consumption of —UV-B tissue is seen in
70% of the replicates. While this trend is not as intense for slugs as it is for Plutella, it can
be concluded that UV-B is capable of reducing B. napus susceptibility to these two

invertebrate pests to varying degrees.
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Figure 3-2: UV-B pre-treated B. napus are not significantly less susceptible to juvenile
slugs. Seven-day exposure to UV-B radiation did not significantly reduce B. napus
susceptibility to juvenile slugs. A, images of -UV-B and +UV-B B. napus following a 48-
hour bioassay, B, the average area of leaf tissue consumed (cm?), and C, variation in total
tissue area consumed in the -UV-B and +UV-B plants across the 10 biological replicates.
Plants were reared under 70 wmol m->s™ constant white light for 14 days, then either
maintained under these —UV-B conditions for a further 7 days or exposed to +UV-B
conditions (70 wmol m™ s white light + 3 wmol m™ s broadband UV-B). Choice
chambers contained one -UV-B and one +UV-B plant side by side. 2 juvenile slugs
measuring approximately 20-30 mm in length were starved overnight and then moved to
choice chambers lined with dampened soil using a pair of blunt-ended forceps. Slugs were
deposited an equal distance between the two plants. Bioassays ran for 48 hours under a
long day photoperiod. N=10. Bars for B represent estimated mean = SEM. Significance
of the +UV-B treatment against the ~-UV-B treatment was calculated using ANOVA and
Tukey’s Honest Significant Difference (HSD) post-hoc test. p = 0.297.
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33 UV-A has different effects on Brassica napus susceptibility to Plutella and

slugs

Another component of the solar UV-spectrum that reaches the Earth’s surface is UV-A.
The effects of terrestrial levels of UV-A on expression of several UV-B- and JA-regulated
genes has been reported previously (Morales et al., 2013), but to the best of my knowledge,
its effects on plant-invertebrate interactions have not been directly investigated before.
Several in-field bioassays examining plant susceptibility to invertebrate consumption in the
presence or absence of UV-B radiation retained UV-A in the spectrum of light received by
both +UV-B and ~UV-B plants (Ballar¢ et al., 1996, Izaguirre et al., 2003, [zaguirre et al.,
2007). As the removal of UV-B increased plant susceptibility to herbivory in these studies,
if UV-A is capable of promoting plant defence against invertebrate pests, it is not to the
same extent as UV-B radiation.

To investigate if UV-A radiation can induce an invertebrate-deterring response in plants,
bioassays were performed using B. napus and Arabidopsis plants illuminated with 70 umol
m~s" white light for two weeks, and then a further week with either white light only (-
UV-A) or white light supplemented with 70 umol m?s™ UV-A radiation (+UV-A). The
feeding preferences of Plutella larvae or juvenile slugs were then investigated with these

plants, following the same procedures outlined in section 3.2.

3.3.1 UV-A-treated B. napus are significantly less susceptible to Plutella herbivory

Plutella larvae appear to be deterred by —UV-A-treated B. napus in a statistically
significant manner, although the difference in the average area of -UV-A- or +UV-A-
treated B. napus leaf tissue consumed by larvae may not appear significant at a glance
(Figure 3-3A). The range of leaf area consumed by Plutella across the 8 replicates is
depicted in a boxplot, with the areas of +UV-A-treated plants spanning a larger area than

that of —-UV-A-treated plants (Figure 3-3B).
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Figure 3-3: UV-A-treated B. napus are significantly less susceptible to Plutella larvae
grazing. A, the average area of leaf tissue consumed by Plutella larvae on white light (-
UV-A) and white light plus supplementary UV-A radiation (+UV-A) treated B. napus, B,
the range of leaf tissue consumed by Plutella in plants from both light treatments across all
replicates and C, the area of leaf tissue consumed in each of the 8 replicates. Plants were
reared under 70 umol m->s™ white light for 14 days and either maintained under these —
UV-A conditions for a further 7 days, or exposed to white light plus 70 umol m™s™ UV-A
for 7 days (+UV-A). Invertebrate choice chambers were set up with one —UV-A and one
+UV-A plant positioned side by side in a cage with a layer of dampened tissue roll lining
the base. Ten 2™ instar Plutella larvae were starved for 1 hour, then placed at an equal
distance between the two plant pots in each bioassay. The bioassay ran for 48 hours under
a long day photoperiod (16h light:8h dark). N=8. Bars for A represent mean = SEM.
Significance of the +UV-A treatment against the —UV-A treatment was calculated using
ANOVA and Tukey’s Honest Significant Difference (HSD) post-hoc test. p = 0.04.

The black line that runs horizontally through each box represents the median (middle)
value of the replicates. The median separates the boxes into two sections, with the bottom
section referred to as the 1% quartile, and the top section, the 3" quartile. Each quartile
covers the area of leaf tissue consumed across 25% of the replicates, with the two vertical
lines protruding from each quartile representing the spread of values that are up to 1.5-
times that of the values in the 1** and 3™ quartile (also called the interquartile range, IQR).
The white circle in the -UV-A column marks one replicate that has an area of tissue

consumed exceeding 1.5-times that of the IQR.
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At least 50% of the —UV-A replicates lose an area of leaf tissue to larvae that corresponds
to the area covered by 31 quartile of the +UV-B samples, with the median value for +UV-
B, 1.65 cm?, lying just below the 1% quartile of —UV-A which starts at 1.9 cm®.  This
indicates that in some replicates, Plutella larvae consumed a smaller area of +UV-A leaf
tissue and a larger area of —UV-A-treated B. napus, which is represented both in Figure 3-
3A, and in Figure 3-3C. Here, the area of tissue consumed in both plants of the individual
replicate can be seen, and it is clear that the larvae do show a clear preference of —-UV-A
plants over the +UV-A plants in several replicates. This trend, however, is not consistent,
and in some cases little to no difference in leaf area consumed is measured between plants
of the two light treatments. The statistics suggest that UV-A radiation does improve B.

napus defence against Plutella larvae in a slightly significant manner.

3.3.2 Slugs are deterred by UV-A-treated B. napus

Slugs show a statistically significant preference for -UV-A-treated B. napus over +UV-A
(Figure 3-4A), which is consistently seen over all 6 replicates. When the spread of leaf
areas consumed in —UV-A- and +UV-A-treated plants is studied on a boxplot (Figure 3-
4B), it is clear that there is no overlap in areas consumed between the two light treatments,
and that slugs prefer to consume B. napus plants that have not been exposed to UV-A

radiation.
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Figure 3-4: UV-A treatment reduces B. napus susceptibility to slug herbivory. A, the
average area of leaf tissue consumed by slugs on white light (-UV-A) and white light plus
supplementary UV-A radiation (+UV-A) treated B. napus and B, the range of leaf tissue
consumed by slugs in plants from both light treatments across all replicates. Plants were
reared under 70 umol m->s™ white light for 14 days and either maintained under these —
UV-A conditions for a further 7 days, or exposed to white light plus 70 umol m™s™ UV-A
for 7 days (+UV-A). Invertebrate choice chambers were set up with one —UV-A and one
+UV-A plant positioned side by side in a cage with a layer of dampened soil on the base.
2 juvenile slugs, that were previously starved overnight, were placed at an equal distance
between the two plant pots in each bioassay. The bioassay ran for 48 hours under a long
day photoperiod (16h light:8h dark). N=6. Bars for A represent mean + SEM.
Significance of the +UV-A treatment against the —UV-A treatment was calculated using
ANOVA and Tukey’s Honest Significant Difference (HSD) post-hoc test. p = 0.00127.

34 UVRS8 is not essential for UV-B-mediated invertebrate resistance in

Arabidopsis

It is now known that UV-B radiation can promote B. napus defence against Plutella larvae
and juvenile slugs, but it has not been investigated whether the UV-B photoreceptor,
UVRS, is required for regulating this response against invertebrates. Recent studies using
an Arabidopsis UVRS null mutant, uvr8-6, and the necrotrophic fungus, Botrytis cinerea,
demonstrated that UVRS is required to promote UV-B-enhanced Arabidopsis defence
against the fungus, as mutants developed larger lesion areas compared to the Col-0 WT
(Demkura et al., 2012). To assess any role of UVRS in promoting UV-B-enhanced
defence against Plutella larvae and slugs, a UVRS8 null mutant, uvr§-1, a UVR8 over-
expressing line, 35Spro:GFP-UVRS, and the wild type progenitor, Ler, were pre-treated in
the absence or presence of UV-B and used in invertebrate bioassays.

The uvr§-1 mutant is characterised by a 15-bp deletion that encompasses residues 196-200,
and is deficient in both levels of UV-induced flavonoids, along with transcript levels of

flavonoid biosynthetic genes such as CHS (Brown et al., 2005). Mutants also display a
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hypersensitive phenotype in response to UV-B radiation, including stunted growth and the
development of necrotic lesions on leaves (Kliebenstein et al., 2002, Brown et al., 2005).
The 35Spro:GFP-UVRS over-expressing line was developed by a previous lab member of
the Jenkins group in the Ler background, with UVRS levels found to be considerably
higher than that in WT plants (Figure 3-5).

Ler Ler/358pro:GFP-UVRS uvr8-1
A
[ \
- H GFP-UVRS dimer
80 - . h Ler UVR8 / GFP-UVRS dimer

GFP-UVRS8 monomer

175

5815 Ler UVRS dimer

46 Ler UVR8 monomer

-— - rbcL

Figure 3-5: Levels of UVRS8 over-expression in 35Spro:GFP-UVRS8 over-expressing
plants. Polyclonal anti-UVR8 antibody immunoblots on protein extracts of 10-day old
Arabidopsis Ler, 35Spro:GDP-UVRS and uvr8-1. Ler protein extracted from plants exposed
to 1.5 umol m™ s broadband UV-B radiation for 24 hours, while uvr8-1 and 35Spro:GFP-
UVRS plants were maintained under —UV-B conditions for 10 days. Protein from the Ler
plants was extracted on a separate occasion from protein originating from the uvr8-I and
35Spro:GFP-UVRS plants. Ponceau staining of the large RuBisCO subunit (rbcL) is presented
as a loading control. Size markers (kDa) are indicated on the left hand side of the image, while
the states of UVRS are indicated on the right hand side. As the over-expressing line is in a Ler
background, GFP-tagged UVRS can form a heterodimer with WT UVRS (“Ler UVR8 / GFP-
UVRS dimer”).

The sensitivity of uvr8-I mutants to UV-B resulted in the period of irradiation being
reduced from 7 to 4 days, and the fluence rate being halved to 1.5 umol m?s”. By
reducing the UV-B dose and exposure period, mutants developed fewer lesions and
appeared healthier than those grown under 3 umol m™s™. For comparison purposes, Ler
and 35Spro:GFP-UVRS8 plants were also treated in the same conditions. It was
hypothesised that, if UVRS is required for UV-B-enhanced defence in Arabidopsis, the
null mutant would not display a UV-B-enhanced defence response, while the over-
expressing plants would show heightened levels of resistance following UV-B radiation by

sustaining far lower levels of tissue area consumed compared to Ler.
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3.4.1 UVRS does not significantly mediate UV-B-enhanced defence against Plutella

in Arabidopsis

The adjusted UV-B fluence rate and treatment period (1.5 umol m™s™ over 4 days) was
found to effectively reduce Ler susceptibility to Plutella larvae, as the average area of leaf
tissue consumed by the pests was over 50% less on the +UV-B plants than on the -UV-B
plants (Figure 3-6A). Likewise, the uvr8-I mutant also appeared less susceptible to
Plutella grazing following a UV-B pre-treatment (Figure 3-6B), with the different ranges
of leaf areas consumed by Plutella on -/+UV-B-treated uvr8-1 plants indicating a clear
preference of Plutella larvae for consuming —UV-B uvr8-1 plants (Figure 3-6C). Despite
this finding lying just outwith the range of statistical significance (p-0.0562; findings were
considered statistically significant when p<0.05), it can be concluded that +UV-B-treated
urvS-1 plants are less attractive to Plutella larvae as a food source compared to -UV-B-
treated plants of the same genotype.

The 35Spro:GFP-UVRS over-expressing plants grown under —UV-B conditions also
sustained higher levels of Plutella consumption compared to +UV-B plants (Figure 3-6D),
with 100% of +UV-B 35Spro:GFP-UVRS replicates losing up to approximately 1 cm? by
Plutella herbivory, while around 3 cm”was lost from —UV-B plants across at least 50% of
replicates (Figure 3-6E). However, as this result is not statistically significant (p-0.32), it
is clear that there is no significant difference in Plutella feeding preference between —

/+UV-B-treated 35Spro:GFP-UVRS Arabidopsis plants.
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Figure 3-6: A role of UVRS in promoting UV-B-induced defence in Arabidopsis is not
evident in bioassays with Plutella larvae. The average area of leaf tissue consumed by
Plutella in Ler, A, uvr8-1, B, and 35Spro:GFP-UVRS, C, and boxplots of area of leaf tissue
consumed in uvr§-1, D, and 35Spro:GFP-UVRS, E. Arabidopsis previously grown for 17 days
under 70 umol m-?s™ of continuous white light received 70 umol m-?s™' of white light (-UV-
B) or white light plus supplementary UV-B at 1.5 umol m-*s" (+UV-B) for 4 days before
conducting bioassays with 2" instar Plutella larvae. Plutella larvae were starved for 1 hour,
and 10 were placed at an equal distance between one —UV-B and one +UV-B plant in each
bioassay. Bioassays ran for 48 hours under a long day photoperiod (16h light:8h dark). Bars
for A represent mean = SEM. Significance of the +UV-B treatment against the —UV-B
treatment was calculated using ANOVA and Tukey’s Honest Significant Difference (HSD)
post-hoc test. Ler: p = 0.03, n=16. uvr8-1: p = 0.12, n=8. 35Spro:GFP-UVRS: p = 0.203,
n=>5.

In comparison to Ler and 35Spro:GFP-UVRS, uvr8-1 mutants possess a smaller average
area of leaf tissue consumed by Plutella larvae, for both —-UV-B and +UV-B plants. Ler
and 35Spro:GFP-UVRS8 plants sustain very similar average areas of leaf tissue
consumption, especially the +UV-B plants from both lines. Unfortunately, it cannot be
concluded if one line is more susceptible to Plutella herbivory than another following
white light or supplemented UV-B treatment, as no such bioassays were conducted. With

the results obtained from the bioassays, differences in the average area of tissue consumed
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by Plutella in the wuvr8-1 and 35Spro:GFP-UVRSE bioassays were calculated as a
percentage of that consumed in Ler (Table 3-1). It is evident that while Plutella consume a
small area of tissue from uvr8-I mutants, high levels of consumption are seen in the
35Spro:GFP-UVRS8 over-expressing plants. These plants were not bigger than Ler, and
initial leaf area was not found to affect total area consumed when statistical analysis when
ANOVA was conducted. It can be concluded, however, that UV-B radiation is capable of
reducing the susceptibility of Ler, uvr8-1 and 35Spro:GFP-UVRS over-expressing plants

to Plutella larvae herbivory under controlled conditions.

Table 3-1: Percentage of the average area of uvr8-1 and 355pro:GFP-UVRS tissue
consumed by Plutella larvae in relation to that of Ler (%).

-UV-B +UV-B

Ler 100 100

uvr8-1 32.28 9.40
358pro:GFP-UVRS 153.24 198.25

3.4.2 UVRS does not significantly mediate UV-B-enhanced defence against slugs in
Arabidopsis

To investigate if UV-B-enhanced defence against slugs in Arabidopsis is regulated by
UVRS, bioassays with —UV-B- and +UV-B-treated uvr§-7 null mutants and 35Spro:GFP-
UVRS over-expressing lines were conducted with juvenile slugs (Figure 3-7). As seen in
the Plutella bioassays (Figure 3-6A), exposure of Ler to 1.5 umol m™s™ UV-B for 4 days
is sufficient to elicit a statistically significant UV-B-induced decrease in leaf area
consumed by slugs (Figure 3-7A). Slugs also display a preference for consuming uvrs-1
leaf tissue maintained under —UV-B conditions over +UV-B conditions (Figure 3-7B).
The difference in the quantity of tissue consumed in —UV-B and +UV-B wuvr§-1 is
statistically significant, and upon examining the spread of areas consumed across the 6
replicates (Figure 3-7C), it is clear that +UV-B uvr8-1 mutants are less attractive to slugs
as a food source.

The 35Spro:GFP-UVRS8 over-expressing line appears to be slightly less susceptible to slug
herbivory following a 4-day period of UV-B radiation (Figure 3-7D), a finding that is not
statistically significant, probably due to variation in the areas of tissue consumed at each
replicate (Figure 3-7E boxplot). The largest area of tissue consumed by slugs on +UV-B-
treated 35Spro:GFP-UVRS plants is 1.4 cm?, but the position of the median value for —~UV-
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A-treated 35Spro:GFP-UVRS plants lies at 1.87 cm”. As the median represents the middle
area of tissue consumed by slugs across the 8 replicates, 50% of replicates possess a loss of
tissue over 1.87 cm®. This implies that UV-B radiation can lower the susceptibility of
35Spro:GFP-UVRS plants to slug herbivory, as higher levels of tissue consumption in at
least 4 replicates is seen in the —UV-B-treated 35Spro:GFP-UVRS plants. With more

repetitions of this bioassay, the statistical significance may become more evident.
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Figure 3-7: The effect of UV-B radiation on slug preference of Arabidopsis. Average
area of leaf tissue consumed by slugs in Ler, A, uvr8-1, B, and 35Spro:GFP-UVRS, C, and
boxplots of area of leaf tissue consumed in uwvr8-I, D, and 35Spro:GFP-UVRS, E.
Arabidopsis previously grown for 17 days under 70 umol m->s™' of continuous white light
received 70 umol m->s™ of white light (-UV-B) or white light plus supplementary UV-B at
1.5 umol m-* s (+UV-B) for 4 days before conducting bioassays with juvenile slugs.
Slugs were starved overnight. Two were placed at an equal distance between one —UV-B
and one +UV-B plant in each bioassay. Bioassays ran for 48 hours under a long day
photoperiod (16h light:8h dark). Bars for A represent mean + SEM. Significance of the
+UV-B treatment against the —UV-B treatment was calculated using ANOVA and Tukey’s
Honest Significant Difference (HSD) post-hoc test. Ler: p = 0.016, n=16. wuvr8-1: p =
0.032, n=6. 35Spro:GFP-UVRS: p =0.33, n=8.
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The average area of leaf tissue consumed by slugs on —UV-B and +UV-B Ler plants is
similar to the areas consumed on the on —UV-B and +UV-B uvr§-1 mutants. The over-
expressing line sustained slightly more tissue loss than the WT and mutant line, however,
as mentioned in section 3.3, no bioassays were conducted to investigate whether or not
slugs preferred consuming one line over another, therefore it is unknown if the difference
in average tissue area consumed across the lines has any significant meaning. The
percentage average area consumed by slugs on uvr§-1 and 35Spro:GFP-UVRS plants in

relation to Ler following either treatment was calculated (Table 3-2).

Table 3-2: Percentage of the average area of uvr8-1 and 355pro:GFP-UVRS tissue
consumed by juvenile slug in relation to that of Ler (%).

-UV-B +UV-B
Ler 100 100
uvr8-1 93.94 49.76
35Spro:GFP-UVRS 139.22 176.34

The levels of consumption on —UV-B-treated Ler and uvr8-1 mutants are very similar,
however the area of tissue lost on +UV-B-treated null mutants is approximately half of that
sustained by the wild type plants. The 35Spro:GFP-UVRS8 over-expressing line loses a
higher area of tissue to herbivory than the other two lines, an observation also noticed in
the Plutella bioassays (Table 3-1). The results from bioassays presented in Figure 3-6 and
Figure 3-7 suggest that UVRS is either not a key regulator or not the only regulator
involved in mediating UV-B-enhanced defence in Arabidopsis, and that over-expression of
the photoreceptor does not reduce the susceptibility of the plants to invertebrate herbivory

following UV-B-treatment.

3.5  UV-B does not confer resistance to mutants impaired in JA-signalling

To assess the extent of UV-B-induced plant defence, it was asked whether or not UV-B
radiation could compensate for a lack of JA-induced defence mechanisms in plants.
Previous studies with Nicotiana attenuata as-lox mutants, that have reduced levels of
jasmonic acid-regulated defence responses due to antisense silencing of a JA biosynthetic
gene, LIPOXYGENASE 3 (LOX3), found that terrestrial levels of UV-B radiation were
unable to reduce the susceptibility of these mutants to thrip herbivory, while wild type M.
attenuata displayed UV-B-induced defence (Demkura et al., 2010).
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The effects of UV-B radiation on the levels of Plutella consumption on a JA-insensitive
Arabidopsis mutant impaired in the biosynthesis of several JA-amino acid conjugates,
jarl-1, was assessed during invertebrate bioassays. The jarl-1 mutant and its progenitor
line, Col-0, were reared under 70 umol m->s™ of white light for 17 days, then either
maintained under these conditions (-UV-B) or irradiated with white light plus 1.5 umol m-
25 UV-B (+UV-B) for 4 days. Bioassays lasted 48 hours with 10 Plutella larvae each in
each replicate.

Larvae consumed less leaf tissue on Col-0 plants previously exposed to UV-B radiation
(Figure 3-8A), while the jaril-1 mutant did not appear less susceptible to herbivory (Figure
3-8B). This result is in accordance with what has already been reported (Demkura et al.,
2010), and suggests that, despite UV-B radiation’s ability to promote plant defence against
a selection of invertebrate pests, it is unable to compensate for the loss of JA-regulated

defences in Arabidopsis mutants.

A B
g 1S Col-0 1 jarl-1
A
Eeo 0.8
$E |
-
o E 0.6
<
=
ot
< g 05 . 0.4
o @ W
%DU
™ 0.2
g
< 0
0
-UV-B +UV-B -UV-B +UV-B

Figure 3-8. UV-B is unable to promote defence in the JA-insensitive Arabidopsis
mutant, jarl-1. Average area of leaf tissue consumed by Plutella larvae in A, Col-0 and B
jarl-1. Arabidopsis previously grown for 17 days under 70 umol m->s" of continuous
white light received 70 umol m-* s’ of white light (-UV-B) or white light plus
supplementary UV-B at 1.5 umol m-*s™ (+UV-B) for 4 days. 2" instar Plutella larvae
were starved for 1 hour, then 10 were placed at an equal distance between one —UV-B and
one +UV-B plant in each bioassay. Bioassays ran for 48 hours under a long day
photoperiod (16h light:8h dark). Bars represent mean + SEM. Significance of the +UV-B
treatment against the —-UV-B treatment was calculated using ANOVA and Tukey’s Honest
Significant Difference (HSD) post-hoc test. Col-0: p =0.04, n=6. jari-1: p =0.819, n=8.
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3.6 Direct effects of UV-B on invertebrate behaviour

The results presented up until now were derived from bioassays conducted in controlled
growth rooms were UV-B is absent from light sources. These conditions enabled the
indirect effects of UV radiation, i.e. UV-induced plant signalling pathways, on invertebrate
feeding preferences to be examined. However, in uncontrolled environments outwith the
laboratory, plants and invertebrates are likely to interact with one another under UV
conditions, meaning both direct and indirect effects of UV on invertebrate behaviour may
influence their feeding preferences. Previous research has indicated that invertebrates not
only perceive UV radiation, but use it as an important environmental signal to assist with
orientation, navigation, feeding and mating, with the propagation rate of Myzus persicae
aphids decreasing up to 2-fold in the absence of UV-B (Raviv and Antignus, 2004), and
the thrip species, Caliothrips phaseoli, detecting UV-B radiation and actively moving
away from areas of high UV-B to those of low UV-B levels (Mazza et al., 2002). The
same thrip species were later shown to be attracted to components of the UV spectrum
against a low PAR background when kept in confinement in the laboratory, and it was
suggested that they are highly sensitive to wavelengths between 290-330nm (Mazza et al.,
2009). However, the direct effects of UV-B radiation on Plutella larvae and slug feeding
behaviour have not, to my knowledge, been investigated before, and while it is apparent
that UV-B radiation is capable of promoting a deterring quality in B. napus and
Arabidopsis towards these two pests, it was of interest to investigate the direct effects UV
radiation may have on slug and Plutella behaviour, if any.

To achieve this, bioassays were set up under white light plus supplementary UV-A
conditions (70 umol m->s™' of each light) or white light plus UV-B conditions (70 wmol m-
5™ of white light plus 3 umol m->s" of UV-B), and with the use of cut-off filters to
remove components of the UV spectrum, the area of —UV-treated B. napus leaf tissue
consumed under each light condition was monitored. In total, three filters were employed,
the first being a cellulose diacetate filter, the second, a filter impenetrable to UV-A
radiation, and the third filter removed UV-B radiation from the spectrum of light emitted
from the tubes reaching the plants. Cellulose diacetate has been used throughout this
project as a matter of course to remove short wavelengths of UV radiation below
approximately 290 nm from the broadband UV-B source (Materials and Methods, section
2.5.1). In this experiment, plants positioned under this filter were regarded as ‘control’

plants, as they received unattenuated levels of UV radiation from the light source.
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To create the appropriate illumination conditions inside the invertebrate cages, one side of
the cages were covered with either a UV-A or UV-B filter, while the other sides were
wrapped in cellulose diacetate. Light and UV meters were used to ensure that the desired
light conditions had been met under each filter in the cages. Two 3-week old B. napus
plants previously grown under —UV-A/B conditions were positioned in the cages, 1 under
each filter. Two slugs or 10 Plutella larvae were placed in the centre of the cages,
underneath the interface between the two filters. They were allowed to migrate to their
preferred side of the cage, a decision that was theoretically based on the presence or
absence of UV radiation, and not on attractiveness of the plants. Bioassays were run for 24

hours, to prevent the accumulation of UV-induced defence mechanisms in B. napus.

3.6.1 Plutella larvae feeding preferences do not change in the presence or absence of

UV-A or UV-B radiation

Plutella larvae feeding behaviour did not appear to be influenced by UV-B (Figure 3-9A)
or UV-A (Figure 3-9B), as similar levels of consumption were measured between the UV-
treated and —UV-treated plants. This finding indicates that neither UV component of solar
radiation can directly affect Plutella teeding behaviour. Interestingly, Plutella larvae
consumed higher areas of leaf tissue on B. napus plants used in the UV-A bioassays

(Figure 3-9B).
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Figure 3-9: Plutella larvae feeding is not directly affected by UV-B or UV-A radiation.
The area of leaf tissue consumed by Plutella larvae on B. napus positioned under A, -UV-
B or +UV-B conditions or B, -UV-A or +UV-A conditions in an invertebrate choice
chamber. Light conditions were created in either side of an invertebrate cage by covering
it with two different filters, one removing either UV-B or UV-A, the other transmitting
both components of UV. One 3-week old B. napus plant previously reared under 70 umol
m->s” white light was placed under each filter, and 10 Plutella larvae which were starved
for 1 hour were deposited in the centre of cage under the filter interface. Bioassays were
run for 24 hours under white light supplemented with either 3 umol m™s™ broadband UV-
B radiation or 70 umol m™ s UV-A. Significance of the +UV-A or UV-B treatment
against the -UV-A or UV-B treatment was calculated using ANOVA and Tukey’s Honest
Significant Difference (HSD) post-hoc test. UV-B: p =0.99. UV-A: p =0.61. n=6. Bars
represent mean + SEM.

3.6.2 Slug behaviour appears to be slightly influenced by the presence of UV-B

The direct effects of UV-B radiation on slug grazing were examined using the same
experimental set-up for as Plutella larvae. Due to a shortage of juvenile slugs, UV-A
bioassays could not be performed.

At first glance, it would seem that slug feeding is influenced by the presence of UV-B
radiation, as higher consumption of B. napus plants positioned under +UV-B conditions is
observed (Figure 3-10). While this result does not appear to be statistically significant, the
spread of tissue areas consumed across the replicates indicates that plants positioned under

+UV-B conditions are more prone to higher levels of slug consumption (Figure 3-10B).
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Figure 3-10: UV-B radiation does not directly affect slug feeding on B. napus. A, the
average area of leaf tissue consumed by juvenile slugs on B. napus positioned under —-UV-
B or +UV-B conditions in an invertebrate cage, and B, a boxplot displaying the spread of
areas consumed across all replicates. —UV-B and +UV-B conditions were created in two
halves of the invertebrate cages by covering cages in two different filters, one of which
filters out UV-B, the other transmits UV-B. One 3-week old B. napus plant previously
reared under 70 umol m™ s white light was placed under each filter, and 2 juvenile slugs,
which were starved overnight, were deposited in the centre of cage under the filter
interface. Bioassays were run for 24 hours under white light supplemented with 3 umol m
*s™ broadband UV-B radiation. N=5. Significance of the +UV-B treatment against the —
UV-B treatment was calculated using ANOVA and Tukey’s Honest Significant Difference
(HSD) post-hoc test p = 0.126.

These results do not clearly indicate whether or not invertebrates are capable of detecting
UV radiation or not, as it is possible that the Plutella larvae, which show no preference for
one side of the cage over the other in either bioassay (Figure 3-9), may detect components
of UV radiation, but their feeding habits are not affected by them. What is clear is that,
regardless of their ability to detect UV or not, Plutella larvae feeding behaviour is
unaffected by the presence of UV-A and UV-B, while slugs consume slightly higher levels

of B. napus tissue when it is positioned under +UV-B conditions.
3.7  Discussion

Components of solar radiation are known to modify the attractiveness of many plant
species to several invertebrate pests, with low red:far-red ratios increasing plant
vulnerability to invertebrate consumption and Botrytis cinerea infection (Izaguirre et al.,
2006, Cerrudo et al., 2012), and UV-B radiation reducing plant attractiveness to pests
(Izaguirre et al., 2003, Caputo et al., 2006, Demkura and Ballaré¢, 2012). UV-B’s ability to

promote plant defence has been documented in many studies examining different plant and
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invertebrate species, such as Arabidopsis and Plutella xylostella (Caputo et al., 2006)
broccoli and Thripidae (Kuhlmann and Muller, 2009a) and Nicotiana and Manduca sexta
(Izaguirre et al., 2003). While members of the Brassica family have been employed as
model organisms for many of these studies, UV-B-mediated defence in B. napus has not
been investigated before. The range of invertebrate pests focused upon in previous studies
is also quite narrow, with one of the main destructive herbivores in British agriculture, the
greyfield slug (Deroceras reticulatum) receiving little to no attention. This chapter
therefore aimed to investigate whether or not UV-B radiation is capable of reducing B.
napus susceptibility to herbivory from juvenile slugs and Plutella xylostella larvae. The
effects of another component of solar radiation on invertebrate feeding preferences, UV-A,
was also briefly examined, as to the best of our knowledge, no studies have been
conducted to investigate any influence UV-A radiation may have on plant-invertebrate

interactions.

3.7.1 UV-B reduces B. napus susceptibility to Plutella and slug herbivores

UV-B was found to reduce the average area of leaf tissue consumed by both 2" instar
Plutella larvae and juvenile slugs on B. napus (Figure 3-1 and Figure 3-2, respectively).
Plutella larvae’s preference for consuming —UV-B-treated Brassica plants was as expected,
based on previous findings indicating a clear aversion of larvae from +UV-B Arabidopsis
Col-0 (Caputo et al., 2006). As the effect of UV radiation on slug feeding preferences is
novel, the results obtained could not have been predicted. A previous study examined slug
feeding habits with leaf tissue obtained from six species of a fen ecosystem in Argentina
exposed to —UV-B and +UV-B conditions (Zaller et al., 2003). The authors reported that
out of the 6 species, only one of them, Nothofagus antarctica (a beech tree species),
displayed a UV-B-induced reduction in susceptibility to slugs, as up to two-thirds more
tissue was consumed from specimens maintained under reduced UV-B conditions.
However, as slugs were presented with detached leaf material from all 6 species at once,
the results generated could also indicate a feeding preference for one plant species over
another, regardless of the light treatment they received. The experimental set up in this
study was also significantly different to the methods used here, including the use of
detached leaf material, as opposed to intact plants. Intact and physically undamaged plants
were favoured for the experiments presented in this chapter, as it was feared that

stimulating a wound response in the tissue could mask UV-B-induced defence responses.
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Therefore, the results presented by Zaller et al. were unable to help predict slug feeding
preferences in this study.

When the area of -UV-B and +UV-B B. napus leaf tissue consumed by invertebrates was
examined for each individual replicate (Figures 3-1C and 3-2C), variation across the
bioassays became evident. As all replicates were carried out in the same manner, using
plants of the same age, larvae at the same development stage, and bioassays conducted for
the same length of time following a uniform period of larval starvation, experimental
technical set-up was not thought to be the primary source of this variation. Unforeseen and
uncontrollable differences in plant illumination conditions between replicates conducted on
separate occasions must be acknowledged as a potential cause for variation, although it
cannot be ascertained if it was the cause. As some replicates that were illuminated with
white light or UV-B radiation at the same time and underwent invertebrate bioassays
together displayed variation in the area of leaf tissue consumed, it is unlikely that
fluctuations in light emissions or growth room conditions was the reason for the mixed
results.

It was asked if the variation could be attributed to the starting leaf area of B. napus
presented to the larvae serving as a limiting factor, as complete consumption of tissue from
one plant could force the invertebrates to consume more on the less favourable plant.
However as there was always ample leaf tissue remaining at the end of the bioassays to
facilitate leaf area measurements, it seemed unlikely that the initial leaf area was
responsible for such variation. ANOVA was employed to determine if the starting leaf
area for both —UV-B- and +UV-B-treated B. napus significantly influenced the areas
consumed, and for both invertebrates, it was found not to. As leaves on the +UV-B plants
were typically smaller than those on the —UV-B plants, the quantity of leaf tissue
remaining at the end of the bioassay along with the statistics also suggests that the smaller
area of +UV-B plants was not a limiting factor affecting the results. Other logical
explanations for variation in the area consumed by the pests include mistakes when
isolating invertebrates of a specific developmental stage for bioassays, or irreversibly
damaging invertebrates (especially delicate larval mouthpieces) while handling them, and
reducing the number of active feeding pests in each replicate. Both of these errors could
affect the total area of leaf tissue consumed in each replicate, while allowing any trends in
feeding preference of one light-treated plant over another to be retained across replicates.
The possible explanations of this variation are many, but it is important to remember that
biology is a non-linear subject, and the task of working with invertebrate organisms brings

with it a certain risk of variation, which must be accepted and handled. There is therefore
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a need to carry out a large number of biological replicates when evaluating invertebrate
feeding preferences, as it will allow a more accurate understanding on the statistical
significance of UV radiation on invertebrate feeding preferences. This was made evident
when comparing the results obtained for Plutella larvae and slugs, as while both
invertebrates showed a level of variation in the areas of -/+UV-B leaf tissue consumed
across the biological replicates, (Figure 3-1C and Figure 3-2C, respectively), yet still
displayed general preferences in consuming —UV-B-treated plants over +UV-B-treated
plants, the statistical significance of this was only detected for Plutella larvae, which
possessed the largest number of replicates (24, compared to 10 for slugs). It could be that
with a greater sample size, the effects of UV-B on slug feeding preferences would be more
statistically significant. This statement is not an attempt to rule out the possibility that UV-
B elicits greater plant deterrents against Plutella larvae than slugs, but simply states that
more replicates are required to improve our appreciation of the effects of UV-B radiation
in promoting plant defence against slugs.

While all results presented in this chapter have been labelled with statistical values, the p-
values have on several occasions been acknowledged but not used to draw conclusions
from the results. In these cases, the areas of tissue consumed for each replicate or the
spread of area consumed has been referred to, helping identify general trends across the
data. Where invertebrate preference for one plant treatment over another is obvious when
presented as such, regardless of the p-value obtained from the average of the replicates,
then it is concluded that that particular light source influences levels of invertebrate
herbivory. Although dismissal of the statistics may not be advisable, more informative
results appear to be obtained when biological replicates are presented next to one another.
As such, it is evident that UV-B radiation can reduce B. napus susceptibility to Plutella

larvae and juvenile slug herbivore pests.

3.7.2 UV-A reduces B. napus susceptibility to Plutella and slug herbivores

The effects of UV-A radiation in modifying plant-invertebrate interactions have not, to our
knowledge, been directly investigated. However, results obtained from previous studies
where UV-A was retained in the light spectrum of —UV-B-treated plants implies that if
UV-A is capable of promoting plant defence against invertebrate pests, the mechanisms
activated are not as effective as those initiated by UV-B (Ballar¢ et al., 1996, 1zaguirre et
al., 2003, Izaguirre et al., 2007). The bioassays presented in this chapter show that UV-A

is capable of inducing invertebrate deterrents in B. napus, with slug responses to +UV-A-
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treated plants more obvious than those of the Plutella larvae (Figure 3-4 and Figure 3-3,
respectively). UV-A-treated B. napus is considerably less susceptible to slug herbivory
than —UV-A plants, a statistically significant finding that was unexpected, considering the
results obtained with UV-B-treated B. napus (Figure 3-2). UV-B was not found to
significantly deter slug herbivores, despite the presence of a trend in slug feeding
preferences for -UV-B-treated B. napus across individual replicates, indicating UV-B-
induced B. napus defence against these pests (Figure 3-2C). With only 6 replicates in the
UV-A bioassays with slugs, the reliability of this result could be queried. As these 6
replicates were carried out in two batches of three on 2 separate occasions, all plants were
grown at different times, irradiated with UV-A at different times, and bioassays were
conducted with slugs from a different batch of eggs. Therefore, the results are not
considered to be influenced by random, uncontrollable factors that may have materialised
over the duration of a single 48-hour bioassay. The effects of UV-A- on B. napus
susceptibility to Plutella are not as evident (Figure 3-3). While the average area of tissue
consumed is statistically less for +UV-A-treated B. napus, examination of each individual
replicate shows a mixture in larval feeding preferences across the bioassays (Figure 3-3C).
The majority of replicates display higher levels of consumption on —UV-A-treated B.
napus, but three replicates, which were not all conducted on the same day, showed little to
no difference in areas consumed across the two light-treated plants. From the results
presented, it is concluded that UV-A can induce deterrents against both slugs and larvae in
B. napus, however to provide more clear cut results, further replicates must be conducted

with Plutella larvae.

3.7.3 UV-B-mediated defence is still apparent in uvr8-1 null mutants, while UVRS

over-expression does not heighten this defence mechanism

UV-B-treated B. napus are less susceptible to slug and Plutella larvae consumption. It
remains elusive, however, whether or not UV-B-enhanced defence is dependent upon the
UV-B photoreceptor, UVR8. To investigate the importance of UVRS, bioassays were
conducted using two Arabidopsis lines, the null uvr§-1 mutant and the 35Spro:GFP-UVRS
over-expressing line. Differences in tissue area consumed between either line exposed to —
UV-B or +UV-B conditions were compared to results obtained for the Arabidopsis
progenitor line, Ler. The absence of functional UVRS in the uvr8-I mutant does not
appear to affect slug or Plutella feeding patterns when compared to the wild type bioassays

(Figure 3-6 and Figure 3-7), as, for both Ler and uvr8-1, the —-UV-B-treated plants lose a
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larger area of leaf tissue to both invertebrates than the +UV-B WT or mutant lines. This
result, however, may not necessarily mean that UVRS is not involved in UV-B-induced
plant defence. While the uvr8-1 plants used in these bioassays were grown for 4 days
under 1.5 umol m™ s UV-B and appeared healthier than those previously grown for 7
days under 3 umol m™s™ (but not used in bioassays on account of their appearance), they
still possessed some physical signs indicative of stress, such as minor browning of older
leaves around the tips (figure not shown). It is therefore possible that UV-B-treated uvr§-1
mutants appeared physically less attractive to Plutella and slugs, with the reduction in leaf
tissue area consumed due to the overall appearance of the plants, and not a result of UV-B-
induced defences. As further bioassay studies with uvr8-1 would be unable to confirm or
dismiss this hypothesis, slug and Plutella feeding preferences of —UV-B- and +UV-B-
treated 35Spro:GFP-UVRS over-expressing lines were examined in a second attempt to
investigate whether or not UVRS regulates UV-B-induced defence. In these lines, UVRS
protein levels are estimated to be 20% higher than that in Ler (Figure 3-5). UV-B-
treatment of 35Spro:GFP-UVRS& plants reduces their susceptibility to herbivore attack
(Figure 3-6C and Figure 3-7C), although the difference in area consumed between the two
light treatments is not regarded as being statistically significant. The spread of data
obtained in bioassays for each invertebrate was visualised in boxplots (Figure3-6C and
Figure3-7C), and the positions of the median values were noted. The highest areas
consumed by larvae and slugs on the +UV-B-treated 35Spro:GFP-UVRS8 were 0.9 and 1.4
cm’, respectively, while the highest areas consumed on the respective —UV-B plants were
3.5 and 2.4 cm®. The median value for the ~UV-B plants also exceeds the highest area

consumed by both invertebrates on the +UV-B plants (1.8 cm?), which indicates that over

50% of replicates sustain higher levels of tissue loss in the —UV-B-treated 35Spro:GFP-
UVRS plants by both Plutella and slugs. So despite the average area of leaf tissue
consumed by both invertebrates not being statistically significant, UV-B radiation does
appear to elicit a reduction in 35Spro:GFP-UVRS susceptibility to Plutella larvae and slugs.
However, it remains unclear if UV-B-induced defence is more effective in 35Spro:GFP-
UVRS8 plants than Ler. Unfortunately, no bioassays were conducted to examine
invertebrate feeding preferences between the three lines, therefore any differences in
attractiveness of the two vegetative sources presented to the pests cannot be concluded,
only hypothesised. Calculating the percentage average area of leaf tissue consumed by
Plutella and slugs on uvr§-1 and 35Spro:GFP-UVRS plants in relation to Ler indicated that

the over-expressing lines lost higher areas of tissue to both invertebrates than the other two
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lines (Table 3-1 and Table 3-2 for Plutella and slug, respectively). It would be beneficial
to conduct bioassays in the future to investigate invertebrate feeding preferences between

the different lines.

