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Abstract

UV-B radiation can induce a wide range of developmental responses in plants, and magnitudes
of UV-B exposure can also vary greatly. Historically, research into the effects of UV-B radiation
on photosynthetic processes has often utilised high fluence rates of UV-B, which have been
frequently shown to impede photosynthetic performance and induce photosystem damage.
More recently, a number of studies have focused on the impact of low fluence UV-B exposure,
and have found that such treatments can be beneficial to photosynthesis by upregulating
photosynthetic performance. The aim of this PhD was to understand the consequences of low
fluence UV-B exposure on net photosynthetic rate and underlying mechanistic responses. We
characterised the photosynthetic response to 0.5 umol m~2 s™' of UV-B and established that net
photosynthetic rate increased by 12% in wild type Arabidopsis plants at 24hrs of UV-B exposure.
Through analysis of knockout lines for the UV-B photoreceptor UVR8, we determined that the
photosynthesis phenotype is dependent on the presence of UVR8. To determine how low
fluence UV-B exposure mediates the increase in photosynthetic rate, transcriptomic analysis via
RNA-seq was undertaken. Our analysis showed that UV-B exposure results in the upregulation
of photosynthesis-associated genes during the initial exposure period. The most highly
upregulated genes were related to chloroplast biogenesis and synthesis of photosynthetic
proteins within the chloroplast, as well as chloroplastic oxidoreductase activity. We further
investigated three of these candidates: RBF1, TOC33 and TFP, and found that each of those
genes plays a role in the UV-B mediated increase of photosynthetic rate at 24hrs and that the
upregulation of these genes in response to UV-B exposure is regulated by UVR8. Taken together,
we describe here for the first time, that low fluence UV-B increases net photosynthetic rate
through UVR8-mediated upregulation of key genes, resulting in increased synthesis of
chloroplastic photosynthesis-associated proteins and chloroplastic oxidoreductase activity. This
further extends our knowledge of UV-B plant-response and offers further potential for

exploitation of UV-B photomorphogenesis in agriculture.
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Chapter 1

1 Introduction & Literature Review

1.1 Introduction

The population of earth is currently estimated to be 7.6 billion people (UN, 2017). Although the
rate of population growth has slowed, it is estimated that the population will rise to 8.6 billion
by 2030; and increase to 10 billion by 2050 (FAO, 2017; UN, 2017). The growing population
brings with it many challenges. Not only does it pose the question as to how to regulate the
increase in population, but also as to how to keep up with the increasing demand for food. At
present global food production is sufficient to feed the global population (FAO et al., 2012). This
is due to a striking increase in food production over the last fifty years, despite the global
population nearly doubling in size at the same time (Godfray et al., 2010). However, global food
demand is projected to be 60% higher in 2050 than it was in 2006 (FAO, 2016), therefore food

security remains an issue.

In 2016 there were an estimated 815 million undernourished people (FAO et al., 2017). Calorific
undernourishment is not the only problem; further problems are caused when people suffer
from micronutrient deficiencies, as well as having insufficient protein supply in their diet, due to
limited access to diverse food sources (FAO, 2014). Nevertheless, these numbers are a marked
decrease from the turn of the century when 14.9% of the population were undernourished (FAO
et al., 2015). However, as much as has been done to combat food insecurity, over the coming
decades global demand for food is going to increase further, and food security will remain an

issue, especially in the face of global climate and environmental changes.

The increase in population requires innovative ways to keep up with demand for food as well as
ways to improve food security and prevent malnourishment. Key to increasing food production
further is the ability to produce food environmentally and socially sustainably. Traditionally, in
order to produce more food, new land was cleared for agricultural purposes (Godfray et al.,
2010). While food production has increased by over 50%, land use has only increased by 9%
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(Pretty, 2008), which suggests that more land would be available for agricultural purposes.
However, the amount of available land is likely to decrease in the coming years due to soil
degradation (Nellemann et al., 2009), global climate change (IPCC, 2007) and the demand for
land for other human activities as well as the need to protect carbon sinks (such as the

rainforests) and biodiversity (Balmford et al., 2005).