3.7.4 UV-B radiation cannot promote defence in Arabidopsis mutants impaired in

JA-signalling

UV-B was found to be incapable of promoting defence within an Arabidopsis JA-
insensitive mutant, jarl-1, suggesting that JA-amino acid conjugates, such as the bioactive
JA-Ile, is essential for regulating UV-B-induced response. This also leads us to believe
that UV-B probably promotes plant defence via the JA-pathway, a finding that has been
confirmed in N. attenuata as-lox3 mutants impaired in JA-biosynthesis (Demkura et al.,
2010). In these mutants, anti-sense silencing of a JA-biosynthetic gene, LOX3, reduces JA
biosynthesis, and they sustain higher levels of tissue consumption by thrips compared to
wild type plants. UV-B is also unable to promote defence in these mutants, despite
successfully deterring thrip herbivores in wild type N. attenuata. These results suggest that
UV-B induces plant defence via the JA pathway, presumably down stream of JA

biosynthesis.

3.7.5 UV radiation does not influence Plutella herbivory patterns, but does influence

slug location for feeding

As all bioassays up until now were conducted under —UV conditions, the data represents
the effects of UV-induced defences in B. napus and Arabidopsis on invertebrate feeding
preferences, and not the direct effects of UV perceived by invertebrates. Several
invertebrate species are known to detect and respond to various components of solar
radiation, including wavelengths in the UV spectrum (Raviv and Antignus, 2004, U, 1935,
Mazza et al., 2002). UV radiation serves as an important environmental signal to
invertebrates, assisting with orientation, navigation, feeding and mating patterns.
Experiments conducted with the thrip species Caliothrips phaseoli under controlled
conditions found that they can detect the presence of UV-B radiation and actively migrate
away from the source, an avoidance act that is not seen under UV-A conditions, where
invertebrates are instead attracted to areas of high UV-A intensity (Mazza et al., 2002).
However, the direct effects of UV radiation on Plutella larvae and slug activity have not, to

our knowledge, been investigated before. Bioassays were therefore conducted over 24
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hours to gain insight into the direct effects of UV-A and UV-B radiation on invertebrate
feeding behaviour, with the area of —UV-treated B. napus tissue consumed over this period
measured to assess the preferred location of invertebrates.

Plutella larvae feeding preferences were not found to be influenced by either UV-A or
UV-B radiation (Figure 3-9), suggesting that larvae are neither deterred nor attracted by
these two components of solar radiation. These results do not necessarily mean that
Plutella larvae are incapable of detecting UV radiation, as it is possible that they can detect
wavelengths between 280-380 nm, but their feeding behaviour is not affected by them. It
1s interesting to note higher rates of B. napus tissue consumption in the Plutella UV-A
bioassays (Figure 3-8A) compared to the UV-B bioassays (Figure 3-8A), an observation
which may be coincidental, or an implication that UV-A positively affects invertebrate
behaviour by encouraging them to eat. UV-A has previously been documented to serve as
an attractive wavelength for invertebrates (Mazza et al., 2002), therefore it is not
improbable that the same effect is seen in these bioassays. The similar levels of tissue
consumed in B. napus plants positioned under the —-UV-A and +UV-A sections of the
cages do not readily support this hypothesis, however, as it would be expected that if UV-
A enhanced larval feeding activity, then a higher rate of tissue consumption would be seen
on the plant positioned under UV-A conditions. A UV meter did not detect any UV-A in
the section of the cages covered by the UV-A cut-off filter, so it is clear that UV-A did not
reach this side of the cage. As no analysis was done on the physical light detecting
mechanisms of the invertebrates, it is possible that the results seen in Figure 3-8B are
caused by UV-detection by Plutella larvae. By being positioned in the centre of the
chamber at the start of the bioassay, it is highly probable that all larvae were exposed to
UV-A at some point over the 24-hour bioassay. Brief detection of UV-A may have
triggered a behavioural response in the larvae, a response that may have been masked or
repressed in the UV-B bioassays (Figure 3-8A). As the UV-B source used for these
bioassays also emits part of the UV-A spectrum, it is interesting to note that a smaller area
of leaf tissue is consumed in these bioassays. However, it cannot be confirmed that this
observation is due to attraction and repression properties of UV-A and UV-B, respectively,
or is simply coincidental. Further studies into genetic and metabolic differences induced
by both UV sources in B. napus, along with studies into any responses select compounds
may have on invertebrate behaviour, could help improve our understanding on the effects
of UV radiation on plant susceptibility to invertebrate pests.

UV-B radiation did not significantly affect slug feeding preferences, however despite this

lack in statistical significance, there does seem to be a higher level of tissue consumption
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on the B. napus plant positioned directly underneath the UV-B source (Figure 3-9). The
distribution of tissue areas consumed by slugs on plants positioned under —UV-B and
+UV-B conditions is relatively narrow. At least 50% of replicates are spread within a 1
cm® or 2.5 cm” range for ~UV-B and +UV-B B. napus, respectively (Figure 3-9B), which
highlights how favourable the B. napus plants positioned under UV-B are for slugs.

This finding is highly surprising, as slugs are notorious nocturnal creatures, therefore it
would be expected that they would take evasive action from UV-B radiation. During the
bioassay, regular checks were made to note the position of the slugs on plants. They were
found predominantly underneath the leaves on both plants in the cages, a highly
unsurprising find. Plant leaves are very effective UV-B filters and would have sheltered
the slugs from the radiation. However, this still doesn’t explain why slugs spent more time
consuming plant material positioned under the UV-B source. Perhaps, additional
environmental factors also contribute towards slug feeding patterns and behaviour during
the hours of daylight, such as temperature and humidity. The humidity in the treatment
rooms could not be measured, however a layer of freshly dampened soil lined the bottom
of the cages. For reasons unknown, the nocturnal feeder preferred to consume tissue from
B. napus plants positioned under UV-B radiation, whilst remaining on the underside of the
leaves. Due to the previous results in this chapter demonstrating that slugs consume higher
levels of tissue from plants maintained under -UV-B conditions (Figure 3-2 and Figure 3-
6), it is difficult to believe how reliable the results in Figure 3-9 are. It might be, that by
positioning themselves under the low-lying B. napus leaves, slugs are perfectly sheltered
from UV-B radiation, and are able to consume palatable —UV-B-treated plants. If the
bioassay was allowed to progress for an extra 24 hours or more, the accumulation of UV-
B-induced defences in B. napus may have deterred the slugs and promoted their movement
to the other side of the cage. It would have been interesting to conduct such a bioassay,
however time constraints and a lack of juvenile slugs over the course of the project
prevented extended bioassays and UV-A bioassays to be conducted with slugs. What can
be concluded from the results obtained, is that Plutella larvae consumption of —UV-treated
B. napus 1is not directly affected by either UV-A or UV-B radiation, while slugs appear to
consume higher areas of —-UV-B-treated B. napus positioned under UV-B conditions over a

24-hour period.
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3.7.6 Conclusions and outlook

All experiments presented in this chapter aimed to better understand if UV components of
solar radiation influence plant-invertebrate interactions, a naturally occurring process that
is seen on a daily basis in the field. As with any experiment conducted under controlled
conditions to mimic in-field scenarios, various issues need addressing. The first is the light
qualities and quantities used. The fluence rate of white light used was approximately 70
umol m™ s, a small fraction of what can typically be seen outside. Similarly, the UV-B
fluence rates used (1.5-3 umol m™ s™), do not reflect the appropriate levels of UV-B seen
alongside the stated levels of white light in terrestrial ecosystems. By using an
ecologically irrelevant UV-B : PAR ratio, it is difficult to state that what is presented in
this chapter reflects what happens in the field. Conducting bioassays under controlled
conditions theoretically allowed the effects of UV radiation alone on feeding preferences
to be evaluated, however, these test conditions do not represent what would happen in the
field, and therefore it is possible that key factors that could influence plant-invertebrate
interactions have been over-looked. As a result, the next step for these bioassays is to
progress into the field, where UV filters can be utilised to provide the desired spectrum
across various plots of B. napus. By monitoring invertebrate species located within these
plots and assessing plant damage, it will be possible to conduct ecologically relevant in-
field research that will generate more informative results on UV-induced plant defence.

UV-B and UV-A radiation were found to reduce B. napus and wild type Arabidopsis
susceptibility to second instar larvae of Plutella xylostella, and juvenile slugs. It is unclear
whether or not the UV-B photoreceptor, UVRS, is required for UV-B-induced defence,
however UV-B’s inability to increase resistance in an Arabidopsis mutant impaired in JA-
signalling suggests that these responses function downstream of JA-biosynthesis. To
better understand the molecular mechanisms of UV-B-mediated herbivore defence in B.
napus, a transcriptomic and global metabolomics approach was employed using RNASeq
and reverse-phased chromatography, respectively. The results obtained from these two
omics-based approaches are discussed over the next 2 chapters, with chapter 4 focused

upon the transcriptomic overlaps between UV-B- and herbivory-induced responses.
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Chapter 4: Transcriptional Overlaps Between UV-B and

Wound Response Pathways in Brassica napus

4.1 Introduction

Transcriptomic studies have the ability to reveal genetic reprogramming events in
organisms in response to different treatments. The information collected from such studies
is extensive, and can provide insight into the genetic overlaps between different biotic
and/or abiotic stimuli. On account of the wealth of information that can be obtained from
transcriptomics, RNA-seq was employed to identify B. napus transcripts similarly
regulated by UV-B radiation, slug herbivory, Plutella herbivory, or exogenous MeJA
treatment, in an attempt to better understand the molecular basis of UV-B-mediated
resistance in B. napus. As the B. napus genome was not yet sequenced at the start of this
project when RNA-seq was first performed, the Brassica 95K Unigene was used as a
reference ‘genome’ for read alignment. Reads were later realigned to the B. napus genome
following its publication (Chalhoub et al., 2014), with the Arabidopsis genome used to
provide putative functions to the identified transcripts in both alignments. The results from
these alignments were slightly different to on another, however it was possible to gain
better insight into the genetic overlaps between UV-B- and herbivore-induced signalling
pathways in B. napus via the identification of putative early-induced transcriptional
regulators and additional transcripts that were similarly up-regulated by UV-B and
invertebrate treatments (section 4.5). In addition, several transcripts were selected from
these findings for over-expression in Arabidopsis, with the aim of investigating any roles
their encoded products may have in mediating UV-B-enhanced resistance (section 4.4; the

findings from the over-expressing lines are detailed in Chapter 6).

4.2 Optimising UV-B, herbivory and MeJA treatment conditions for generating
samples for RNA-seq

The aim of carrying out transcriptomic analysis was to identify early-induced transcription
factors and/or regulators that would enable pathways thought to be involved in UV-B-
mediated defence to be acknowledged. Given the dynamics of an organism’s
transcriptome over a period of time, it would have been beneficial to carry out RNA-seq

analysis on samples collected over a 24-hour time period. Initial planning limited the
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investigation to three replicates of a single time point for each treatment, however, as we
hoped to conduct further genetic analysis on additional plant material at a later date. It was
therefore important to ensure plants received an adequate treatment over an appropriate
length of time, to generate a genetic response that would reveal information about UV-B-
mediated B. napus defence. To achieve this, a series of optimisation experiments were
conducted over 24-hour time courses, where 3-week old B. napus plants were treated with
different concentrations of MelJA, various fluence rates of UV-B radiation, or an hour
herbivory with juvenile slugs or second instar Plutella larvae. True leaf samples were
harvested at 1, 4, 8, 16 and 24 hours after the start of MeJA or UV-B treatment, and 1, 2, 5,
17 and 25 hours after the start of invertebrate herbivory. Three independent experiments
were conducted on separate occasions, with three ‘technical’ replicate plants harvested in
each experiment. Therefore, after finishing the 3 independent replicates, a total of 9
samples from separate plants were collected for each time point of a given treatment.
Control plants were those that were maintained under white light-only conditions for the
duration of the treatments, in an invertebrate-free growth chamber. After RNA extraction,
cDNA was synthesised for use in qPCR with primers designed to amplify known UV-B- or

wound-response genes (Table 4-1).

UV-B-Response Marker Genes Wound-Response Marker Genes
CHALCONE SYNTHASE (CHS) JASMONATE INSENSITIVE 1 (JINI /| MYC2)
FLAVONOL SYNTHASE (FLS) LIPOXYGENASE 2 (LOX2)

Table 4-1. Four UV-B- and wound-response marker genes selected for expression
analysis in B. napus.

On account of the B. napus genome not being sequenced at this stage in the project, the
Brassica 95K Unigene, and sequenced genome of a B. napus progenitor species, B. rapa,
were used as platforms for primer design. By studying changes in gene expression over a
24-hour time course and noting where peaks in expression occurred, a suitable time point
considered to show optimum levels of UV-B- and wound-response gene expression could

be estimated, and appropriate samples sent for RNA-sequencing.

4.2.1 UV-B Optimisation

When selecting the optimum UV-B radiation conditions for treatment of B. napus, several
requirements had to be met. First, the fluence rate of UV-B had to be comparable to what

would typically be recorded in terrestrial ecosystems, so as not to bombard plants with
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unnaturally high levels of UV-B photons. Second, it was considered advantageous to use a
fluence rate similar to that previously used for the invertebrate bioassays, allowing the
observed UV-B-enhanced defence mechanisms discussed in Chapter 3 to be related to
transcriptomic modifications within the plant when irradiated with a specific range of
fluence rates. Finally, the source of UV-B radiation and the associated light spectrum
emitted had to be carefully selected. Two radiation sources were available for use, a
narrowband tube, Philips TL20W/01RS, which as the name suggests emits a small range of
the UV-B spectrum, and a broadband source, UV-B-313 (Q panel), which emits a longer
range of UV-B. A spectrum of the wavelengths emitted by each of these tubes can be
found in Figure 2-2 (section 2.5.1 of Materials and Methods). The maximum emissions for
these tubes are at 311 nm and 313 nm, respectively, and in addition to UV-B radiation,
both sources emit small quantities of UV-A and blue light. While the shortest wavelength
that reaches the Earth’s surface is approximately 295 nm, it is the longer wavelengths of
UV-B (i.e. as emitted by narrowband sources) that are considered to activate UVRS-
specific responses, while broadband UV-B is thought to activate both UVRS8-dependent
and -independent pathways. As it was unknown whether or not UVRS8 was involved in
UV-B-enhanced defence in B. napus, it was considered logical to use the broadband UV-B
source for plant treatment, to allow the effects of both UVR8-dependent and —independent
pathways to be examined.

To identify a suitable UV-B fluence rate that would permit expression of known UV-B-
response genes, the expression of putative B. napus orthologues of two UV-B-inducible
genes, CHS and FLS, was monitored across a 24-hour time course where 3-week old B.
napus plants were irradiated with three fluence rates of broadband UV-B: 0.5, 1.5 and 3
umol m? s™' (Figure 4-1). These two genes encode enzymes involved in the flavonoid
biosynthesis pathway, with CHS catalysing the first committed step of this pathway
(Figure 4-1C). They are therefore not transcriptional regulators, the main targets of the
RNA-seq analysis. Two UV-B-regulated transcription factors that activate downstream
responses, such as transcription of CHS, are HYS and HYH. Previous microarray analysis
reported over a 2-fold increase in HY5 and HYH expression following a 15 minute
exposure to 7 W/m”> UV-B radiation followed by 1 hour under ~UV-B conditions before
harvesting (Ulm et al., 2004), highlighting how responsive these two genes are to UV-B
radiation. Attempts were made at the start of this project to examine HY5 expression in
UV-B-treated B. napus, with primers designed to amplify putative B. napus homologues.
However, amplification of a B. napus PCR product with the various primer combinations

failed, hence the reason results from two HY 5-regulated genes are shown here.
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CHS expression follows a general trend across a 24-hour time course in response to the
three different fluence rates (Figure 4-1A), with expression increasing up to and peaking at
8 hours into the illumination period. Here, transcript levels are more than 50% higher
compared to levels seen at any other time point in response to 1.5 and 3 umol m? s UV-B,
with these two fluence rates evidently enforcing a greater effect on CHS transcript levels
than 0.5 umol m™?s™. Such a peak in expression of CHS this far into an illumination
period has previously been reported with Arabidopsis cell cultures (Christie and Jenkins,
1996a). Analysis of Variance (ANOVA) and the Tukey’s Honest Significant Difference

(HSD) post-hoc test was used to evaluate the statistical difference:

- Across all time points within each fluence rate,

- For all fluence rates within each time point.

Statistically, the peak in CHS expression at T=8 was found to be significant for all fluence
rates, however no statistically significant difference was observed between 1.5 and 3 umol
m? s at this time point. A statistically significant difference between the two highest
fluence rates and 0.5 umol m™s™ was also observed at T=1 and T=8. While transcript
abundance of CHS follows a similar pattern in response to all three UV-B fluence rates,
FLS does not appear to be similarly regulated (Figure 4-1B). The relative fold change in
expression of FLS exceeds that of CHS, in some instances by at least 2-fold. A low
fluence rate of 0.5 wmol m™s” induces a peak in expression at T=8, before transcript
abundance decreases by approximately 50% by T=16. Optimum FLS fold changes in
expression in the presence of 1.5 or 3 umol m™s" UV-B occur at 4 and 16 hours into the
illumination period, respectively, suggesting that an intermediate fluence rate of 1.5 wmol
m~s" induces a more rapid response of FLS transcription. Within each time point, the
statistical difference between the fluence rates varies. At T=4, the difference between each
fluence rate is p < 0.01, while T=8 and T=16 display a significant difference between 1.5
or 3 umol m™s™, but not between 0.5 and 1.5 umol m?s”. The different patterns in the
regulation of CHS and FLS expression were not expected, as both genes are involved in the
flavonoid biosynthesis pathway, and operate within close proximity to each other in this
pathway, so were thought to respond to UV-B in a similar manner. The results in Figure 4-
1 make it difficult to select a particular time point for RNA-seq analysis, on account of the
different peaks in expression across the time course. Optimum levels of CHS expression at
T=8, along with high relative fold changes in expression of FLS at the same time point for

all fluence rates (fold change ~400-500), resulted in this sample being considered the one
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displaying optimum expression of the two target genes. However, it was thought that this
sample may not identify UV-B-induced transcriptional regulators in RNA-seq, as peaks in
their transcription would occur before peaks in the transcription of their target genes. A
time point before T=8 was therefore considered suitable for RNA-seq analysis, and to that

end, the sample considered appropriate for RNA-seq analysis was ‘T=4, 3 umol m?s™.
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Figure 4-1. Relative fold change in expression of B. napus CHS and FLS in response
to UV-B radiation over a 24-hour period. Expression of A, CHS and B, FLLS in B. napus
over a 24-hour time course in response to 0.5 umol m~s™ (light blue bars) 1.5 umol m?s™
(darker blue bars) or 3 umol m™s™ (navy blue bars) broadband UV-B. The location of
CHS and FLS in the flavonoid biosynthesis pathway, C, derived from (Winkel-Shirley,
2002). Results are presented as relative transcript level normalised against the reference
gene, EFla, and the —UV-B control using the comparative Ct method (Schmittgen and
Livak, 2008). Error bars represent SD from three independent replicates, each containing
three technical replicates.
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4.2.2 MeJA Optimisation

Three concentrations of MeJA were tested on B. napus, 10 uM, 100 uM and 1mM. The
MeJA stock required a preliminary dilution in ethanol, and in the preparation of working
MelJA solutions, a wetting agent was included to facilitate penetration through the waxy
epidermal surface of the B. napus leaves. The final concentration of ethanol and wetting
agent, Surfac UN65 (Surfachem), in working solutions was always 0.01%. To rule out any
effects of 0.01% ethanol and 0.01% UNG6S5 on genetic changes in B. napus, a control
solution was tested alongside the MeJA treatment, by diluting ethanol and UN65 in sterile
dH,0 (v/v) to obtain a final 0.01% concentration of each solute. Plants were sprayed with
approximately 5 ml of solution, until the surface of all leaves was saturated with solution.
The three MeJA treatments and EtOH/UN65 control were run alongside an untreated
control, where plants received no spraying treatment of any kind, and were maintained
under white light-only conditions. Tissue was harvested over a 24 hour time course, with
T=X representing the number of hours following the application of a working solution.
The expression of two MeJA-responsive genes, MYC2 and LOX2, was assayed over the
24-hour time course, to determine where peaks in their expression occurred (Figure 4-2).
MYC2 encodes a bHLH transcription factor, involved in the JA-Ile-dependent regulation of
defence responses (Lorenzo. et al., 2004). LOX2 is a downstream target of MYC2 (Hou et
al., 2010), and is a component of the JA-biosynthesis pathway (Bell et al., 1995).

The effect of 0.01% EtOH/UN65 on MYC?2 expression is minimal in relation to the effects
elicited by the MeJA treatments, as only a small and fairly consistent fold change in
expression of MYC?2 is observed in response to this treatment (Figure 4-2A). Following
exposure to 10 uM MelJA, expression of MYC?2 steadily increases up to 227-fold at T=8,
before transcript abundance starts to decline (Figure 4-2 A). The peak in expression at
T=8 was found to be statistically significant in contrast to the other time points. 1 mM
MelJA induced a slight peak in expression shortly after treatment at T=1, but levels become
exceedingly low thereafter, implying that high concentrations of MeJA can suppress
expression of MYC2. 100 uM of MeJA, on the other hand, generated a rapid increase in
MYC?2 transcript abundance, which was maintained throughout the time course. As a result,
no visual or statistically significant peaks were identified.

Relative fold change in LOX2 expression is not as high as that of MYC2 over a 24-hour
period (Figure 4-2 B), with the highest peak of 73-fold occurring 16 hours after treatment
with 10 uM MeJA. The control spray treatment of 0.01% EtOH/UNG6S5 appears to increase

LOX2 expression at this time point, too, with the relative fold change in expression similar
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to that seen following 1 mM MeJA, and higher that that induced by 100 uM MeJA. A
steady increase in expression can be seen in response to both 10 uM and 100 uM of MeJA,
with peaks in response to the latter concentration occurring at T=8. 1 mM, again, does not

stimulate such a response in LOX2 levels as the other two concentrations, reminiscent of

what was observed for MYC?2.
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Figure 4-2. Relative fold change in expression of B. napus MYC2 and LOX?2 over a 24-
hour period in response to exogenous application of MeJA. Expression of A, MYC2
and B, LOX2 in B. napus over a 24-hour time course in response to exogenous application
of 10 uM, 100 uM or I mM MeJA. MelA solutions contained 0.01% ethanol (EtOH) and
0.01% Surfac UN65. Effects of a 0.01% EtOH; 0.01% UNG65 application on gene
expression was tested (light pink bars) alongside working solutions of MeJA (light red-
dark red bars). Results are presented as relative transcript level normalised against the
reference gene, EFla, and the —UV-B control using the comparative Ct method
(Schmittgen and Livak, 2008). Error bars represent SD from three independent replicates,
each containing three technical replicates.
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On account of the constant expression of MYC2 across the 24-hour period in response to
100 uM MeJA, samples treated with this concentration were considered appropriate for
RNA-seq analysis. As no statistically significant difference existed between the 5 time
points, ‘T=4, 100 uM’ was selected for analysis. By analysing T=4 for UV-B (Figure 4-1)
and MelJA, it was thought that a better comparison could be made between the responses

provoked by each stimulus.

4.2.3 Herbivory Optimisation

Initial herbivory assays were conducted at the John Innes Centre’s Entomology department,
where staff provided both invertebrates and guidance on experimental design that enabled
repetition of these experiments at the University of Glasgow at later dates. To ensure that
enough tissue was available for harvesting at the end of the invertebrate feeding period, a
I-hour grazing time was enforced on all experiments, with tissue from individual plants
collected at set time points thereafter. Invertebrates were subjected to a period of
starvation before grazing commenced (16 hours for slugs, 1-2 hours for Plutella larvae), to
guarantee that they were hungry at the start of the experiments. Further details of the
experimental setup can be found in section 2.5.3.3 of the Materials and Methods chapter.
Tissue was harvested from individual plants at slightly different time points to those used
previously (Figure 4-3A). T=1 represents the time at which the invertebrates were
removed from the plants after a 1-hour feeding period, and T=2 stands for 1 hour herbivory
plus 1 hour after the removal of invertebrates (in other words, ‘T=" refers to the time
elapsed since the start of herbivory). Expression of LOX2 was studied over the 25-hour
period for both invertebrates (Figure 4-3A).

The relative fold change in LOX2 expression across the time course is not very high
(maximum increase is 5.6 seventeen hours into the slug herbivory treatment). Despite this,
evident maximum fold changes in expression of LOX2 can be seen at T=5/17 for Plutella,
and T=17 for slug herbivory, although the difference in LOX2 expression following
Plutella herbivory across the time points is not statistically significant. The peak in slug-
induced LOX2 expression at T=17 was found to be significantly different to T=1 (p < 0.05),
but not to any other time point.

Due to some inconvenient restraints at this point of the project, qPCR analysis of MYC2
could not be assessed in these samples. Therefore, to allow progression of the RNA-seq

analysis, semi-quantitative PCR (sqPCR) was conducted with MYC2 primers (Figure 4-3B).
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As an early time point for RNA-seq analysis was desired, and peaks in LOX2 expression
take place up to T=17, the T=25 sample was omitted from these sqPCR events. MYC2
expression peaks at T=2, in a semi-quantitative manner. This prompted the ‘T=2" samples
from each invertebrate experiment to be submitted for RNA-seq analysis, along with the
designated samples from UV-B treatment (section 4.2.1) and MeJA treatment (section

42.2).
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Figure 4-3. Relative change in expression of B. napus LOX2 and MYC2 over a 24-hour
time course following one hour exposure to slug or Plutella larvae herbivory.
Expression of A, LOX2 with qPCR in B. napus over a 25-hour time course in response to
I-hour herbivory by juvenile slugs (yellow bars) or second instar Plutella larvae (green
bars). B, MYC2 expression was determined by sqPCR. Results in A are presented as
relative transcript level normalised against the reference gene, EFla, and the -UV-B
control using the comparative Ct method (Schmittgen and Livak, 2008). Error bars
represent SD from three technical replicates from one biological experiment. B is
representative of 2 technical replicates, with dotted lines representing the separation of
agarose gels.

4.3 RNA-seq was used to identify early-induced transcriptional regulators

commonly expressed in response to UV-B, MeJA and invertebrate herbivory

During this project, two RNA-seq events took place at the Glasgow Polyomics Facility
using a NextSeq™ 500 desktop platform (Illumina). The initial analysis in 2012 utilised

the Brassica 95K Unigene (Trick et al., 2009) as a reference ‘genome’ for gene alignment,
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while the latter event in 2014 aligned reads to the newly sequenced B. napus genome
(Chalhoub et al., 2014). The Brassica 95K Unigene comprises of 94,558 sequences
assembled from approximately 800,000 expressed sequence tags (ESTs), derived
predominantly from three Brassica species: B. napus and its two progenitor lines, B. rapa
and B. oleracea.

In 2012, a single biological replicate from each of the four treatments underwent RNA-seq
analysis and alignment to the Unigene. Details of these samples and associated untreated
controls can be found in Table 4-2. Two additional independent replicates of these
treatments took place at a later date, and subsequently underwent RNA-seq in 2014
(samples detailed in Table 4-3). The reads obtained from this event were aligned to the B.
napus genome alongside the initial reads from 2012, resulting in a total of three
independent replicates being analysed against the B. napus genome for the majority of
samples. The exclusion of an additional control for the MeJA treatments, 0.01%
EtOH/0.0% UNG65 (described in section 4.2.2) in the initial RNA-seq event in 2012 led to
only two replicates undergoing RNA-seq analysis.

The four treatments presented in Table 4-2 were conducted on different days and at two
different locations. The UV-B and MeJA treatments took place at the University of
Glasgow, while slug and Plutella herbivory treatments were carried out at the John Innes
Centre’s Entomology department. Separate untreated controls were harvested alongside
the UV-B and MeJA samples, while the two invertebrates shared the same untreated
controls, on account of these assays being conducted on the same day. As a result, three
separate untreated controls underwent RNA-seq with their respective treated samples. For
the latter two replicates from 2014, as all treatments in each replicate were conducted at
the same time, only one untreated control for each replicate underwent RNA-seq analysis.
The annotated Arabidopsis genome was used to assign gene functions to putative B. napus
homologues, which facilitated analysis of the RNA-seq data. In both cases, reads were
aligned to either the Unigene or the B. napus genome using TopHat v 2.0.12 and
differential expression analysis was achieved with Cufflinks software, v 2.2.1 (Trapnell et

al., 2012).

102



CHAPTER 4 RESULTS

Treatment Details of Treatment Time Point for RNA-seq No. of
Replicates
UV-B Continuous irradiation with T=4 1

Radiation 3 umol m™s™ broadband UV-B

Slug 1-hour herbivory period. T=2 1
Herbivory

Plutella 1-hour herbivory period. T=2 1
Herbivory

MeJA Exogenous application of 100 T=4 1

uM MelJA (0.01% EtOH/UNG65)
on whole plant with spray bottle
(~ SmL/plant).

Untreated  Continuous irradiation with T=4 (Individual control for UV-B) 1 replicate of
Control white light (-UV-B, -MeJA, T=2 (Shared control for slug and each of the
- invertebrate herbivory) Plutella herbivory) three untreated
T=4 (Individual control for MeJA) controls

Table 4-2. Details of the samples, treatment conditions and replicates sent for RNA-
seq in 2012 and aligned to the Brassica 95K Unigene. Treatments described lasted for
24 hours, with leaf tissue samples from individual plants harvested at regular time points.
The time point selected for RNA-seq analysis is indicated, and the use of three individual
untreated controls for given samples is indicated. No. of replicates refers to the number of
biological replicates subjected to RNA-seq analysis.

As already mentioned in this chapter, the main aim of the transcriptomic analysis was to
identify early-induced transcription factors commonly up-regulated by at least 2-fold in
any of the treatments, one of them preferably being UV-B radiation, the other(s) being
invertebrate herbivores. It was hypothesised that identification of these transcription
factors would reveal biological pathways potentially important in mediating UV-B-induced
defence in B. napus.

The forthcoming section of this chapter briefly discusses the findings from the initial
RNA-seq analysis, along with the identification of several B. napus genes thought to
encode proteins involved in mediating UV-B-induced defence. Section 4.5 focuses on the
second read alignment against the B. napus genome, with more detailed analysis on the
commonalities between the various treatments provided. Similarities and differences in

the results obtained from each alignment are discussed thereafter.
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Treatment Details of Treatment RNA-seq No. of

Time Point  Replicates

UV-B Continuous irradiation with 3 umol m™s™' broadband UV-B T=4 2
Radiation
Slug 1-hour herbivory period. T=2 2
Herbivory
Plutella 1-hour herbivory period. T=2 2
Herbivory
MeJA Exogenous application of 100 uM MeJA (0.01% T=4 2
EtOH/UNG65) on whole plant with spray bottle (~
SmL/plant).
0.01% Exogenous application of 0.01% EtOH/UN65 on whole T=4 2
EtOH / plant with spray bottle (~ SmL/plant).
UNG65
Untreated  Continuous irradiation with white light (-UV-B, -MeJA, T=4 2
Control - invertebrate herbivory)

Table 4-3. Details of the samples, treatment conditions and replicates sent for RNA-
seq in 2014 and aligned to the B. napus genome. Treatments described lasted for 24
hours, with leaf tissue samples from individual plants harvested at regular time points. The
time point selected for RNA-seq analysis is indicated, and the use of three individual
untreated controls for given samples is indicated. No. of replicates refers to the number of
biological replicates subjected to RNA-seq analysis.

4.4  Initial alignments with the Brassica 95K Unigene

4.4.1 Setting appropriate cut-offs in the dataset

To allow easier interpretation of the results obtained from the RNA-seq event, cut-off
parameters were implemented on the datasets to eliminate transcripts that do not appear

responsive to the treatments. This was achieved by targeting two aspects of the data:

- The RPKM (Reads Per Kilobase per Million) values
- The fold change (FC) in transcript expression

The RPKM values are commonly used in RNA-seq to normalise data, which is of course
an approximate number or ‘count’ of the abundance of target transcripts in the samples.
RPKM removes technical biases that are common in sequencing on account of the varying
lengths of transcripts and the depth of sequencing across different runs. For instance,
longer transcripts are likely to have more sequences mapped to them, and therefore a

higher ‘count’ than smaller transcripts. By taking into account the length of the transcripts,
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the RPKM effectively provides a more accurate indication of the abundance of transcripts
in each sample. In addition to the RPKM, a minimum FC in expression of the transcripts
was imposed, to aid in identifying those that were either up-regulated or down-regulated in
response to the treatments. To establish suitable numerical cut-off points for each of the
filters, several datasets were generated, each containing lists of genes meeting various
RPKM and FC criteria. The importance of selecting suitable cut-off points was to ensure
that a reasonable number of genes meeting the criteria could progress for further analysis:
applying too stringent a cut-off would reduce the number of genes available for further
investigation, while establishing overly lenient filters would lead to a large list of genes
that may not actually be important in UV-B-mediated defence pathways. Three minimum
RPKM values were chosen for this purpose, 3, 4 and 5, while two minimum FC values
were selected, 1.5 and 2. The number of Unigenes that met the imposed criteria in each
treatment are listed in Table 4-4. Transcripts possessing an RPKM and FC value that met
the stated criteria in at least one sample were retained for further study. Those found to be
similarly regulated by 2 or more treatments (either up- or down-regulated) were identified
as being commonly regulated transcripts, while those that met the imposed criteria in a

single sample were classed as being differentially regulated by one stimulus.

RPKM >3 RPKM >3 RPKM >4 RPKM >4 RPKM =5 RPKM =5

1.5FC 2FC 1.5FC 2FC 1.5FC 2 FC

UV-B 9011 4612 4862 2055 4109 1770
Slug 9833 5613 4876 2346 4173 1987
Plutella 9432 5261 4632 2100 3925 1768
MeJA 8644 4488 5595 2465 4888 2125

Table 4-4: Number of transcripts differentially regulated by each treatment meeting
the stated RPKM and FC cut-off criteria. All transcripts found to increase or decrease
in expression in response to each treatment within the imposed RPKM and FC filters are
listed. RPKM: Reads per Kilobase per Million, FC: Fold Change.

Understandably, the number of Unigenes differentially regulated by each treatment
decreases as the stringency in the cut-off filters are increased (Table 4-4). To select the
suitable cut-off parameters for the dataset, the extent of overlap between the Unigenes
differentially up-regulated (Figure 4-4) and down-regulated (Figure 4-5) by the four
treatments was examined using Venn diagrams. For simplicity, the overlap in Unigenes
with an RPKM = 4 has been omitted from this report, and only those with a minimum

RPKM of 3 or 5 are discussed.
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RPKM >3 RPKM >5
Increase 1.5 fold Increase 1.5 fold

Plutella Plutella

RPKM >3 RPKM >5
Increase 2 fold Increase 2 fold

Plutella Plutella

Figure 4-4: The number of Unigenes differentially up-regulated by four treatments
with varying minimum RPKM and FC cut-off points. The degree of overlap between
Unigenes that are up-regulated by A and B, 1.5 fold or C and D, 2 fold, with RPKM values
of A and C, = 3 or B and D, = 5 following exposure to UV-B radiation, slug herbivory,
Plutella herbivory or exogenous MeJA application. RPKM: Reads per Kilobase per
Million, FC: Fold Change.

As expected, there is a considerable fluctuation in the number of transcripts commonly
regulated by several stimuli when different cut-off criteria are imposed on the data. A total
of 10,538 Unigenes with an RPKM = 3 and a FC of at least 1.5 are identified in Figure 4-
4A, while 5,658 Unigenes are isolated when the RPKM value is increased to = 5 (Figure 4-
4B), a 46.3% reduction in the number of Unigenes in Figure 4-4A. Increasing the FC cut-
off inevitably decreases the number of identifiable Unigenes further, with 6,559 found in
Figure 4-4C, and 3,005 when an RPKM minimum value of 5 is applied (Figure 4-4D).

To further assess the suitability of each cut-off, the number of Unigenes commonly
regulated by 2 or more treatments was taken into consideration. 5,259 Unigenes with an
RPKM = 3 and a FC =1.5 were identified as being similarly responsive to several stimuli

(Figure 4-4A), while a lower number of 1,982 were present when the RPKM is increased
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to a minimum of 5 (Figure 4-4B). 2,858 Unigenes increased in expression in response to
two or more stimuli with an RPKM = 3 and a FC of = 2 (Figure 4-4C), but this number
was reduced to 822 when the RPKM was raised to = 5 (Figure 4-4D).

The extent of overlap in transcripts that decreased in expression across treatments was
investigated (Figure 4-5), however as the overall aim of this transcriptomic study was to
identify genes commonly up-regulated by UV-B, herbivory and MeJA, those that are
down-regulated will only be touched upon briefly. A total of 11,866 Unigenes with an
RPKM = 3 and an FC = 1.5 are identified as decreasing in expression (Figure 4-5A), with
5,259 of these being commonly regulated by at least 2 of the administered treatments. A
relatively substantial number of these Unigenes are commonly regulated by all four
treatments (212), which is slightly more than the number commonly up-regulated by all
treatments in Figure 4-4A. Adjustment of the minimum RPKM value reduces the number
of differentially expressed Unigenes by approximately 50%, and the number of commonly
regulated transcripts by ~56% to 5,259 and 2, 286, respectively (Figure 4-5B). As seen in
Figure 4-4, increasing the stringency of the minimum FC value also decreases the number
of transcripts identified as differentially regulated, with 6,623 and 2,535 present in Figures
4-5C and D, respectively. For both Unigene lists with a FC = 2 and a minimum RPKM of
3 or 5, the number of Unigenes commonly down-regulated by at least 2 stimuli is
approximately 36.6% of the total number of differentially regulated genes (2,425 and 929,
respectively).

Based on the reasonable number of Unigenes meeting the imposed criteria, the two cut-
offs implementing a FC = 2 were considered appropriate for this dataset, with the
minimum RPKM value of 3 later selected as the final filtering parameter to prevent
exclusion of potentially interesting genes that are not identified with the more stringent

RPKM cut-off.
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RPKM >3 RPKM > 5
Decrease 1.5 fold Decrease 1.5 fold

Plutella Plutella

RPKM >3 RPKM >5
Decrease 2 fold Decrease 2 fold

Plutella Plutella

Figure 4-5: The number of Unigenes differentially down-regulated by four treatments
with varying minimum RPKM and FC cut-off points. The degree of overlap between
Unigenes that are down-regulated by A and B, 1.5 fold or C and D, 2 fold with RPKM
values of A and C, = 3 or B and D, = 5 following exposure to UV-B radiation, slug
herbivory, Plutella herbivory or exogenous MeJA application. RPKM: Reads per Kilobase
per Million, FC: Fold Change.

4.4.2 Unigenes commonly up-regulated by UV-B, MeJA or invertebrate herbivory

Functional analysis of the transcripts possessing a minimum RPKM of 3 and FC of 2 in at
least 2 of the treatments was investigated using the online bioinformatics resource, DAVID
(Huang et al., 2009), where annotation clusters detailing enriched gene ontology (GO)
terms was obtained. As DAVID was unable to compute the Brassica Unigene IDs, those
of the putative Arabidopsis homologues were used instead. While this was effective at
providing basic insight into the potential gene clusters differentially regulated by several
treatments in B. napus, it failed to analyse those genes that do not possess an Arabidopsis

homologue. Therefore, it should be brought to the readers’ attention that Unigenes not

108



CHAPTER 4 RESULTS

found to have an Arabidopsis homologue or are perhaps unique to other members of the
Brassicaceae family have been overlooked in this analysis.

Approximately 47% of the 2,858 Unigenes possess a putative Arabidopsis homologue.
These genes were grouped into GO terms based on their known functions in Arabidopsis,
and each GO term was grouped into annotation clusters. On account of the redundant
nature of the majority of encoded gene products, many genes are found in more than one
GO term, as they may have multiple roles in the plant. Enrichment scores were allocated
to each annotation cluster to highlight the extent of regulation of a set of genes following
exposure to the various treatments, by relating the number of genes within this functional
annotation cluster to their abundance in the Arabidopsis genome. The accuracy of this
calculation for each GO term in DAVID is indicated by p-values.

A total of 45 annotation clusters possessing GO terms with p < 0.05 were identified
(Appendix 1), of which the top 10 enriched annotation clusters are presented in Table 4-5.
The most enriched annotation cluster contains GO terms and genes associated with the cell
wall, such as xylem cysteine peptidase, tubulin beta chain 3 and several beta galactosidase.
Other GO terms represented in Table 4-5 include those associated with defence responses
(annotation cluster 5), hormone biosynthesis (annotation cluster 6) and abiotic stress
(annotation cluster 8).