One way of increasing food production is through the use of traditional plant breeding. Many of
the high yield crops used today have been produced by selecting for increased yield under
specific conditions (Tester and Langridge, 2010). However, traditional breeding faces some key
difficulties, including a lack of resources, capability and genetic diversity present, as well as the
lengthy time spans involved in these breeding programs (Godfray et al., 2010; Tester and

Langridge, 2010).

Therefore, the development of other plant molecular methods for increasing food production
are necessary. One potential solution is the use of genetically modified crop species. Use of
genetic modification (GM) allows for the generation of novel variation in populations (Table 1.1).
Common applications are the use of GM to introduce to proteinaceous toxins into crop species
to increase pest resistance (Tester and Langridge, 2010), as well as using GM to increase
photosynthetic efficiency (Godfray et al., 2010). However, in many parts of society opposition
to GM has become the norm, and thus in many countries, the access and use of GM has been
severely restricted (Tester and Langridge, 2010), which limits the potential of GM to increase
crop production. Hence, it is likely that over the next decade traditional breeding approaches
will continue to be used in order to improve crop yields. Furthermore, the development and use
of CRISPR/Cas9 genome editing to enhance abiotic and biotic stress tolerance in crops will likely
play an important role in the future development of non GM crops (Haque et al., 2018;
Jaganathan et al., 2018). It is also likely that more research into GM will eventually allow for a

wider acceptance of the technology and modified crop species (Tester and Langridge, 2010).
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Table 1.1 Potential uses of GM technology to further improve target crop species by the manipulation
of key traits of the plant over the next twenty years. Adapted from Godfray et al. (2010)

Target traits Potential Target Crops
Increased tolerance to herbicides Maize and Soybean
Increased resistance to insects and pests Cotton and Oilseed Brassica
Nutritional bio-fortification Staple cereal crops
Increased resistance against fungus and viruses Fruits and Vegetables
Improved storage capacity Rice, Fruits, and Vegetables
Drought, temperature and salinity tolerance Wheat
Increased nitrogen use and nitrogen fixation efficiency Staple cereal and tuber crops
Increased photosynthetic efficiency Staple cereal and tuber crops

The use of breeding technologies are not the only possible mechanisms of increasing food crop
production as well as there is evidence to suggest that crop yield optimisation through breeding
is nearing its biological limit (Zhu et al., 2010). Consequently, improving crop yields through
environmental influences is of arguably greater importance than ever before. Possible avenues
of exploration include the improving of photosynthetic performance through manipulation of
the light environment to increase agricultural yields. A possible approach is through the addition
of UV-B (Ultraviolet light B) to spectrum to improve crop stress tolerance (Wargent and Jordan,

2013).

The research presented in this thesis focuses on the addition of low fluence rate UV-B radiation
to the spectrum to alter photosynthetic performance. The focus being on developing a better

understanding of the regulatory effects of UV-B radiation on photosynthetic function.

1.2 Understanding light

The sun emits a spectrum of electromagnetic radiation; most of which is absorbed by the earth’s
atmosphere (Aphalo et al., 2012). The wavelengths that reach the earth’s surface range from
the high energy ultraviolet (UV) wavelengths (100 — 400 nm), through the visible light
wavelengths (400 — 700 nm) to the lower energy infrared (IR) wavelengths (> 700 nm). Light
particles, known as photons, in the visible part of the spectrum are perceived by photosynthetic

apparatus (Aphalo et al., 2012). In plants, the perception of light begins a photochemical event,
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which results in a number of different downstream responses specific to the type of light
perceived. The different responses to different types and wavelengths of light have been closely
studied, and have provided much insight into the complexity of light-mediated effects on plant

growth and development, or ‘photomorphogenesis’.