Examination of the remaining 35 annotation clusters in Appendix 1 identified enriched GO
terms related to the biosynthesis and metabolism of glucosinolates and indole derivatives
(cluster 25), oxylipins and JA (annotation cluster 15), and L-ascorbic acid (cluster 36). No
GO terms linked to transcriptional regulation were identified in these annotation clusters,
despite the presence of approximately 76 transcription factor-encoding genes in this list.
From the list of Unigenes with a minimum FC of 2 and RPKM = 3 across 2 or more
treatments, two were identified as interesting candidates for over-expression in
Arabidopsis (chapter 6). These Unigenes, or to be more precise, their putative Arabidopsis
orthologues, were selected based on their responsiveness to UV-B, MeJA or invertebrate
herbivory, along with previous studies acknowledging the biological pathways that the
encoded gene products or close family members are typically found in as potentially

intrinsic to plant defence against invertebrate pests.
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Annotation Cluster 1 Enrichment Score: 8.82 Count PValue FDR
GOTERM_CC_FAT GO:0005618~cell wall 77 5.62E-11 7.20E-08
GOTERM_CC FAT G0:0030312~external encapsulating structure 77 1.14E-10 1.46E-07
GOTERM_CC_FAT GO:0009505~plant-type cell wall 38 5.33E-07 6.83E-04
Annotation Cluster 2 Enrichment Score: 5.32 Count PValue FDR
GOTERM_BP FAT G0:0009628~response to abiotic stimulus 113 5.15E-08 8.46E-05
GOTERM_BP FAT G0:0006970~response to osmotic stress 45 1.66E-05 2.73E-02
GOTERM_BP FAT G0:0009651~response to salt stress 40 1.25E-04 2.05E-01
Annotation Cluster 3 Enrichment Score: 4.80 Count PValue FDR
GOTERM_BP FAT G0:0016053~organic acid biosynthetic 53 2.99E-08 4.92E-05
process
GOTERM_BP FAT G0:0046394~carboxylic acid biosynthetic 53 2.99E-08 4.92E-05
process
GOTERM_BP FAT GO:0006633~fatty acid biosynthetic process 23 8.90E-05 1.46E-01
GOTERM_BP FAT G0:000663 1~fatty acid metabolic process 25 1.06E-03 1.73E+00
GOTERM_BP FAT GO0:0008610~1ipid biosynthetic process 36 1.19E-02 1.78E+01
Annotation Cluster 4 Enrichment Score: 4.68 Count PValue FDR
GOTERM_MF FAT G0:0004674~protein serine/threonine kinase 95 2.53E-07 3.83E-04
activity
GOTERM_BP FAT G0:0006468~protein amino acid 99 8.40E-07 1.38E-03
phosphorylation
GOTERM_BP_FAT GO:0006796~phosphate metabolic process 112 2.04E-06 3.35E-03
GOTERM_BP FAT GO0:0006793~phosphorus metabolic process 112 2.14E-06 3.52E-03
GOTERM_MF FAT G0:0004672~protein kinase activity 99 7.19E-06 1.09E-02
GOTERM_BP_FAT GO:0016310~phosphorylation 103 7.56E-06 1.24E-02
GOTERM_MF FAT G0:0032559~adenyl ribonucleotide binding 181 1.49E-05 2.25E-02
GOTERM_MF_FAT GO:0005524~ATP binding 177 3.54E-05 5.35E-02
GOTERM_MF FAT G0:0001882~nucleoside binding 188 6.11E-05 9.25E-02
GOTERM_MF FAT GO0:0032555~purine ribonucleotide binding 193 6.93E-05 1.05E-01
GOTERM_MF FAT G0:0032553~ribonucleotide binding 193 6.93E-05 1.05E-01
GOTERM_MF FAT G0:0030554~adenyl nucleotide binding 187 7.12E-05 1.08E-01
GOTERM_MF FAT G0:0001883~purine nucleoside binding 187 7.12E-05 1.08E-01
GOTERM_MF FAT G0:0017076~purine nucleotide binding 199 2.87E-04 4.34E-01
GOTERM_MF FAT GO0:0000166~nucleotide binding 221 6.28E-03 9.10E+00
Annotation Cluster 5§ Enrichment Score: 4.61 Count PValue FDR
GOTERM_BP FAT G0:0009617~response to bacterium 37 1.15E-07 1.89E-04
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GOTERM_BP FAT G0:0042742~defense response to bacterium 29 1.57E-06 2.58E-03
GOTERM_BP FAT G0:0006952~defense response 70 7.94E-02 7.43E+01
Annotation Cluster 6 Enrichment Score: 4.36 Count PValue FDR
GOTERM_BP FAT G0:0010033~response to organic substance 120 1.60E-10 2.62E-07
GOTERM_BP FAT G0:0009719~response to endogenous 102 1.37E-09 2.25E-06
stimulus
GOTERM_BP FAT G0:0009725~response to hormone stimulus 82 2.62E-05 4.31E-02
GOTERM_BP FAT G0:0007242~intracellular signalling cascade 69 3.32E-04 5.43E-01
GOTERM_BP FAT G0:0009755~hormone-mediated signalling 43 4.33E-04 7.09E-01
GOTERM_BP FAT G0:0032870~cellular response to hormone 43 4.33E-04 7.09E-01
stimulus
GOTERM_BP_FAT G0O:0009873~ethylene mediated signalling 19 7.71E-03 1.19E+01
pathway
GOTERM_BP FAT G0:0000160~two-component signal 22 1.20E-02 1.80E+01
transduction system (phosphorelay)
GOTERM_BP FAT G0:0009723~response to ethylene stimulus 24 1.92E-02 2.73E+01
Annotation Cluster 7 Enrichment Score: 3.50 Count PValue FDR
GOTERM_BP FAT GO0:0018130~heterocycle biosynthetic 20 1.56E-04 2.56E-01
process
GOTERM_BP FAT G0:0044271~nitrogen compound 50 1.60E-04 2.62E-01
biosynthetic process
GOTERM_BP FAT G0:0009309~amine biosynthetic process 25 5.36E-04 8.76E-01
GOTERM_BP FAT G0:0008652~cellular amino acid 23 7.22E-04 1.18E+00
biosynthetic process
Annotation Cluster 8 Enrichment Score: 3.24 Count PValue FDR
GOTERM_BP FAT G0:0009266~response to temperature 40 5.09E-05 8.35E-02
stimulus
GOTERM_BP FAT G0:0009409~response to cold 29 1.33E-04 2.19E-01
GOTERM_BP FAT G0:0009408~response to heat 14 2.75E-02 3.68E+01
Annotation Cluster 9 Enrichment Score: 3.11 Count PValue FDR
GOTERM_MF FAT G0:0005529~sugar binding 19 2.25E-04 3.40E-01
GOTERM_MF FAT G0:0030246~carbohydrate binding 24 2.69E-03 4.00E+00
Annotation Cluster 10 Enrichment Score: 2.88 Count PValue FDR
GOTERM_CC_FAT G0:0048046~apoplast 45 5.74E-06 7.35E-03

Table 4-5: Top 10 enriched annotation clusters of the putative Arabidopsis
homologues of the Brassica Unigenes commonly up-regulated by at least two
treatments with FC = 2 and RPKM = 3. ‘Count’ column refers to the number of
Arabidopsis genes that are in each GO term. FDR = False Discovery Rate.
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The first of the two genes is thought to encode ELICITOR-ACTIVATED GENE
3/CINNAMYL-ALCOHOL DEHYDROGENASE 8 (ELI3-2/CADS8), an aromatic alcohol
dehydrogenase present in the phenylpropanoid pathway (Figure 4-6) and thought to be
involved in plant defence against hemi-biotrophic pathogens (Somssich et al., 1996)
(Schmelzer et al., 1989). In the functional analysis, this gene was clustered under GO
terms related to plant defence (such as “GO:0006952~defense response” and
“G0O:0006955~immune response” in annotation clusters 5 and 39, respectively) and
secondary metabolite and aromatic compound biosynthesis (annotation cluster 27,
Appendix 1). The second gene encodes a putative GDP-L-galactose phosphorylase,
VITAMIN C DEFECTIVE 2 (VTC2), that converts GDP-L-galactose to L-galactose-1-P,
and catalyzes the first committed step in the biosynthesis of L-ascorbate (Urzica et al.,
2012). Functional analysis of VTC2 located the gene under GO terms associated with
abiotic stress (“GO:0009266~response to temperature stimulus”), plant defence
(“G0O:0042742~defense response to bacterium” and “GO:0052482~cell wall thickening
during defense response”), and, of course in the two GO terms indicative of L-ascorbic

acid biosynthesis (annotation cluster 36, Appendix 1).
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Figure 4-6: Schematic representation of the main steps, enzymes and compounds
found in the phenylpropanoid pathway. The enzymes encoded by ELI3-2, COMTI or
their related family members are highlighted in light blue boxes. Diagram adapted from
(Peng et al., 2008) and (Demkura and Ballar¢, 2012).
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The log, fold change expression profiles of the Brassica Unigenes thought to encode ELI3-
2 or VTC2 are shown in Figure 4-7. Inclusion of a light grey dotted line across the charts
at ‘1’ and ‘-1’ indicates the minimum log, fold change cut-off that was imposed on the
dataset. Three Unigenes putatively encode ELI3-2, however only one of them, EV141577,
increases in expression by at least 2-fold (Figure 4-7A). This Unigene so happens to be
similarly responsive to all four treatments examined. V7C2 is thought to have 4 Brassica
Unigene homologues, neither of which are regulated by the 4 treatments in a similar
manner to EV141577 (Figure 4-7B). Plutella herbivory induces a decrease in expression
of 50% of the Unigenes, while the other 2 are not significantly regulated by this
invertebrate, at least not in relation to the cut-off parameters. MelJA is also found to induce
an increase and a decrease in expression of some of these Unigenes, while UV-B and slug
stimulate a significant increase and decrease in expression of EV165278, respectively.
Despite the fluctuating expression profiles of these 4 Unigenes in response to the various
treatments, V'7TC2 was still selected for over-expression. This decision was based partly on
previous studies indicating a possible influence of ascorbic acid on plant defence against
pests, and also on sequence alignment analysis suggesting that the Unigene EX043301
shares more sequence similarity to the Arabidopsis V7TC2 gene. Expression of this
particular Unigene increases in response to UV-B, slugs and Plutella, however only the

two former treatments induce a significant increase in expression that is over 2-fold.
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A ELI3-2

EUV-B
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OPlutella
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EV225295 EV139563 EV141577
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-5 EV157337 EV165278 EV157418 EX043301

Figure 4-7: Log; fold change expression profiles of the putative Brassica Unigene
homologues of ELI3-2 and VTC2. A, expression profiles (log, FC) of the three Brassica
Unigenes thought to be homologues of the Arabidopsis gene, ELI3-2, and B the 4 putative
Unigene homologues of V'TC2. The log,FC has been displayed on the y-axis to allow for
easy interpretation of the direction of gene regulation. Faint grey dotted lines at ‘1’ and ‘-1’
mark the minimum log,FC cut-off values required to class a Unigene as differentially
regulated by any of the treatments. As only one biological repeat is presented here, no
error bars are shown.

In addition to these two genes, a third was also selected for over-expression in Arabidopsis,
despite not being differentially expressed by any of the treatments in the RNA-seq analysis.
CAFFEATE O-METHYLTRANSFERASE 1 (COMTI) is a flavonol 3-methyltransferase
also found in the phenylpropanoid pathway (Figure 4-6). Selection of this gene for over-
expression in Arabidopsis was due to a recent study examining the extent of B. cinerea
lesion area on an Arabidopsis mutant lacking functional FSH protein, which is active in the
same branch of the phenylpropanoid pathway as COMT. This mutant was reported to be
more susceptible to the necrotrophic fungus than WT Arabidopsis, both in the presence
and absence of UV-B radiation (Demkura and Ballaré, 2012). Based on these results,

COMTI was selected for over-expression in planta, to determine whether or not

hyperactivation of this can enhance UV-B-mediated plant defence.
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Over-expression of the B. napus homologues of these selected genes in Arabidopsis, along
with genetic analysis of these lines and invertebrate bioassay results, will be discussed in

chapter 6.

4.5  The second alignment with the B. napus genome

4.5.1 Applying appropriate cut-off parameters to the dataset

A second RNA-seq event took place in 2014, where the obtained reads were aligned
against the recently sequenced B. napus genome (Chalhoub et al., 2014) along with the
previous reads that were aligned to the Unigene. The results from this alignment also
underwent a filtration process, where transcripts considered unresponsive or insufficiently
responsive to all treatments were removed from the dataset. To achieve this, a series of
numerical cut-offs were imposed on the datasets, targeting the FC in expression of each
transcript, along with statistical p-values and false discovery rates (FDRs), the latter of
which assesses the probability of the data generated for each gene being a false positive.
For the purposes of this study, a minimum RPKM value of 3 was required in at least one
sample for a transcript to be retained for further investigation, regardless of the sample
being a treated or untreated sample. This initial filtering event reduced the dataset
substantially from 101,040 transcripts down to 37,401.  Additional filters were
subsequently enforced to help identify transcripts that are differentially expressed across
the treatments. These filters included the application of a minimum FC, along with a
maximum p-value and a maximum FDR. Two minimum FC values of 1.5 and 2 were
imposed, alongside two p-values of 0.01 and 0.05. Three FDR values were also applied to
the dataset, 0.1, 0.05 and a more stringent 0.01 (Table 4-6).

The difference in the number of genes differentially regulated when a fold change cut-off
of 1.5 or 2 is applied is relatively small, with the most noticeable alteration in gene number
occurring in the UV-B gene list, where an approximate 7% increase in the number of genes
possessing a minimum fold change of 1.5 and an FDR of 0.1 is seen. As there is no large
difference between the number of genes with at least a 1.5 or 2 fold change in expression
across each treatment (when the same p- and FDR value conditions are examined), a 1.5

fold change was selected as a minimum cut-off.
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FC>1.5 FC>15 FC>15 FC>2 FC >2 FC >2
p<0.05 p<0.05 p<0.05 p<0.05 p<0.05 p<0.05
FDR<0.01 FDR<0.05 FDR<0. FDR<0.01 FDR<0.05 FDR<0.1
UV-B 606 1556 2407 593 1497 2244
Slug 0 48 74 0 43 67
Plutella 0 0 26 0 0 26
MeJA 431 755 975 427 738 940

Table 4-6: Number of genes differentially regulated by each treatment meeting the
stated cut-off criteria. FC: Fold Change, p: P-value, FDR: False Discovery Rate. The
gene lists comprise both up- and down-regulated genes.

Only one p-value cut-off (=< 0.05) is presented in Table 4-6, as no difference in the number
of genes differentially regulated with a p < 0.01 or < 0.05 was seen (when compared to the
same fold change and FDR criteria). As no difference in gene number was discovered, the
higher p-value was mentioned as opposed to the more stringent value, to inform the reader
that some genes with a p-value = 0.01 (but < 0.05) are included in the lists.

A relatively large difference in the number of transcripts possessing different FDR cut-offs
is seen, especially for the slug and Plutella samples. Interestingly, no transcripts have an
FDR of < 0.01 following slug herbivory, or an FDR of < 0.05 in response to Plutella
herbivory. This suggests that variation may be present in the replicates for each of these
treatments, subsequently increasing the chances of obtaining higher false positives
compared to the UV-B and MeJA treatments. The reason for this finding is highly likely
due to ‘natural’ variation obtained across replicates, where differences in invertebrate
spatiotemporal feeding patterns over the 1-hour grazing window may have provoked
dissimilar transcriptional responses in B. napus at the point of harvesting. As no
transcripts with an FDR = 0.01 were identified as being differentially expressed following
slug or Plutella herbivory, this stringent FDR cut-off was not used to generate a transcript
list for further analysis. Likewise, the next FDR filter of = 0.05 was also dismissed, as no
transcripts were found to be differentially regulated by Plutella when this cut-off was
applied, and only a small number of transcripts were responsive to slug herbivory.
Applying a minimum FDR cut-off of 1 still revealed a small number of differentially
regulated transcripts in response to slug or Plutella herbivory (under 100 transcripts),
therefore it was investigated if removal of an FDR cut-off would increase the number of
transcripts meeting the remaining criteria. To this end, two lists were generated
comprising transcripts differentially up-regulated or down-regulated by at least 1.5 fold
with a p-value < 0.05, and either an FDR value of < 0.1 or no FDR limit (Table 4-7). As

expected, a considerably higher number of transcripts across all treatments meet the
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criteria when no FDR cut-off was applied, however as the main aim of the transcriptomics
was to identify transcripts commonly regulated by UV-B and herbivory/MeJA treatment, it
was important to determine the extent of overlap between the four treatments to conclude
whether or not removal of an FDR cut-off facilitated data interpretation. Venn diagrams
were therefore generated to visualise the overlap in commonly up-regulated or down-

regulated transcripts across the treatments (Figure 4-8).

FC>15;p<0.05 FC>15;p<0.05 FC>15;p<0.05 FC>1.5;p<0.05

FDR <0.1 FDR <0.1 Up-regulated Down-regulated
Up-regulated Down-regulated
UV-B 1822 58S 3651 1904
Slug 28 46 736 1301
Plutella 14 12 496 928
MeJA 905 70 2054 574

Table 4-7: Number of genes differentially up-regulated or down-regulated by each
treatment meeting the stated cut-off criteria. FC: Fold Change, p: P-value, FDR: False
Discovery Rate.

Few transcripts were commonly regulated across multiple genes when an FDR cut-off of <
0.1 was applied, and in many instances no commonalities occurred across treatments
(Figure 4-8A and B). For the purposes of this study, five categories were of particular

interest for studying transcriptomic overlaps between treatments:

- UV-B, slug, Plutella and MeJA
- UV-B, slug and Plutella

- UV-B and slug

- UV-B and Plutella

- Slug and Plutella.

Unfortunately, only three of these categories possessed common up-regulated or down-
regulate transcripts, with the number of these transcripts being very low. When the FDR
filter was removed, however, a higher number of transcripts were found to be similarly
regulated by multiple treatments, particularly between UV-B and slug, UV-B and Plutella,
slug and Plutella, and UV-B, slug and Plutella (Figure 4-8C and D). While these numbers
are still relatively low (i.e. only 8 B. napus transcripts are commonly up-regulated by all
four treatments), they are still higher than the number of transcripts available for analysis
when an FDR cut-off was enforced. Transcripts identified in these lists include those

encoding transcription factors and various known defence proteins, suggesting that
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removal of the < 0.1 FDR cut-off allows transcripts relevant to the study to be accessible
for interpretation. It was therefore considered appropriate to remove the FDR cut-off,
resulting in a final set of filtering measures comprising of a minimum fold change in

expression of 1.5 and a maximum p-value of 0.05.

A B

Increase 1.5 fold Decrease 1.5 fold
p=<0.05 p<0.05
FDR >0.1 FDR >0.1

Plutella Plutella

Decrease 1.5 fold
Increase 1.5 fold p<0.05
p<0.05

Plutella Plutella

Figure 4-8. The number of B. napus genes differentially regulated by four individual
treatments using two cut-off criterias. The degree of overlap between genes that are up-
regulated, A and C, or down-regulated, B and D, by at least 1.5 fold with a p-value of up to
0.05 following exposure to UV-B radiation, slug herbivory, Plutella herbivory or

exogenous MeJA application. An additional FDR cut-off of < 0.1 is applied for A and B,
but absent for C and D.

4.5.2 Genes up-regulated over multiple treatments

The wealth of information derived from transcriptomic analysis of any organism following
exposure to stimuli is outstanding, and it is easy for the researcher to become so engrossed
in the data that the overall aim of the project is forgotten. In this project, the effects of four
individual treatments on the B. napus transcriptome were studied, however the main
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objective was to identify the mechanisms behind UV-B-enhanced defence against Plutella
and slugs. As a result, the primary focus was to identify the genetic overlaps between the

following 5 treatment combinations:

1. UV-B, slug, Plutella and MeJA

2. UV-B, slug and Plutella
3. UV-B and slug

4. UV-B and Plutella

5. Slug and Plutella.

The fifth category on this list, ‘slug and Plutella,” allowed the differences and similarities
elicited in B. napus by these two invertebrates to be examined. As this is the first time, to
our knowledge, that the effects of slug herbivory on a plant transcriptome has been studied,
and also because the two pests appear to share a relatively small number of commonly
regulated genes (Figure 4-8C and D), the extent of genetic overlap between the two pests
in B. napus was studied in more detail.

As in the first alignment in section 4.4, functional analysis of the genes was achieved using
DAVID (Huang et al.,, 2009) and the TAIR ID’s of the putative Arabidopsis gene

annotations of the B. napus genes.

4.5.3 Transcripts differentially regulated by UV-B, slug, Plutella and MeJA

The number of B. napus transcripts commonly regulated by all four treatments is relatively
small (10 in total; 8 increasing in expression, 2 decreasing in expression; Figure 4-8C and
D), and the roles the encoded gene products play in the plant, based on their putative
Arabidopsis annotations, is diverse (Table 4-8). Functional analysis of the two lists using
DAVID failed due to the small number of genes present (DAVID requires a minimum
gene list of 10 units for performing functional annotation analysis)(Huang et al., 2009),
and the presence of one B. napus transcript not possessing a putative Arabidopsis
homologue prevented the input of 10 genes into the software, to gain at least some insight
into the categories of genes differentially expressed by all treatments. Therefore, the

transcripts differentially regulated by all 4 treatments will briefly be discussed here.
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B. napus Putative Arabidopsis Gene UV-B Slug Plut. MeJA
Gene ID Arabidopsis Name / Function FC FC FC FC

Gene ID
BnaC09g51700D AT1G43710 Pyridoxal phosphate (PLP)- 2.87 4.35 3.45 9.42
EMBI1075 dependent transferases
superfamily protein
BnaA07g21340D AT1G76520 Auxin efflux carrier 2.52 1.87 2.69 2.80
family protein
BnaA07g38390D AT1G78820 D-mannose binding lectin 4.64 3.21 247 2.66
protein with Apple-like
carbohydrate-binding domain
BnaAnng07910D AT3G30775 Methylenetetrahydrofolate 7.51 5.55 2.42 6.33
ERDS, reductase family protein
PRODH, AT- (proline dehydrogenase)
POX
BnaA06g39660D AT3G30775 Methylenetetrahydrofolate 9.29 5.63 3.77 4.91
ERD5, reductase family protein
PRODH, AT- (proline dehydrogenase)
POX
BnaC07g26120D AT3G30775 Methylenetetrahydrofolate 14.20 5.90 3.27 4.55
ERDS, reductase family protein
PRODH, AT- (proline dehydrogenase)
POX
BnaA02g01840D AT5G13740 zinc induced facilitator 1 2.73 1.94 2.15 2.89
ZIF1
BnaCo03g15270D AT5G53050 alpha/beta-Hydrolases 7.75 2.70 2.51 1.95
superfamily protein
BnaC01g41460D AT4G11650 osmotin 34 0.06 0.27 0.06 0.31
OSM34
BnaC03g33270D Unknown Unknown 0.02 0.16 0.19 0.25

Table 4-8. B. napus genes differentially regulated by UV-B, slug herbivory, Plutella

herbivory and MeJA. The first 8 genes listed are up-regulated in response to all 4
treatments, while the latter two are down-regulated. FC (fold change) = 1.5, p < 0.05.

Out of the 8 B. napus transcripts found to increase in expression, three potentially encode
the same or similar gene products to the Arabidopsis proline dehydrogenase, EARLY
RESPONSE TO DEHYDRATION 5 (ERDS), an osmotic stress-responsive gene involved in
the conversion of proline to glutamic acid via A'-pyrroline-5-carboxylate (P5C)(Kiyosue et
al., 1996). These three transcripts undoubtedly undergo the highest fold change in
expression out of all 8 listed in response to UV-B radiation or slug herbivory, and, with the
exception of BnaC09g51700D, in response to MeJA. Additional transcripts found in Table
4-8 include EMBRYO DEFECTIVE 1075 (EMB1075), which encodes a serine carboxylase

implicated in growth and development (Tzafrir et al., 2004) and the zinc inducer facilitator,
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ZIF1, a member of the major facilitator superfamily (MFS) of membrane proteins. The
auxin efflux carrier and the alpha/beta-hydrolase have previously been reported as JA-
responsive genes (Dombrecht et al., 2007, Hasegawa et al., 2011). Of the two transcripts
that are down-regulated by all four treatments, only one of them has an Arabidopsis
homologue (AT4G11650, OSM34). This gene encodes an osmotin-like protein that is

responsive to many developmental, environmental hormonal and microbial cues.

4.5.4 UV-B, slug and Plutella

Eleven B. napus transcripts were found to be up-regulated by UV-B radiation, slug or
Plutella herbivory (Figure 4-8C). While this is again a small number of transcripts,
functional analysis on DAVID was achievable, on account of n = 10 (n representing the
number of transcripts). The B. napus transcripts, and their putative Arabidopsis

homologues with associated gene functions, are listed in Table 4-9.

B. napus 1D Arabidopsis ID Gene Name Gene Function
BnaA01g15350D AT4G26150 CGAl, GATA22, GNL cytokinin-responsive gata factor 1
BnaA09g26310D AT1G30250 Unknown protein
BnaA10g25850D AT5G04340 C2H2, CZF2,ZAT6 zinc finger of Arabidopsis thaliana 6
BnaC02g38230D AT3G30775 ERDS5, PRODH, Methylenetetrahydrofolate reductase

AT-POX family protein
BnaC03g50570D AT5G63790 ANAC102, NAC102 NAC domain containing protein 102
BnaC04g24950D AT3G56360 Unknown protein
BnaC04g56750D AT2G40000 HSPRO2, ATHSPRO2 ortholog of sugar beet

HS1 PRO-12

BnaC06g40170D AT1G80840 WRKY40 WRKY DNA-binding protein 40
BnaC07g16750D AT5G66470 RNA binding;GTP binding
BnaC07g28950D AT5G25930 Protein kinase family protein with

leucine-rich repeat domain

BnaC07g30000D AT5G24420 PGLS5 6-phosphogluconolactonase 5

Table 4-9: The 11 B. napus genes and putative Arabidopsis homologues up-regulated
by UV-B radiation, slug herbivory or Plutella herbivory. FC = 1.5, p < 0.05.

Functional annotation clustering in DAVID identified a single cluster with five GO terms,
2 of which possess a p-value of 0.05 or below (Table 4-10). On account of only 1
annotation cluster being identified in this analysis, and all GO terms being functionally
related to one another, all GO terms have been retained on this occasion, regardless of their

p-value.
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The five GO clusters all appear to be involved in transcriptional processes, and analysis of
the genes included in each GO term revealed that only 4 of the 11 Arabidopsis genes in
Table 4-9 were successfully clustered into functional categories on DAVID (Table 4-10).
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AT1G80840
BnaC06g40170D WRKY40 WRKY DNA-binding protein 40
AT4G26150
CGAI, GATA22,
BnaA01g15350D GNL cytokinin-responsive gata factor 1
AT5G63790 NAC domain containing protein
BnaC03g50570D | ANAC102, NAC102 102
AT5G04340 C2H2, zinc finger of Arabidopsis
BnaA10g25850D CZF2, ZAT6 thaliana 6

Table 4-10: GO categories enriched in the list of Arabidopsis ID’s with sequence
similarity to the B. napus transcripts up-regulated by UV-B, slug and Plutella. The
Arabidopsis gene name and function is provided, and the GO categories that each gene is
present in is highlight with a blue box.

4.5.4.1 Four putative transcription factors are up-regulated in response to UV-B

radiation, slug herbivory or Plutella herbivory

As the aim of the project was to identify early-induced transcription factors that are
responsive to both UV-B and herbivory, and as no enriched GO terms related to such
transcription factors were identified in the first alignment, the presence of 4 transcription
factors out of 11 transcripts in this instance was promising. These transcription factors
include the pathogen-induced WRKY40, CGAI, which encodes a GATA transcription
factor, a zinc finger protein transcription factor, ZA76, and a NAC-encoding gene,

ANACI02.
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4.5.5 UV-B and slug herbivory

UV-B radiation and slug herbivory commonly up-regulate 148 B. napus transcripts (Figure
4-8C), one of which has no Arabidopsis annotations. The 147 transcripts that do possess
Arabidopsis annotations show sequence similarity to 109 Arabidopsis genes. After
conducting GO analysis on the gene list, and isolating only those terms with p < 0.05, a
total of 6 annotation clusters and 16 GO terms were uncovered (Table 4-11).

Annotation cluster 4 possesses two GO terms related to transcriptional regulators
(“G0O:0006355 ~ regulation of transcription, DNA-dependent” and “GO:0051252 ~
regulation of RNA metabolic”), with the same genes found in both functional groups

(Table 4-12).

4.5.5.1 Transcription factors up-regulated by UV-B and slug herbivory

Out of the 147 B. napus transcripts with known sequence similarity to Arabidopsis genes,
6.8% encode transcription factors. The transcript proposed to encode the cytokinin-
responsive GATA transcription factor, CGA1 (section 4.5.4.1), appears in this list again,
suggesting that homologues of this protein are responsive to UV-B and herbivory. In
addition, two BTB and TAZ domain-encoding genes, B77 and BT3, are identified as being
responsive to these treatments, along with the JA/ET-responsive gene, ETHYLENE
RESPONSE FACTOR 104 (ERF104), which encodes a member of the AP2/ERF

transcription factor family (Lorenzo et al., 2004).
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Annotation Cluster 1 Enrichment Score: 1.79 % PValue FDR
GOTERM_MF_FAT GO0:0031406~carboxylic acid binding 3.67 0.01 12.61
GOTERM_MF_FAT GO0:0016597~amino acid binding 2.75 0.02 20.54
GOTERM_MF_FAT GO:0043176~amine binding 2.75 0.02 21.35
Annotation Cluster 2 Enrichment Score: 1.66 % PValue FDR
GOTERM_BP_FAT GO0:0010200~response to chitin 3.67 0.01 15.03
GOTERM_BP_ FAT GO:0009743~response to carbohydrate stimulus 3.67 0.04 41.17
Annotation Cluster 3 Enrichment Score: 1.39

GOTERM_CC_FAT GO:0009507~chloroplast 18.35 0.04 32.52
GOTERM_CC_FAT GO0O:0009536~plastid 18.35 0.04 38.04
Annotation Cluster 4 Enrichment Score: 1.32 % PValue FDR
GOTERM_BP_FAT GO:0010033~response to organic substance 12.84 0.00 0.45
GOTERM_BP_FAT GO:0009719~response to endogenous stimulus 10.09 0.00 4.15
GOTERM_BP_FAT GO:0006355~regulation of transcription, DNA- 9.17 0.02 23.38

dependent

GOTERM_BP_ FAT GO:0009725~response to hormone stimulus 8.26 0.02 23.53
GOTERM_BP_FAT GO:0051252~regulation of RNA metabolic process  9.17 0.02 24.05
GOTERM_MF_FAT GO:0046983~protein dimerization activity 4.59 0.04 35.38
Annotation Cluster 5 Enrichment Score: 1.18 % PValue FDR
GOTERM_MF_FAT GO:0008270~zinc ion binding 14.68 0.01 15.35
Annotation Cluster 6 Enrichment Score: 0.82 % PValue FDR
GOTERM_MF_FAT GO0:0030246~carbohydrate binding 4.59 0.02 23.02
GOTERM_MF_FAT GO:0005529~sugar binding 3.67 0.02 24.63

Table 4-11: Annotation clusters and grouped GO categories enriched in the list of
Arabidopsis ID’s with sequence similarity to the B. napus transcripts up-regulated by

UV-B and slug.

Arabidopsis ID B. napus 1D Gene Name Gene Function
AT1G25560 BnaC05g20560D TEM1, EDF1 AP2/B3 transcription factor family protein
AT4G01120 BnaA09g00170D GBF2, ATBZIP54 G-box binding factor 2
AT4G14540 BnaA03g33970D NF-YB3 nuclear factor Y, subunit B3
AT4G26150 BnaCo01g18190D CGAl, GATA22, cytokinin-responsive gata factor 1
AT4G37610 BnaC07g46630D BTS BTB and TAZ domain protein 5
AT5G28770 BnaC07g27440D BZO2H3 bZIP transcription factor family protein
AT5G49450 BnaA06g29500D AtbZIP1, bZIP1 basic leucine-zipper 1
AT5G51190 BnaC09g27360D Integrase-type DNA-binding family protein
AT5G61600 BnaC07g31350D ERF104 ethylene response factor 104
AT5G63160 BnaA06g22570D BT1 BTB and TAZ domain protein 1

Table 4-12: The ten genes commonly up-regulated by UV-B and slug herbivory that
fall into the GO term, “G0:0006355~regulation of transcription, DNA-dependent,” in
annotation cluster 4 of Table 4-11.
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4.5.6 UV-B and Plutella herbivory

A total of 40 B. napus transcripts appear to be UV-B- and Plutella-responsive, all of which
have assigned Arabidopsis annotations (Table 4-13). Within this list are putative
transcription factors and genes known to be wound-responsive (e.g. VSP2). Seven
annotation clusters possessing GO terms with p < 0.05 are presented in Table 4-14.
Annotation cluster 1 contains eight GO terms related to transcriptional processes with an
enrichment score of 3.88. Fourteen Arabidopsis genes are found in these GO terms, some
of which belong to transcription factor families already identified in the analysis (i.e. NAC,
ERF and WRKY). Interestingly, some of these transcription factors have been shown to be
responsive to B.cinerea and aphid herbivory, such as WRKY33 (Zheng et al., 2006) and
ZATI10 (Kusnierczyk et al., 2011).
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B. napus 1D Arabidopsis ID Gene Name Gene Function
BnaC05g00910D AT1G01010 ANACO001 NAC domain containing protein 1
BnaA08g18790D AT1G27730 STZ, ZAT10 salt tolerance zinc finger
BnaA08g18380D AT1G28370 ERF11 ERF domain protein 11
BnaCnng63180D
BnaC08g02910D AT1G49450 Transducin/WD40 repeat-like superfamily protein
BnaC06g05920D AT1G52890 ANACO019 NAC domain containing protein 19
BnaC06g05910D
BnaC09g14610D AT1G60590 Pectin lyase-like superfamily protein
BnaC01g29930D AT1G61800 GPT2 glucose-6-phosphate/phosphate translocator 2
BnaA01g36280D
BnaC06g23560D AT1G73480 alpha/beta-Hydrolases superfamily protein
BnaAnng23990D AT1G80840 WRKY40 WRKY DNA-binding protein 40
BnaC02g26030D
BnaCnng32820D AT2G29090 CYP707A2 cytochrome P450/family 707/subfamily A/polypeptide 2
BnaA04g22040D AT2G38470 WRKY33 WRKY DNA-binding protein 33
BnaCnng66020D
BnaA04g22700D AT2G39980 HXXXD-type acyl-transferase family protein
BnaA03g56550D AT2G40000 HSPRO2 ortholog of sugar beet HS1 PRO-1 2
BnaC04g02730D AT2G43120 RmlC-like cupins superfamily protein
BnaA03g56880D AT2G45660 AGL20, SOC1 AGAMOUS-like 20
BnaCnng05480D AT3G02060 DEAD/DEAH box helicase, putative
BnaCnng18320D AT3G03090 VGT1 vacuolar glucose transporter 1
BnaC01g40360D AT3G03950 ECT1 evolutionarily conserved C-terminal region 1
BnaC05g41640D AT3G11580 AP2/B3-like transcriptional factor family protein
BnaC05g34990D AT3G18290 EMB2454, BTS zinc finger protein-related
BnaA06g32440D AT3G27060 TSO2, Ferritin/ribonucleotide reductase-like family protein
BnaC07g48980D ATTSO2
BnaA06g38950D AT3G44260 Polynucleotidyl transferase, ribonuclease H-like superfamily
protein
BnaC08g21640D AT3G50260 ERFO011 cooperatively regulated by ethylene and jasmonate 1
BnaA04g02530D AT3G56360 Unknown protein
BnaA03g47030D AT4G24960 HVA22D HVA22 homologue D
BnaA01g15250D AT4G26080 ABII Protein phosphatase 2C family protein
BnaA03g48570D AT4G27410 RD26, NAC (No Apical Meristem) domain transcriptional regulator
ANAC072 superfamily protein
BnaC09g49020D AT5G06530 ABC-2 type transporter family protein
BnaC02g04980D AT5G13740 Z1F1 zinc induced facilitator 1
BnaA02g32350D AT5G24770 VSP2 vegetative storage protein 2
BnaCnng60520D AT5G47220 ERF2 ethylene responsive element binding factor 2
BnaA03g39820D AT5G60910 AGLS, FUL AGAMOUS-like 8
BnaC09g06860D AT5G65300 Unknown protein
BnaC09g07320D AT5G67370 Protein of unknown function (DUF1230)

Table 4-13: The 40 B. napus genes commonly up-regulated by UV-B and Plutella
herbivory and their putative Arabidopsis homologues. FC =1.5, p < 0.05.
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Annotation Cluster 1 Enrichment Score: 3.88 % PValue FDR
GOTERM_MF _FAT  GO:0003700~transcription factor activity 38.24 0.00 0.01
GOTERM_BP_FAT GO:0006350~transcription 35.29 0.00 0.01
GOTERM_MF_ FAT GO:0030528~transcription regulator activity 38.24 0.00 0.02
GOTERM_BP_FAT GO:0045449~regulation of transcription 38.24 0.00 0.08
GOTERM_MF_FAT  GO:0003677~DNA binding 38.24 0.00 0.26
GOTERM_BP_FAT GO:0006355~regulation of transcription, DNA-dependent  26.47 0.00 0.53
GOTERM_BP_ FAT GO:0051252~regulation of RNA metabolic process 26.47 0.00 0.55
GOTERM_MF_FAT  GO:0043565~sequence-specific DNA binding 11.76 0.05 39.80
Annotation Cluster 2 Enrichment Score: 2.84 % PValue FDR
GOTERM_BP_ FAT GO:0009743~response to carbohydrate stimulus 17.65 0.00 0.03
GOTERM_BP_FAT GO0:0010200~response to chitin 14.71 0.00 0.09
GOTERM_BP_ FAT GO:0042742~defense response to bacterium 11.76 0.00 5.02
GOTERM_BP_FAT GO:0009617~response to bacterium 11.76 0.01 10.66
Annotation Cluster 3 Enrichment Score: 2.59 % PValue FDR
GOTERM_BP_ FAT GO:0009414~response to water deprivation 14.71 0.00 0.31
GOTERM_BP_FAT GO:0009415~response to water 14.71 0.00 0.37
GOTERM_BP_ FAT GO:0009409~response to cold 14.71 0.00 0.89
GOTERM_BP_FAT GO:0009628~response to abiotic stimulus 26.47 0.00 0.99
GOTERM_BP_ FAT GO:0009266~response to temperature stimulus 14.71 0.00 4.06
GOTERM_BP_FAT GO:0009737~response to abscisic acid stimulus 11.76 0.01 15.79
GOTERM_BP_ FAT GO:0009651~response to salt stress 11.76 0.03 28.91
GOTERM_BP_FAT GO:0006970~response to osmotic stress 11.76 0.03 34.17
Annotation Cluster 4 Enrichment Score: 2.24 % PValue FDR
GOTERM_BP_FAT GO:0009911~positive regulation of flower development 8.82 0.00 1.59
GOTERM_BP_FAT GO:0048582~positive regulation of post-embryonic 8.82 0.00 2.40
development
GOTERM_BP_FAT GO:0051094~positive regulation of developmental 8.82 0.00 3.22
process
GOTERM_BP_FAT GO:0009909~regulation of flower development 8.82 0.01 14.26
GOTERM_BP_FAT GO:0009791~post-embryonic development 17.65 0.02 17.85
GOTERM_BP_FAT GO:0048580~regulation of post-embryonic development 8.82 0.03 28.74
Annotation Cluster 5 Enrichment Score: 2.09 % PValue FDR
GOTERM_BP_ FAT GO:0010033~response to organic substance 35.29 0.00 0.00
GOTERM_BP_FAT GO:0009719~response to endogenous stimulus 23.53 0.00 1.51
GOTERM_BP_ FAT GO:0009725~response to hormone stimulus 20.59 0.00 5.42
GOTERM_BP_FAT GO:0009873~ethylene mediated signaling pathway 8.82 0.04 36.99
GOTERM_BP_ FAT GO:0009755~hormone-mediated signalling 11.76 0.04 40.12
GOTERM_BP_FAT GO:0032870~cellular response to hormone stimulus 11.76 0.04 40.12
GOTERM_BP_ FAT GO:0007242~intracellular signalling cascade 14.71 0.05 46.65
GOTERM_BP_FAT GO:0000160~two-component signal transduction system 8.82 0.06 51.81

(phosphorelay)
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GOTERM_BP_ FAT GO:0009723~response to ethylene stimulus 8.82 0.08 62.35
Annotation Cluster 6 Enrichment Score: 1.90 % PValue FDR
GOTERM_BP_FAT GO:0009624~response to nematode 8.82 0.00 5.92
GOTERM_CC_FAT GO:0016021~integral to membrane 17.65 0.01 9.13
GOTERM_MF_FAT  GO:0051119~sugar transmembrane transporter activity 8.82 0.01 14.32
GOTERM_CC_FAT GO:0031224~intrinsic to membrane 17.65 0.03 19.35
Annotation Cluster 7 Enrichment Score: 1.28 % PValue FDR
GOTERM_BP_FAT GO:0009791~post-embryonic development 17.65 0.02 17.85
GOTERM_BP_ FAT GO:0048608~reproductive structure development 14.71 0.04 38.82
GOTERM_BP_FAT GO:0003006~reproductive developmental process 14.71 0.05 48.91
GOTERM_BP_ FAT GO:0009908~flower development 8.82 0.06 55.85

Table 4-14: Annotation clusters and grouped GO categories enriched in the list of
Arabidopsis ID’s with sequence similarity to the B. napus transcripts up-regulated by
UV-B and Plutella.

4.5.7 Plutella and slug herbivory

4.5.7.1 B. napus genes commonly regulated by slug herbivory and Plutella herbivory

For this section of the chapter, a direct comparison was made between all B. napus
transcripts commonly regulated by slug and Plutella herbivory at least 1.5 fold with p <
0.05. The regulatory effects of UV-B and MeJA on the B. napus genome have been
omitted from this comparison, resulting in a higher number of transcripts being identified
as commonly regulated between the two invertebrates compared to the numbers presented
in Figures 4-8C and D. Venn diagrams were generated to illustrate the extent of genetic
overlap between the two invertebrate treatments (Figure 4-9), and out of the 3,106
transcripts found to be differentially regulated by either pest, 11% are differentially
regulated by both invertebrate treatments (4-9A). To identify the transcripts commonly
up-regulated or down-regulated by slugs and Plutella, two additional Venn diagrams were
generated (Figure 4-9B and C, respectively). Nine percent of 1,128 transcripts are
commonly up-regulated by both herbivores, while a slightly higher 12% are commonly

down-regulated.
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Differentially regulated

Plutella

Up-regulated Down-regulated

Plutella Plutella

Figure 4-9. B. napus transcripts differentially regulated by slug herbivory and
Plutella herbivory. A, B. napus transcripts differentially regulated with a FC = 1.5 and p
< 0.05 by slug and Plutella herbivory. Separation of these transcripts into B ‘up-regulated,’
and C ‘down-regulated’ Venn diagrams.

Functional annotation analysis of the Arabidopsis genes sharing sequence similarity to the
B. napus transcripts up-regulated by slug and Plutella herbivory identified several
annotation clusters and 25 GO terms with p < 0.05 (Table 4-15). The annotation cluster
possessing the largest enrichment score of 4.03 is made up of 17 Arabidopsis genes
distributed into 5 GO categories related to processes occurring at the cell-wall, such as
“G0:0005576~extracellular region,” “G0O:0030312~external encapsulating structure” and
“G0:0009505~plant-type cell wall.”
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Annotation Cluster 1 Enrichment Score: 4.03 % PValue FDR
GOTERM_CC_FAT GO:0005576~extracellular region 17.72 2.49E-05 0.02
GOTERM_CC_FAT GO:0005618~cell wall 12.66  4.97E-05 0.05
GOTERM_CC_FAT GO:0030312~external encapsulating structure 12.66  5.57E-05 0.05
GOTERM_CC_FAT GO:0048046~apoplast 10.13  1.01E-04 0.10
GOTERM_CC_FAT GO:0009505~plant-type cell wall 7.59 1.05E-03 1.00
Annotation Cluster 2 Enrichment Score: 1.75 % PValue FDR
GOTERM_BP_FAT GO:0010033~response to organic substance 17.72 1.45E-04 0.19
GOTERM_BP_FAT GO:0009725~response to hormone stimulus 12.66  3.86E-03 4.96
GOTERM_BP_FAT GO:0009743~response to carbohydrate stimulus 6.33 5.10E-03 6.50
GOTERM_BP_FAT GO:0009719~response to endogenous stimulus 12.66  6.10E-03 7.74
GOTERM_BP_FAT GO:0000160~two-component signal transduction 6.33 7.01E-03 8.85

system (phosphorelay)
GOTERM_BP_FAT GO0:0010200~response to chitin 5.06 9.92E-03 12.29
GOTERM_MF_FAT GO:0030528~transcription regulator activity 17.72 1.31E-02 13.76
GOTERM_BP_FAT GO:0032870~ response to hormone stimulus 7.59 1.71E-02 20.33
GOTERM_BP_FAT GO:0009755~hormone-mediated signalling 7.59 1.71E-02 20.33
GOTERM_MF_FAT GO:0003700~transcription factor activity 15.19  2.91E-02 28.18
GOTERM_BP_FAT GO:0006355~regulation of transcription, DNA- 11.39  3.40E-02 36.56
dependent
GOTERM_BP_FAT GO:0051252~regulation of RNA metabolic process 11.39  3.50E-02 37.40
GOTERM_BP_FAT GO:0006350~transcription 12.66  3.62E-02 38.42
GOTERM_BP_FAT GO:0045449~regulation of transcription 16.46  4.30E-02 43.92
Annotation Cluster 3 Enrichment Score: 1.71 % PValue FDR
GOTERM_BP_FAT GO:0009063~cellular amino acid catabolic process 3.80 1.03E-02 12.79
GOTERM_BP_FAT GO0:0009310~amine catabolic process 3.80 1.17E-02 14.39
GOTERM_BP_FAT GO:0016054~organic acid catabolic process 3.80 3.41E-02 36.69
GOTERM_BP_FAT GO:0046395~carboxylic acid catabolic process 3.80 3.41E-02 36.69
Annotation Cluster 4 Enrichment Score: 1.41 % PValue FDR
GOTERM_CC_FAT GO:0048046~apoplast 10.13  1.01E-04 0.10
GOTERM_MF_FAT GO:0016762~xyloglucan:xyloglucosyl transferase 3.80 5.96E-03 6.49

activity

Table 4-15. Annotation clusters and grouped GO categories enriched in the list of
Arabidopsis ID’s with sequence similarity to the B. napus transcripts up-regulated by
slug and Plutella herbivory.

Annotation cluster 2 holds the largest grouping of GO terms, 7 of which are associated
(“G0O:0030528~transcription
“G0:0003700~transcription factor activity,” “GO:0006355~regulation of transcription,
DNA-dependent,”  “GO:0051252~regulation = of  RNA

with  transcriptional regulation regulator  activity,”

metabolic ~ process,”
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“G0:0006350~transcription” and “GO:0045449~regulation of transcription”). The 16
Arabidopsis genes in each GO term are listed in Table 4-16.

Arabidopsis ID GO Term

GO:0030528~transcription
GO:0003700~transcription factor
GO:0006355~regulation of
ranscription, DNA-dependent
GO:0051252~regulation of RNA
GO:0006350~transcription
GO:0045449~regulation
GO:0003677~DNA binding

metabolic process

regulator activity

of transcription

AT1G01030 (NGA3)
AT1G09750 (AED3)
AT1G19050 (ARR7)
AT1G64380
AT1G80840 (WRKY40)
AT2G02450 (ANAC034)
AT2G20880
AT3G57040 (ARRY)
AT4G26150 (CGA1)
AT4G28140
AT4G28610 (PHR1)
AT5G04150 (BHLB101)
AT5G04340 (ZAT6)
AT5G15230 (GASA4)
AT5G15310 (MYB16)
AT5G63790 (ANAC102)
Table 4-16. The 7 GO terms in annotation cluster 2 of Table 4-15, and the 16

Arabidopsis genes grouped into each term. The known Arabidopsis gene names are
provided, and the GO categories that each gene is present in is highlight with a blue box.

Some of these Arabidopsis genes have previously been identified as commonly regulated
by one or both invertebrate treatments and UV-B radiation (e.g. WRKY40, CGAI and
ANACI02 in sections 4.5.4 to 4.5.6), while others that have not yet been highlighted in this
chapter have implicated roles in regulating plant defence (e.g. ARR-encoding
genes)(Argueso, et al., 2012). Of the 238 transcripts commonly down-regulated by both
invertebrate treatments, 227 were assigned putative gene functions based on their sequence

similarity to 181 Arabidopsis genes. Functional analysis of these genes revealed that the
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most enriched GO terms in annotation cluster 1 were associated with responses to abiotic

stress, and at least 3 clusters contained GO terms related to plant response to bacterial

stress (Table 4-17). Several genes in the latter GO categories encode pathogen-related
genes, such as PATHOGENESIS-RELATED GENE 1 (PR-1) and PR-4, a cytochrome P450
involved in tryptophan metabolism (CYP79B2) and an ELICITOR-ACTIVATED GENE,

ELI3-1.

Annotation Cluster 1 Enrichment Score: 6.69 Count PValue FDR

GOTERM_BP_ FAT GO:0009266~response to temperature 17 5.69E-08 8.19E-05
stimulus

GOTERM_BP_FAT GO0O:0009628~response to abiotic stimulus 30 2.08E-07 2.99E-04

GOTERM_BP_ FAT GO:0009409~response to cold 13 7.37E-07 1.06E-03

Annotation Cluster 2 Enrichment Score: 2.78 Count PValue FDR

GOTERM_BP_FAT GO:0009814~defense response, incompatible 7 1.73E-04 2.49E-01

interaction

GOTERM_BP_ FAT GO:0045087~innate immune response 9 2.53E-03 3.58E+00

GOTERM_BP_FAT GO0:0009627~systemic acquired resistance 2.54E-03 3.60E+00

GOTERM_BP_ FAT GO:0006952~defense response 19 2.91E-03 4.11E+00

GOTERM_BP_FAT GO:0006955~immune response 9 3.72E-03 5.23E+00

Annotation Cluster 3 Enrichment Score: 2.74 Count PValue FDR

GOTERM_BP _FAT GO:0019438~aromatic compound biosynthetic 9 5.24E-04 7.52E-01
process

GOTERM_BP_FAT GO0:0009698~phenylpropanoid metabolic 8 5.63E-04 8.08E-01
process

GOTERM_BP_ FAT GO:0006575~cellular amino acid derivative 10 6.80E-04 9.75E-01

metabolic process

GOTERM_BP_FAT GO0:0009699~phenylpropanoid biosynthetic 7 8.11E-04 1.16E+00
process

GOTERM_BP_ FAT GO:0019748~secondary metabolic process 12 1.02E-03 1.46E+00

GOTERM_BP_FAT GO:0042398~cellular amino acid derivative 7 6.50E-03 8.96E+00

biosynthetic process

GOTERM_BP_FAT GO:0009809~lignin biosynthetic process 4 6.71E-03 9.24E+00

GOTERM_BP_FAT GO:0009808~lignin metabolic process 4 1.83E-02 2.33E+01

Annotation Cluster 4 Enrichment Score: 2.30 Count PValue FDR

GOTERM_BP_ FAT GO:0009617~response to bacterium 9 1.19E-03 1.71E+00

GOTERM_BP_FAT GO:0042742~defense response to bacterium 6 2.11E-02 2.64E+01

Annotation Cluster 5 Enrichment Score: 2.18 Count PValue FDR

GOTERM_BP_ FAT GO:0010035~response to inorganic substance 13 2.30E-03 3.26E+00
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GOTERM_BP_FAT GO:0010038~response to metal ion 10 5.77E-03 8.00E+00
GOTERM_BP_FAT GO:0046686~response to cadmium ion 8 2.25E-02 2.79E+01
Annotation Cluster 6 Enrichment Score: 2.08 Count PValue FDR
GOTERM_CC_FAT GO0O:0005618~cell wall 15 1.01E-03 1.12E+00
GOTERM_CC_FAT GO:0030312~external encapsulating structure 15 1.16E-03 1.28E+00
Annotation Cluster 7 Enrichment Score: 1.95 Count PValue FDR
GOTERM_BP_FAT  GO:0000272~polysaccharide catabolic process 6 4.28E-04 6.15E-01
GOTERM_BP_FAT GO:0005976~polysaccharide metabolic 9 5.92E-04 8.49E-01

process

GOTERM_MF_FAT GO0:0030247~polysaccharide binding 4 6.03E-04 7.90E-01
GOTERM_MF_FAT GO:0001871~pattern binding 4 6.03E-04 7.90E-01
GOTERM_MF_FAT GO:0008061~chitin binding 3 3.04E-03 3.93E+00
GOTERM_BP_FAT GO:0006026~aminoglycan catabolic process 3 1.92E-02 2.44E+01
GOTERM_BP_FAT GO:0006030~chitin metabolic process 3 1.92E-02 2.44E+01
GOTERM_BP_FAT GO:0006032~chitin catabolic process 3 1.92E-02 2.44E+01
GOTERM_MF_FAT GO:0004568~chitinase activity 3 2.01E-02 2.35E+01
GOTERM_BP_FAT GO:0006022~aminoglycan metabolic process 3 2.38E-02 2.93E+01
GOTERM_BP_FAT GO0:0016998~cell wall macromolecule 3 3.06E-02 3.61E+01

catabolic process
GOTERM_BP_FAT GO:0016052~carbohydrate catabolic process 6 3.11E-02 3.65E+01
GOTERM_BP_FAT GO0:0009251~glucan catabolic process 3 4.40E-02 4.77E+01
Annotation Cluster 8 Enrichment Score: 1.95 Count PValue FDR
GOTERM_BP_FAT GO:0005976~polysaccharide metabolic 9 5.92E-04 8.49E-01
process
GOTERM_BP_FAT GO:0044042~glucan metabolic process 6 9.66E-03 1.31E+01
GOTERM_BP_FAT GO:0006073~cellular glucan metabolic 5 2.19E-02 2.74E+01
process
GOTERM_BP_FAT GO:0005982~starch metabolic process 3 3.42E-02 3.94E+01
GOTERM_BP_FAT GO:0044264~cellular polysaccharide 5 4.34E-02 4.73E+01
metabolic process
Annotation Cluster 9 Enrichment Score: 1.77 Count PValue FDR
GOTERM_BP_FAT GO:0006970~response to osmotic stress 10 7.35E-03 1.01E+01
GOTERM_BP_FAT GO:0009651~response to salt stress 8 3.95E-02 4.41E+01

Annotation Cluster 10 Enrichment Score: 1.67 Count PValue FDR
GOTERM_CC_FAT GO:0044434~chloroplast part 19 1.80E-03 1.99E+00
GOTERM_CC_FAT GO:0044435~plastid part 19 2.53E-03 2.78E+00
GOTERM_CC_FAT GO:0009570~chloroplast stroma 10 1.23E-02 1.29E+01
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GOTERM_CC_FAT GO:0009532~plastid stroma 10 1.67E-02 1.70E+01
GOTERM_CC_FAT GO:0009536~plastid 39 3.50E-02 3.27E+01
GOTERM_CC_FAT GO:0009941~chloroplast envelope 9 4.17E-02 3.77E+01

Table 4-17: Top ten annotation clusters and grouped GO categories enriched in the
list of Arabidopsis ID’s with sequence similarity to the B. napus transcripts down-
regulated by slug and Plutella herbivory.

Despite over 100 transcripts being commonly up- or down-regulated by slug and Plutella
herbivory, a large number of transcripts appear to be specifically regulated by or the other
invertebrate (Figure 4-9B and C). To further examine similarities and differences elicited
by slug and Plutella herbivory on the B. napus genome, the degree of overlap between
transcripts up-regulated by one invertebrate and down-regulated by the other were
examined (Figure 4-10). A small number of transcripts were found to be up-regulated one
by one herbivore and down-regulated by the other, with some known defence-induced
genes, such as LOX2, being down-regulated by slug herbivory but increasing in response to
Plutella herbivory (Table 4-18). However, the small number of genes regulated by both
invertebrates in opposing directions implies that slug and Plutella herbivory elicit more
similar responses on the genome of B. napus, when specific cut-off parameters are applied

to the transcript lists.

A B
Plutella

Plutella (Up-Regulated)

(Down-Regulated)

Figure 4-10: Overlap in transcripts oppositely regulated by herbivory from either
invertebrate pest. A, the degree of overlap between transcripts with FC = 1.5 p < 0.05
that are up-regulated by slug and down-regulated by Plutella herbivory, and B, those that
are down-regulated by slug and up-regulated by Plutella herbivory.
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UR Slug vs. DR Plutella
B. napus Gene Arabidopsis Gene Gene Function Slug FC Plutella FC
ID Gene ID Name
BnaA07g35640D  AT1G80440 Galactose oxidase/kelch 3.26 0.32
repeat superfamily protein
BnaC08g25210D  AT3G54420 CHIV, homolog of carrot EP3-3 2.48 0.35
EP3 chitinase
BnaAnng26280D  AT3G15630 Unknown protein 2.95 0.38
BnaC09g22280D  AT4G05070 Wound-responsive family 2.68 0.39
protein
BnaC09g38470D  AT5G19120 Eukaryotic aspartyl 3.53 0.40
protease family protein
BnaA08g09100D  AT4G19160 Unknown protein 3.65 0.45
BnaA02g05360D  AT5G21940 Unknown protein 2.15 0.54
BnaA08g09510D  AT4G20830 FAD-binding Berberine 2.67 0.59
family protein
DR Slug vs. UR Plutella
B. napus Gene Arabidopsis Gene Gene Function Slug FC Plutella FC
ID Gene ID Name
BnaA05g05760D  AT2G39800 P5CS1 deltal-pyrroline-5- 0.36 2.57
carboxylate synthase 1
BnaA07g30760D  AT1G73260 KTI1 kunitz trypsin inhibitor 1 0.27 2.75
BnaA(07g24880D  AT3G45140 LOX2 lipoxygenase 2 0.31 2.81
BnaA07g24870D  AT3G45140 LOX2 lipoxygenase 2 0.51 3.57
BnaA02g04750D  AT5G20190 Tetratricopeptide repeat 0.23 4.18

(TPR)-like superfamily

protein

Table 4-18: The 13 transcripts regulated by slug and Plutella herbivory in opposing

directions.

transcripts; FC, Fold Change in expression.

FC = 1.5, p < 0.05. UR, Up-Regulated transcripts; DR, Down-Regulated
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4.6 Comparisons of the results obtained from the two alignments in 2012 and 2014

4.6.1 Differences exist in the number of transcripts differentially regulated in each

alignment

Following the second read alignment in 2014, a comparison was carried out to assess the
similarities and differences in the transcripts considered as differentially regulated by any
of the 4 treatments. On account of the 2 alignments having two different cut-off
parameters applied to them (RPKM = 3 and FC = 2 for the initial alignment, RPKM = 3,
FC = 1.5 and p =< 0.05 for the second), and both reference sequences used for the
alignments possessing a different number of Unigenes or genes (~95,000 for the Brassica
Unigene and ~101,000 for the B. napus genome), differences between the number of
transcripts identified as differentially regulated from both alignments was, to some extent,
expected.  Initial analysis of the transcripts from both alignments identified as
differentially regulated by at least one treatment was achieved with a Venn diagram
(Figure 4-11). Due to the gene ID’s assigned to the reads being different for the Brassica
Unigene and B. napus genome alignment, it was impossible to use these identifiers as a
means of matching similarly regulated transcripts between the two alignments with a Venn
diagram. Instead, the Arabidopsis gene ID’s that were appointed to transcripts (based on
their sequence similarities to the Arabidopsis genome) were utilised to compare genes
differentially up- and down-regulated from each alignment. It is important to note,
however, that the use of the Arabidopsis gene ID’s limited the number of transcripts from
each alignment for comparison, as the expression of transcripts lacking a putative
Arabidopsis homologue could not be compared between alignments. Of the 4,692 and
4,212 transcripts assigned an Arabidopsis gene annotation in the first and second alignment,
respectively, approximately 40% were found to overlap with one another, while the other

~60% remain uniquely expressed in their respective alignments.
quely exp p g
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2012 Alignment 2014 Alignment
(Brassica 95K Unigene) (B. napus Genome)

1804 2408

Figure 4-11: The overlap in the Arabidopsis gene ID’s assigned to differentially
expressed transcripts between the two read alignments in 2012 and 2014. Transcripts
that were designated a putative Arabidopsis gene function, based on their sequence
similarity to the Arabidopsis genome, and considered as differentially regulated in each
alignment (both up- and down-regulated) were compared to one another.

Of the transcripts that were identified as being commonly regulated when aligned to both
the Unigene and B. napus genome, those associated with light-induced responses were the
most enriched (e.g. GO:0009416~response to light stimulus, GO:0009314~response to
radiation and GO:0009639~response to red or far red light). These transcripts were
proposed to encode B. napus orthologues of Arabidopsis CHALCONE FLAVONONE
ISOMERASE 1, HYS5, MYB4, CYP83B1, CYP83A41 (glucosinolate biosynthesis-related), as
well as PHOT2, PHYA and PHYB, with many additional red-light/phytochrome-associated
genes also being found in this list (e.g. PROTEIN SUPPRESSOR OF PHYA-105 and
PHYTOCHROME A-ASSOCIATED F-BOX PROTEIN). The majority of these transcripts,
including those associated with phytochrome/red-light signalling, PHOT2 and HY5 and
MYB4, were positively responsive to only UV-B radiation in both alignments, however
PHYA increased in response to slug and Plutella herbivory in the B. napus and Unigene
alignment, respectively. Additional transcripts significantly regulated by at least one
treatment from each alignment included those associated with osmotic stress, response to
metal ions and response to abiotic stress, with approximately 119 transcripts described as
being responsive to hormonal stimulus based on their putative gene annotations
(GO:0009725~response to hormone stimulus, enrichment score 4.98). These transcripts
include multiple auxin-responsive elements (e.g. [4416 to IAA19), approximately 11
ethylene-responsive transcription factors such as ERF(034 and ERF106, along with MYC2,

137



CHAPTER 4 RESULTS

which is proposed to possess multiple orthologues in B. napus that accumulate in response
to Plutella herbivory and/or MeJA treatment.

Approximately 16 and 116 transcripts documented as being significantly regulated by at
least one treatment in the 2012 alignment only were categorised in the GO groups
associated with hormone-signalling pathways or plant defence-responses, respectively
(GO:0010817~ regulation of hormone levels and GO:0006952~defense response,
enrichment score 0.4 and 3.8 respectively). Transcripts associated with hormone response
include those putatively encoding CYTOCHROME P450 proteins, while those implicated
in plant defence putatively encode AOS, several myrosinase-binding proteins,
pathogenesis-related protein 5 and multiple TGA transcription factors (e.g. TGA1-4)
which are proposed to regulate expression of PR genes (Kesarwani et al., 2007).

Of the transcripts found as being differentially regulated by at least one treatment in the
2014 alignment, those associated with plant response to metal ions and inorganic
substances were the most enriched (enrichment score 9.1), while a large number of
ethylene-responsive transcription factors (approximately 26) were shown as being
differentially regulated by one or more treatments in this alignment only (e.g. ERFI in
response to UV-B radiation, MeJA treatment or Plutella herbivory). It is apparent that
differences exist in the results obtained from each alignment, however the identification of
light- and hormone-associated elements considered as being significantly regulated in both

the 2012 and 2014 data indicates that some commonalities do exist between them.

4.6.2 Putative ELI3-2, VTC2 and COMTI transcripts from both alignments display

different patterns in expression across the four treatments

To further evaluate similarities and differences between the two alignments, the expression
changes of the transcripts putatively assigned the Arabidopsis gene names that were
selected for over-expression (section 4.4.2) were compared from each alignment. All
transcripts, regardless of being classed as differentially regulated or not when the specific
cut-off parameters were enforced on the dataset, were identified (Table 4-19). As a result,
some transcripts originating from the initial and second alignment possessing a FC = 2 or
1.5, respectively, but an RPKM and/or p-value below the minimum cut-off point, will not
be classed as being differentially regulated.

Differences in the number of transcripts putatively encoding VTC2 or COMT]1 proteins are
seen between the two alignments, with 4 Unigenes and 6 B. napus genes possessing

sequence similarity to Arabidopsis VTC2, and 2 Unigenes and 4 B. napus transcripts
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reported as putative COMTI genes. [ELI3-2, on the other hand, has three putative
orthologues in the Brassica Unigene and the B. napus genome, however expression
patterns of these transcripts are not similar in response to the majority of treatments. The
Unigene, EV141577, which is proposed to share sequence similarity to ELI3-2, was
identified as being positively responsive to all 4 treatments with a minimum FC in
expression of 4.07 for Plutella herbivory. The three B. napus transcripts, however, all
decrease in expression following Plutella or slug herbivory. Expression of the three B.
napus transcripts increases in response to MeJA treatment, with the intensity of the FC
ranging from 2.36 to 9.90, which averages close to the FC of 6.41 seen for EV141577.
Likewise, UV-B radiation increases expression of the majority of B. napus transcripts by
approximately 2-fold, which, while being approximately 50% less than the FC of
EV141577 in response to UV-B, is still indicative of a positive regulatory effect of this
light treatment on the expression of putative ELI3-2 genes in B. napus.

The two Brassica Unigenes sharing sequence similarity to Arabidopsis COMTI,
EV218973 and EV120446, did not possess the required minimum FC or RPKM values of
2 and 3, respectively, to be classed as differentially regulated transcripts. As a result, these
transcripts were omitted from analysed dataset acquired from the first alignment. All four
B. napus transcripts with sequence similarity to COMTI, however, did meet all imposed
cut-off criteria in at least one treatment, and the majority were found to increase in
expression following UV-B or MeJA treatment, as was reported with EV218973. Slug and
Plutella herbivory, on the other hand, caused all 4 transcripts to decrease in expression,

results that are again reminiscent of what is seen in EV218973.
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Gene Name Brassica Unigene or UVB SLUG PLUTELLA MeJA
(Arabidopsis B. napus Gene ID
ID)

EC | FC | EC | FC | EC FC | EC | FC

ELI3-2 EV139563 - 1.02 - 0.98 - 1.17 - [ 152

(AT4G37990) EV141577 ) 459 | A 517 | A 407 | A | 641

EV225295 - 0.91 - 0.92 - 1.21 - [ 152

BnaC03g61130D - 0.83 v 0.44 - 0.71 A | 236

BnaA08g15930D ) 2.12 v 0.48 - 052 | AN | 3.65

BnaC03g61120D ) 2.70 - 0.57 - 0.51 A | 9.9

VTC2 EV157337 - 0.56 - 054 | V¥ 0.31 - | 1.00

(AT4G26850) EV165278 - 4.49 v 016 | WV 0.04 - | 192

EV157418 - 1.00 - 2.33 - 1.55 - | 148

EX043301 ) 2.44 ) 2.03 - 138 | W | 049

BnaC01g19060D ) 330 | ¥ 024 | ¥ 033 | ¥ | 039

BnaA01g15950D - 136 | W 042 | W 0.35 - | 178

BnaA08g14270D - 1.00 - 0.56 - 0.81 - | 0.87

BnaC08g12340D - 1.23 - 0.67 - 078 | ¥ | 0.50

BnaA03g48310D - 0.51 - 1.11 - 1.30 - [ 1n

BnaC07g40500D - 1.00 | A 2.02 - 1.20 - | 1.00

COMTI EV120446 - 0 - 0 - 0 - 0

(AT5G54160) EV218973 - 4.02 - 0.35 - 0.36 - | 473

BnaC09g30560D - 1.20 v 026 | WV 0.33 - | 0.90

BnaA10g07270D - 0.98 v 036 | WV 0.45 - | 1.28

BnaC03g14720D ) 2.15 - 0.60 - 0.83 - | 157

BnaA03g11990D - 1.87 - 0.61 - 0.51 A | 443

Table 4-19. Differences in regulation of three genes selected for over-expression in
Arabidopsis when aligned to the Brassica 95K Unigene or B. napus genome.
Expression changes of transcripts from the second alignment proposed to encode ELI3-2,
VTC2 and COMTI were compared to those of the transcripts from the initial alignment.
Brassica Unigenes possess an 8-digit ID beginning with either ‘EV’ or ‘EX,” while B.
napus gene ID’s have 13 digits and start with the letters ‘Bna.” The fold change (FC) of
the Unigenes or B. napus genes proposed to be orthologues of the three Arabidopsis genes
is listed next to arrows illustrating the direction of their changes in expression (EC). An
upwards arrow, ‘€’ indicates an increase in expression, ‘€’ a decrease in expression, and ‘-’
signifies no significant change in expression following treatment, or that the (Uni)gene
failed to meet all cut-off parameters imposed on the dataset. Arrows and lines assigned to
each transcript based on the cut-off parameters applied to each dataset (initial alignment,
RPKM = 3, FC = 2; second alignment, RPKM = 3, FC = 1.5, p < 0.05).
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The putative V'TC2 Unigene transcript that encouraged selection of this gene for further
study and over-expression, EX043301, increased by approximately 2-fold in response to
UV-B radiation or slug herbivory. Plutella herbivory also induced an increase in
expression of this transcript, however not by the minimum 2-fold requirement imposed on
the dataset. Interestingly, 50% of the putative V7C2 Unigenes were up-regulated by
invertebrate herbivory, while the other 50% were down regulated. The level of expression
of these two transcripts two hours after the start of invertebrate herbivory was higher in the
samples subjected to slug grazing than Plutella grazing. Examination of the 6 putative B.
napus orthologues of Arabidopsis V7TC2 found that expression of two thirds of these
transcripts was down-regulated by herbivory from invertebrates, with the other 2
transcripts displayed between a approximate 1 to 2-fold change in expression in response
to herbivory. With the exception of one transcript, BnaA03g48310D, UV-B radiation
increased expression of putative V'TC2 transcripts, although only BnaC01g19060D met the
minimum FC requirements of 1.5. MeJA induced a 1-1.78-fold increase in expression of 3
transcripts, while the remaining 50% were down-regulated. No B. napus transcript
displayed a similar pattern in expression to the Unigene, EX043301, in response to any of
the 4 treatments. Every B. napus transcript that increased in expression following UV-B
radiation is down-regulated by slug herbivory, and vice-versa. However, the previously
mentioned BnaC01g19060D and BnaC07g40500D B. napus transcripts were up-regulated
in expression by UV-B and slug herbivory, respectively, with the FC in expression being
very similar to that observed in EX043301. Additionally, BnaC01g19060D was down-
regulated by MeJA in a similar manner to that documented in EX043301, and the slug-
responsive BnaC07g40500D was positively regulated by Plutella herbivory to a near-
identical FC in expression as the Unigene. The degree of similarity between the two B.
napus transcripts and the Unigene prompted further investigation into the sequence
similarity between the three transcripts. ClustalW was used to align the sequences of these
three transcripts to one another as well as to the sequence of the Arabidopsis V7TC2 gene
(AT4G26850). An approximate 400-base pair region of this alignment shows high
similarity between these sequences (Figure 4-12), with the majority of sequence
differences between the transcripts and the V7C2 gene being C-T or A-G substitutions.
Indeed, the high degree of sequence similarity between the three transcripts may account
for any overlap in expression found between EX043301, BnaC01gl19060D and
BnaC07g40500D in response to the 4 treatments, as it is possible that B. napus transcripts
assigned the Unigene ID EX043301 during the 2012 RNA-seq experiment were derived

from the B. napus genes now known as BnaC01g19060D and BnaC07g40500D. As a
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result, differences observed in the transcriptomic data obtained in 2012 and 2014 could be

attributed to overlaps in sequence similarity between one Unigene ID and multiple

transcripts that originate from similar, yet separate, B. napus genes.

VTC2 (AT4G26850) AGGATAGGTTCCAAAGAGGACTTTTTCGCTATGATGTCACTGCCTGCGAAACCAAAGTTA 798
BnaC01g19060D AGGATAGGTTCCAAAGAGGACTCTTCCGCTACGATGTGACAGCCTGCGAGACCAAAGTGA 728
BnaC07g40500D AGGATAGGTACCAAAGAGGACTCTTTCGCTACGATCTCACTGCCTGCGTAACCAAAGTCA 653
EX043301 o mmmmmmmmmmme 1 AGGTCA 101
* % * k% *
VTC2 (AT4G26850) TCCCGGGGAAGTATGGTTTCGTTGCTCAGCTTAACGAGGGTCGTCACTTGAAGAAGAGGC 858
Bnac01g19060D TCCCGGGGAAGTACGGTTTCGTTGCTCAGCTAAACGAGGGTCGTCACCTGAAGAAGAGAC 788
BnaC07g40500D TCCCGGGGAAGTATGGCTTTATTGCTCAGCTTAACGAGGGTCGTCACCTARAGAGG-—-C 710
EX043301 TCCCGGGGAAGTATGGCTTTATTGCTCAGCTTAACGAGGGCCGTCACCTARAGA--~-GGC 158
khkkhkhkhkkhhkkhkhkkhkhkdkk *k *% KA Ak AKX XA hAdd Ahk*AdAkdAkdhddx *hkkhkd*x * *h*%x *
VTC2 (AT4G26850) CAACTGAGTTCCGTGTAGATAAGGTGTTGCAGTCTTTTGATGGCAGCAAATTCAACTTCA 918
Bnac01g19060D CCACCGAGTTTCGTGTAGATAAGGTTTTGCAGTCTTTTGATGGCAACAAGTTCAACTTCA 848
BnaC07g40500D CAACGGAGTTTCGTGTAGATAAGGTTTTGCAGTCTTTCGATGGCAGCAAGTTCAACTTCA 770
EX043301 CAACCGAGTTCCGTGTAGATAAGGTTTTGCAGTCTTTCGATGGCAACAAATTCAACTTCA 218
k kkhk hhkhkhkh hhhhhhhhhhhhhh dhhhhhhhhhdhdh dhhkhhhhdh khkhk khkkhkhkhhhkhkk
VTC2 (AT4G26850) CTAAAGTTGGCCAAGAAGAGTTGCTCTTCCAGTTTGAAGCTGGTGAAGATGCCCAAGTTC 978
Bnac01g19060D CTAAAGTTGGCCAGGAAGAGCTGCTCTTCCAGTTTGAAGCTGGTGAAGATAGTGAAGTTC 908
BnaC07g40500D CTAAAGTTAGCCAGGAAGAGCTGCTCTTCCAGTTTGAAGCTGGTGAAGATAGCGAAGCTC 830
EX043301 CTAAAGTTAGCCAAGAAGAATTGCTCTTTCAGTTCGAAGCTGGTGAATATGAAGAAGCTC 278
khkkhkhkhkkhhkk hhkkk khkkkk *hkhkhkhkhkk *Hhkhkdkd AhkAkAkAkdkhkdkhhddx %% *k*k k%
VTC2 (AT4G26850) AGTTCTTCCCTTGCATGCCTATTGACCCTGAGAATTCTCCCAGTGTTGTTGCCATCAATG 1038
BnaC01g19060D AGTTCTTCCCGTGCATGCCTCTTGACGCTGAGAATTCTCCCAGTGTTGTTGCCATCAATG 968
BnaC07g40500D GGTTCTTCCCCTGCATGCCTCTTGTCGCTGAGAATTCTCCCAGTGTTGTTGCCATCAATG 890
EX043301 AGGTCTTACCCTGCATGCCTCTTCTCGCTGAGAATTCTCCCAGTGTTGTTGCCATCAATG 338
* khkkk kk khkkhkkhkhkkhkkk k% R R S R S S SRR RS S SRR R R R R R EEEEEEEEE RS
VTC2 (AT4G26850) TTAGTCCGATAGAGTATGGCCATGTGCTGCTGATTCCTCGTGTTCTTGACTGCTTGCCTC 1098
BnaC01g19060D TTAGTCCAATTGAGTATGGCCACGTGCTGCTGATTCCTCGTGTTCTTGACTGCTTGCCTC 1028
BnaC07g40500D TTAGTCCGATCGAGTATGGCCATGTGCTGCTGATTCCTCGTGTTCTTGACTGCTTGCCTC 950
EX043301 TTAGTCCCATCGAGTATGGGCATGTGCTGCTGATTCCTCGTGTTCTCGACTGCTTGCCTC 398
khkhhkhhkhkh *k hhkhhhhhdk k% hhkhhhhhhhhhhhhhhhhhhdhdhd, *,khkhkhkhkhhkhkhkkk*
VTC2 (AT4G26850) AAAGGATCGATCACAAAAGCCTTTTGCTTGCAGTTCACATGGCTGCTGAGGCTGCTAATC 1158
Bnac01g19060D AGAGGATCGACCACAAAAGCCTTTTGCTTGCGCTTCACATGGCTGCTGAAGCTGCTAATC 1088
BnaC07g40500D AGAGGATGGATCACAAAAGCATGTTGCTTGCACTCCACATGGCTTCCGAGTCTAAGAATC 1010
EX043301 AGAGGATGGATCACAAAAGCATGTTGCTAGCACTTCACATGGCTTCCGAGGCTAAGAATC 458
* khkkkk *k Fhkhkkhkhkkhkhkkhkk Kk khkkkk k% * *kkkkkhkkk * k% * % * Kk k%
VTC2 (AT4G26850) CATACTTCAGACTCGGTTACAACAGCTTGGGTGCTTTTGCCACTATCAATCATCTCCACT 1218
Bnac01g19060D CTTACTTTAGACTCGGTTACAACAGCTTGGGTGCTTTTGCCACTATCAACCATCTTCACT 1148
BnaC07g40500D CTTACTTCAGAGTTGGTTACAACAGCCTTGGTGCTTTCGCCACTATCAACCATCTTCACT 1070
EX043301 CTTACTTCAGAGTTGGTTACAACAGCCTTGGTGCTTTTG -~ ——————————mmm e mmmm 497

* kkkhkkk kkhkk k* Khhkkkhkkkhkhkkkhkkkhkk * *hkkkkkhkhkk Xx

Figure 4-12: Sequence similarity between part of the Arabidopsis V'7C2 gene,
AT4G26850, and three putative homologues identified from the RNA-seq analysis.
Matching nucleotides in the four sequences are highlighted with an asterisk.
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4.7 Discussion

Transcriptomic studies have the ability to reveal genetic reprogramming events in
organisms in response to different treatments. The information collected from such studies
is extensive, and can provide insight into the genetic overlaps between different biotic
and/or abiotic stimuli. On account of the wealth of information that can be obtained from
transcriptomics, RNA-seq was employed to identify B. napus transcripts similarly
regulated by UV-B radiation, slug herbivory, Plutella herbivory, or exogenous MeJA
treatment, in an attempt to better understand the molecular basis of UV-B-mediated
resistance in B. napus. As the B. napus genome was not yet sequenced at the start of this
project when RNA-seq was first performed, the Brassica 95K Unigene was used as a
reference ‘genome’ for read alignment. Reads were later realigned to the B. napus genome
following its publication (Chalhoub et al., 2014), with the Arabidopsis genome used to
provide putative functions to the identified transcripts in both alignments. The results from
these alignments were slightly different to on another, however it was possible to gain
better insight into the genetic overlaps between UV-B- and herbivore-induced signalling
pathways in B. napus via the identification of putative early-induced transcriptional
regulators and additional transcripts that were similarly up-regulated by UV-B and
invertebrate treatments (section 4.5). In addition, several transcripts were selected from
these findings for over-expression in Arabidopsis, to investigate any roles their encoded
products may have in mediating UV-B-enhanced resistance (section 4.4; the findings from

the over-expressing lines are detailed in Chapter 6).

4.7.1 Genes selected for over-expression in Arabidopsis

Three genes were selected for over-expression in Arabidopsis, two of which were
differentially regulated by at least two treatments (one being UV-B, the other herbivory
from one invertebrate) in the initial RNA-seq analysis (section 4.4.2). The third gene was
not differentially expressed in this alignment, but was selected due to the presence of its
encoded gene product in a biological pathway previously implicated in promoting UV-B-
enhanced plant defence (Demkura and Ballaré, 2012). Details of the genes are provided

below.
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4.7.1.1 ELICITOR-ACTIVATED GENE 3 (ELI3-2)

The first gene selected for over-expression is an aromatic alcohol dehydrogenase,
ELICITOR-ACTIVATED GENE 3/CINNAMYL-ALCOHOL DEHYDROGENASE 8 (ELI3-
2/CADS)(Somssich et al., 1996). Three Brassica Unigenes, EV225295, EV139563 and
EV141577, were found to share sequence similarity to Arabidopsis ELI3-2, although only
one of these transcripts was identified as being differentially regulated by at least one
treatment with a minimum RPKM value of 3 and a FC = 2. The Unigene in question,
EV141577, was found to increase in expression 4.07 to 6.40-fold in response to all four
treatments. This finding highlighted EL/3-2 as a possible candidate for over-expression in
Arabidopsis, and previous reports identifying this gene as being responsive to pathogen
infection secured EL/I3-2’s selection for further study.

There are nine members of the ELI/CAD protein family in Arabidopsis (Kim et al., 2007a),
the majority of which catalyse the final step in the biosynthesis of lignin precursors in the
phenylpropanoid pathway (Figure 4-6). ELI3-2, however, is not as well characterised as
some other family members, and despite being localised alongside CAD proteins in the
vascular apparatus, it displays weak expression in stem cross-sections, where lignin
biosynthesis and deposition is at its highest (Kim et al., 2007a). The second most abundant
biopolymer on earth, lignin is a complex aromatic polymer that both waterproofs and
provides structural support to specific cell walls in plants. It is composed of
phenylpropanoid units originating from monolignol cinnamyl alcohols, with the three
major monolignols being p-coumaryl, coniferyl and sinapyl alcohols. Lignin polymers are
generated by the formation of ether and carbon-carbon linkages between monomers, which,
along with their ability to from cross-linkages with components of the cell wall, makes
them very resistant to degradation (Halpin et al., 1994), and, putatively, an effective
structural defence mechanism against pests.

ELI3-2 has previously proposed to be involved in plant defence against hemi-biotrophic
pathogens (Schmelzer et al., 1989), as mRNA levels of this transcript accumulates in
seedlings of parsley (Petroselinum crispum) inoculated with Phytophthora megasperma f.
sp. glycinea (Schmelzer et al., 1989) and in Arabidopsis tissue infected with P. syringae
(Kiedrowski et al., 1992) or Verticillium longisporum (Konig et al., 2014). However,
changes in expression of this gene in response to invertebrate pests have not been reported,

and putative roles ELI3-2 may have in promoting plant defence remain elusive.
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4.7.1.2 VITAMIN C DEFECTIVE 2 (VTC2)

The second gene selected from the RNA-seq data encodes a mannose-1-phosphate
guanlylytransferase involved in ascorbate biosynthesis, VITAMIN C DEFECTIVE 2
(VTC2)(Linster, et al., 2007). Four Brassica Unigenes were assigned the gene name of
VTC2, based on sequence similarity to the Arabidopsis gene. Two of these Unigenes
increase in response to UV-B radiation by 2.43 and 4.49-fold, which is consistent with
what has previously been reported in Arabidopsis microarrays, as V'7TC2 has been found to
increase 2.24-fold following 4 hours of 3 umol m™? s-' broadband UV-B (Brown et al.,
2005), and 2.2 to 1.2-fold following 1 and 6 hours of narrowband UV-B treatment,
respectively (Favory et al., 2009). Selection of this gene for over-expression in
Arabidopsis was based on the responsiveness of Unigene EX043301 to UV-B radiation
and slug herbivory, and also due to V'TC2 being a JA-responsive gene that has previously
been found to increase in expression following Brevicoryne brassicae herbivory in
Arabidopsis (Broekgaarden et al., 2011).

VTC2 encodes a GDP-L-galactose phosphorylase, which converts GDP-L-galactose to L-
galactose-1-P in the first committed step of the L-ascorbic acid biosynthesis pathway, also
known as the Smirnoff-Wheeler pathway (Linster et al., 2007). Ascorbic acid (AsA) is an
antioxidant and cellular reductant, as well as an important enzyme cofactor and precursor
for oxalate synthesis (Smirnoff and Wheeler, 2000). X-ray crystallography revealed that
AsA strongly activates myrosinase activity by serving as a catalytic base, promoting the
hydrolysis, and therefore activation, of glucosinolate defence compounds (Burmeister et al.,
2000). Mutants deficient in AsA, such as vtcl-1, possess less myrosinase activity and
appear more susceptible to S. littoralis herbivory than WT Arabidopsis plants (Schlaeppi et
al., 2008). Supplementation of the vfc/-I mutant with AsA, however, restored myrosinase
activity, suggesting that the biosynthesis of L-ascorbic acid is important in promoting plant

defence against invertebrate herbivores.