Plants have the ability to perceive UV light, which makes up approximately 7% of the
electromagnetic radiation emitted by the sun (Frohnmeyer and Staiger, 2003). UV light is split
into three distinctive parts; UV-C (100 — 280 nm), UV-B (280 — 315 nm) and UV-A (315 — 400 nm)
(Frohnmeyer and Staiger, 2003). The ozone layer affects the transmission of UV light to the
earth’s surface and changes the composition of UV light reaching the surface (Frohnmeyer and
Staiger, 2003). UV-Cis completely absorbed by the ozone layer, and only limited amounts of UV-
B pass through, it severely reduces the amounts of UV-B that reach the surface, whereas UV-A
passes through the ozone layer unaffected (Frohnmeyer and Staiger, 2003), but is limited by the

presence of pollutants in the troposphere.

1.3 UV-B — Ultraviolet light B

Due to their sessile nature, plants are routinely exposed to UV-B radiation. There is a great deal
of variation in the amounts and quality of UV radiation that the plants are exposed to; as both
amounts and quality are affected by latitude, altitude, seasons, cloud and canopy cover as well
as the presence of pollutants in the air (Jenkins, 2009; Aphalo et al., 2012). Thus plants can use
UV-B radiation as a way to determine where they are situated within a particular environment;
similarly to the way plants use the ratio of red to far-red light to grow as to avoid shading by

other plants and determining the time of day (Aphalo et al., 2012).

UV-B wavelengths are the highest energy wavelengths to reach the earth’s surface. Due to the
high energy, these wavelengths can have a detrimental effect on exposed cells, such as impairing
cellular process, damaging macromolecules such as DNA and creating reactive oxygen species

(ROS) (Jansen et al., 1998; Britt, 1999; Brosché et al., 2002). During the earth’s evolution much
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higher levels of UV-B used to reach the earth’s surface and thus organisms have had to evolve
mechanisms to protect against or repair UV damage; such as producing phenolic compounds,
which act as a sunscreen of sort (Jordan, 1996; Bornman et al., 1997), as well as producing DNA
photolyases to protect against UV-dependent DNA damage (Chen et al., 1994; Ahmad et al.,
1997). The formation of the ozone layer greatly reduced the amount of UV-B reaching the
surface. However, in 1985, researchers discovered a thinning of the ozone layer above the
Antarctic during the summer months (Farman et al., 1985), later to be commonly known as the
hole in the ozone layer. As early as 1970 it was known that nitrogen oxides present in the
atmosphere, due to both natural processes and human activity, have the ability to decompose
the stratospheric ozone (Crutzen, 1970). By 1974, more man-made pollutants, especially
chlorofluorocarbons (CFCs) were found to destroy ozone (Molina and Rowland, 1974). CFCs are
reduced by UV light in the stratosphere, and the resulting free chlorine atoms which catalytically
destroy ozone (Molina and Rowland, 1974). The combination of all these factors resulted in the
thinning of the ozone layer, and in the last 50 years, ozone levels have decreased by
approximately 5% (Pyle, 1997); leading to more UV-B reaching the surface. Continued increases
in UV-B radiation reaching the surface could have serious implications for all living organisms
(Xiong and Day, 2001; Caldwell et al., 2003). The prospect of further loss of ozone resulted in
the Montreal Protocol being signed in 1987 to reduce the release of CFCs and protect the

atmospheric ozone layer.

The loss of ozone in the atmosphere resulted in an increase in UV-B related research from the
1980s onwards, as increasing the ambient UV-B levels would have had possibly catastrophic
effects of plant life (Caldwell, 1971; Caldwell et al., 1989; Caldwell and Flint, 1994). As time went
on it became clear that the interactions between different wavebands of the solar spectrum are
very important as to how plants respond to high levels of certain wavelengths. And since the

III

1990s there has been an increased interest in studying “normal” levels of UV-B radiation to learn
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more about the photomorphogenic response of UV-B rather than the stress responses studied

(Paul, 2001; Aphalo, 2003; Jansen and Bornman, 2012).

1.3.1 Effects of UV-B radiation on plants

Despite making up less than 1% of the sun’s radiation that reaches earth (Rastogi et al., 2010),
at high fluence rates UV-B can be highly damaging to plants. Some of the potential targets of

UV-B radiation on plants are summarised in Table 1.2.