4.7.1.3 COMTI

A third gene selected for over-expression in Arabidopsis was not shown as being assigned
to any of the differentially regulated transcripts in the initial RNA-seq data. CAFFEATE
O-METHYLTRANSFERASE 1 (COMTI) encodes a flavonol 3-methyltransferase active in
the phenylpropanoid pathway (Figure 4-6), with high substrate specificity towards

myricetin and quercetin for the biosynthesis of sinapate and lignin, particularly syringyl (S)
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lignin (Fellenberg et al., 2012). Selection of COMT] for over-expression in Arabidopsis
was based on a recent study implicating the lignin/sinapate biosynthesis branch of the
phenylpropanoid pathway, of which COMTI1 is active in, as being involved in UV-B-
mediated plant defence against B. cinerea (Demkura and Ballaré, 2012). In this
investigation, the susceptibility of a UV-B-treated Arabidopsis mutant lacking functional
copies of a protein located upstream of COMTI1, FERULIC ACID 5-HYDROXYLASE
(F5H), to B. cinerea infection was assessed. UV-B-treated WT Arabidopsis plants were
more resistant to B.cinerea and possessed smaller lesion areas compared to —UV-B-treated
WT plants, while the FSH mutant (fahl-7) developed similar lesion areas on both UV-B
and non-UV-B-treated plants, with the lesions on the UV-B-treated fahl-7 line being
significantly higher than that of UV-B-treated WT plants. The authors hypothesized that
this branch of the phenylpropanoid pathway was important in regulating UV-B-mediated
plant defence against necrotrophic pests, although no studies have been conducted to
assess whether or not this is also true for invertebrate pests. It was therefore decided to
investigate any effects components of this pathway have in mediating plant defence against
invertebrate pests. Instead of continuing work from Demkura and co-workers (2012) with
F5H, COMT]1 was selected for further study as it is a vital component of the sinapate and
lignin biosynthesis pathway located downstream of F5H, and to date no report has been
published describing the influence of COMT activity in promoting plant defence against
microbial or invertebrate pests, making any discovery on transgenic Arabidopsis lines

over-expressing COMT1 novel.

4.7.2 Few transcripts are commonly regulated by all four treatments

The number of transcripts differentially regulated by all 4 treatments was relatively low (8
and 2 were up- and down-regulated, respectively), however the putative gene functions of
these transcripts proved interesting. BnaA06g39660D is proposed to encode the proline
dehydrogenase, EARLY RESPONSE TO DEHYDRATION 5 (ERDS), an osmotic stress-
responsive gene involved in the conversion of proline to glutamic acid via A'-pyrroline-5-
carboxylate (P5C)(Kiyosue, 1996 #90). ERDS, often referred to as ProDH, is localised in
the mitochondria, and is one of the first enzymes involved in the conversion of proline to
glutamic acid. Proline is an osmolyte that accumulates in plant cells upon exposure to
drought or salinity stress, with transgenic lines over accumulating proline or mannitol
displaying a higher tolerance to salt stress (Kavi-Kishor et al., 2005). Previous studies

have reported the presence of ERDS5 and additional components of the proline
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biosynthesis/metabolism pathway in response to pathogens and pests in plants, with
proline itself found to accumulate in response to incompatible plant-pathogen interactions.
Indeed, higher levels of this osmolyte were observed around hypersensitive response (HR)
lesions in Arabidopsis leaf tissue inoculated with P. syringae (Fabro et al., 2004),
suggesting that proline perhaps serves as a signalling molecule to aid in the defence
response against pests. An increase in proline levels stimulates an increase in expression
of ERDS5, which serves to limit the quantity of the osmolyte in cells. Silencing of ERDS
has been reported to delay the occurrence of the HR and reduce levels of ROS in
Arabidopsis and N. benth, leading to decreased resistance against the non-host P. syringae
pathogen, and its subsequent growth and establishment on plant tissue (Cecchini et al.,
2011, Senthil-Kumar and Mysore, 2012). It was therefore hypothesized that the
conversion of proline to P5C via ERDS5 generates the accumulation of ROS, which lessens
the extent of oxidative damage on surrounding photosynthetic tissue, and implicates ERD5
as an important component of plant defence via the HR (Cecchini et al., 2011). ERDS has
also been found to increase following wounding in WT and coil-1 Arabidopsis plants,
with P. rapae herbivory on WT Arabidopsis sparking a lesser response (Reymond et al.,
2000), perhaps by inducing an increase in ROS levels around wound sites.

In addition to ERDS, a transcript putatively encoding a zinc-induced facilitator was
identified as increasing in expression following all 4 treatments. ZIF1 is involved in Zn
homeostasis and sequestration, and tends to be localized in the vacuolar membrane to
promote basal Zn tolerance. Metals are known to promote plant defence against pests, and
various studies have reported increased resistance of plants to invertebrates and pathogens
in the presence of metals. For instance, iron chelators, such as ferritin, serve as a form of
basal defence against pathogens, while selenium 1is lethal to P. rapae in B. juncea, and
toxic to two fungi, Fusarium (sp.) and A. brassicicila. Interestingly, zinc has previously
been documented at effectively deterring P. brassicae caterpillars along with Deroceras
carvanae (Poschenrieder et al., 2006), a member of the Deroceras taxonomic genus and
Agriolimacidae family of slugs, to which D. reticulatum also belongs.

Two additional transcripts in Table 4-8 have previously been reported as JA-responsive
genes, and that is the auxin efflux carrier and the alpha/beta-hydrolase (Dombrecht et al.,
2007, Hasegawa et al., 2011), however the D-mannose binding lectin, AT1G78820, may
be an interesting member of this list, on account of the lectin carbohydrate-binding
proteins considered to be defence-related proteins due to their ability to interact with
pathogen- and insect-derived carbohydrates (Vandenborre et al., 2011). Addition of lectins

into invertebrate artificial diets or their ectopic expression in crops has uncovered their
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toxic effect on many members of the Lepidoptera, Coleoptera, Diptera and Hemiptera
orders, presumably due to the timely release of lectins upon ingestion by the invertebrate,
and their subsequent interaction with carbohydrate structures in the digestive tract of the

pest (Vandenborre et al., 2011).

4.7.3 Transcription factors commonly regulated by UV-B radiation and

invertebrate herbivory

In this part of the discussion, transcription factors identified as being differentially
regulated by UV-B radiation and herbivory from at least one invertebrate will be examined.
The decision to merge the results obtained from sections 4.5.4 to 4.5.6 was based on the
fact that several transcripts from each section were assigned the same Arabidopsis gene
name, based on their sequence similarity. The allocation of the same Arabidopsis gene
name to multiple B. napus transcripts is not surprising, as the nature of the allopolyploid B.
napus genome means that a single-copy Arabidopsis gene can potentially have three
orthologues in the B. napus genome. However, to prevent repetition of the known
functions of these genes and enable a more fluid interpretation of the results from the
RNA-seq, key transcription factors from the three sections have been discussed at once.
Functional analysis and GO clustering of the Arabidopsis gene ID’s assigned to the
transcripts commonly up-regulated by UV-B, slug herbivory and Plutella herbivory
(section 4.5.4), UV-B and slug herbivory (section 4.5.5) or UV-B and Plutella herbivory
(section 4.5.6) identified 28 transcripts sharing sequence similarity to known Arabidopsis
transcription factors in enriched GO categories. It is worth noting at this point that more
than 28 transcripts sharing sequence similarity to Arabidopsis transcription factors were
identified overall in this study, however, for simplicity reasons, only those that were
grouped into enriched annotation clusters were discussed in this chapter. Four of the 28
transcripts are commonly regulated by UV-B, slug herbivory and Plutella herbivory, 10 by
UV-B and slug, while the remaining 14 were identified as being differentially regulated by
UV-B and Plutella herbivory in section 4.5.6.

Some of the Arabidopsis genes assigned to these transcripts have previously been
implicated in promoting plant defence against invertebrates and/or pathogens. For instance,
WRKY40, which has been assigned to two transcripts, one commonly regulated by UV-B,
slug and Plutella herbivory, the other by UV-B and Plutella herbivory, encodes a
pathogen-induced transcription factor, which, along with WRKY18, regulates JA-induced

plant defences. Transcriptomic-based studies on WT Arabidopsis and a mutant of
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WRKY18/40 infected with the powdery mildew virus, Golovinomyces orontii, found that
WRKY 18 and WRKY40 function in a feedback loop to repress basal defences, with the
mutant displaying elevated pathogen-dependent defence responses (Pandey et al., 2010).
Further ChIP analysis found that WRKY40 interacts directly with W-box elements in the
promoters of regulatory genes, such as J4Z8, a repressor of JA-responses. This interaction
was found to directly supress JAZ transcript accumulation in Arabidopsis, as WT plants
possessed substantial increases in the expression of two JA-responsive genes, LOX2 and
AOS, following infection with the powdery mildew virus, while the wrky8/wrky40 mutant
did not show any increase in expression of either gene across a 48-hour time course.
However, the mutant did display elevated JAZ transcript levels, while the WT plants
contained a very low abundance of the same transcripts. It was therefore suggested that
WRKY40 positively regulates JA-responses by directly controlling the expression of a
subset of JA-repressors (Pandey et al., 2010). In addition to WRKY4(0, another WRKY
transcription factor thought to be encoded by a B. napus transcript commonly up-regulated
by UV-B and Plutella herbivory was identified. This gene, WRKY33, was previously
reported to increase in expression, along with WRKY40, in Arabidopsis plants infested with
aphids (Barah et al., 2013). Over-expression of WRKY33 has been found to suppress
expression of the pathogen-induced PR-I gene in Arabidopsis, resulting in plants being
more susceptible to P. syringae. The wrky33 mutant is also more susceptible to B. cinerea
than WT Arabidopsis (Koornneef and Pieterse, 2008), implying that this gene may be
involved in promoting plant defence to necrotrophic pathogens. Unfortunately, it is
unknown whether or not this gene mediates plant defence against invertebrate pests, and
the unfortunate absence of both WRKY genes from the initial RNA-seq analysis in 2012
prevented either of them from being selected for further study in Arabidopsis.

Several transcripts share sequence similarity to Arabidopsis genes encoding C,H, zinc
finger transcription factors, primarily Z476 (UV-B, slug and Plutella) and ZAT10 (UV-B
and Plutella). ZAT6 i1s known to repress primary root growth and regulate phosphate
homeostasis by controlling root architecture (Shi et al., 2014), while ZAT10 enhances
plant tolerance to salinity, heat and osmotic stress (Mittlera et al., 2006). Expression of
ZAT6 increases in response to SA and pathogenesis (Shi et al., 2014), while ZAT10
expression was recently reported as increasing in response to wounding or Spodoptera
exigua herbivory in Arabidopsis, but not in response to P. rapae (Rehrig et al., 2014).
Possible roles for ZAT6 and ZAT10 in promoting plant defence against invertebrate pests,
however, have not to my knowledge been reported, although increased expression of genes

encoding C,H; transcription factors in potato plants following invertebrate grazing has
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been previously described (Lawrence et al., 2014). Four hours grazing of the generalist M.
sexta or specialist Colorado potato beetle Leptinotarsa decemileata on potato plants led to
the expression of ZFPI and ZFP2 increasing by approximately 20 to 80-fold (Lawrence et
al., 2014)). Interestingly, application of SA, ABA or JA to potato plants significantly
repressed expression of ZFP2, while ZTF1 was not significantly regulated by SA or JA,
but was significantly down-regulated by ABA over a 24-hour time course (Lawrence et al.,
2014). The responsiveness of these two C,H, zinc finger transcription factors to
invertebrate herbivory in potatoes, and the increased expression of B. napus transcripts
putatively encoding ZAT6 and ZATI10 (sections 4.5.4 and 4.5.6), does not necessarily
imply that these transcription factors are involved in promoting plant defence. However, it
would have been interesting to study the effects of UV-B radiation on enhancing the
defence mechanisms in ZAT6 and/or ZAT10 mutants and over-expressing lines against slug
and Plutella herbivores.

Transcripts assigned the names of several Arabidopsis genes encoding NAC proteins and
ethylene-responsive factors were also identified in this study, with three putative ANAC
transcription factors commonly regulated by UV-B and Plutella herbivory (ANACO01,
ANACO19 and ANAC072), and one commonly regulated by UV-B and both invertebrate
herbivore treatments (ANACI02). The NAC proteins are a large family of plant-specific
transcriptional regulators that are involved in regulating various plant development
processes, such as boundary cell formation in shoot apical meristems, secondary cell wall
development and lateral root development, as well as moderating many stress responses
(Christianson et al., 2010). ANACI02 is responsive to cold, drought, salinity and low-
oxygen conditions (Christianson et al., 2010), while ANAC019 and ANAC072 are drought-,
high salinity- and abscisic acid (ABA)-induced transcription factors (Li et al., 2014).
Expression of ANAC(72 was previously found to rapidly increase in Arabidopsis following
inoculation with the Gram-negative bacteria Burkholderia cepacia and the bacteria’s
associated microbe-associated molecular patterns (MAMPs), but was relatively unaffected
by treatment with ET, SA and MeJA (Huang et al., 2012). ANACI102 is a member of the
stress-induced ATAF subgroup of NAC domain transcription factors, and is closely related
to two genes, ATAF1 and ATAF2, that increase in expression following JA treatment in
rice (Ohnishi et al., 2005) and MeJA in Arabidopsis (Delessert et al., 2005). In the latter
study, ATAF2 expression was found to peak rapidly after wounding, and was induced by
SA and pathogenesis. Over expression of ATAF2 in Arabidopsis led to repression of
several pathogenesis-related genes such as PDFI.2, PRI and PR4, implying that this

transcription factor represses pathogen-induced defence responses in plants (Delessert et
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al., 2005). While ANAC102 has not been identified as wound-responsive in rice and
Arabidopsis, it is possible that the identified B. napus transcript in section 4.5.4 shares
more functional similarity to ATAF1 or ATAF2 than ANAC102. While the three ANAC
genes described this far do not have evident roles in promoting plant defence against
invertebrate pests, ANAC019 has previously been proposed to work alongside ANAC055 to
regulate JA-responses downstream of MYC2 in Arabidopsis (Bu et al., 2008). Expression
levels of ANACO019 increase in Arabidopsis following treatment with MeJA, a response
that was shown to be dependent on both COIl and MYC2, and the encoded ANACO019
protein binds directly to the promoter region of the JA-responsive gene, VSPI, indicating a
putative role of ANACO19 in regulating JA-response pathways in Arabidopsis. The
expression of select JA-responsive genes was reduced in Arabidopsis anac019 anac055
double mutants compared to the WT plants, whereas over-expression of ANAC019
enhanced expression of these genes.

The transcriptomic analysis of B. napus revealed several interesting early-induced
transcription factors that may promote the convergence of UV-B- and herbivore-induced
pathways, perhaps with the aim of heightening plant defence mechanisms against invading
pests. Unfortunately, the absence of these transcripts in the original RNA-seq experiment
in 2012 prevented any of these genes from being over-expressed in Arabidopsis, however
some of these genes, particularly the WRKYs and the proline dehydrogenase-encoding
ERDS5 would have been selected for over-expression if they were identified in 2012, based

on the information obtained about these proteins in plants from publications.

4.7.4 Transcripts commonly regulated by slug and Plutella

In addition to identifying early-induced transcriptional regulators common between UV-B,
slug herbivory and Plutella herbivory, the genetic overlaps elicited by the two herbivore
pests were also examined in B. napus. Several studies have previously investigated the
transcriptomic overlaps inflicted by herbivory of two invertebrate species on plants,
usually examining differences and similarities between a generalist and a specialist feeder
(Reymond et al., 2004, Voelckel and 1.T., 2004) or a phloem feeder and a leaf-chewing
invertebrate (Kempema et al., 2007). No studies, to the best of my knowledge, have
investigated the effects of slug herbivory on the transcriptome of a plant. Therefore, some
of the data obtained from this study is novel.

A relatively small overlap exists between the transcripts commonly regulated by both

invertebrate herbivores in the second alignment (Figure 4-9A). Separation of these
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transcripts into up-regulated and down-regulated lists (Figures 4-9B and C) facilitated
functional of the putative Arabidopsis gene annotations assigned to the transcripts.
Annotation clustering identified 16 transcripts that putatively encode transcriptional
regulators (Table 4-16). As the comparison between transcripts commonly regulated by
slug or Plutella herbivory in this section omits any regulatory effects of UV-B or MeJA on
the transcripts from the dataset, transcripts previously identified as being commonly
regulated by invertebrate herbivory and UV-B radiation are found in this section of the
chapter, and as such the assigned gene function of some of the transcripts have already
been discussed (e.g. WRKY40, ANAC102 and ZAT6). Some of the genes that have not yet
been identified or discussed in this chapter include ANAC034, CGAI and the two ARR
genes.

ARABIDOPSIS RESPONSE REGULATOR (ARR) proteins, are known to negatively
regulate SA-induced plant defence, and can be separated into two groups: Type-A ARRs
and Type-B ARRs which differ by the length of their C-terminal regions (Type-A’s have
shorter C-terminal regions, and act as negative regulators of cytokinin signaling, while
Type-B have elongated C-terminal regions with a DNA binding domain to directly mediate
transcription of cytokinin-responsive genes). Increased resistance to many pathogens, such
as P. syringae pv. tomato DC3000, is facilitated in Arabidopsis by type-B ARRs and SA.
Type-A ARRs on the other hand, of which there are 10 family members in Arabidopsis,
negatively regulate cytokinin signaling and plant defence against bacterial pathogens that
activate the SA pathway. ARR7 and ARR9Y are both type-A ARRs, while ARRI1 is a type-
B, indicating that both invertebrates activate a series of defence regulators that, in all
effectiveness, work antagonistically to one another. As these proteins appear to positively
and negatively regulate plant defence against microbial pests that activate the SA pathway,
it may be possible that they then, in turn, negatively and positively regulate JA-responsive
signaling events. While it is therefore highly unlikely that over-expression of type-B
ARRs would heighten plant defence against invertebrate and necrotrophic pests in a UV-
B-dependent manner, it would be interesting to note any change in levels of JA and
expression of associated marker genes in transgenic lines affected in the expression of
type-A and type-B ARRs, to evaluate any roles they could have in regulating plant defence
against Plutella and/or slug herbivores.

An additional gene associated with cytokinins was also shown as being differentially
regulated by slug and Plutella herbivory, CGAI. This gene is a GATA transcription factor
known to be involved in regulating the development, growth and division of chloroplasts

in plants (Chiang et al., 2012), its expression found to increase in response to the
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phytohormone, cytokinin, along with white and red light in a phyA- and phyB-dependent
manner (Argueso et al., 2010).

Chloroplasts are the site of biosynthesis of JA and SA, and therefore serve as an important
organelle in plant defence (Nomura et al., 2012). It was recently discovered that detection
of PAMPs induces transient Ca*” signalling events in chloroplasts via a calcium-sensing
receptor (CAS), which then promotes transcriptional reprogramming to promote basal
resistance and the HR (Nomura et al., 2012). However, a direct role of CGAl in this
defence is unknown. Cytokinins, on the other hand, have been suggested to positively
regulate JA/ET signalling events by effectively suppressing PAMP-induced responses in
chloroplasts (Robert-Seilaniantz et al., 2007). Putative models displaying the interplay of
hormones in plant defence have suggested that cytokinins and auxin function in a similar
manner, and inhibit SA-regulated responses (such as the HR) to promote plant resistance
against necrotrophic pathogens, and presumably herbivore pests (Robert-Seilaniantz et al.,
2007). Although strictly hypothetical, the presence of putative CGAI transcripts in this
study could be indicative of an increase in the levels of cytokinins, although whether or not
this is true, and more importantly, if its presence promotes JA/ET-regulated defence
responses, 1s unknown.

The up-regulation of several genes by slug and Plutella herbivory known to be associated
with cytokinin responses suggests that these herbivores not only target JA-signalling
pathways, but also those affected by this phytohormone. Cytokinin has been implicated in
priming plant defence against invertebrate herbivory, with one study in particular
observing an increase in levels of JA and linolenic acid in response to exogenous
application of cytokinin on Poplar, along with increased accumulation of wound-
responsive transcripts, such as 40S, PI- and chitinase-encoding genes (Dervinis et al.,
2010). The weight of gypsy moth (Lymantria dispar) caterpillars was also shown to
decrease after feeding upon Poplar treated with cytokinin, suggesting that cytokinin-

signalling can negatively impact invertebrate herbivore fitness (Dervinis et al., 2010).

4.7.5 Differences between the two alignments

To assess how similar the results from the two RNA-seq read alignments in 2012 and 2014
were, in relation to the number of transcripts found to be significantly regulated by the
treatments and the putative annotations of these transcripts, a Venn diagram was generated
using the Arabidopsis gene ID’s assigned to transcripts identified as being differentially

regulated by at least one treatment from each alignment (Figure 4-11). Use of the
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Arabidopsis gene IDs over the transcript IDs derived from the Brassica Unigene and B.
napus reference genomes had to be employed for this comparison, as the Arabidopsis IDs
were the only terms common to both datasets, allowing the comparison to be made
between the two alignments. It is therefore important to note that only those transcripts
assigned a putative Arabidopsis gene annotation are found in Figure 4-11. It should also
be remembered that the use of different cut-off parameters in each dataset, and the
different number of Unigene and B. napus gene IDs in the reference ‘genomes,’ affected
the degree of overlap between the two datasets.

Approximately 40% of differentially regulated transcripts from each alignment (38% and
43%, respectively) overlapped with one another (Figure 4-11), suggesting that many
effects of each treatment on the genetic reprogramming of the B. napus genome was not
detected in each alignment. Out of the transcripts classed as being significantly regulated
by one or more treatments in 2012 and 2014, a large number were associated with light-
and hormone-responses, including HY5 and MYC2. What’s more, the regulation of these
transcripts appeared relatively similar in each alignment, although the presence of multiple
putative B. napus orthologues of each Arabidopsis gene made it difficult to assess any
differences in expression of specific B. napus genes in response to a given treatment from
2012 and 2014.

What was of particular interest was the recorded trend in expression of certain transcripts
in each alignment. The 22 transcripts sharing sequence similarity to the three genes
selected for over-expression in section 4.4.2 were examined for this purpose (Table 4-19).
Different numbers of Unigene and B. napus gene identifiers sharing sequence similarity to
Arabidopsis COMTI and VTC2 were found in this study, while ELI3-2 was assigned to
three Unigenes and B. napus IDs. The expression profiles for all Unigene and B. napus
identifiers for each Arabidopsis gene varied slightly in response to the 4 treatments, a
result that may be due to different efficiencies in sequence alignment of the reads to the
identifiers and subsequent transcript annotation, or due to overlapping sequences of
multiple B. napus genes to one Brassica Unigene. As the Brassica 95K Unigene is
composed of assembled ESTs and singletons that may not span the whole sequence of a B.
napus gene, it is possible that multiple reads obtained from an RNA-seq run that originate
from different loci in B. napus (and may be not be similarly regulated by a given
treatment) share conserved nucleotide sequences which align to one particular Unigene.
The combination of the varied expression profiles of these reads may affect interpretation
of how this particular Unigene (and putative Arabidopsis orthologue) responds to a

treatment, and it is possible that the expression profile of a single Unigene represents that
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of two or more B. napus genome identifiers, as is hypothesised to have taken place with
the putative VTC2 orthologues in B. napus: EX043301, BnaCO0lgl9060D and
BnaC07g40500D (section 4.6.2). The expression of EX043301 was shown to significantly
increase in response to UV-B and slug treatment and decrease following Plutella herbivory
(Table 4-19), while BnaCO01g19060D and BnaC07g40500D exhibited differential
responses to the 4 treatments that partially overlapped with those seen for EX043301.
EX043301, BnaC01g19060D and BnaC07g40500D were shown to possess sequence
similarity over an approximate 400bp region (Figure 4-12), suggesting that reads obtained
from the two B. napus genes now referred to as BnaC01g19060D and BnaC07g40500D
may have exhibited a suitable level of identity to the sequence of EX043301, therefore
accounting for the partial similarities in the expression profiles of the Unigene and B.
napus identifiers.

As alignment of reads obtained from RNA-seq to the sequenced B. napus genome may
arguably provide more accurate findings than alignment to the Brassica 95K Unigene,
access to this resource facilitated progression of this study before publication of the B.
napus genome, and as such was an invaluable resource despite generating different results

from those seen in 2014.

4.7.6 Conclusions and outlook

The findings in this chapter have provided insight into the genetic overlap of UV-B- and
herbivory-responses in B. napus. Several early-induced transcription factors, such as
WRKY40, ZAT10 and CGAI, were identified, with some genes previously reported as
being responsive to at least one of the treatment studied in this investigation. To further
assess the potential role of select genes in mediating UV-B-enhanced resistance, three were
chosen for over-expression in Arabidopsis and subjected to bioassay experiments
following treatment with or without UV-B radiation. However, before the results from
these experiments are touched upon (Chapter 6), the findings from an additional “omics”-
based study on overlaps in UV-B- and wound-induced pathways in B. napus will be

presented.
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Chapter 5: Investigating Metabolic Overlaps Between UV-

B and Wound Response Pathways in Brassica napus

5.1 Introduction

The transcriptomic analysis in chapter 4 provided some insight into the putative
transcription factors that are regulated commonly by UV-B radiation and invertebrate
herbivory. To expand upon this information and identify components of biological
pathways that accumulate in response to these treatments, a metabolomic approach was
employed using reversed-phase HPLC.

Targeted and global metabolite approaches have previously been conducted to investigate
the effects of UV-B radiation, invertebrate herbivory and MeJA treatment on the
metabolite profile of numerous plants species. Studies on UV-B-irradiated Arabidopsis
(Stracke et al., 2010b, Kusano et al., 2011, Demkura and Ballaré, 2012), Populus
trichocarpa (Warren et al., 2003), European silver birch (Betula pendula)(Lavola et al.,
1998)(Morales et al., 2010), maize (Casati et al., 2011) and broccoli plants (Mewis et al.,
2012) revealed an increase in the abundance of many phenolic compounds, particularly
flavonoids such as quercetin glucosides (Stracke et al., 2010b). The effects of herbivory
and JA treatment on the plant metabolome have also been documented, with both MeJA
and Plutella herbivory found to increase the abundance of malate-conjugated
hydroxycinnamates, especially caffeoyl, coumaroyl, feruloyl, and sinapoyl malates, along
with indole glucosinolates and indole-3-acetic acid in B. rapa (Liang et al., 2006a, Widarto
et al., 2006). Few studies have compared responses elicited by UV-B radiation or
herbivory on plant metabolic responses, however Izaguirre and co-workers revealed that
separate treatments of UV-B radiation and simulated herbivory induced similar levels of
chlorogenic acid (CGA) in N. longiflora but not in N. attenuata (Izaguirre et al., 2007),
indicating that variable responses to these stimuli may exist between closely related plant
species. Recent work investigating the combined effects of UV-B radiation and
invertebrate herbivory on glucosinolate levels in broccoli sprouts reported a depletion in
the quantity of aliphatic and indole glucosinolates in these plants compared to levels
induced by UV-B or herbivory alone (Mewis et al., 2012). This result indicates that
combining the two stimuli does not have an additive effect but rather an overall negative
effect on glucosinolate accumulation in broccoli sprouts, although the ability of UV-B to

reduce plant susceptibility to herbivory suggests that lower levels of select glucosinolates
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in such situations do not impair plant defence.

It is known that reprogramming events at the genetic level do not always have
repercussions at the metabolite level, and as such transcriptomic studies alone may not
provide accurate insight into various biological pathways in plants, such as plant defence
(Mewis et al., 2006). It was therefore deemed appropriate to carry out a metabolomic
study on B. napus plants treated with UV-B radiation, invertebrate herbivory or MeJA to
complement the results presented in chapter 4 from the RNA-seq. As many studies tend to
focus on the levels of specific plant compounds in response to these treatments, an
untargeted, global metabolomics approach was adopted to provide greater insight into
changes in B. napus following treatment with the aforementioned stimuli, by studying
adjustments in the abundance of numerous compounds at the one time, to hopefully
identify signalling components not previously reported. While global metabolomics is
able to provide the researcher with a broader view of plant responses to a given treatment
in comparison to targeted metabolomics, one of the downsides associated with this
approach is that a large amount of time is required to analyse and identify peaks (Van der
Hooft et al., 2013). As this study was conducted relatively late on in the project, time
restraints unfortunately prevented in depth data analysis, and as such only a small number
of compounds are described. This chapter presents a brief description of the methods used

to examine metabolic changes in B. napus, and details some of the results obtained.

5.2 Metabolite analysis of B. napus plants

To obtain an overview of the metabolomic responses to UV-B radiation, MeJA treatment,
slug or Plutella herbivory, a global metabolite profile of 3-week old B. napus plants
exposed to separate treatments was obtained in triplicate using reverse-phased
chromatography at the Glasgow Polyomics Facility. Plants were grown under 70 umol m™
s white light for approximately three weeks before being treated with 4 different stimuli
for 24 hours (Table 5-1). All samples were harvested at the end of this 24-hour period, and
compounds were extracted using an acidified methanol protocol outlined by De Vos and
co-workers (De Vos et al., 2007).

Reversed-phase HPLC was carried out on all samples using an Orbitrap™ Elite (Thermo
Scientific) mass spectrometer with a C18 column in negative ionisation mode. Samples
were injected into a nonpolar stationary phase (i.e. C18 column) and eluted with a biphasic
linear gradient of 5% to 50% acetonitrile, 0.1% formic acid and water. The length of time

taken for different components of the test samples to pass through the column is classed as
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the retention time (RT) of the compound, and is influenced by the chemical nature of the
compound and its interaction with both the eluent and the stationary phase of the sorbent.
In this case, less polar compounds possessed a longer RT, while polar molecules were
eluted more rapidly (and had a shorter retention time). The RT is therefore indicative of
the nature of each compound, and shall be referred to throughout this chapter, particularly

when drawing the reader’s attention to peak location on chromatograms.

Table 5-1: Description of B. napus treatments used for reversed-phase chromatography

Treatment Description of treatment
3 pmol m?2s'UV-B Plants irradiated under UV-B only conditions.
100 pM MeJA Exogenous application of MeJA (0.01% EtOH / UN65) to whole plant (~5
(0.01% EtOH / UN65) mL/plant).
Slug herbivory Continuous single slug grazing on one true leaf for 24 hours.
Plutella herbivory Continuous grazing by three 2" instar Plutella larvae on one true leaf for
24 hours.
0.01% EtOH / UN65 Exogenous application of 0.01% EtOH / UN65 to whole plant (~5
mL/plant).
Untreated control Plants maintained under white light conditions with no exposure to UV-B,

invertebrates of MeJA.

The obtained full-scan mass (or mass over charge, i.e. m/z) of compounds and masses of
their fragmentation data were analysed using Xcalibur™ v2.2 software (Thermo Scientific)
and processed with an in-house Glasgow Polyomics R-based pipeline to align all LC-MS
peaks based on their mass and RT. Comparisons were made between treatments and
controls to identify potentially interesting metabolites that displayed at least a = 1.5-fold
increase in abundance. Masses were initially annotated with candidates from the KEGG
compound database. Manual examinations of full scan and fragmentation spectral data
facilitated the assignment of the most likely elemental formulae to masses with differential
abundances, and subsequent annotations were assigned by referring to publications and
additional online resources such as MassBank and ChemSpider for chemical structure
clarification.

As HPLC LC-MS was conducted in the negative-ionisation mode ([M-H]), the m/z and
putative elemental formulae of these compounds are presented in the [M-H] format (e.g.
C,Hs would be presented as C,Hs due to the absence of a proton, and the m/z would be 29

as opposed to 30) unless stated otherwise.
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5.3 Initial analysis reveals overlaps and differences in the metabolic profile of B.

napus regulated by different treatments

A total of 2,215 compounds were detected in this study, 1,600 of which were assigned
putative annotations and chemical formulas using the KEGG compound database. A
principle component analysis (PCA) chart was generated using the obtained profiles of all
compounds, allowing the spread of variability between the three replicates of each
treatment to be visualised, along with any overlapping effects of the 6 separate treatments
(Figure 5-1). The three untreated samples, represented by yellow circles, are clustered
relatively close to one another and also to two of the EtOH/UNG65 replicates that are
depicted as red circles. The relatively close clustering of the untreated and EtOH/UN65
replicates, along with the considerable distance between EtOH/UNG65 replicates and MeJA
replicates (blue circles), indicates that applying a solution of 0.01% EtOH/UN65 to B.
napus plants does not have a major effect on the plant’s metabolome, and that any changes
observed in plants treated with 100 uM MeJA (0.1% EtOH/UNG65) is highly likely to be
down to the presence of the JA derivative in the exogenous solution. The slug herbivory
and Plutella herbivory replicates (purple and green circles, respectively) are clustered
relatively close to one another, however there is a noticeable spread in the Plutella
herbivory replicates, with one in particular located next to two MeJA replicates. The
spread of Plutella herbivory replicates is not necessarily a surprising find, as variability
across replicates 1s almost unavoidable when working with live, mobile organisms such as
invertebrates. The spread in UV-B replicates is surprising; such a variation was not
expected between biological replicates exposed to the same static treatment on the same
day. Despite this variation, the UV-B-treated samples elicit very different responses in B.
napus as compared to the MeJA-treated samples, while the slug-treated samples and
majority of Plutella-treated replicates appear to cluster closer to the UV-B replicates than

the MeJA replicates.
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Figure 5-1: PCA chart displaying the spread of variability across the three B. napus
replicates for each of the 6 treatments.

Following on from the PCA, compounds were selected for further analysis based on their
minimum fold change in peak intensity (= 1.5) and adjusted p-value (< 0.05) that corrects
for any false positives obtained from the multiple t-tests used to calculate the p-value. The
compounds possessing these criteria were depicted in a Venn diagram (Figure 5-2A), and
those that increased in abundance in response to two or more of treatments were listed
alongside their mass, RT and fold change in peak intensity for each treatment (Figure 5-
2B). For convenience, a compound number (CN) has been assigned to each metabolite, to
enable easier identification of these compounds later in the chapter. Putative elemental
formulas derived from KEGG and by manual investigation have also been listed where
possible. Additional information on putative characteristics of selected compounds listed in
Figure 5-2B along with those that are specifically regulated by only one treatment (Table
5-2), can be found in Appendix 2. The peak IDs associated with each compound can also
be found here.

A total of 93 compounds are present in the Venn diagram in Figure 5-2, twenty-six of
which accumulate in response to 2 or more of the studied stimuli. Structural examination
of these peaks and their fragmentation data allowed putative annotations to be assigned to
a selection of compounds. Some compounds are known UV-B-responsive metabolites and

many have not, to my knowledge, been previously described.
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A
Plutella
B
Fold Change in Peak Intensity
Proposed KEGG EF Putative EF 3 pmol m2 s
CN ([M-H]") (IM-H]) RT (s) Mass
1 N/A N/A 2407.95 104.9539
2 N/A C14H2907Cl1 1024.01 343.1524
3 N/A N/A 164.75 158.9786
4 C15H2209 C15H2209 953.61 345.1186
5 N/A C14H1409 887.54 325.1500
6 N/A N/A 1812.90 436.1794
7 C6H807 N/A 218.69 191.0197
8 C6H807 N/A 143.72 191.0197
9 N/A N/A 145.98 171.9739
10 C17H2009 C17H2009 981.45 367.1029
11 C23H31ClO6 N/A 1815.53 437.1731
12 N/A N/A 1137.34 393.0928
13 C16H14F3N5SO C17H19NO7 1050.33 348.1084
14 C23H29NO12 N/A 995.96 510.1608
15 N/A C14H24012S 1011.41 415.0908
16 N/A N/A 2046.91 328.7560
17 N/A N/A 1827.82 435.1760
18 N/A C20H3609 1828.59 419.2280
19 N/A C20H3609 1856.51 419.2280
20 N/A N/A 869.11 367.1604
21 N/A C14H2708C1 891.64 357.1317
22 N/A C18H3508C1 1723.78 413.1940
23 N/A N/A 1089.14 353.1812
24 N/A N/A 2102.88 483.2720
25 N/A C18H20N40S3 820.46 403.0729
26 C5H403 N/A 157.44 111.0089

Figure 5-2: B. napus compounds increasing in abundance following UV-B radiation,
MeJA treatment or invertebrate herbivory. A, Venn diagram of compounds with an
adjusted p-value < 0.05 and fold change in peak intensity = 1.5 in response to at least one
treatment, and the degree of metabolic overlap induced by these stimuli. B, table listing
the putative elemental formulas (EFs; [M-H]) and fold change in peak intensity of
compounds that accumulate in response to at least two treatments by = 1.5-fold with
adjusted p-value < 0.05 (highlighted in blue). EFs calculated by KEGG and manually. RT,
retention time (seconds); m/z, molecular mass ([M-H]"); CN, compound number.
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5.4  Phenylpropanoid-derived metabolites are responsive to both UV-B radiation

and invertebrate herbivory

A selection of compounds identified in this study, the majority of which increased in
abundance following exposure to UV-B radiation or subjection to invertebrate herbivory,
were thought to be products of the phenylpropanoid pathway. Most of these compounds,
including sinapoyl glycoside derivatives, feruloylquinic acids and CGAs, have previously
been found to increase in abundance following treatment with UV-B radiation or
wounding (Lavola, 1998, Demkura et al., 2010), providing some confidence in the results
obtained from this study. Chromatogram and fragmentation analysis of these compounds

is presented below.

5.4.1 Feruloylquinic acid derivatives increase in response to herbivory and UV-B

radiation

Two compounds, numbers 10 and 20 listed in Figure 5-2B, were found to possess parental
ion masses of 367.1029 and 367.1604 ([M-H]’), respectively, indicating that they may be
feruloylquinic acids or isoferuloyl quinic acid derivatives (Kuhnert et al., 2010)(Figure 5-
3A and C). Their identity was confirmed upon examination of fragmentation data, as the
characteristic fragment ions of feruloylquinic acids at m/z 191, 173 and 175 ([M-H]) were
present (Figure 5-3B and D). Compound number 10 (thought to possess the elemental
formula C,7H2009, [M-H]") exhibits an approximate 50-fold increase in peak intensity in
response to UV-B radiation and slug herbivory, and a slightly less but still significant ~ 25-
fold increase following Plutella herbivory. The double peaks shown in the chromatogram
for this compound (Figure 5-3C) are a result of the incomplete separation of isoferulic and
ferulic acid isomers, which typically present identical MS spectra in the negative ion mode
with molecular ions peaking at m/z 193 (Kuhnert et al., 2010). The second compound,
number 20 (Figure 5-3B), has a slightly shorter RT than compound number 10
(approximately 2 minutes shorter), and a different ratio between the m/z peaks
173.0456/191.056 ([M-H]') to compound number 10 (Figure 5-3D). This compound is
thought to represent two isomers of the feruloylquinic acid, namely 3-O-

feruoyl/isoferuoylquinic acid.
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Figure 5-3: Chromatogram and fragmentation data of compound numbers 10 and 20,
putative feruloylquinic acid derivatives. A, the base peak chromatograms (RT window
0-50 mins) of compound number 10 assigned the putative elemental formula C;7H3009
(IM-H]) which possesses an RT of approximately 16.35 mins in MS” and undergoes
incomplete separation of isomers in m/z trace 2 and B, fragmentation of this compound. C,
the base peak chromatograms (RT window 11.5-18.5 mins) of compound number 20
which peaks at an RT of 14.5 mins in MS? and undergoes incomplete separation of isomers
in m/z trace 2 and D, fragmentation data of this compound. Relative peak intensity is
provided in arbitrary units. * indicates the difference in peak intensity of m/z 173 between
the two compounds in B and D.

An additional compound believed to be 5-hydroxyferulic acid was found to be responsive
to both UV-B radiation and invertebrate herbivory. However, as the adjusted p-value for
this compound exceeded 0.05 for both herbivores, it was not classed as being differentially
regulated by 2 or more treatments, and is therefore absent from Figure 5-2B and listed in
Table 5-2 (compound number UV6). This compound possesses a mass of 209.0454 and
elemental formula of C;oH9Os, which matches that of 5-hydroxyferulic acid (Fiehn et al.,
2000).

Chromatograms reveal how this compound, with an RT of approximately 14.2 min, is
located next to poorly separated isomers (Figure 5-4A), making its analysis challenging.
Its fragmentation data is indicative of hydroxyferulic acid methyl ester (Figure 5-4B),

however it cannot be concluded whether or not it is 5-hydroxyferulic acid, and not perhaps
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3-hydroxyferulic acid. This compound is thought to be a fragment of a larger compound
with a mass of 383 ([M-H]) and elemental formula C;7H;90,9 (Figure 5-4C). This
putative parental ion may possess a structure similar to what is depicted in Figure 5-4C,
however better separation of the isomer peaks and clearer fragmentation data is required to

gain more insight into the nature of this compound.

Compound Putative EF RT Mass Fold Change in Peak Intensity
Number (IM-H]) (s) (m/2) "3 pmol m Slug Plutella | 100 pM
s' UV-B | Herbivory | Herbivory | MeJA
UVs CisH01,S | 1213.64 | 429.1065 3.13 1.73 1.12 0.88
UV6 C1oH 05 854.84 | 209.0454 3.25 2.63 1.78 0.91
uv7 C17H;,0y 850.66 | 385.1134 4.61 2.04 181 1.78
UV20 Cy;H2,0,,NCI | 1164.06 | 502.1120 23.85 1.15 0.77 0.98
Uv22 CiHoNO,Cl | 124659 | 372.0849 58.20 1.23 0.76 147
SI3 C16H004 1240.60 | 349.1862 1.30 3.94 2.18 2.15
SI8 CoH350, 191486 | 4192279 1.38 5.83 255 2.74
S19 N/A 1875.43 | 4652333 1.68 7.27 3.44 2.64

Table 5-2: Selection of B. napus compounds examined that increase by = 1.5-fold
(adjusted p-value < 0.05) in response to either UV-B or slug treatment. Fold change in
peak intensity is provided for each compound in response to the 4 treatments, and the
peaks classed as significantly regulated (= 1.5-fold, adjusted p-value =< 0.05) are
highlighted in bold underneath the appropriate treatment (UV-B or slug herbivory).
Putative elemental formulas (EFs; [M-H]) were assigned to compounds via manual
investigations, while the compound without an EF was unable to be fully annotated. RT,
retention time (seconds); m/z, mass of compound ([M-H]J).
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Figure 5-4: Chromatogram and fragmentation data of compound number UV6, a
putative hydroxyferulic acid. A, location of compound number UV6 possessing an RT
of approximately 14.2 min and mass of 209 in base peak chromatogram m/z trace 1 (mass
range 115-1000; RT window 9-23.5 min) and its enhancement in m/z trace 2 (mass range
209.0442-209.0462; RT window 9-23.5 min). B, fragmentation analysis reveals the
elemental formula of this compound as being C,0HoOs ([M-H]'), and C, the larger parental
compound with mass 383 and elemental formula of Ci7H;900 ([M-H]), along with
putative schematic of this compound’s chemical structure. Relative peak intensity is
provided in arbitrary units.

5.4.2 A sinapoyl glycoside compound accumulates in response to UV-B radiation

An additional compound proposed to originate from the phenylpropanoid pathway as a
sinapoyl glycoside was shown to accumulate in response to all treatments, exhibiting a =

1.5-fold increase in peak intensity following UV-B radiation (Figure 5-5A). This
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compound, listed in Table 5-2 with the compound number UV7, was identified from a
chromatogram displaying several compounds with double peaks that are indicative of
phenolic acid glycoside-like compounds (Figure 5-5B). The compound in question that
was identified as being sensitive to UV-B radiation has an RT of approximately 850
seconds (14.1 mins), and is located in the middle of the larger peaks shown in Figure 5-5B.
Fragmentation data revealed the elemental formula of this compound as being C;7H,,019
(Figure 5-5C), while analysis of the larger peaks seen in Figure 5-5B identified a sinapoyl
peak (C1;HoOy4) at m/z 205.0505 in negative ionisation mode (Figure 5-5D), suggesting the

presence of sinapoyl glycoside compounds.
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Figure 5-5: Peak intensity, chromatogram and fragmentation analysis of compound
number UV7, a putative sinapoyl-glycoside. A, the log, fold change in peak intensity of
compound UV7 across the 4 treatments, and B, location of this compound possessing an
RT of approximately 14.1 min and mass of 385 in base peak chromatogram m/z window 1
(mass range 115-1000; RT window 0-50 min) and its enhancement in m/z window 2 (mass
range 385.111-385.115; RT window 0-50 min). C, fragmentation analysis reveals the
elemental formula of this compound as being C;7H,,0,0 ([M-H]"), and D, fragmentation of
the more abundant isomers reveals the presence of a sinapoyl peak (C;1HoO4) at m/z
205.0505. Relative peak intensity is provided in arbitrary units. Error bars represent the
95% confidence interval across three biological replicates.
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5.4.3 Chlorogenic acid-related compounds are UV-B-responsive

One compound (S16) was found to increase = 1.5-fold in response to slug herbivory (and
slightly following MeJA treatment) but decrease in samples subjected to either UV-B
radiation or Plutella herbivory (Figure 5-6A). Fragmentation analysis of this compound
revealed the presence of a caffeic acid moiety at 179.0350 m/z (Quirantes-Piné et al., 2009)
along with fragments containing phosphorous in their elemental formulas (Figure 5-6B),
indicating that this compound could be caffeic acid-related and conjugated to a phosphor

sugar group.
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Figure 5-6: Peak intensity, chromatogram and fragmentation analysis of compound
number S16, a potential chlorogenic acid-related compound. A, the log, fold change in
peak intensity of compound S16 across the 4 treatments, and B, fragmentation analysis
reveals the presence of caffeic acid moiety with an m/z of 179.0350 along with
phosphorous-containing compounds. Relative peak intensity is provided in arbitrary units.
Error bars represent the 95% confidence interval across three biological replicates.

167



CHAPTER 5 RESULTS

The accumulation of putative feruloylquinic acid derivatives and sinapoyl-glycosides in
response to UV-B radiation and invertebrate herbivory highlights the sensitivity of the
phenylpropanoid pathway in response to these environmental stimuli, and could be

indicative of a possible convergence point between these two pathways in plant signaling.

5.5  Numerous chlorine-containing compounds are responsive to UV-B radiation

and/or invertebrate herbivory

Several high intensity peaks were found to contain chlorine, a slightly unexpected find due
to the lack of studies reporting the presence of chlorine-containing compounds in response
to UV-B radiation or invertebrate herbivory. Some of these compounds, which were more
significantly regulated by UV-B radiation than any other treatment, possessed indole
subunits, while those that were particularly responsive to invertebrate herbivory did not
possess the indole group. Those that lacked the indole groups and accumulated in response
to slug and Plutella herbivory shall be outlined first, and the UV-B-sensitive molecules,
which also appeared to possess ascorbic acid upon fragmentation analysis, shall be

described afterwards.

5.5.1 Chlorine-containing compounds increase in abundance following slug and

Plutella grazing

Two compounds in Figure 5-2B (numbers 21 and 22) significantly increased in abundance
following slug and Plutella herbivory, and were both found to possess at least three
isomers from fragmentation analysis (Figure 5-7). The different masses of each compound
(357.1317 and 413.1940, respectively) confirmed that these are two different molecules,
and were assigned the elemental formulae ([M-H]) C;4H2cO3Cl and C;3H3405Cl,
respectively. If these formulae are correct, then a difference of C4Hg exists between them,
perhaps suggesting that they are somewhat closely related to one another. Unfortunately,
further identification of these compounds was unsuccessful, and any role they may have in

plant biological systems remains elusive.
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Figure 5-7: Chromatogram and fragmentation data of compound numbers 21 and 22,
putative chlorine-containing compounds. Chromatogram and fragmentation data of
CN21 (putative elemental formula C14H,605Cl) in A and C, and CN22 (putative elemental
formula C;3H3405Cl) in B and D. A, the position of CN21 with RT of ~ 14.85 min and
mass of 357.1317 in chromatogram m/z window 1 (mass range 115-1000; RT window 6-28
min) and its enhancement in m/z window 2 (mass range 357.1299-357.1335; RT window
6-28 min) identifying at least three isomers of the compound. C, fragmentation analysis
reveals the putative elemental formula of this compound as being C;4H3;;ONCIP3, but
further studies reveal it to be C3sH3405Cl ([M-H]). B, location of CN22 possessing an RT
of approximately 28.7 min and mass of 413.1940 in chromatogram m/z window 1 (mass
range 115-1000; RT window 24-35 min) and its enhancement in m/z window 2 (mass
range 413.1919-413.1961; RT window 24-35 min) identifying three isomers of the
compound. D, fragmentation analysis reveals the elemental formula of this compound as
being C;3H3405Cl1 ([M-H]'). Relative peak intensity is provided in arbitrary units.

5.5.2 UV-B increases levels of a proposed chlorinated ascorbic acid-containing

molecule

One compound that was of particular interest in this study (UV22; Table 5-2) was shown
to increase by approximately 58-fold in B. napus plants exposed to UV-B radiation, while
remaining relatively unchanged in response to the other treatments investigated (Figure 5-

8A). Further analysis of this compound, which possesses an RT of 20.77 min and m/z
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372.0849, found it to possess the putative elemental formula C;sH;9NO7Cl in negative
ionisation mode ([M-H]).

Fragmentation of this peak (Figures 5-8B and C) revealed several fragments containing a
chloride group, along with an indole core (CgH¢N) at m/z 116.0510 and ascorbic acid
(AsA) fragments at m/z 115 and 175 (C4H304 and C¢H7Og, respectively). An additional
fragment was identified in Figure 5-8C possessing a putative elemental formula of
CsHsO6Cl. This elemental formula implies that the compound could be a chlorinated
ascorbic acid (ascorbic acid EF: CyHn+1Ox), although to the best of my knowledge, such a
compound has not yet been described in plants. However, that is not to say that
compounds of this calibre do not exist, and it would be interesting to further investigate the
identity of this compound in B. napus, along with its kinetics over an elongated time

course while exposed to UV-B radiation or invertebrate herbivory.
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Figure 5-8: Fold change in peak intensity and fragmentation data of compound
number UV22, a putative chlorine-containing compound. A, the log, fold change in
peak intensity of compound UV22 across the 4 treatments. B, fragmentation reveals the
putative elemental formula as being C;sH;9NO;Cl ([M-H]) and the presence of two
ascorbic acid fragments at m/z 115.7398 (C4H304) and 175.0253 (C¢H;O¢), while C,
fragmentation analysis identifies an indole core at m/z 116.0510 (CsHgN), an ascorbic acid
at 175.0254 (C¢H7O¢) and a putative chlorinated ascorbic acid compound at m/z 211.0022
(C6HsOeCl). Relative peak intensity is provided in arbitrary units. Error bars represent the
95% confidence interval across three biological replicates.
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5.6 Several putative lipid compounds accumulate in response to invertebrate

herbivory and MeJA treatment

Several compounds found to accumulate in response to herbivory and MeJA treatment (but
not UV-B radiation) are thought to be lipid-based on account of their elemental formulas
and subsequent potential chemical structures. Two compounds in particular, S18 and S19,
were found to have the same elution profile based on their m/z (S18 m/z = 419.2279, S19
m/z = 465.2333), and also possess very similar RTs, at 1914.86s (31.91 min) and 1875.43s
(31.25 min), respectively. The larger mass (S19) is thought to be a formic acid (CH,05;)
adduct of S18, which has a putative elemental formula C,yH3509. Fragmentation analysis
of this compound revealed a single fragment, C4H;O,, which did not aid in the
identification of this compound. The elemental formula of this compound matches that of
the fatty acid, butyric acid, which is present in plants and forms part of a well-known
compound, indole-3-butyric acid (C,H;3NO,). It is therefore plausible that this could be a
butyric acid fragment from a plant-based molecule, however it has not yet been confirmed.

Based on the putative elemental formula of S18/S19, two chemical structures were
proposed to represent the metabolite (Figure 5-9), one of them being a lipid possessing a
polar and apolar region (Figure 5-9B). The (CH;);.-COOH group in Figure 5-9B could
perhaps have contributed towards the formation of the C4H;O, fragment, with the
fragmentation of a (CH;);-COOH group and its association with a proton producing
C4Hs0; (C4H,0,[M-H]"). Again, this can only be speculated as not enough information is
available on the nature of this compound.

A second putative lipid-based molecule shown to increase in response to both herbivory
and MeJA treatment (but not UV-B radiation) was assigned the elemental formula,
Ci6H290g based on its m/z (349.1862) and isotopic pattern. Two possible molecular
structures of this compound (compound number S13) were identified (Figures 5-9C and D),
the first being a lipid-like molecule (methyl 9-(B-D-galactopyranosyloxy)nonanoate;
ChemSpider ID no. 4484248) and the second has been implicated in human anti-
inflammatory responses. Fragmentation analysis could not provide further insight into the
nature of this compound, and as no study has reported the existence of such a structure in

plants, its exact identity remains elusive.

172



CHAPTER 5 RESULTS

A C,,H;:0, c C6H 04

"’ 0; O
o

i

N‘CTDWOWH, H}‘

B D HO”T NG “oH
OH
OH  OH
' : /o\/\ /\/o (CH) 4 o\/\ /\/0\
PN 0 (CH2) 12 _OH HyC o T T 0 CHy
(0]
OH OH 0 0

Figure 5-9: The putative chemical structures of potential lipid-containing compounds.
A and B, putative chemical structures of compound number S18 (elemental formula
Ca0H3509, m/z 419.2279 and RT 1914.86s/31.91 min), and C and D, the putative structures
of S13 (elemental formula C;¢H290s, m/z 349.1862 and RT 1240.6s/20.67min). A and C
were identified from online resource ChemSpider (ID no. 8773594 and 4484248,
respectively), B and C are lipid-like structures.

5.7 Discussion

Plant responses to environmental stresses require input from genetic, proteomic and
metabolic reprogramming events. While transcriptomic approaches are considered easier
to execute and analyse than proteomics or metabolomics, some genetic modifications are
not always observed at the protein or metabolome level. As a result, it is sometimes
beneficial to incorporate multiple “omics” experiments into the one study, to allow the
researcher to link changes at the genetic level to changes further on in the signalling event,
and also prevent vital metabolite components involved in a particular pathway from being
missed due to insignificant modifications of encoding transcripts. A global metabolic
study was therefore incorporated into this project to study B. napus responses to UV-B
radiation, slug herbivory, Plutella herbivory or MeJA treatment and to compliment the
results obtained from the transcriptomic data. Such a comparison has not been conducted
in this model crop before, and to date only one study has investigated the effects of slug
herbivory on targeted plant metabolites (Falk et al., 2014). While time restrains and
technical issues with the sample concentrations prevented extensive analysis of the data
obtained from this study, some interesting compounds were identified that have not been

previously described in plants.
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5.7.1 Initial impressions suggest that B. napus responses to invertebrate herbivory

are very different to those induced by MeJA

One of the first impressions of the results obtained in this study came from the PCA chart,
where the evident separation between the MeJA and invertebrate treatments was observed
(Figure 5-1). As the two herbivores were thought to regulate many of the same pathways
that are sensitive to MeJA, close clustering of these treatments was expected. Instead, the
chart suggests that the invertebrate herbivory treatments have slightly more in common
with the UV-B treatment than they do with the MeJA treatment. It is possible that the
signalling pathways elicited by MeJA are slightly different to those induced by
invertebrate pests, as the latter response is highly dependent on the presence of JA-Ile,
while MeJA-induced responses are not. Another possible explanation is that a time gap
exists between the responses induced by MeJA and those elicited by the two herbivores,
with some biological pathways perhaps being activated more quickly upon application of
MelJA than by invertebrate herbivory, and vice versa. If this is true, then the differences
seen in the metabolite profile of B. napus plants subjected to herbivory or MeJA treatment
may reflect the kinetics of the defence response pathway. To confirm whether or not this
is true, and to enhance the knowledge gained from the metabolomics, inclusion of more
time points over a set treatment period (e.g. of 48 hours) would have been beneficial.

The lack of similarity between MeJA-elicited responses and those induced by the other
treatments is reiterated throughout the analysis, with only four out of 26 of the masses
listed in Figure 5-2B that increase by at least 1.5-fold in peak intensity (adj. p < 0.05) in
response to two or more treatments being stimulated by MeJA. Again, this could be
attributed to the kinetics of these compounds in B. napus or variation between the three
biological replicates for each treatment, and as such repetition of this experiment with at
least one, preferably 2, additional time points will better clarify the differences elicited by

the treatments on B. napus at the metabolic level.

5.7.2 Several phenylpropanoid-derived compounds accumulated in response to UV-

B radiation and invertebrate herbivory

The increased abundance of select phenylpropanoid compounds provided some confidence
in the results obtained from this study as their accumulation in response to UV-B radiation
or wounding and importance in these signalling pathways have previously been reported

(Koeppe et al., 1969, Landry et al., 1995, Lavola et al., 1997). The majority of the
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phenolics identified and discussed in this chapter are involved in the biosynthesis of
sinapates as opposed to the production of flavonoids, a finding that is surprising due to the
known influence of UV-B on the accumulation of these compounds (Stracke et al., 2010b,
Mewis et al., 2012). Despite this, the presence of several ferulic acid derivatives and
putative sinapate glycosides is a very interesting finding for this particular project,
especially as a recent report revealed that UV-B-mediated Arabidopsis defence against B.
cinerea 1s more dependent on the sinapate branch of the phenylpropanoid pathway than the
flavonoid biosynthetic branch (Demkura et al., 2010). The use of mutants in this study
devoid of the enzyme ferulic acid-5-hydroxylase (F5SH), which converts ferulate into 5-
hydroxyferulic acid (UV6), increased susceptibility of Arabidopsis to infection from B.
cinerea and facilitated its spread on leaf tissue in the presence of UV-B, while chs mutants
impaired in the flavonoid biosynthetic pathway were still able to protect themselves
against the nectrotrophic pest. Therefore, this branch of the phenylpropanoid pathway may
provide important regulators of UV-B-mediated plant defence, a hypothesis that deserves
further investigation based on the approximate 25 to 50-fold increase in peak intensity of
this compound in response to UV-B and invertebrate herbivory (Figure 5-2B). CGA is
also considered to be one of many phenolics involved in conferring basic resistance to
plants, with a previous study investigating the defence potential of phenolic compounds
containing orthohydroxyl groups, such as catechol, quercetin and CGA, observing their
toxic effects on the greenbug Schizaphis graminum when presented as part of an artificial
diet (Levin, 1976). While this study did not investigate the effects of these defence
mechanisms in a plant model organism, the potential role of CGA derivatives in the
promotion of plant defence, particularly in the formation of lignin as a structural defence,
has been documented (Saxena and Stotzky, 2001). CGA can also confer potato tuber
resistance against numerous microbial pathogens, including Streptomyces scabies,
Verticillium alboatrum and the blight-inducing Phytophthora infestans (Johnson and
Schaal, 1952, Lattanzio and Cardinali, 2006). Studies with 4 species of leaf beetles
presented with leaf tissue from willow plants (all of which possessed different quantities of
CGA) revealed that the deterring effects of CGA were not uniform across all beetle species.
Lochmaea capreae L. preferred consuming willow tissue possessing low doses of CGA
over tissue with high doses, while feeding preferences of Galerucella lineola F. and
Plagiodera versicolora Laich was not affected by the presence of CGA on leaf tissue, not
even when applied in unnaturally high doses (Ikonen et al., 2001). These findings highlight
the complexity of plant-pest interactions, indicating that while these phenolic compounds

may be effective at providing protection against a selection of invertebrate pests, other
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closely related species may not be so easily deterred. Despite this, components of the
phenolic pathway may be important mediators of UV-B-enhanced defence, and therefore
warrant further attention. To further evaluate the influence and downstream molecular
effects of phenolic compounds in plant defence, a comparison of targeted metabolomics
with UV-B- and/or herbivore-treated WT Arabidopsis plants and mutants impaired in the
sinapate/lignin biosynthetic branch of the phenylpropanoid pathway (e.g. fahl-7) will be

beneficial.

5.7.3 Chlorine-containing compounds were induced by UV-B radiation and

invertebrate herbivory

The identification of putative chlorine-containing compounds was both surprising and
interesting, mainly because few (if any) studies have reported the presence of such
compounds accumulating in response to these treatments in plants, and in general there are
a sparse number of publications detailing chlorine-containing compounds as a whole
(Engvild, 1986, Gribble, 1998, Monde et al., 1998). Chlorine-containing compounds have
previously been implicated in plant defence responses against invertebrate and pathogen
pests, and can include a variety of terpenoids, alkaloids and phenolics (Engvild, 1985,
Gribble, 1998, Gribble, 1999). Studies in the edible lily Lilium maximowiczii identified
several chlorine-containing orcinol derivatives in bulbs irradiated by UV or subjected to
the pathogenic fungus, Fusarium oxysporum (Monde et al., 1998), with the authors
concluding that chlorination of ornicol with chloroperoxidase and hydrogen peroxide
resulted in the accumulation of these chlorine-containing defence compounds. With the
exception of this study, however, no other report has identified plant-based chlorine-
containing compounds accumulating in response to UV-B radiation.

The peak intensity of two chlorine-containing compounds (numbers 21 and 22 in Figure 5-
7) were found to increase by 3 to 8-fold in response to invertebrate herbivory, but were
unaffected by UV-B or MeJA treatment (Figure 5-2B). The presence of at least three
isomers in the fragmentation data of each compound, their similarity in elemental formulas
(a C4Hg group difference between them) and near identical regulation by the two
invertebrates suggests that these compounds could be related to one another and may play
a role in plant defence. Sadly, further details on these compounds could not be obtained
from the fragmentation data, and no reports were found to credit the existence of these

compounds in plants, let alone any putative function they may have in defence responses.

176



CHAPTER 5 RESULTS

The presence of a UV-B-responsive putative chlorinated-AsA compound was fascinating,
as to the best of my knowledge such a compound has never been described in plants. It is
of course possible that the identified compound has been incorrectly annotated, however
the existence of such a molecule in plants is not beyond the realms of possibility.

AsA is a known, effective ROS scavenging compound (Smirnoff and Wheeler, 2000,
Conklin and Barth, 2004), and has previously been shown to increase in abundance
following UV-B radiation (Nunes-Nesi et al., 2005, Kusano et al., 2011) as well as to
facilitate plant defence against invertebrate pests. X-ray crystallography has revealed the
importance of this compound in accelerating the hydrolysis of glucosinolate compounds
via its interaction with myrosinase (Burmeister et al., 2000), and mutants deficient in AsA
(e.g. the vtcl-1 Arabidopsis mutant) are more susceptible to S. /ittoralis herbivory than WT
Arabidopsis plants (Schlaeppi et al., 2008).

Several studies in mammalian systems have demonstrated that AsA stimulates leukocyte
functioning in host defence against microorganism invaders, by accelerating the
chlorinating activity of a key defence-promoting enzyme, myeloperoxidase, to produce the
oxidising agent, hypochlorous acid (HOCI) in the presence of its substrate hydrogen
peroxide (Marquez et al., 1989). AsA and HOCI react with one another to yield
dehydroascorbate and chloride via an oxidation reaction (Chesney et al., 1991).
Interestingly, application of porcine myeloperoxidase and H,O, to pathovars of plant
pathogens from the genera Erwinia, Pseudomonas and Xanthomonas was effective at
inhibiting their growth and fitness at low enzyme concentrations, and was even more
effective when applied directly to young rice plants infected with the blast pathogen
Magnaporthe grisea (Yang and Anderson, 1999). A plant-based compound sharing
chemical and activity similarities to the heme-containing glycoprotein that is
myeloperoxidase has not been documented to my understanding, however it is possible
that a similar defence system operates in plants where the interaction of AsA and chlorine-
containing compounds generates strong Cl-based oxidising agents to support plant
resistance against attacking organisms. The potential for such a defence mechanism in
plants is purely hypothetical, however if this or related compounds are found in future
metabolic studies, then they deserve more investigation to elucidate their role in promoting

plant defence.
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5.7.4 Putative lipid-based molecules

The presence of lipid-like compounds in this study is not overly surprising, as the wound-
response pathway is known to be regulated primarily by constituents derived from the
octadecanoid pathway (Farmer and Ryan, 1992). It is therefore possible that the
compounds described in section 5.6 represent candidates from this biological pathway,
which could explain why their abundance increases in response to herbivory and MeJA
application, but not in response to UV-B radiation.

Compound numbers S18 and S19 were shown to share similar elution profiles to one
another, however fragmentation analysis did not deduce the exact annotation of this
compound. Their putative chemical structures imply the option of this compound being
lipid-based, perhaps with a formic acid adduct provided by S19. The identification of a
sole fragment (C4H;O,) for this compound (data not shown) did not offer any aid in
annotating this compound, however while not confirmed, it is possible that this fragment is
butyric acid, a fatty acid present in various chemical structures in plants, including a plant
growth regulator indole-3-butyric acid (Figure 5-10A), and intermediates of JA
biosynthesis (Schaller, 2001)(Figure 5-10B). The putative chemical structure of S18/S19 in
Figure 5-9B possesses an (CH;);,-COOH group, which could generate a C4H,0, fragment
upon fragmentation via the association of a proton with (CH,);-COOH, producing C4H3O,
(C4H70, [M-H]"). This interpretation is merely speculative, however, and requires further
investigation to confirm the true identity of these compounds. Another three or four
isomers of S18/S19 were identified in this study, all of which were responsive to slug
herbivory and, to a lesser extent, Plutella herbivory and MeJA treatment, supporting the
hypothesis that these putative-lipids could be defence-related.
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Figure 5-10: Butyric acid-containing compounds involved in various biological
processes in plants. A, indole-3-butryic acid, a growth regulator in plants, possesses a
butyric group (circled) similar to that possessed in the lipid structure shown in Figure 5-9B.
B, components of the octadecanoid pathway, several of which contain butyric acid,
including JA intermediate OPC-4:0 (circled). A was modified from (Zolman et al., 2000),
B from (Vick and Zimmerman, 1984).

A second putative lipid-based molecule, compound number S13, was again poorly
annotated based on the lack of useful fragmentation data. Potential chemical structures of
this compound, assigned the elemental formula C;sH290s, include a lipid-like molecule
(methyl 9-(B-D-galactopyranosyloxy)nonanoate; Figure 5-9C) and a compound implicated
in human anti-inflammatory responses (Figure 5-9D). Initial attempts to find publications
reporting a peak at m/z 349.19 led to a series of articles detailing a barbituric acid, 5,12,18
R-trihydroxy-EPE, a by-product of Aspirin metabolism in vivo (Serhan et al., 2004).
Fragmentation analysis could not provide further insight into the nature of this compound,
and as no study has reported the existence of such a structure in plants, its exact identity
remains elusive. If this compound does indeed transpire to be an anti-inflammatory-like
compound, then it is may be a derivative of the SA-signalling pathway due to its
association with anti-inflammatory responses (Vane, 2000), indicating a potential
convergence of signalling molecules in response to invertebrate herbivory and MeJA
treatment.

If these putative lipid-based compounds are related to defence signalling molecules, then
that might explain why levels of these compounds accumulate in response to herbivore and

MelJA, but not UV-B radiation. The reported effects of UV-B radiation on levels of JA or
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related compounds have not been described in B. napus, however for other plant species
the findings have been variable. The phytohormone was found to accumulate in
Arabidopsis plants (A-H-Mackerness et al., 1999) but remain unaffected in tomato and
Nicotiana while enhancing sensitivity of plants to JA-signalling by heightening
accumulation of various wound-response transcripts and metabolites (Stratmann et al.,
2000, Izaguirre et al., 2007). To enable better conclusive data to be drawn from these
putative lipid molecules, repetition of this experiment, perhaps in a more sensitive positive

ionisation mode with more concentrated samples, is required.

5.7.5 Global metabolomics identified some B. napus compounds that are sensitive to

slug herbivory

To date, very little has been published describing the effects of slug herbivory on the
metabolic profile of a plant. However, recent reports have detailed the effects of slug
locomotive mucus on levels of phytohormones in various plants, with work published by
Falk and co-workers (2014) demonstrating that mucus from the Spanish slug, Arion
lusitanicus, increases levels of jasmonates in Arabidopsis plants (Falk et al., 2014), while a
similar study identified the presence of SA in the locomotive mucus of the grey field slug
(D. reticulatum), and found that application of this mucus to wounded Arabidopsis leaf
tissue activated SA-induced signalling pathways (Késtner et al., 2014). This latter finding
was particularly interesting, as it is possible that the presence of SA, a known suppressor of
many wound-induced responses, in the mucus of these slugs serves to regulate plant
defence pathways to facilitate slug grazing. If this is true, then it demonstrates the ability of
a generalist herbivore to elegantly overcome plant-induced defence mechanisms by
repressing many responses that would otherwise deter or destroy the slug. As the levels of
phytohormones were not investigated in this particular study, it is unknown if the grey
field slug induced the accumulation of SA-responsive molecules in B. napus. Falk and co-
workers (2014) found that levels of glucosinolates in WT Arabidopsis were not modified
by herbivory from the Spanish slug, a result which the authors hypothesise could be due to
the suppressive nature of other slug-induced responses, and likewise, the grey field slug
was not found to significantly increase levels of glucosinolates in this study. However, as
few glucosinolates were identified during this project, repetition or this experiment or
utilisation of a targeted approach may reveal an accumulation of certain glucosinolates in
response to this species of slug. An increased abundance of several phenylpropanoid

compounds in response to slug herbivory, such as feruloylquinic derivatives and sinapoyl
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glycosides, was revealed in this study, and provides novel findings on the effects of grey

field slug herbivory on B. napus.

5.7.6 Conclusions and outlooks

Based on results from previous metabolic studies on UV-B- or invertebrate/MeJA-treated
plants, the detection of a variety of flavonoid and glucosinolate compounds, such as
kaempferol and quercetin derivatives and indole glucosinolate compounds was expected in
this member of the Brassicacea family (Mewis et al., 2012). The surprising absence of
these compounds from the analysis could be due to technical error with sample extraction
or dilution of the compounds, as the relatively low peak intensities of some detected
metabolites suggests that the overall concentrations of the samples were quite low. Indeed,
as plant leaves are composed primarily of water, dilution of metabolites can be easily
achieved. However, the absence of these compounds from this particular experiment does
not necessarily mean that they are not responsive to the given treatments, and repetition of
this experiment with more concentrated samples will be beneficial in re-examining levels
of various compounds, while also confirming or dismissing the findings discussed in this
chapter. Further metabolic studies should be conducted in the future to repeat this
experiment, with samples run in both positive and negative ionisation mode accompanied
with fragmentation analysis to facilitate their annotation. In addition, a more targeted
metabolite approach should then be utilised to examine some of the chloro-indole
compounds identified in this study in more depth, along with other interesting compounds
detected at a later date.

This chapter attempted to identify metabolites commonly regulated by UV-B radiation and
invertebrate herbivory utilising a global metabolic approach with reversed-phase HPLC.
In doing so, several components of the phenylpropanoid pathway were identified,
including a putative sinapoyl-glycoside, several feruloylquinic/isoferuloyl quinic acid
derivatives, a possible CGA and a few chloride-containing metabolites. Further
examination of these compounds and additional repeats of this experiment will help
reinforce the results obtained in this study and facilitate the discovery of the convergence
points between UV-B- and wound-induced signalling in B. napus.

The next and final results chapter of this study details the over-expression of three B.
napus genes in Arabidopsis, and presents data obtained from invertebrate bioassays with

these plants to elucidate their potential role in mediating UV-B-enhanced pest defence.
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Chapter 6: Enhancing Arabidopsis thaliana resistance to

invertebrate pests in a UV-B-dependent manner

6.1 Introduction

In an attempt to investigate similarities and differences elicited by UV-B radiation, MeJA
treatment, slug herbivory or Plutella herbivory in B. napus, an “omics’-based approach
was utilised which revealed commonly regulated early-induced transcription factors and
metabolites putatively indicating areas of convergence between UV-B- and herbivore-
induced-responsive pathways. Data acquired from the initial RNA-seq alignment against
the Brassica 95K Unigene (Chapter 4) enabled several transcripts to be selected for further
study to elucidate any possible roles their encoded products may have in mediating UV-B-
enhanced plant defence. These genes were selected on account of their increased levels of
expression in response to two or more treatments, one treatment preferably being UV-B
radiation, the other(s) invertebrate herbivory. The two transcripts selected from the RNA-
seq data for further analysis were assigned the Arabidopsis gene annotations EL/3-2 and
VTC2, with the former encoding a cinnamyl-alcohol dehydrogenase involved in the
biosynthesis of lignin precursors in the phenylpropanoid pathway (Figure 6-1A and section
4.7.1.1 of Chapter 4), and VTC2 encoding a mannose-1-phosphate guanylyltransferase
involved in ascorbate biosynthesis (Figure 6-1B and section 4.7.1.2 of Chapter 4). Four
Brassica Unigenes were found to putatively encode VTC2, with one in particular,
EX043301, increasing in expression by at least 2-fold in response to UV-B and slug
treatment, while one out of three Unigenes possessing sequence similarity to Arabidopsis
ELI3-2 (EV141577) was shown to increase 4 to 6.4-fold in response to all 4 treatments
(Table 4.19, Chapter 4). In addition to these two genes, a third, COMT1, was also selected
for further investigation despite the initial RNA-seq analysis identifying no B. napus
orthologues of this gene being significantly regulated by any of the treatments. Selection
of this gene (which encodes a flavonol 3-methyltransferase; Figure 6-1A and section
4.7.1.3 of Chapter 4) for further analysis was based on recent research implicating the
lignin/sinapate biosynthesis branch of the phenylpropanoid pathway, which COMT1 is
active in, in UV-B-mediated plant defence against B. cinerea (Demkura and Ballar¢, 2012).
In this study, the authors found that one mutant lacking functional FERULIC ACID 5-
HYDROXYLASE (F5H), an enzyme located upstream of COMT]1, was shown to lack

UV-B-enhanced defence against B. cinerea infestation and remained equally susceptible to
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fungal infection as the non-UV-B-treated mutants. Wild-type (WT) plants, on the other
hand, displayed smaller lesion areas following exposure to UV-B, indicating that the
production of sinapates, lignin or associated precursors aided plant defence against B.
cinerea in a UV-B-dependent manner. On account of this report, it was decided to
investigate any role this branch of the phenylpropanoid pathway may have in conferring
UV-B-mediated defence against invertebrate pests. Instead of focusing upon F5H,
however, COMTI was selected for investigation, on account of no previous study (to the
best of my knowledge) documenting any role of COMT1 in UV-B-mediated plant defence,
therefore any results obtained with COMT1 were likely to be novel.

The potential for COMT1, ELI3-2 or VTC2 to mediate UV-B-enhanced plant defence
against slug and Plutella herbivory was investigated via a series of invertebrate bioassays
with Arabidopsis lines affected in the expression of the corresponding genes. These lines
were either SALK T-DNA-insertion mutants or transgenic lines expressing putative B.
napus orthologues of the three genes fused to a 35S promoter from Cauliflower mosaic
Virus (CaMV) and either a GFP or 3xHA-tag. The area of leaf tissue consumed by slug
and Plutella herbivores on -/+UV-B-treated mutant and transgenic lines was measured and
compared to that on WT Col-0 plants, and to further assess any impact on plant defence
caused by the modified levels of either gene, bioassays were set up to directly compare the
average area of leaf tissue consumed on WT and mutant lines or WT and transgenic lines
following exposure to plus or minus UV-B conditions.

This final chapter presents the results obtained from invertebrate bioassays with SALK T-
DNA-insertion mutants affected in the expression of COMTI, ELI3-2 and VTC2, and
details the generation of transgenic Arabidopsis lines over-expressing putative B. napus
orthologues of the aforementioned Arabidopsis genes. The chapter concludes by
comparing the levels of susceptibility of Col-0 and one of the over-expressing lines,
358pro:3xHA-COMT1 9.5, to Plutella herbivores in choice chamber bioassays, to
investigate if hyper-accumulation of this component of the phenylpropanoid pathway can

enhance plant resistance to invertebrate herbivory in a UV-B-dependent manner.
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Figure 6-1: Schematic representation of where the encoded products of three genes
selected for over-expression in Arabidopsis are found in the phenylpropanoid and
Smirnoff-Wheeler pathways. A, The location of ELI and COMT (or related family
members) in the phenylpropanoid pathway, and B of VTC2 in the Smironoff-Wheeler L-
ascorbic acid biosynthesis pathway are indicated with light blue boxes. A adapted from
(Peng et al., 2008) and (Demkura and Ballar¢, 2012), B from (Linster et al., 2007).

6.2 Identification of putative Brassica orthologues of COMT1, ELI3-2 and VTC2

Following the identification of B. napus transcripts putatively encoding ELI3-2 and VTC?2
in the RNA-seq analysis (Chapter 4, section 4.4.2), and their subsequent selection for over-
expression in Arabidopsis along with COMT1I, the first port of call was to compare the

sequence similarity of the selected Unigenes to the corresponding Arabidopsis gene and to
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genes of the B. napus progenitor species, B. rapa and B. oleracea (genomes of which were
used for primer design before publication of the sequenced B. napus genome). Use of the
B. rapa and B. oleracea genomes for primer design as opposed to the Arabidopsis genome
was due to anticipated higher degrees of sequence similarity between B. napus and the two
former plant species than Arabidopsis, an assumption based on the knowledge that the B.
napus genome was formed by several independent fusions between those belonging to
ancestors of today’s B. rapa and B. oleracea plants, and that no homologous
recombination has since occurred between these two donor genomes (AA and CC,
respectively).

Sequence similarity between the Unigenes, Arabidopsis and Brassica genes was assessed
by using the BLAST resource with the Unigene sequence against the Arabidopsis genome
(TAIR database) and both the Unigene and Arabidopsis sequences against the B. rapa and
B. oleracea genomes in the Brassica database (Vick and Zimmerman). The Brassica
gene(s) possessing the highest degree of nucleotide similarity to both the Unigene and
Arabidopsis gene sequences were selected as appropriate platforms for primer design. For
illustrative purposes, alignment of the Arabidopsis, Unigene and B. rapa/B. oleracea
nucleotide sequences of each gene was conducted using ClustalW (EMBL-EBI). As no
differentially regulated Unigenes assigned the putative gene annotation COMTI were
identified, only the Arabidopsis and B. rapa genes (AT5G54160 and Bra029041,
respectively) were aligned to one another; both nucleotide sequences are approximately
90% 1identical to one another, with Bra029041 encoding only one extra codon than
AT5G54160. Likewise, the Arabidopsis ELI3-2 gene, AT4G37990, was shown to possess
approximately 86% nucleotide sequence identity to the B. oleracea gene Bol032749 (Table
6-1), although sequence homology between these two genes and the Unigene identified in
Chapter 4, EV141577, was relatively poor, with only ~57-60% identity between the
Unigene and AT4G37990 and Bol032749, respectively. Closer inspection of the sequence
alignments revealed that, despite possessing a relatively long sequence (805bp),
approximately 30% of EV141577 did not align to AT4G37990 or Bol032749, but instead
extended beyond the stop codon of these two genes for an extra ~225 bp. However, as this
Unigene was putatively annotated as COMTI in both the RNA-seq data in Chapter 4 and

Brassica 95K Unigene set (Brassica Genome Gateway, http://brassica.nbi.ac.uk), and

proposed to have a higher sequence similarity to COMTI in both Arabidopsis and B.

oleracea, this Unigene was considered as representing Brassica COMT1.
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AT4G37990 EV141577  Bol032749

AT4G37990 100% 56.39% 86.62%
EV141577 56.39% 100% 59.19%
B01032749 86.62% 59.19 % 100%

Table 6-1: Percentage nucleotide sequence identity between the Arabidopsis, Unigene
and B. oleracea genes of ELI3-2.

The sequence alignment of V7C2 revealed relatively high homology between the
Arabidopsis gene, AT4G26850, the Brassica Unigene, EX043301, and a B. oleracea gene
Bol006503, with the Unigene possessing approximately 78% sequence identity to both
AT4G26850 and Bol006503 (particularly over a ~ 400bp region) and AT4G26850 and
Bol006503 sharing approximately 89% sequence identity (Table 6-2).

AT4G26850 EX043301 Bo01006503

AT4G26850 100% 78.07% 88.94%
EX043301 78.07% 100% 77.87%
B01006503 88.94% 77.87% 100%

Table 6-2: Percentage nucleotide sequence identity between the Arabidopsis, Unigene
and B. oleracea genes of VTC2.

From the alignments with confirmed and putative gene sequences of COMT1, ELI3-2 and
VTC2, three B. rapa and B. oleracea genes were selected to serve as platforms for primer
design to facilitate amplification of full-length gene sequences of putative B. napus
orthologues of the genes of interest (Table 6-3). Amplification of B. napus gene products
with these primers was successful, and the PCR products were found to be of similar size

to the B. rapa or B. oleracea genes to which the primers were designed to (Figure 6-2).

Arabidopsis Gene Annotation Brassica Gene Selected CDS Gene Length
for use in Primer Design (Arabidopsis/Brassica)
COMTI Bra029041 1082/1085
ELI3-2 Bo1032749 1080/792
VIC2 B01006503 1389/1326

Table 6-3: The B. rapa and B. oleracea genes used for putative B. napus COMTI,
ELI3-2 and VTC2 gene amplification, and the lengths of the coding sequences (CDS)
for both Arabidopsis and Brassica copies of each gene.
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Bra029041 ATS5G54160
1085bp 1082bp
1kb {_1_\ ( \
COMT1 1.5kb = ——  —
1kb
Bol032749 AT4G37990
792bp 1080bp
|
kb [ | ] 1kb
1.5kb  pe— B —— e w— ' kb
ELI3-2 1kb —— - S|
-— Y
Bo0l006503 AT4G26850
1326bp 1389bp
1kb ‘ \
1.5kb s
VTC2 -_— T —
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Figure 6-2: Primers designed to putative B. rapa and B. oleracea COMTI1, ELI3-2 and
VTC2 gene sequences successfully amplify B. napus genes. Gene primers designed to
amplify the full-length coding sequence of putative COMT1, ELI3-2 and VTC2 genes from
Bra029041, Bol032749 and Bol006503 nucleotide sequences, respectively, successfully
amplified B. napus gene products corresponding to the known B. rapa and B. oleracea
gene lengths. Gene-specific primers for Arabidopsis COMT1, ELI3-2 and VTC2 were also
used to amplify whole-gene products (latter two lanes for each panel), and the EFla
reference gene was amplified using primers specific for B. napus (first two lanes) and
Arabidopsis (last two lanes). The name of the B. rapa, B. oleracea or Arabidopsis gene to
which the primers were designed is indicated above each gel, along with the approximate
PCR product size expected. 1kb DNA ladder from New England Biolabs®.