Table 1.2 Possible targets of high fluence UV-B radiation and plant response. Adapted from Jordan
(1996); Jansen et al. (1998); Jenkins (2017)

Targets of UV-B radiation in plants

DNA:

Formation of photoproducts - cyclobutane pyrimidine dimers (CPDs) and pyrimidine (6-4)
pyrimidinone dimers (6-4 PPs)

Photosynthetic apparatus:

Inactivation of photosystem Il (PS 1) and degradation of the D1 and D2 proteins

Reduced activity of RuBisCO and other key enzymes as well as decreased levels of
chlorophyll

Changes in chloroplast ultrastructure

Secondary metabolism:

Activation of UV-B photoreceptor — UV-B resistance locus 8 (UVRS8)
Accumulation of flavonoids and anthocyanins

Accumulation of alkaloids and cuticle waxes

Decreased levels of carotenoids

Production of free radicals:

Production of Reactive Oxygen Species
Physiological effects:

Thicker leaves

Reduced growth

Reduction of pollen fertility

Inhibition of shade avoidance
Inhibition of thermomorphogenesis

One of the major targets of damage by high fluence UV-B is DNA (Britt et al., 1993; Jansen et al.,
1998). The absorption of UV-B by DNA causes phototransformations, resulting in the production
of cyclobutane pyrimidine dimers (CPDs) and pyrimidine (6-4) pyrimidinone dimers (6-4 PPs)
(Britt and May, 2003; Britt, 2004). To avoid the cytotoxic effects of these photoproducts, they
need to be repaired prior to replication (Britt and May, 2003). One way is the use of photolyases,
which bind to the photoproducts and restore the DNA integrity via electron transfer (Hoffman

6



Chapter 1

et al., 1996; Ahmad et al., 1997). Arabidopsis thaliana has two types of photolyases, specific for
either CPDs or 6-4 PPs (Hoffman et al., 1996; Ahmad et al., 1997). While the 6-4 PP photolyase
protein is constitutively expressed, the CPD photolyase is induced by UV-B exposure
(Waterworth et al., 2002). DNA damage can also be repaired through nucleotide excision repair

in darkness (Liu et al., 2000) as well as homologous recombination (Ries et al., 2000b).

When treated with high fluence rates of UV-B, plants are found to be reduced in growth as well
having thicker leaves and higher amounts of cuticular waxes. Furthermore, a reduction in
photosynthetic activity can be seen, as the D1 and D2 proteins of photosystem Il (PS Il) are
degraded; as well as a reduction in pollen fertility (Jansen et al., 1998; Caldwell et al., 2003;
Caldwell et al., 2007). Higher plants have evolved several protective mechanisms, such as the
generation of flavonoid and anthocyanin compounds in epidermal cells, which act as a sunscreen
by absorbing the UV light and protecting the deeper cell levels, and the development of cellular

antioxidant system and cuticle waxes (Jordan, 1996; Bornman et al., 1997; Jansen et al., 1998).

However, UV-B also plays an important role in the photomorphogenic development of plants.
When the UV-B photoreceptor in the plants detects UV-B, a large number of genes are
differentially regulated in response to UV-B, affecting plant morphology (Wu et al., 2013). Plants
respond differently to different levels of UV-B radiation; stimulating varying levels of protection
and repair mechanisms to mitigate the stress produced. Low fluence rates may be beneficial to
the plant as it promotes cotyledon opening, inhibits stem extension and promotes the synthesis
of flavonoids, some of which may be involved in deterring pathogens and are thus beneficial to
the plant (Kim et al., 1998; Frohnmeyer et al., 1999; Boccalandro et al., 2001; Brosché and Strid,

2003; Suesslin and Frohnmeyer, 2003; Ulm et al., 2004).

UV-B further modulates the photomorphogenic response in plants by inhibiting the shade
avoidance response through enhancing the degradation and inhibition of PIF (PHYTOCHROME

INTERACTING FACTORS) function (Hayes et al., 2014; Mazza and Ballare, 2015). PIFs stimulate
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auxin biosynthesis leading to hypocotyl extension (Hornitschek et al., 2012; Li et al., 2012). UV-
B has also been shown to inhibit the thermomorphogenic response by inhibiting hypocotyl and
petiole extension, as well as leaf elevation in response to higher temperatures (Hayes et al.,

2017).