Amplified products were cloned into the TA cloning vector pPCR™2.1 (Life Technologies)
and constructs were sequenced. The nucleotide sequences for each gene were
subsequently aligned to those of the corresponding Unigene and Brassica genes used for
primer design, to both check that the amplified products possessed some sequence
similarity to the selected Unigenes, and also to compare the B. napus sequence to that of
the B. rapa or B. oleracea gene used for primer design. Constructs found to possess B.
napus genes with sequence identity to the appropriate genes were retained for use as

standards in qRT-PCR, and also used for generating transgenic Arabidopsis lines.
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6.3  Generating transgenic Arabidopsis lines over-expressing B. napus genes

Generation of transgenic Arabidopsis plants over-expressing the putative B. napus COMT1,
ELI3-2 and VTC2 genes was achieved by sub-cloning the pCR™2.1 gene constructs
described in section 6.2 into Gateway destination vectors possessing the constitutive 355
promoter and either a GFP or 3xHA tag, and utilising a floral dip approach with
transformed Agrobacterium tumefaciens expressing these constructs. Three destination
vectors were employed for this purpose; the first pPGWB15, contained a 3xHA tag at the N-
terminus (Nakagawa et al., 2007), while the remaining two, pEZRLC and pEZRLN,
contained a GFP tag at the N-terminus and C-terminus, respectively (note, the “C” and “N”
of pEZRLC and pEZRLN indicate the position of the gene of interest in relation to the
GFP tag). Initially, all genes were destined to be sub-cloned into pGWBI15, however
unexplainable complications arose during sub-cloning, and as such only one gene
(COMTTI) was successfully cloned into pPGWBI135, while the other two genes consistently
failed to ligate with the vector. V7TC2 and ELI3-2 were instead later sub-cloned into the
two pEZRL vectors possessing a GFP tag, and as such a time gap exists between
transformation of Arabidopsis plants with 35Spro:3xHA-COMT1 constructs and
transformation with 35Spro:GFP-ELI3-2 and 35Spro:GFP-VTC2.

To the best of my knowledge, COMTI and ELI3-2 have not been previously over-
expressed in Arabidopsis or alternative plant species, therefore little is known about any
effects an N- or C-terminal tag could have on the activity of the translated protein, and the
project was unable to benefit from the use of pre-existing transgenic Arabidopsis lines to
additionally assess the effects of over-expressing native COMT1 on UV-B-mediated plant
defence. Several attempts to find reports of V'TC2 over-expressing lines failed, and as such
it was believed that no transgenic line existed. However, one report was recently
discovered describing an over-expressing V7TC2 Arabidopsis line driven by the 35S
promoter and tagged to YFP at the C-terminus (Muller-Moule, 2008), although the late
identification of this report in this project prevented obtaining this line from the authors
and its subsequent use in invertebrate bioassays, although it would be beneficial to access
seeds of this line for future comparisons with the project’s own 35Spro:GFP-VTC2 line.
Successful transformation of WT (Col-0) Arabidopsis plants with the different constructs
was confirmed by screening seeds on /2 MS agar or silicon dioxide plates containing the
appropriate antibiotics for the specific vectors (section 2.9.3 Materials and Methods), as
well as analysing protein levels of WT and transgenic plants by Western blots using

antibodies specific for the GFP and HA tags and amplifying Arabidopsis gene products
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using a forward primer specific to the 35S promoter and a reverse primer specific to the
particular B. napus gene in question. Homozygous 35Spro:3xHA-COMT]1 lines were
identified in this project, however plants over-expressing ELI[3-2 and VTC2 were still
segregating during the writing of this thesis, and as such these two lines will not be
discussed in the results section of this chapter, as further laboratory work is required to
assess the levels of over-expression in T3 lines, as well as their susceptibility to
invertebrate herbivory. The results obtained from studies with 35Spro:3xHA-COMT1 will
be described however, starting with identification of homozygous Arabidopsis lines

displaying heightened levels of putative B. napus COMT].

6.3.1 Transgenic Arabidopsis 35Spro:3xHA-COMT1 lines

Two Arabidopsis 35Spro:3xHA-COMT1 lines, referred to as 9.3 and 9.5, were found to
possess 100% resistance to kanamycin and gentamycin antibiotics when grown on silicon
dioxide plates (Figure 6-4A), and were additionally confirmed to possess the desired
construct upon gene expression analysis with one 35S-specific primer and one B. napus
COMTI-specific primer (Figure 6-3B), as well as with Western blot analysis using the
anti-HA antibody (Figure 6-3C). The presence of a protein possessing a molecular weight
of approximately 44 kDa in Figure 6-3C was indicative of 3xHA-tagged COMT], as it was
predicted that the encoded product of the putative B. napus COMTI would be
approximately 40 kDa based on knowledge of Arabidopsis COMT1 (Wirsing et al., 2011),
with the 3xHA tag itself being 3-4 kDa in size. The absence of an antibody-bound product
in the WT Col-0 sample and successful identification of 3xHA-PHOT1 in a transgenic
Arabidopsis line (kindly provided by a fellow lab member) further indicated that the band
present in the transgenic samples represents HA-tagged B. napus COMTI.

189



CHAPTER 6 RESULTS
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Figure 6-3: The generation of Arabidopsis 35Spro:3xHA-COMT1 transgenic lines is
confirmed via antibiotic resistance screens, genetic and protein analysis. A, antibiotic
resistance screens revealed two T3 35S8pro:3xHA-COMTT lines, referred to as 9.3 and 9.5,
that possess 100% resistance to kanamycin and gentamycin; B, semi-quantitative PCR
with a 35S8-specific forward primer and a B. napus COMTI-specific reverse primer
amplifies a PCR product in the transgenic lines, but not in WT Col-0, while C, Western
blot analysis of several individuals from the two lines using the anti-HA antibody reveals a
band at approximately 44 kDa, which matches the proposed size of the COMT]1 protein
(~40 kDa) plus the 3xHA tag (~3 to 4 kDa). The anti-HA antibody was unable to associate
with any protein in WT plants, but interacted with HA-bound PHOT1 in an internal control
sample from a 3xHA:PHOT] line. D, the relative abundance of COMT] transcripts in
white light-treated Arabidopsis transgenic and Col-0 lines in relation to the EF'/a reference
transcript. Error bars represent SD from 3 technical replicates. 3xHA:PHOT1 sample
used in C was kindly provided by Dr. Jonathan Schnabel.

To assess the degree of over-expression of COMTI in these transgenic lines, qRT-PCR
was conducted on white light-treated WT and 35Spro:3xHA-COMT]1 lines using internal
primers that annealed to conserved regions between the Arabidopsis and B. napus

sequence (Figure 6-3D). The two transgenic lines were found to possess an approximate 6

190



CHAPTER 6 RESULTS

to 16-fold increase in levels of COMTI expression compared to WT plants, with two
358pro:3xHA-COMT1 9.5 samples displaying higher transcript levels than 35Spro:3xHA-
COMT1 9.3 samples.

It was therefore confirmed that transformation of Arabidopsis Col-0 with putative B. napus
COMT1I was successful in producing a small number of over-expressing lines, one of
which was subsequently used in a series of invertebrate bioassays alongside Col-0 to
investigate UV-B-mediated defence responses of this plant to invertebrate herbivores

(section 6.5).

6.4  Arabidopsis comtl, eli3-2 and vtc2 SALK T-DNA-insertion lines

In addition to investigating the susceptibility of Arabidopsis lines over-expressing putative
B. napus orthologues of COMTI, ELI3-2 and VTC2 to invertebrate herbivores, studies
were conducted to assess if mutation of these genes or their encoded gene products also
affected interaction with pests. To this end, Arabidopsis SALK T-DNA-insertion mutants
of COMTI, ELI3-2 and VTC2 (SALK 135290C, SALK 206866C and SALK 146824C,
respectively) were obtained from The European Arabidopsis Stock Centre (NASC), and
subjected to a series of invertebrate bioassays following treatment with —UV-B or +UV-B
radiation. Before bioassays were conducted with these lines, however, more in-depth
analysis as to the nature of these mutations was carried out, by investigating the position of
the SALK T-DNA insertion in each line by referring to the TAIR database, genotyping leaf
samples using gene-specific and T-DNA-specific primers to check for homozygosity, and
establishing if these lines were knock-down or knock-out mutants using primers designed
to amplify the full-length coding sequence (Figure 6-4).

The positions of the T-DNA-inserts in the Arabidopsis COMTI and VTC2 genes were
easily located on the TAIR database, with the insert in the COMTI SALK 135290C line
positioned towards the end of the second exon and spanning right through to the end of the
third exon (Figure 6-4A), while that of V7TC2 (SALK 146824C) was found in the first
exon (Figure 6-4B). Genotyping of both mutants revealed the absence of a gene product
when two primers flanking the T-DNA insert were used (LP-RP), and the presence of an
amplicon in WT samples indicated that this observation was not due to a fault in the
primers. Amplification of a PCR product in the mutants with a left border T-DNA-specific
primer and a right border gene-specific primer (BP-RP) confirmed the presence of the T-

DNA insert in these lines, and the inability to produce a PCR product using primers for the
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full coding sequence of COMTI and VTC2 in cDNA of the mutants identified these lines
as being loss-of-function mutants.

The position of the T-DNA insert in ELI3-2 (SALK 206866C) has not yet been identified
on TAIR, however it is hypothesised to be located near the start of the second exon, due to
the fact that qRT-PCR primers previously designed in this project to amplify a small
fragment of ELI3-2 in the second exon were unable to produce a PCR product in eli3-2
mutants (Figure 6-4C). When the reverse primer for ELI3-2 was used in conjunction with
the T-DNA-specific primer, a fragment was successfully amplified indicating the presence
of the T-DNA insert in the suspected area of the EL/3-2 SALK 206866C line, and the lack
of PCR product in this mutant when gene-specific primers were used to amplify the full

length coding sequence implies that e/i3-2 is also a null mutant.
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Figure 6-4: Identifying T-DNA-insertion mutant lines of comtl, eli3-2 and vtc2. The
location of the T-DNA inserts in A, COMTI1, B, ELI3-2 and C, VTC2, and genotyping
results for each SALK T-DNA-insertion mutant line. Thick red bars represent untranslated
regions on each gene, while the thick light blue bars indicate exons; thin blue lines
represent introns and the dark blue triangles point to the approximate position of the T-
DNA insert in each gene. For genotyping, the first lane of each gel reveals the PCR
outcome when LP-RP primers flanking either side of the T-DNA insert were used on the
mutants; the second lane reveals the PCR outcome when a Left Border T-DNA-specific
primer and a gene-specific primer are used, with the presence of a band indicating the
presence of a T-DNA insert. The third and fourth lanes show the results of RT-PCR in
mutant and WT lines, respectively, using gene-specific primers designed to amplify the
full-length coding sequence of each gene. An additional gel in C underneath the proposed
position of the T-DNA insert on the second exon of £ELI3-2 shows how primers designed to
amplify a ~250 bp fragment on exon 2 successfully produce a PCR product in WT plants
but not in the e/i3-2 mutant. LP, Left Primer; RP, Right Primer; BP; T-DNA insert Border
Primer.
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6.4.1 UV-B-treated SALK T-DNA-insertion mutants of COMTI1, ELI3-2 and VTC2
are not more susceptible to Plutella herbivory than UV-B-treated Col-0 plants

Following on from genotyping, invertebrate bioassays were conducted with 3-week old
Col-0, comtl, eli3-2 and vtc2 lines previously subjected to either 4 days under UV-B-
supplemented white light or white light-only conditions. Bioassays were conducted to

compare the average area of leaf tissue consumed by Plutella herbivores between:

* -UV-B- and +UV-B-treated plants of the same genotype,
¢ -UV-B-treated mutant and Col-0 plants,

e +UV-B-treated mutant and Col-0 plants.

This was achieved by individual choice chamber cages containing one of the following

genotype setups:

*  One -UV-B- and one +UV-B-treated plant of the same genotype (Figures 6-5A-D),
*  One -UV-B-treated mutant and one -UV-B-treated Col-0 plant (Figures 6-5E-G),
*  One +UV-B-treated mutant and one +UV-B-treated Col-0 plant (Figures 6-5H-J).

By conducting the bioassays in this manner, a direct comparison of the areas consumed
between mutant and WT plants in the same choice chamber could be made.

The ability of UV-B radiation to reduce susceptibility of Col-0 plants to Plutella herbivory
is shown in Figure 6-5A, a finding that was also observed in the com¢/ and eli3-2
phenylpropanoid pathway-mutants (Figures 6-5B and C), but absent in the vfc2 mutant
(Figure 6-5D). Bioassays directly comparing the average area of leaf tissue consumed by
Plutella on Col-0 and comtl lines found no significant difference in susceptibility of either
to Plutella herbivory when grown under white light-only (Figure 6-5E) or supplementary
UV-B conditions (Figure 6-5H). The same observation is seen with Col-0 and vtc2
mutants exposed to —UV-B (Figure 6-5G) or +UV-B conditions (Figure 6-5J), as no
statistically significant difference in average leaf area consumed from either line is found,
despite a slight suggestion that v¢c2 mutants sustain marginally more damage than Col-0
plants following —UV-B (Figure 6-5G) or +UV-B (Figure 6-5J) treatment. However, as
only three biological replicates of these bioassays were conducted and Plutella only
consumed small quantities of leaf tissue on both WT and vtc2 lines following —UV-B or
+UV-B treatment, this observation may be coincidental.

While comtl and vtc2 lines sustained similar levels of Plutella herbivory as Col-0

(regardless of the light treatment), e/i3-2 mutants grown under —UV-B conditions sustained
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significantly higher levels of consumption than Col-0 plants (Figure 6-4F), although this
finding is absent when comparing the extent of Plutella herbivory on UV-B-treated Col-0
and eli3-2 plants (Figure 6-41).
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Figure 6-5: UV-B radiation has different effects on the susceptibility of three SALK T
DNA-insertion lines to Plutella herbivory. The average area of leaf tissue consumed by
Plutella on A, Col-0, B, E and H, comtl, C, F, and 1, e/i3-2 and D, G and J, vtc2. Panels A-
D display the results obtained from bioassays comparing -/+UV-B-treated plants of the same
genotype; panels E-G present findings from bioassays comparing Col-0/mutants maintained
under —UV-B conditions, and panels H-J display the results obtained from bioassays
comparing Col-0/mutants grown under +UV-B conditions. Arabidopsis previously grown for
17 days under 70 umol m->s™' of continuous white light were either maintained under the same
conditions or exposed to white light plus supplementary UV-B at 1.5 umol m-*s™ (+UV-B) for
4 days before conducting bioassays with second instar Plutella larvae. Larvae were starved for
1 hour, and 5 were placed an equal distance between the two plants in each bioassay.
Bioassays ran for 48 hours under a long day photoperiod (16h light:8h dark). Bars represent
mean = SEM of three biological replicates.
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These results indicate that the two phenylpropanoid mutants, comtl and eli3-2, conserve
UV-B-mediated defence responses against Plutella larvae, while vic2 mutants are
incapable of enhancing their defence responses against Plutella in a UV-B dependent

manner.

6.4.2 fahl-7 mutants do not display UV-B-mediated defence against slug herbivory

Selection of COMT for over-expression in Arabidopsis was accredited to a previous study
which implicated one enzyme located upstream of COMTI1 in the phenylpropanoid
pathway, FERULIC ACID 5-HYDROXYLASE (F5H), as a potential component of UV-
B-enhanced defence mechanisms in Arabidopsis against B. cinerea (Demkura and Ballaré,
2012). F5H encodes a cytochrome P450-dependent monooxygenase essential for the
synthesis of both sinapate esters and syringyl lignin (Ruegger et al., 1999). Use of a
mutant deficient in FSH, fahl-7, alongside its WT Col-0 progenitor demonstrated that loss
of this enzyme from Arabidopsis prevented a UV-B-dependent reduction in susceptibility
of this line to B. cinerea, as —UV-B- and +UV-B-treated fahl-7 mutants sustained similar
lesion areas following infection from this fungus (Demkura and Ballaré, 2012). To the
best of my knowledge, no studies have been conducted to investigate invertebrate feeding
preferences on -/+UV-B-treated fah -7 mutants, and as the results from work published by
Demkura and co-workers (2012) fuelled selection of COMT1I for further analysis, it was
decided to investigate if fahl-7 mutants retain a UV-B-induced reduction in susceptibility
to slug herbivory (Figure 6-6). To this end, Col-0 and fahl-7 plants were grown under —
UV-B conditions for 17 days, and either maintained under these conditions or exposed to
white light supplemented with 1.5 umol m™s™ broadband UV-B for 4 days before being
presented to juvenile slugs.

UV-B-treated Col-0 plants appeared less susceptible to slug herbivory than —UV-B-treated
plants (Figure 6-6A), although this finding was not deemed statistically significant on
account of the variation in total leaf area consumed by invertebrates in different biological
replicates (Figure 6-6B). The fahl-7 mutant did not display any reduction in susceptibility
to slug herbivory (Figure 6-6C), with the individual results from the 5 biological replicates
(Figure 6-6D) indicating no conclusive feeding preference of slugs for one light-treated

plant over another in the separate choice chambers.
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Figure 6-6: UV-B radiation does not reduce the susceptibility of fah1-7 plants to slug
herbivory. A, the average area of leaf tissue consumed by slugs in Col-0 plants, and B, the
area of tissue consumed in four Col-0 biological replicates. C, the average area of leaf tissue
consumed by slugs in fahl-7 mutants, and D, the area of tissue consumed in five fahl-7
biological replicates. Arabidopsis previously grown for 17 days under 70 umol m-*s" of
continuous white light received 70 umol m-*s™ of white light (-UV-B) or white light plus
supplementary UV-B at 1.5 umol m-*s™' (+UV-B) for 4 days before conducting bioassays with
juvenile slugs. Slugs were starved for ~ 16 hours, and one was placed an equal distance
between one —UV-B and one +UV-B plant in each bioassay. Bioassays ran for 48 hours under
a long day photoperiod (16h light:8h dark). Bars for A represent mean + SEM.

These findings indicate that fahl-7 mutants lack UV-B-mediated defence against slug
herbivores, which complements the results obtained by Demkura and co-workers on B.
cinerea. While fahl-7 is noticeably less capable of inducing UV-B-dependent defence
mechanisms against slugs than comt! is against Plutella larvae (Figure 6-5B), the results
from Figure 6-6 suggest that the particular branch of the phenylpropanoid pathway in
which FSH (and COMT1) are active may be important in mediating UV-B-enhanced

defence.
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6.5  Over-expression of B. napus COMTI in Arabidopsis enhances plant defence

against Plutella herbivory in a UV-B-dependent manner

To conclude upon the results obtained from this study, findings from invertebrate
bioassays with the 35Spro:3xHA-COMT]1 lines detailed in section 6.3.1 are presented.
Plant treatments and choice chamber setup was as described in section 6.4.1, with the
358pro:3xHA-COMT1 9.5 line used alongside the progenitor Col-0 ecotype. White light-
and UV-B-treated 35Spro:HA-COMT1 9.5 plants were presented to Plutella larvae in
choice chambers, and the areas of leaf tissue consumed were measured after a 48-hour
period. UV-B radiation was found to significantly reduce the attractiveness of 35Spro:HA-
COMT1 9.5 plants to Plutella larvae compared to —UV-B-treated transgenic plants, as the
invertebrates consumed higher levels of plants maintained under white light for 3 weeks
(Figure 6-7). This response was noticeable upon visual examination of the plants (Figure
6-7A) and by measuring the average area of leaf tissue consumed in 5 biological replicates,
as larvae were found to consume ~90% more tissue on —UV-B-treated transgenic plants
than +UV-B-treated plants (Figure 6-7B). Examination of each biological replicate
highlighted the clear preference of Plutella for —UV-B-treated 35Spro:HA-COMT1 9.5
plants over those exposed to UV-B radiation (Figure 6-7C). While the Col-0 progenitor
line was likewise shown to be less susceptible to invertebrate herbivory following
exposure to UV-B radiation (Figure 6-5A), the difference in the average area of leaf tissue
consumed by Plutella in -/+UV-B-treated Col-0 plants was not found to be as statistically
significant as that for 35Spro:HA-COMTI1 plants (p-0.04 for Col-0, p-0.0004 for
35Spro:HA-COMTT 9.5).

To determine if any differences exist in the susceptibility of Col-0 and 35Spro:3xHA-
COMT1 9.5 lines to Plutella herbivory, bioassays were setup to directly compare the
feeding preferences of Plutella presented with one Col-0 and one 35Spro:HA-COMT1
plant previously grown under white light-only (-UV-B; Figure 6-8) or supplementary UV-
B radiation (+UV-B; Figure 6-9).
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Figure 6-7. UV-B-treated Arabidopsis 35Spro:HA-COMT1 95 over-expressing plants
are less susceptible to Plutella herbivory than —UV-B-treated over-expressing lines. A,
the wvisual difference in Plutella feeding between —-UV-B- and +UV-B-treated
358pro:3xHA-COMT1 plants, B, the average area of leaf tissue consumed by larvae on -
/+UV-B-treated plants, and C, the area of leaf tissue consumed by larvae in each biological
replicate. Arabidopsis plants were grown under 70 umol m™s™ white light in the absence
of UV-B for 17 days before being either transferred to +UV-B conditions (70 umol m?s™
white light + 1.5 umol m™ s broadband UV-B), or maintained under —-UV-B conditions
for 4 days. Choice chambers contained one -UV-B and one +UV-B plant side by side.
Ten 2™ instar larvae were transferred to the cage with a fine paintbrush following a 1-hour
period of starvation, being deposited an equal distance between the two plants. Bioassays
ran for 48 hours under a long day photoperiod (16h light:8h dark). N=5. Bars on B
represent estimated mean £ SEM. Significance of the UV-B treatment against the -UV-B-
treatment was calculated using ANOVA and Tukey’s Honest Significant Difference (HSD)
post-hoc test: p<0.001 (0.0004).
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Visual observations of white light-treated Col-0 and 35Spro:3xHA-COMT1 9.5 plants
along with comparison of the average area of leaf tissue consumed by Plutella larvae on
each line shows no significant difference in the susceptibility of either ecotype to herbivory
following exposure to —UV-B conditions (Figure 6-8A and B). The area of tissue
consumed by larvae in each biological replicate identified a slight trend in Plutella
preference for Col-0 over transgenic lines, with 80% of replicates sustaining higher levels
of tissue consumption on —UV-B-treated WT plants (Figure 6-8C). The variation in
quantity of tissue consumed in each replicate, however, may mask any statistical
significance of this observation, and as such further replicates are required to continue
investigating the effects of different light treatments on Col-0 and 35Spro:3xHA-COMT1
9.5 susceptibility to Plutella herbivory.
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Figure 6-8. Col-0 and 35Spro:HA-COMT]1 plants are both susceptible to Plutella
herbivory following —UV-B irradiation. A, the visual difference in Plutella feeding
between Col-0 and 35Spro:3xHA-COMT]1 plants grown under white light-only conditions,
B, the average area of leaf tissue consumed by larvae on each ecotype, and C, the area of
leaf tissue consumed by larvae in each biological replicate. Arabidopsis plants were grown
under 70 umol m™s™ white light in the absence of UV-B for 21 days. Choice chambers
contained one Col-0 and one 35Spro:3xHA-COMTI plant, with ten 2™ instar larvae
transferred to each cage with a fine paintbrush at an equal distance between the two plants
following a 1-hour period of starvation. Bioassays ran for 48 hours under a long day
photoperiod (16h light:8h dark). N=5. Bars on B represent estimated mean = SEM.
Significance of the UV-B treatment against the —UV-B-treatment was calculated using
ANOVA and Tukey’s Honest Significant Difference (HSD) post-hoc test: p-0.37.
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UV-B-treated 35Spro:HA-COMT1 9.5 and Col-0 lines were not found to be equally
susceptible to Plutella larvae, as Col-0 plants sustained significantly higher levels of
consumption from Plutella larvae than the transgenic line (Figures 6-9A and B).
Examination of the results obtained from the 5 biological replicates again highlight a clear
preference of Plutella for consuming Col-0 plants over 35Spro:HA-COMT1 9.5 (Figure 6-
9C). It is also interesting to note that while the area of tissue consumed on Col-0 plants
fluctuates over the biological replicates, the quantity of 35Spro:HA-COMT]1 9.5 leaf tissue

consumed remains fairly constant.
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Figure 6-9. UV-B-treated Col-0 plants are more susceptible to Plutella herbivory than
UV-B-treated 35Spro:HA-COMT1 plants. A, the visual difference in Plutella feeding
between +UV-B-treated Col-0 and 35Spro:3xHA-COMT1 plants, B, the average area of
leaf tissue consumed by larvae on each ecotype, and C, the area of leaf tissue consumed by
larvae in each biological replicate. Arabidopsis plants were grown under 70 umol m?s™
white light in the absence of UV-B for 17 days before being either transferred to +UV-B
conditions (70 umol m?s™ white light + 1.5 umol m™s™' broadband UV-B), or maintained
under —UV-B conditions for 4 days. Choice chambers contained one Col-0 and one
35Spro:HA-COMT!1 plant side by side. Ten 2™ instar larvae were transferred to the cage
with a fine paintbrush following a 1-hour period of starvation, being deposited an equal
distance between the two plants. Bioassays ran for 48 hours under a long day photoperiod
(16h light:8h dark). N=5. Bars on B represent estimated mean + SEM. Significance of
the UV-B treatment against the —UV-B-treatment was calculated using ANOVA and
Tukey’s Honest Significant Difference (HSD) post-hoc test: p<0.001 (0.0009).

201



CHAPTER 6 RESULTS

These results collectively indicate that over-expression of putative B. napus COMTI in
Arabidopsis not only heightens UV-B-induced defence responses against Plutella larvae in
comparison to —UV-B-treated plants of the same transgenic lines (Figure 6-7), but also in

comparison to WT plants previously treated with UV-B radiation (Figure 6-9).

6.6 Discussion

The identification of B. napus transcripts commonly up-regulated in response to UV-B
radiation, MeJA application, slug herbivory and/or Plutella herbivory using an RNA-seq
approach (section 4.4, Chapter 4) facilitated the selection of several genes for over-
expression in Arabidopsis to assess any roles they may have in promoting UV-B-enhanced
plant defence. Annotation of these B. napus transcripts, based on their sequence similarity
to the Arabidopsis genome, revealed that they putatively encode components of sinapate
and lignin biosynthesis in the phenylpropanoid pathway (ELI3-2; Figure 6-1A) and
ascorbic acid biosynthesis in the Smirnoff-Wheeler pathway (VTC2; Figure 6-1B). These
genes were previously described as being UV-B- or wound-responsive (Brown et al., 2005,
Favory et al., 2009, Suza et al., 2010), with their encoded products implicated in promoting
plant protection or defence against UV radiation or invertebrate and microbial pests
(Schmelzer et al., 1989, Kiedrowski et al., 1992, Burmeister et al., 2000, Schlaeppi et al.,
2008, Konig et al., 2014). In addition to ELI3-2 and VTC2, a third gene, COMTI, was
selected for further analysis due to a recent study implicating the biological pathway in
which COMT1 is active (sinapate and lignin biosynthesis in the phenylpropanoid pathway)
in mediating Arabidopsis defence against the necrotrophic pathogen, B. cinerea, in a UV-
B-dependent manner (Demkura and Ballaré, 2012). The effects of over-expressing
putative B. napus orthologues of these genes in Arabidopsis was assessed by performing
Plutella bioassays with transgenic and WT lines, with parallel assays using Arabidopsis
loss-of-function mutants impaired in the expression of COMTI, ELI3-2 and VTC?2 also
conducted to assess if loss of Arabidopsis encoded products of these genes affects plant
vulnerability to invertebrate consumption. The findings from these invertebrate bioassays
with transgenic and mutant Arabidopsis lines shall be discussed in this final section of this
chapter, along with suggestions of future work that needs to be conducted to support these
findings and continue elucidation of the molecular mechanisms of UV-B-enhanced

resistance in B. napus.
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6.6.1 Arabidopsis loss-of-function mutants and their susceptibility to Plutella

herbivory

While generating Arabidopsis transgenic lines over-expressing putative B. napus
orthologues of COMT1I, ELI3-2 and VTC2, a series of SALK T-DNA-insertion mutants
were obtained to assess if the absence of functional encoded products of these three genes
affects plant susceptibility to invertebrate herbivory (section 6.4.1). After locating the
position of the T-DNA insert in each gene, confirming their homozygosity and identifying
them as loss-of—function mutants (Figure 6-4), a series of bioassays were conducted to
compare the average area of leaf tissue consumed on -/+UV-B-treated mutants and Col-0
progenitor plants (Figures 6-5A-D). UV-B-treated Col-0 plants appeared less susceptible
to Plutella herbivory than —UV-B-treated plants (Figure 6-5A), an observation that was
also reported for the two phenylpropanoid mutants, comt! and eli3-2, as plants from both
lines previously treated with UV-B radiation sustained a smaller average loss of tissue by
Plutella herbivores than mutants maintained under —UV-B conditions (Figures 6-5B and C,
B respectively). This finding indicated that loss of COMT1 or ELI3-2 from Arabidopsis
did not affect UV-B-mediated plant defence against invertebrate pests, suggesting that
either these components of the phenylpropanoid pathway are not implicated in this
biological response, or that functional redundancy exists between multiple proteins in this
branch of the phenylpropanoid pathway.

There is a strong case for functional redundancy influencing the results from these
bioassays, with COMT]1 reported to have similar substrates to the closely related caffeoyl
coenzyme A dependent O-methyltransferase 1 (CCoAOMT1) for methylation in the
biosynthesis of lignin monomers, coniferyl and sinapoylalcohol, and has additionally been
proposed to overlap with CCoAOMTT in the methylation of residual hydroxycinnamic
acid amides during flower bud development (Fellenberg et al., 2012). While it is therefore
possible that CCoAOMTT1 can compensate for the absence of functional COMTTI in comtl
mutants on account of their overlapping roles in plants, it is important to note that both
enzymes still display preferences for select substrates over others, with COMT1 exhibiting
methylation preferences for 5-hydroxyferuloyl CoA derivatives and certain flavonols such
as quercetin, while CCoAOMT1 shows a strong preference for caffeoyl coenzyme A
(Fellenberg et al., 2012). Therefore, CCoOAOMT1 may only partially restore COMT1
processes in plants, if at all.

Functional redundancy may also exist in the e/i3-2 mutant, as this protein is one of at least

9 (possibly 17) members of the ELI/CAD family involved in the biosynthesis of
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monolignol and lignin. A previous report investigating the structural profile of various cad
mutants revealed little change in the overall lignin composition of these plants (Kim et al.,
2007a), a finding which the authors concluded was a reflection of the degree of
redundancy between these proteins, extending this statement to indicate that single
ELI/CAD proteins were not rate-limiting in lignin biosynthesis. ELI/CAD family
members possess varying roles in the biosynthesis of monolignol and lignin, with ELI3-2
(aka CADS), CAD4, CADS and CAD7 believed to possess only minor roles in the
formation of these biopolymers. It is therefore possible that a mutation in either of the
genes encoding these 4 proteins will not significantly affect plant attractiveness to
invertebrate pests, or that some degree of functional redundancy exists between these
proteins. Regardless of the presence of any functional redundancy in these two
phenylpropanoid mutants, it is clear that loss of functional COMTI1 and ELI3-2 from
Arabidopsis does not significantly affect their attractiveness to Plutella larvae following -
/+UV-B exposure in comparison to WT plants. Over-expression of these genes may
provide more insight into any affect these two proteins may have in UV-B-mediated plant
defence.

In contrast to the phenylpropanoid mutants, the UV-B-treated vic2 mutant was as
susceptible to Plutella grazing as —UV-B plants of the same genotype (Figure 6-5D), with
statistical analysis finding no difference between the areas of leaf tissue consumed by
larvae in three biological replicates with these mutants. Biosynthesis of ascorbic acid
(AsA) may therefore be important in conferring plant defence against invertebrate pests in
a UV-B-dependent manner, a perhaps unsurprising finding considering previous reports
implicating this compound in promoting plant protection against UV-B radiation (Landry
et al., 1995, Conklin et al., 1996, Gao and Zhang, 2008, Kusano et al., 2011) and herbivore
or pathogen attack (Burmeister et al., 2000, Conklin and Barth, 2004) by serving as an
effective ROS scavenging agent and enhancer of myrosinase activity in the hydrolysis of
glucosinolates (Burmeister et al., 2000). Whether or not the lack of UV-B-mediated
defence in vtc2 mutants is attributed to modified ROS activity or slower accumulation of
glucosinolates remains elusive, however metabolomic analysis of this mutant and the over-
expressing line would be informative in revealing differences in the chemical profiles of
these plants.

Additional bioassays with mutant and Col-0 lines attempted to directly compare Plutella
feeding preferences when presented with —UV-B-treated mutant and Col-0 plants (Figure
6-5 E-G) or with +UV-B-treated mutant and Col-0 plants (Figure 6-5 H-J). These

experiments found little difference in the susceptibility of Col-0 and comt! lines (Figures
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6-5E and H) and Col-0 and v¢c?2 lines (Figures 6-5G and J) to Plutella herbivory following
either light treatment. However, -UV-B-treated eli3-2 plants were significantly more
attractive to Plutella larvae than WT plants (Figure 6-5F), an observation that was absent
when both genotypes were grown under +UV-B conditions (Figure 6-51) suggesting that
loss of ELI3-2 could affect the overall attractiveness of Arabidopsis plants to Plutella
while conserving UV-B-mediated defence responses that are indistinguishable between
Col-0 and eli3-2 lines. This heightened attraction of larvae to eli3-2 mutants over WT
lines could be a direct result of changes to the chemical composition of these mutants, as it
has previously been documented that down-regulation of ELI in poplar results in
incorporation of hydroxycinnamyl aldehyde monolignol precursors in lignin (Ralph et al.,
2001). Whether or not the increased deposition of hydroxycinnamyl aldehyde monolignol
precursors would affect plant susceptibility to herbivory is unknown. Examination of the
lignin content of both the e/i3-2 mutant and transgenic lines would be beneficial in further
elucidating if removal of ELI3-2 generally affects the attractiveness of plants to

invertebrates.

6.6.1.2 fah1-7 mutants lack UV-B-enhanced defences against slug herbivores

Work published by Demkura and co-workers (2012) implicating a cytochrome P450-
dependent monooxygenase, FERULIC ACID 5-HYDROXYLASE (F5H), in promoting
UV-B-enhanced defence against B. cinerea in Arabidopsis fuelled selection of COMT1 for
over-expression in this study, due to COMT1 being located downstream of F5H in the
phenylpropanoid pathway and likewise serving as an important component in the
biosynthesis of lignin and sinapates, and also on account of no previous report describing
any role of COMT1 in UV-B-mediated plant defence, therefore making any result obtained
from mutant and transgenic lines novel. The aforementioned study reported a loss of UV-
B-mediated defence in the FSH mutant (fahl-7) to B. cinerea, made evident by —UV-B-
and +UV-B-treated mutant plants possessing similar lesion areas resulting from B. cinerea
infection. As the authors did not investigate the susceptibility of this line to invertebrate
pests following treatment with or without UV-B radiation, and on account of selection of
COMTI for over-expression being based on the results obtained with fah -7 and B. cinerea,
it was deemed appropriate to investigate if Arabidopsis plants impaired in the expression
of F5H were affected in their vulnerability to invertebrate consumption. To this end, fahl-
7 and Col-0 mutants were subjected to slug herbivory following a 4-day exposure to either

white light or UV-B-supplemented white light (Figure 6-6). The fahl-7 mutants appeared
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equally as susceptible to slug herbivory following exposure to -/+UV-B radiation (Figure
6-6C), with the results of the individual replicates (Figure 6-6D) showing little pattern in
feeding preference of slugs between -/+UV-B-treated mutants in the 5 choice chambers.
However, the UV-B-induced reduction in Col-0 susceptibility to slug herbivory was not
deemed statistically significant in Figure 6-6A, a surprising result likely attributed to the
variation in total leaf area consumed by slugs in the 4 biological replicates, of which no
logical explanation can be provided. As these replicates were conducted over the same 48-
hour period, the extreme variation between the first two biological replicates presented in
Figure 6-6B and replicates 3 and 4 cannot be attributed to variation in treatment conditions.
However, it is clear from the individual replicates that larger areas of leaf tissue from —
UV-B plants were consumed by slugs in the majority of choice chambers (Figure 6-6B), a
result which is similar to previously observed feeding preferences of Plutella larvae on -
/+UV-B-treated Col-0 plants (Figures 3-8 and 6-6 in Chapter 3 and 6, respectively). As
such, it can provisionally be concluded that fah /-7 mutants lack UV-B-enhanced defence
responses against slug herbivores.

It 1s difficult to compare the results from the fahl-7 bioassays (Figure 6-6) to those with
comtl (Figure 6-5), as slug invertebrates were used for one study and Plutella for the other,
respectively. The use of slugs as opposed to Plutella larvae in the fahl-7 bioassays was
due to resource limitations, as several invertebrate bioassays clashed with one another at
the same time, and not enough slugs were available to repeat the bioassays from Figure 6-5
with the loss-of-function mutants. However, the results obtained from bioassays with
fahl-7 mutants and slugs complemented what has previously been described with -/+UV-
B-treated mutants and B. cinerea (Demkura and Ballaré, 2012), therefore while some
differences may exist in susceptibility of fahl-7 and comtl mutants to invertebrate
herbivory, it can be concluded that loss of functional FSH from Arabidopsis prevents
activation of UV-B-enhanced defence mechanisms against B. cinerea (Demkura and

Ballar¢, 2012) and slug herbivory (Figure 6-6).

6.6.2 Over-expression of putative B. napus COMTI in Arabidopsis heightens plant

defence against Plutella herbivores in a UV-B-dependent manner

To further establish any potential roles of the encoded COMT1, ELI3-2 and VTC2 products
in mediating UV-B-induced plant defence against invertebrate pests, transgenic
Arabidopsis lines over-expressing putative B. napus orthologues of these genes in the Col-

0 background were generated using several vectors containing the constitutive 35S
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promoter and either a 3xHA or GFP tag. The unfortunate issues encountered in generating
expression vectors containing putative B. napus ELI3-2 and VTC2 genes, and the late
transformation of Arabidopsis plants with these constructs, prevented the production of
homozygous T3 lines and subsequent analysis and experimental work with these lines
from being conducted before the end of the experimental period in this project. However,
experiments and invertebrate bioassays shall be conducted in the near future with lines that
are currently segregating, which will allow the effects of over-expressing putative B. napus
ELI3-2 and VTC?2 genes in Arabidopsis on UV-B-mediated plant defence to be revealed.

In the meantime, results obtained from invertebrate bioassays with one T3 35Spro:3xHA-
COMT1 line, referred to as 9.5, shall be discussed. Production of two homozygous T3
358pro:3xHA-COMT1 lines (9.3 and 9.5) was achieved via antibiotic resistance screens,
protein and gene expression analysis (Figure 6-3A and D), however no bioassay results
from the 35Spro:3xHA-COMTI 9.3 line were shown in this chapter, due to only a small
number of replicate choice chambers being conducted to compare -/+UV-B-treated
358pro:3xHA-COMT1 9.3 susceptibility to Plutella herbivory. As such, further bioassays
(incorporating —UV-B- and +UV-B-treated Col-0 lines) need to be carried out before
conclusions can be made on the susceptibility of this line to invertebrate herbivores.

The results from bioassays with the 355pro:3xHA-COMT]1 9.5 line, which exhibited a 16-
fold increase in COMT1 expression (Figure 6-7), showed that like the Col-0 progenitor,
+UV-B-treated transgenic lines sustained less consumption from Plutella herbivores than —
UV-B transgenic plants, indicating that over-expression of putative B. napus COMTI in
Arabidopsis conserves UV-B-mediated plant defence responses. To assess any differences
in susceptibility of the 35Spro:3xHA-COMT1 9.5 transgene and Col-0 to Plutella
herbivory, bioassays were conducted to study the average area of leaf tissue consumed on
—UV-B-treated Col-0 and 35Spro:3xHA-COMTT1 9.5 (Figure 6-8) and +UV-B-treated Col-
0 and 35Spro:3xHA-COMTI1 9.5 (Figure 6-9). The results from bioassays comparing —
UV-B-treated Col-0 and 35Spro:3xHA-COMTT 9.5 revealed no statistical difference in the
average area of leaf tissue consumed (Figure 6-8B), although it would be beneficial to
conduct several more repeats of these bioassays, as examination of the individual
biological replicates suggests that Plutella larvae prefer consuming Col-0 plants over the
358pro:3xHA-COMT1 9.5 transgenic plants (Figure 6-8C). The lack of statistical
significance in these bioassays may be attributed to the variable quantities of leaf tissue
consumed over the 5 biological replicates, and further repeats may help clarify if a Col-0-
preference does exist, or if —-UV-B-treated Col-0 and 35Spro:3xHA-COMT]1 9.5 plants are

equally as susceptible to Plutella herbivory. An evident preference of Plutella for +UV-B-
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treated Col-0 plants over the 35Spro:3xHA-COMT1 9.5 line is observed in Figure 6-9,
with approximately 65% less leaf tissue area consumed on the transgenic line than the WT
plants, an observation found to be statistically significant across the 5 biological replicates
(»-0.0009; Figure 6-9B). Indeed, a Plutella preference for consuming Col-0 plants over
the 35Spro:3xHA-COMT1 9.5 line is observed across the replicates (Figure 6-9C), with
~30 to 75% less tissue being consumed on the transgenic line than the WT plants in each
replicate, highlighting an enhanced ability of 35Spro:3xHA-COMT1 9.5 to successfully
deter Plutella larvae in a UV-B-dependent manner.

To reinforce the results obtained with 35Spro:3xHA-COMT1 9.5, and to better assess if
over-expression of putative B. napus COMTI in Arabidopsis can enhance UV-B-mediated
defence responses, bioassays with additional lines must be conducted. Identification of
additional lines over-expressing varying levels of COMT1 would also be advantageous, not
only to establish a minimum level of over-expression required for heightening UV-B-
mediated plant defence to invertebrates, but also to assess any changes in the structural
composition of these plants, in relation to lignin deposition, which could indicate the
molecular mechanisms of this enhanced UV-B-mediated defence response. If bioassays
with additional transgenic lines are successful in demonstrating that over-expression of 5.
napus COMTI in Arabidopsis can enhance UV-B-mediated resistance against invertebrate
pests, then metabolomic analysis of these lines will also be invaluable in identifying key
compounds and metabolites involved in this response. In addition to assessing the
molecular basis of enhanced UV-B-mediated defences in 35Spro:3xHA-COMTI,
bioassays should also be conducted with slugs to determine if this herbivore responds to

UV-B-treated 35Spro:3xHA-COMTT1 9.5 lines in a similar manner as Plutella larvae.

6.6.3 Conclusions and outlooks

The experiments presented in this chapter aimed to investigate if modification of the levels
of COMTI, ELI3-2 or VTC2 in Arabidopsis affected plant susceptibility to invertebrate
herbivory in bioassay experiments. The conserved UV-B-enhanced defence response of
comtl and eli3-2 mutants suggested either that these components of the phenylpropanoid
pathway are not involved in conferring UV-B-mediated defence to plants, that functional
redundancy between components of this biological pathway exists, or that input from
multiple components and/or biological pathways is required to confer UV-B-mediated
plant defence against invertebrate pests. Bioassays with transgenic Arabidopsis lines

possessing elevated levels (~16-fold) of COMT1I found that these lines not only exhibited
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UV-B-mediated plant defence against Plutella larvae, but also appeared to possess
enhanced levels of UV-B-dependent defence mechanisms, due to +UV-B 35Spro:3xHA-
COMTI 9.5 plants receiving less consumption from larvae than +UV-B Col-0 plants.
While these bioassays need to be conducted on more 35Spro:3xHA-COMT1 plants to
support the findings from this particular transgenic line, the results suggest that the
phenylpropanoid pathway is important in conferring UV-B-mediated defence against
Plutella larvae. As no bioassays have yet been conducted on homozygous 35Spro:GFP-
ELI3-2 lines, it cannot be confirmed if additional components of this pathway are
implicated in plant defence responses in the presence of UV-B. Likewise, the potential
affects of over-expressing putative B. napus VTC2 in Arabidopsis on UV-B-mediated
defence are yet to be discovered, although it is hypothesised that enhancing levels of this
gene in Arabidopsis could increase plant defence against Plutella, based on the findings
from bioassays with vfc2 mutants which showed that this line lacks UV-B-mediated
defence responses against this particular herbivore. On-going research with segregating
358Spro:GFP-ELI3-2 and 35Spro:GFP-VTC2 lines will reveal their potential to influence
UV-B-mediated defence responses in plants, however it can be concluded from the results
presented in this chapter that the phenylpropanoid pathway is implicated in mediating plant
defence against Plutella in a UV-B-dependent manner. Continuation of this research on
Arabidopsis and generation of additional transgenic B. napus lines expressing these and
other constructs will determine if it is possible to heighten the defence responses of this

agriculturally important crop in a UV-B-dependent manner.
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Chapter 7: Final Discussion

7.1 Introduction

UV-B radiation (280-315 nm) is a small yet potent component of sunlight that serves as an
important environmental stimulus to plants, regulating various developmental and
photomorphogenic processes while activating a series of UV-protective mechanisms (Flint
et al., 2008, Jenkins, 2009, Tilbrook et al., 2013). Additionally, UV-B radiation has
previously been shown to enhance plant resistance against a selection of invertebrate pests,
with removal of UV-B from the growing environment of plants increasing their
attractiveness and susceptibility to invertebrate herbivory and oviposition (Rousseaux et al.,
1998, Izaguirre et al., 2003, Zaller et al., 2003, Rousseaux et al., 2004, Caputo et al., 2006,
Foggo et al., 2007) as well as their vulnerability to necrotrophic pathogens such as B.
cinerea (Demkura and Ballaré, 2012). The involvement of UV-B radiation in promoting
plant resistance against herbivore pests has received much attention over the past several
decades, however the exact molecular mechanisms underpinning the convergence between
the UV-B- and herbivore-responsive signalling pathways remain elusive. This study
sought to elucidate the molecular basis of UV-B-enhanced resistance in the commercially
important crop, Brassica napus (oilseed rape), against larvae of the diamondback moth,
Plutella xylostella, and the grey field slug, Deroceras reticulatum, using a transcriptomic
and global metabolomics approach. The key findings from this study are discussed and
reflected upon in this final chapter, and a model depicting the molecular mechanisms of
UV-B-mediated B. napus resistance against pests as interpreted from these results is

provided along with suggestions for future work.

7.2 UV-B and UV-A radiation reduces the susceptibility of B. napus and
Arabidopsis to slug and Plutella grazing

The effects of UV-B radiation on plant susceptibility to invertebrates has been examined in
numerous plant species, however relatively few studies have investigated UV-B-mediated
resistance against pests in commercially important crops, such as B. napus. Based on
findings from previous studies in two close relatives of B. napus, Arabidopsis and broccoli
(B. oleracea)(Caputo et al., 2006, Kuhlmann and Muller, 2009a, Demkura and Ballaré,
2012), it was hypothesised that -UV-B B. napus plants would sustain greater levels of
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consumption from invertebrate pests than UV-B-treated plants, a theory that was
confirmed using choice chamber bioassays with Plutella larvae and juvenile slugs (Chapter
3). Both herbivores were repeatedly found to consume larger areas of leaf tissue on -UV-B
B. napus plants than on +UV-B plants, indicating that UV-B radiation can induce
modifications in B. napus that subsequently reduces its susceptibility to these pests.
Similar results were obtained from bioassays with -/+UV-B-treated Arabidopsis Ler, with
+UV-B plants sustaining up to 74% less consumption from Plutella and slugs than -UV-B
plants. Interestingly, the difference in susceptibility of -UV-B and UV-B-treated B. napus
and Arabidopsis plants to Plutella larvae in these laboratory-based bioassays complements
findings from previous studies conducted outdoors, where UV-B-treated Arabidopsis and
N. antarctica were found to receive approximately 65% and 70% more damage
respectively from various Lepidopteran species when grown under attenuated levels of
UV-B (Rousseaux et al., 2001, Caputo et al., 2006). Little comparison can be made
between the results obtained from slug bioassays in this project and those from previous
investigations, however, as only one study has previously examined the indirect effects of
UV-B radiation on the feeding preferences of slugs, employing very different experimental
procedures to those used in this project while using detached leaf samples from plant
species unrelated to B. napus (Zaller et al., 2003).

As all bioassays in this project were conducted under -UV-B conditions (with the
exception of those described in section 3.6), it is clear that the reduced susceptibility of
UV-B-treated plants is due to the direct effects of UV-B radiation on physical and/or
biochemical characteristics of the plants, and not a result of any effects UV-B may have on
invertebrate behaviour. This observation is in contrast to that from a previous study
(Caputo et al., 2006), which, after repeating outdoor bioassays under -UV-B laboratory
conditions, stated that invertebrate perception and avoidance of UV-B radiation caused
reduced susceptibility of Arabidopsis plants to Plutella herbivory. The discrepancies
between these two studies may be due to differences in experimental setup (Caputo and co-
workers (2006) ran bioassays for only 3 hours using detached leaves rather than intact
plants), however the conflicting results prompted investigation of whether or not
components of the UV spectrum directly influence the feeding preferences of Plutella and
slugs (Chapter 3). Slugs, for reasons unknown, were found to consume more tissue on -
UV-B B. napus plants positioned under UV-B conditions than on -UV-B plants located
underneath UV-B-excluding filters. This finding suggests that despite their notorious
nocturnal activity, slugs may be inclined to move towards regions irradiated with UV-B,

perhaps even using UV-B as a cue to locate food sources, although further research will be
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required to confirm or dismiss this hypothesis. In contrast to this finding and those from
Caputo and co-workers (2006), Plutella larvae feeding preferences were not found to be
influenced by UV-B or UV-A radiation, as near equal quantities of leaf tissue were
consumed on all B. napus plants positioned under UV-B and —UV-B conditions. While the
findings from slug bioassays cannot be readily explained without conducting further
studies, it is clear that the presence or absence of UV-B does not affect Plutella feeding
habits, but rather the effects of UV-B on plant characteristics determines invertebrate
feeding behaviour. This conclusion can also be extended to UV-A radiation, as
invertebrate bioassays with -/+UV-A-treated B. napus revealed a significant reduction in
the susceptibility of UV-A-treated plants to both Plutella and slugs, with -UV-A plants
losing approximately 1 and 4 cm” more leaf tissue to these pests, respectively. To the best
of my knowledge, no studies have previously sought to investigate any role of UV-A in
conferring plant resistance to microbial or invertebrate pests, although it has been reported
that removal of UV-B (but not UV-A) from terrestrial sunlight reaching outdoor-grown
plants increases their susceptibility to pests, suggesting that UV-B may have a bigger
influence in plant defence than UV-A (Ballaré¢ et al., 1996, Izaguirre et al., 2003, Izaguirre
et al., 2007). The results from these bioassays combined with the lack of knowledge on the
effects of UV-A on plant-pest interactions should encourage future studies in this area of
research, as it may be that both components of the UV spectrum are capable of heightening
plant defence responses. Additional bioassays directly comparing the feeding habits of
slugs and Plutella to +UV-A and +UV-B B. napus will also be useful in determining if one

component of UV radiation has a greater influence on plant resistance than the other.

7.3  JA-signalling, but not UVRS, is required for promoting UV-B-mediated plant

defence against slug and Plutella herbivores in Arabidopsis

After demonstrating that UV-B radiation reduces the susceptibility of B. napus and wild-
type Arabidopsis to Plutella and slug herbivory, invertebrate bioassays were conducted
with several Arabidopsis lines affected in UV-B- or JA-signalling, in an attempt to identify
components of these pathways involved in promoting UV-B-mediated resistance against
pests (Chapter 3). Bioassays with the JA-insensitive jar/-1 mutant revealed an essential
role of this JA-amino synthetase in UV-B-mediated resistance, as little difference was
observed between the average areas of leaf tissue consumed by Plutella larvae on the -UV-
B and +UV-B plants. It remains unclear, however, whether or not the UV-B-signalling

pathway converges with the wound-response pathway at this direct site or if the overlap
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occurs further upstream in the JA pathway, and as such further bioassays with additional
JA-insensitive mutants will hopefully provide better insight into the exact location of
cross-communication between these two pathways.

Unlike components of the JA-signalling pathway, the UV-B photoreceptor, UVRS, was not
found to have a role in promoting UV-B mediated plant resistance. Bioassays with wild-
type Ler or uvr8-I null mutants found that both genotypes appeared similarly less
susceptible to the two invertebrate species following a period of UV-B radiation, while
UV-B-treated 35Spro:GFP-UVRS over-expressing plants displayed only modest levels of
resistance against slugs and Plutella compared to -UV-B plants. Unfortunately, the setup
of these bioassays prevented direct comparisons to be made between the susceptibility of
Ler and 35Spro:GFP-UVRS and Ler and uvr§-1 plants to invertebrate herbivory following
exposure to a given light treatment (-UV-B or +UV-B), which would have helped to better
assess any roles of UVRS8 in mediating UV-B-dependent plant resistance. However, the
results obtained from this project clearly indicate that UV-B radiation enhances
Arabidopsis resistance against Plutella and slugs in an UVR8-independent manner via the
JA-signalling pathway, with the site of UV-B integration into the wound-response pathway
being located around or upstream from the site of JA-amino conjugate biosynthesis by the
JARI protein. Interestingly, these findings contrast with those presented by a previous a
study (Demkura and Ballaré¢ 2012), which reported an essential role for UVRS in the
activation of UV-B-enhanced resistance against the necrotrophic pathogen B. cinerea in
Arabidopsis, yet none for select components of the JA pathway. These different results
could perhaps indicate that two separate mechanisms of UV-B-mediated resistance exist to
defend plants against invertebrate pests or pathogens, however further research with
mutants and/or transgenic lines affected in different branches of the plant defence

pathways would be required to strengthen this hypothesis.

7.4  B. napus transcripts and metabolites commonly responsive to UV-B radiation

and invertebrate herbivory

Findings from the RNA-seq analysis highlighted the degrees of overlap between UV-B
radiation, MeJA application, Plutella herbivory or slug herbivory on the transcriptomic
profile of B. napus (Chapter 4), with results from the second read alignment in 2014
identifying a total of 199 transcripts classed as being significantly up-regulated in
expression by UV-B radiation and herbivory from one or both invertebrates. Within this

transcript list were a variety of putative transcription factors, including several members of
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the WRKY family (WRKYIS, WRKY33 and WRKY40) that have previously been
implicated in promoting plant defence via activation of the JA pathway (Pandey et al.,
2010), a series of ANAC transcription factors, such as ANAC001, ANAC019 and ANACO072,
that are responsive to various abiotic and biotic stresses including invertebrate/microbial
pests (Delessert et al., 2005, Ohnishi et al., 2005, Bu et al., 2008, Christianson et al., 2010,
Huang et al., 2012) and select ethylene response factors (ERF104, ERF2 and ERFII).
Unfortunately, any roles these putative transcription factors may have in regulating UV-B-
mediated defence in B. napus remains unknown, as these transcripts were not found to be
significantly expressed by multiple treatments in the first read alignment with the Brassica
95K Unigene in 2012, and as such were not selected for further study in this project. It
would therefore be interesting to obtain and/or generate Arabidopsis mutant and transgenic
lines affected in the expression of these genes to assess if they are involved in UV-B-
dependent plant resistance against pests. Another observation from the RNA-seq data is
that the two invertebrates elicit very different transcriptional responses in B. napus
following herbivory, with only 104 transcripts out of 1,128 found to be commonly up-
regulated by both pests. While some of these transcripts have previously been associated
with mediating plant resistance against pests, such as the ARR protein-encoding genes
(Argueso, et al., 2012), it was surprising to see such a small number of defence-related
transcripts being commonly regulated by both slugs and Plutella. This finding suggests
that despite both herbivores being leaf-chewing pests, they can elicit invertebrate-specific
effects on plant transcriptional processes. Indeed, the different transcriptome profiles of
these attacked plants may highlight the finely tuned defence responses employed by B.
napus to specifically target offending pests, which may be governed by the detection of
certain physical and/or chemical properties of invertebrates by host plants. Further studies
will be required to investigate how these two pests induce different transcriptional
responses in B. napus, focusing on any effects chemical elicitors in the invertebrate saliva
or slug locomotive mucus may have on plant defence responses.

Analysis of the untargeted metabolomics data identified various compounds that increased
in abundance following treatment with UV-B or invertebrate herbivory (Chapter 5),
including those associated with the phenylpropanoid pathway, putative lipid-based
metabolites and chlorine-containing compounds. As this study was conducted towards the
end of this project, the labour-intensive task of assigning putative annotations to the peaks
had to be performed in a relatively short period of time, meaning that the exact identity of
many of these compounds, particularly the chlorine-containing and lipid-based compounds,

remains elusive. Annotation of the phenylpropanoid compounds, however, was achieved
214



CHAPTER 7 DISCUSSION

using information from the fragmentation data and knowledge from scientific literature.
These compounds were identified as being sinapate esters, chlorogenic acid (CGA) and
derivatives of feruloylquinic acid, the majority of which are associated with the
biosynthesis of lignin and sinapate precursors in the phenylpropanoid pathway (Landry et
al., 1995). While UV-B is known to increase levels of such phenylpropanoid compounds in
plants (Kusano et al., 2011, Mewis et al., 2012), it was surprising that other members of
this pathway, including the UV-B-responsive kaempferol and quercetin flavonoids
(Stracke et al., 2010b, Mewis et al., 2012), were not detected in this analysis. Similarly, the
absence of peaks representing glucosinolate defence compounds in MeJA- and herbivore-
treated samples was also unexpected, as previous studies have reported heightened levels
of these compounds following similar treatments (Huang and Renwick, 1994, Renwick and
Lopez, 1999, Mewis et al., 2006, Mewis et al., 2012). While it cannot be fully explained
why these compounds were not detected in this study, it is highly likely that the
concentrations of samples were too low to enable their efficient identification, and as such
repetition of the metabolomics with more concentrated samples will be essential for better
identifying compounds similarly regulated by UV-B and invertebrate herbivory. However,
it can be concluded from the findings from this study that both UV-B radiation and
invertebrate herbivory can increase the abundance of various compounds in B. napus,
including those associated with the biosynthesis of lignin and sinapate precursors in the

phenylpropanoid pathway.

7.5  Involvement of the phenylpropanoid and ascorbic acid biosynthetic pathways

in UV-B-mediated herbivore resistance

Analysis of the RNA-seq and metabolomics data revealed several transcripts and
compounds associated with the phenylpropanoid pathway and ascorbic acid (AsA)
biosynthetic pathway as being responsive to UV-B radiation and invertebrate herbivory, a
finding that supported the selection of COMTI, ELI3-2 and VTC?2 for over-expression in
Arabidopsis and strengthened the hypothesis that these biological pathways may be
involved in UV-B-mediated plant resistance against pests (Chapter 6). Findings from
invertebrate bioassays with the Arabidopsis vfc2 null mutant revealed that the AsA
biosynthetic pathway is important in promoting UV-B-mediated resistance against Plutella,
as UV-B-treated mutants appeared more susceptible to herbivory than —“UV-B mutants, and
both -/+UV-B vtc2 plants sustained higher levels of consumption than -/+UV-B Col-0

plants when Plutella feeding preferences between the two genotypes were assessed
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(Chapter 6). In contrast to this observation, invertebrate bioassays with comt/ and eli3-2
null mutants revealed that removal of these proteins from the phenylpropanoid pathway
does not affect UV-B-mediated resistance against Plutella larvae, as UV-B-treated mutants
were less susceptible to herbivory than —UV-B plants of the same genotype. In addition,
Plutella larvae were found to consume similar levels of tissue from -/+UV-B Col-0 and
mutant plants when in the same choice chamber, suggesting that the null mutants are
equally as attractive to Plutella as Col-0 plants, regardless of the light conditions they were
grown under. Interestingly, bioassays conducted with an additional phenylpropanoid
mutant affected in FERULIC ACID 5-HYDROXYLASE (F5H) activity, fahl-7, found
that both -UV-B and +UV-B mutants were equally susceptible to slug herbivory,
suggesting that in contrast to the results from bioassays with comt/ and eli3-2 mutants, the
phenylpropanoid pathway is involved in UV-B-mediated plant resistance against pests. It
is unknown whether or not the different observations from slug-fahl-7 bioassays and
Plutella-comtl/eli3-2 bioassays are attributed to the specific feeding preferences of the
invertebrates themselves, or if functional redundancy in the ELI protein family (Kim et al.,
2007a) and between COMT1 and the closely related CCoAOMT]1 (Fellenberg et al., 2012)
has resulted in these mutants retaining UV-B-mediated resistance against invertebrate pests.
Either way, the findings from Plutella bioassays with an Arabidopsis line over-expressing
a putative B. napus orthologue of COMTI provided strong evidence to support the
hypothesis that the phenylpropanoid pathway is involved in promoting plant resistance
against this pest (Chapter 6).

In accordance with what has been previously observed in bioassays with -/+UV-B wild-
type Arabidopsis, UV-B-treated 35Spro:3xHA-COMTI1 plants were found to sustain
significantly less consumption from Plutella than —UV-B plants. When the feeding
preferences of Plutella were assessed between UV-B-treated 35Spro:3xHA-COMT1 and
Col-0 plants, the over-expressing line appeared significantly less susceptible to herbivory
than the wild-type plants, indicating that hyper-activation of the particular branch of the
phenylpropanoid pathway that COMT1 is active in enhances levels of UV-B-mediated
resistance against Plutella larvae in Arabidopsis. It remains unclear, however, if this
response is strictly UV-B-dependent, as bioassays investigating Plutella feeding
preferences between —UV-B-treated Col-0 and 35Spro:3xHA-COMTT plants revealed little
difference in the average areas of leaf tissue consumed by this pest on either genotype,
although examination of the individual biological replicates found a clear feeding
preference of Plutella for -UV-B-treated Col-0 plants over 35Spro:3xHA-COMT1. While

this observation suggests that -UV-B 35Spro:3xHA-COMT]1 plants are less susceptible to
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invertebrate herbivory than wild-type Arabidopsis exposed to the same light treatment, it
would be beneficial to repeat these bioassays to obtain more statistically significant results.
It can be concluded from these invertebrate bioassays, however, that both the AsA and
phenylpropanoid pathways are important in promoting UV-B-mediated resistance against
Plutella and slug herbivores, and future research with additional 35Spro:3xHA-COMT1
lines, along with the 35Spro:GFP-ELI3-2 and 35Spro:GFP-VTC2 transgenic lines, will
hopefully provide greater insight into how these biological pathways improve plant

tolerance to select herbivore pests.

7.6 The molecular mechanisms of UV-B-mediated herbivore resistance in B.

napus

The main conclusions from this project can be summarised as follows:

1. Arabidopsis and B. napus grown under UV-B-supplemented light have reduced
susceptibility to Plutella and slug herbivory.

2. UV-A-treated B. napus plants are also less attractive to Plutella and slugs.

3. UV-B responses integrate into the JA pathway either upstream of or directly at the
site of JA-amino conjugate biosynthesis by the JAR1 protein to mediate UV-B-
enhanced plant resistance against Plutella and slugs. This occurs independently of
UVRS.

4. Invertebrate herbivory and UV-B radiation similarly increase the expression of
various B. napus transcripts thought to encode putative transcription factors and
genes previously associated with plant resistance against pests.

5. Few transcripts were identified as being commonly regulated by slug and Plutella
herbivory, indicating that these two invertebrates can induce different
transcriptomic responses in B. napus.

6. A small number of identifiable B. napus compounds increased in abundance
following UV-B radiation and/or invertebrate herbivory, including
phenylpropanoids, putative lipid-based metabolites, and chlorine-containing
compounds, one of which is thought to contain an ascorbic acid group.

7. Three B. napus genes were selected for over-expression in Arabidopsis: COMT1I
and ELI3-2 encode enzymes involved in the phenylpropanoid pathway, while V'7TC2
encodes a mannose-1-phosphate guanylyltransferase active in the ascorbic acid

(AsA) biosynthetic pathway.
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8. Plutella bioassays with vtc2 null mutants indicated that a functional AsA pathway
is required for UV-B-mediated resistance in B. napus.

9. Removal of functional COMT1 and ELI3-2 does not affect UV-B-mediated
resistance against Plutella in Arabidopsis, although bioassays with the fahl-7
mutant revealed that this pathway is involved in UV-B-mediated resistance.

10. A UV-B-treated 35Spro:3xHA-COMT1 Arabidopsis line was less susceptible to
Plutella than UV-B-treated wild-type plants, suggesting that hyper-activation of the
phenylpropanoid pathway in Arabidopsis enhances UV-B-mediated resistance

against Plutella.

The main findings from this project (Figure 7-1) have contributed to our knowledge on the
molecular mechanisms of UV-B-mediated plant resistance against pests, and future
research will hopefully expand our understanding on the intricate interplay between these

two signalling pathways in enhancing plant tolerance to invertebrate herbivores.
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Figure 7-1: Schematic representation of the main findings from this project and the
putative role of the phenylpropanoid pathway in mediating UV-B-enhanced plant
defence responses. The use of Arabidopsis mutants impaired in JAR1 or UVRS function
revealed that UV-B-mediated plant defence is dependent on functional JARI1, which
promotes the formation of JA derivatives such as JA-Ile, but is independent of the UV-B
photoreceptor, UVRS. It remains unknown if UV-B directly targets the formation of JA-
derivatives or if it operates upstream or downstream of JAR1, however it seems that the
production of JA-derivatives, such as JA-Ile, via JARI is essential for mediating UV-B-
mediated plant defence against invertebrate pests. Transcriptomic and metabolomic
studies identified various genes and compounds commonly regulated by UV-B radiation
and invertebrate herbivory (pink box). Experiments with Arabidopsis mutants impaired in
the expression of gene products involved in the phenylpropanoid and ascorbic acid
biosynthesis pathways suggest that they are involved in mediating plant defence against
Plutella and slug herbivores, while bioassays with an Arabidopsis line over-expressing a
putative B. napus COMTI gene found heightened levels of UV-B-mediated defence
responses against Plutella larvae, indicating that the phenylpropanoid pathway is important
in mediating plant defence responses against invertebrate pests.
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7.7 Future research

Progress has been made in investigating the molecular mechanisms of UV-B mediated
herbivore resistance in B. napus, however further research is required to address the many
questions that still remain over the convergence between UV-B- and herbivore-induced
signalling pathways in plants.

The first objective is to confirm where in the JA pathway UV-B responses integrate by
conducting invertebrate bioassays with Arabidopsis mutants affected in JA signalling
upstream of the JAR1 protein. Despite a previous study reporting no increased levels of
JA in UV-B-treated N. attenuata plants (Demkura et al., 2010), it would be interesting to
examine invertebrate feeding preferences on -/+UV-B-treated aos and lox2 mutants
impaired in JA biosynthesis, to investigate if UV-B influences the JA biosynthetic pathway
to regulate UV-B-mediated resistance in Arabidopsis. Hopefully, these bioassays will
provide invaluable insight into how these two signalling pathways cross-communicate with
one another to enhance plant tolerance to pests.

Data obtained from the transcriptomic and metabolomic studies was extensive, and as such
could not be completely interpreted during this project. It is therefore of great importance
to continue analysing these findings and to repeat the metabolomics when possible with
more concentrated samples, to gain more information on the overlap between UV-B- and
herbivore-induced responses in B. napus. If possible, Arabidopsis mutant and transgenic
lines impaired in expression of some of the putative transcription factors identified as
being commonly regulated by UV-B and invertebrate herbivory should be obtained for
further study, to assess if the encoded products have any role in regulating UV-B-mediated
resistance. Such studies will include comparing the expression of various wound-response
genes in these lines to wild-type plants following -/+UV-B treatment, while also
conducting invertebrate bioassays with -/+UV-B-treated plants to investigate any effects of
removing or enhancing levels of these genes in Arabidopsis on slug and Plutella feeding
preferences. As no studies have previously compared changes in the B. napus
transcriptome and metabolome following treatment with UV-B radiation, MeJA
application or invertebrate herbivory, all the information extracted from these datasets is
novel, and will be invaluable in driving future projects investigating UV-B-mediated
resistance in plants. Likewise, knowledge of the genetic and biochemical changes elicited
by slug herbivory on B. napus will be of extreme interest to fellow researchers
investigating the mechanisms of plant-pest interactions, as the lack of research being

conducted on this important agricultural pest has limited our understanding on plant
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defence responses against them, and how we can use these endogenous mechanisms to
devise novel methods of slug control.

Finally, continued analysis of the Arabidopsis transgenic lines over-expressing putative B.
napus orthologues of COMT1, ELI3-2 and VTC2 will be important in assessing any roles
the encoded products may have in UV-B-mediated resistance. Homozygous 35Spro: GFP-
ELI3-2 and 35Spro:GFP-VTC2 lines are currently being generated from segregating lines,
and will hopefully be ready for analysis and use in invertebrate bioassays in the near future.
It will be important to assess invertebrate feeding preferences between -/+UV-B-treated
plants of the same genotype as well as between the over-expressing lines and Col-0 plants
following exposure to the same light treatments, to allow conclusions to be drawn on the
effects of over-expressing these genes on the susceptibility of Arabidopsis to invertebrate
herbivory. Further bioassays with additional 35Spro:3xHA-COMT1 lines should also be
conducted to assess if the heightened resistance described in Chapter 6 is due to over-
expression of this gene in Arabidopsis, or if it is simply a result of where this gene has
been inserted in the Arabidopsis genome. If over-expression of these genes is found to
increase Arabidopsis resistance against Plutella and/or slugs, then the molecular basis for
this enhanced resistance needs to be elucidated by using a variety of analytical techniques
to assess both the physical properties and the genetic and biochemical profiles of these
transgenic lines. Such techniques include thin layer chromatography, to provide a semi-
quantitative overview of the abundance of phenylpropanoid compounds in -/+UV-B-
treated Col-0, 35Spro:3xHA-COMT1 and 35Spro:GFP-ELI3-2 lines, the Maiile
histochemical staining technique to assess the degree of lignification in the same over-
expressing lines along with any subsequent changes in the structural aspects of these plants,
the ascorbate oxidase assay to measure levels of AsA in the 35Spro:GFP-VTC2 transgenic
lines (Rao and Ormrod, 1995), and of course an omics-based approach to compare
differences at the transcriptional and metabolomic levels of these plants to the progenitor
line.

These future studies will be essential for building upon the foundations laid down by this
project, and will hopefully be invaluable in providing greater insight into the molecular

basis of herbivore resistance in members of the Brassicaceae family.

221



APPENDICES

Appendices
Appendix 1

Annotation Cluster 1 Enrichment Score: 8.82 Count PValue FDR

GOTERM_CC _FAT GO:0005618~cell wall 77 5.62E-11 7.20E-08
GOTERM_CC FAT G0:0030312~external encapsulating structure 77 1.14E-10 1.46E-07
GOTERM_CC _FAT G0:0009505~plant-type cell wall 38 5.33E-07 6.83E-04
Annotation Cluster 2 Enrichment Score: 5.32 Count PValue FDR

GOTERM_BP FAT G0:0009628~response to abiotic stimulus 113 5.15E-08 8.46E-05
GOTERM_BP FAT G0:0006970~response to osmotic stress 45 1.66E-05 2.73E-02
GOTERM_BP FAT G0:0009651~response to salt stress 40 1.25E-04 2.05E-01
Annotation Cluster 3 Enrichment Score: 4.80 Count PValue FDR

GOTERM_BP FAT GO:0016053~organic acid biosynthetic process 53 2.99E-08 4.92E-05
GOTERM_BP FAT G0:0046394~carboxylic acid biosynthetic process 53 2.99E-08 4.92E-05
GOTERM_BP FAT GO:0006633~fatty acid biosynthetic process 23 8.90E-05 1.46E-01
GOTERM_BP FAT G0:000663 1~fatty acid metabolic process 25 1.06E-03 1.73E+00
GOTERM_BP FAT G0:0008610~1ipid biosynthetic process 36 1.19E-02 1.78E+01
Annotation Cluster 4 Enrichment Score: 4.68 Count PValue FDR

GOTERM_MF FAT G0:0004674~protein serine/threonine kinase activity 95 2.53E-07 3.83E-04
GOTERM_BP FAT GO:0006468~protein amino acid phosphorylation 99 8.40E-07 1.38E-03
GOTERM_BP FAT G0:0006796~phosphate metabolic process 112 2.04E-06 3.35E-03
GOTERM_BP FAT G0O:0006793~phosphorus metabolic process 112 2.14E-06 3.52E-03
GOTERM_MF FAT G0:0004672~protein kinase activity 99 7.19E-06 1.09E-02
GOTERM_BP FAT GO0:0016310~phosphorylation 103 7.56E-06 1.24E-02
GOTERM_MF FAT G0:0032559~adenyl ribonucleotide binding 181 1.49E-05 2.25E-02
GOTERM_MF FAT GO:0005524~ATP binding 177 3.54E-05 5.35E-02
GOTERM_MF FAT G0:0001882~nucleoside binding 188 6.11E-05 9.25E-02
GOTERM_MF FAT GO0:0032555~purine ribonucleotide binding 193 6.93E-05 1.05E-01
GOTERM_MF FAT G0:0032553~ribonucleotide binding 193 6.93E-05 1.05E-01
GOTERM_MF FAT G0:0030554~adenyl nucleotide binding 187 7.12E-05 1.08E-01
GOTERM_MF FAT G0:0001883~purine nucleoside binding 187 7.12E-05 1.08E-01
GOTERM_MF FAT G0:0017076~purine nucleotide binding 199 2.87E-04 4.34E-01
GOTERM_MF FAT G0:0000166~nucleotide binding 221 6.28E-03 9.10E+00
Annotation Cluster 5§ Enrichment Score: 4.61 Count PValue FDR
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Appendix 1: Annotation clusters and GO terms (p = 0.05) of Brassica 95K Unigenes
possessing at least a 2-fold change in expression (RPKM = 3) following treatment
with UV-B radiation, MeJA treatment, slug herbivory or Plutella herbivory (Chapter

4, section 4.4.2).
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Appendix 2
CN Peak ID Proposed Putative EF (|]M- Putative Metabolite
KEGG EF HJ) Details
([M-HJ")
1 d4d8981111d34fd991c73ef9482f705{f7ed22b7 N/A N/A Background noise.
2 4be2e3386d169cee75ff115af02ef44a08b99cab N/A C;4H,90,C1 Cl-containing.
3 34a642¢0e558cd149db973b7d2e47fe55bd3926¢ N/A N/A N/A
4 cbef867¢70c11aa41873f072f336d892120ac8a C15H»,09 Ci5H»,09 Low abundance
5 d3a5a3b787d9ba97436e08810102f6481488900f N/A Ci4H 1409 Low abundance; possible
3-O-Galloylshikimic
acid.
6 194412ca20dfe5fe66b76ddb0bcbe4bd53fb887b N/A N/A Peak found alongside
CN11; no further
information available.
beed99533¢1£566bb92051a4fb336b64c2a4d77f C¢HgO7 N/A
9950036¢2al8cfaaac7b98dacab412a64d0c6fcO C¢HgO4 N/A
9 1870659f7e5f1ec5a929c0bfSeeb00276012aacl N/A N/A
10 146fb934548370b0f0679¢c14£5686¢159854c3¢2 C17H209 C17H2009 5-O-Feruloyquinic acid.
11 b2d8al12c08c6bee5db8e48536abcd964bac9c3d Cy3H3C10¢ N/A Three isomers closely
eluting together
prevented further
analysis; may benefit
from a lipidomics
approach.
12 e5ac0aa06a7423485a9d17475da681b01e412976 N/A N/A
13 6a9a0c0a90de7a21{8db69b7cb5¢966¢70ea3c76 Ci6H14F3N5O Ci7H19yNO, Proposed modified
phenolic acid glycoside.
14 93a0f0afc6d49c5cdd0885¢79395495b7180ae3a Cy3Hy9NO, N/A Low abundance and
difficult to characterise.
15 343af0de67b652d72d93187241¢8e9102513df18 N/A C14H402S Resembles US; separated
by CH, group.
16 bc68c1662edb0fe3407¢79ad80b0a07{2bf521df N/A N/A
17 a4e9a45¢774d44¢86fcd085¢6143ba54ec030b99 N/A N/A
18 65df8c42314d7674703b512415ebc472¢559da03 N/A CyoH3609 Could be fragment of
Uuv7.
19 b0581fa770835b3cal9c099b0f605a13178861b1 N/A CyoH3609 Could be fragment of
Uv7.
20 8c7083b2619¢c22449b8c4661e4e2f3effd46d6d1 N/A N/A Two isomers of
feruoylquinic acids;
related to CN10.
21 d46099442d52a6a450023557ab2d4ffbcfe7130a N/A C4H,;04C1 Cl-containing.
22 dd6732d753662aea40a092{f82¢92956e33cc375 N/A C;3H3504Cl1 Cl-containing.
23 89cae3545830826413ff9a7d9fc129¢7be3eSe7c N/A N/A
24 d874162097dd03b65c¢de97bf0812192¢47592840 N/A N/A Background noise.
25 a31ec0a01ddd31b262a95d9d00f831943f1a2d55 N/A C1gH0N,40S;3 Unknown, but
responsive to Plutella
and MeJA.
26 068272b62942¢cd7b5750625097646843ab10878b CsH,03 N/A
UVl ef87b37a6a47¢28ef48e¢00f8c1d67adf2144c276 N/A N/A
Uuv2 a7a599f4816545be19d1b193dbcb965560e553¢cf CsHgO,4 N/A
UV3  d4d4826247e¢578cd6ff53e82b8662d144846510d N/A N/A
Uv4 46cf893181b60e¢4739b8aef02100£50857aa3085 N/A N/A
UVvs 697ec4157edae798751¢ca615666d93f79cdaaela C19H gN4Og Ci5Hy601,S Possesses sulphated,

acylated sore stucture,
likely attached to
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d5824375cd3a5790617fb48¢5200913900a0013f

3b2f757efe9b677c7a965fea6473b3dbd734df7e
5e848267¢b2983dc3e685809470b679172d8201b

d666d013a17b49d29f0df53b595831fd7ee44ccb
983b8f7f3a8b7edd4728b204eb63a80bedb4f3ba
38b06a55b5c6f6a078053c1816dea58d0b0cbfH7
a0lc5e618d4cflc7e3535bdb4b85f0a4a46bc921

8a48d0b80752e52¢356da2fdb57e38eb05d7128
3948a3¢1b98588d09e1e2d43356b782f6abflal6
21bb76d7e052beba2e125a108dc3f577ee6ff3d1

15974bb2bb7ec64e0e558b30e7e597badfc06cabd
7dcb10d09876¢0d75¢99231109854dfad0f26eaa

2ebe664589041fb7e0d5al1405eeba887ddd91a8d
Ocaec0214f40d8dda6902212bd8ecf790eb133ed

44eefe590af9c5110931ad3285f00d9b856251b3
blac3cc004a47dbadb4c7df89d6al 7978e4de0b9

63913943 1e9b6¢7dd0b1bed88cab39078b63fel6
33c4ed6bacba09ede9d701475b5dd344b2121442
483a8de227f706a11754392084461869ec59604
1962d27cb3bac39098d18f21ff6fe3bcfo45fald
a926251902e071f7565¢7fb420afaf469e4ffc66
2d7426de893f1cdf28a944baa23761657f4e289b
0d6£55¢c09785ca55a51823bd0f7dd63 1c84f62
31468ff43b32d123bd4874d6118f2d2cb837154b
34d0880f09efd560d91a2d149cf1£87cb3f1d38b
27ba93d24b65¢1a27706c2358ce24bda038f8560
b10638de56192fe34a0c0e25468c5¢a267084d5a
6c26acd98ab860fb9d2a68a62faab39a0821bale
66c9624fc02b34cb62ca05179dba3074b3d7edfe

3b2df96{694c26bcbe228ba049f7eb1cbeb62819
7a0038eb0112d361cb2735c48f818bc0d4d60c98
15£1664bcc5£90984743c9438£c95£72085fb9de

cca60b0267019d7cd8c3ee6bbe48cebeb428bacO
a967417449¢903031e0383901572522529141eaf

CioH10s
C7H2,049

N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A
N/A
N/A
C12H g0y,

N/A
N/A

N/A
N/A

N/A
N/A

H,PO,
N/A
N/A

C4H;04
C3H40,
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A
N/A
N/A

N/A
N/A

CioH10s
C17H2,049

N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A
C,1H,6011NCI

N/A
C16H,sNO,Cl

N/A
N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
C16H2005

N/A
N/A
N/A

N/A
CaoH3509

aliphatic chain. Related
to CN1S.

Hydroxyferulic acid
methyl ester.
Potential sinapoyl-
glycoside analogue.

Low abundance and
difficult to characterise.

Potential fragment of
UV20.

Potential chloride-
indole-AsA-related
compound.

Potential chloride-
indole-AsA-related
compound.

Isomer of S12.

Potential lipid-based
compound.

Caffeic acid-containing
compound, with
phosphosugary group.

Same elution profile as
S19; potential lipid-
based compound?
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S19

P1
P2
P3

MJ1
MJ2

MJ3
MJ4
MJS

MJ6
MJ7
MJ8
MJ9
MJ10
MJ11
MJ12
MJ13
MJ14
MJ15
MJ16
MJ17

4395530ea9668f04629b92585f19663349500b2a

cd5fc819978823300ab78c112a13f34bccd4ebs1
0faa38b8834cb76bdad98c80761ad29eabdc79a88
ca4d04ea4249515a0c6a655ffcbal30fbb52172f

Ocle7eldfad9blef521246283e9218c0e0dee88el
feb29328e221b3f48207d1088bb751cf24b51390

61314b395b2c648ce688647ebc5fb24dc681ce92
5a0b1b6dc602ae0376b826eb970638c04093{8ee
92dfc75b64a1348ae99288c07984132af47¢8920

df64200b03a56fbad93e525326eb6fb485b782
379623150f51cf185b64ce3793656aebb4577fe3
670d7b64ea45bb4b2aff2a64bb72822ef8932104
88b40e6e89f1ac0465de73545¢ce5b9df3d3a7017
e67b9dffad1317a4d21fa6cf58ad6513cbf74a90
f15d369a8ba39e9a9¢212221bf5459a2da272f43
fdc18eclclcd21f8cac8d4a0087a9a7a4eb5e396
78194a5aebc73fd46623a328afb650b06d577¢9a
4cc56ca424d05647eaeb604£807904912b90779a
0ce79c0113fff3cldb4aee3aaf362ee077¢8d823
440e313127a2124ad64a34673186d1901b83¢c220
73ddd845856379¢2003ff3ccd07669b035733ef0

N/A

N/A
Ci6Hi30g
N/A

N/A
CgHgO2

N/A
N/A
N/A

N/A
CsHa509
Ci6H20N2010S,
N/A
C12H2004
C2H, 304
N/A
CisHa7NOg
N/A
C2H; 304
CigH2309
C1oH 503

N/A

N/A
N/A
N/A

Ci1H,,0,,P
N/A

N/A
N/A
C20H3409C1

N/A
N/A
C16H20N2010S,
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Same elution profile as
S18; potential lipid-
based compound?

Potential fragment of a
larger parental ion.

Low abundance and
difficult to characterise.

hydroxyglucobrassicin.

Background noise.

Appendix 2: List of B. napus compounds found to accumulate in response to UV-B

radiation, invertebrate herbivory or MeJA treatment.

Table listing the compounds

accumulating in response to at least one treatment by = 1.5-fold with adjusted p-value <

0.05. Peak IDs assigned to each compound during peak analysis.

Putative elemental

formulas (EFs; [M-H]) calculated by KEGG and from manual investigations are presented
where available, and a brief description of putative characteristics of select compounds is
provided based on fragmentation data and chemical characteristics of the compound. CN,
compound number (Chapter 5, section 5.3).
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