1.4 Photoreception

The interest in the effects of UV-B radiation on plants and potential applications kick-started the
search for the UV-B photoreceptor. The nature of plant responses to light is complex, and for a
long time, the nature of the UV-B photoreceptor remained elusive as no protein could be found

which resembled the previously identified photoreceptors and was UV-B responsive.

The two most well-known photoreceptor families, phytochrome (PHY; 600 — 750 nm) and
cryptochrome (CRY; 320 — 500 nm) are light-sensitive proteins; which typically consist of a
protein functional group and a photopigment known as the chromophore (Li et al., 2011a). In
higher plants, multiple forms of the phytochrome (PHYA to PHYE) and cryptochrome (CRY1,
CRY2) exist, as well as other photoreceptors such as phototropin and the Zeitlupe (ZTL) proteins,

which also absorb blue light (Kim et al., 2007; Li et al., 2011a).

Phytochromes are made up of the phytochromobilin apoprotein, which is synthesised in the
cytosol and is a linear tetrapyrrole chromophore (Li et al., 2011a) (Fig 1.1). The chromophore is
attached to the apoprotein via thioether linkage through a series of enzymatic steps (Terry,
1997; Li et al., 2011a). Phytochromes exist in two interconvertible forms, which absorb red
(maximally absorbed at 660 nm) and far-red light (maximally absorbed at 730 nm) (Quiail, 1997).
The different forms play an important role in the shade avoidance response of the plants.
Chlorophyll and carotenoids absorb red and blue wavelengths for photosynthesis; this reduces
the ratio of red to far-red light in light that has passed through or reflected from other plants (Li
et al., 2011a). The phytochromes perceive this difference, changing between the two isoforms,

which results in different responses, depending on the level of shading. For instance, in shade,
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the shade avoidance response initiated by phytochrome will result in the leaves bending
towards unfiltered daylight (Smith and Whitelam, 1997). Phytochromes are also involved in
stem elongation and seed germination (Li et al., 2011a), as well as playing a role in temperature
sensing (Jung et al., 2016; Legris et al., 2016) and entrainment of the circadian rhythm (Somers
et al., 1998) and flowering (Reed et al., 1993; Kendrick and Kronenberg, 1994). PHYB is the
primary high red light photoreceptor (Somers et al., 1998), and has been shown to be involved
in both the flowering response and entrainment of circadian rhythm through direct interaction,
with several downstream signalling components directly involved in the control of the circadian
clock (Somers et al., 1998). PhyB plays a key role in temperature sensing as it interacts with key
genes involved in the thermomorphogenic response in a temperature dependent manner (Jung
et al., 2016; Legris et al., 2016), showing that phytochromes act both as light and temperature

sensors.
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Figure 1.1 The different classes of photoreceptors identified in Arabidopsis thaliana. The photoreceptors
use the perceived light to give them information about the general light spectrum found in their
environment, resulting in changes to the plant morphology. Phytochromes absorb red/far-red light, the
chromophore is the plant specific phytochromobilin. Blue light and UV-A are absorbed by several different
photoreceptors; cryptochromes, phototropins and the Zeitlupe (ZTL) proteins. Cryptochromes bind Flavin
Adenine Dinucleotide (FAD) and Methenyltetrahydrofolate (MTHF) as chromophores, while phototropins
and the ZTL proteins bind Flavin Mononucleotide (FMN) chromophore through their LOV (Light, Oxygen
or Voltage) domains. UVR8 absorbs UV-B through intrinsic Tryptophans (Trp). From Heijde and Ulm
(2012).

In Arabidopsis thaliana, UV-A and blue light are perceived by several different receptors, by
cryptochromes, phototropins and ZTL proteins. Cryptochromes bind Flavin Adenine
Dinucleotide (FAD) and Methenyltetrahydrofolate (MTHF) as chromophores (Yu et al., 2010) (Fig

9
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1.1). Cryptochromes undergo phosphorylation when perceiving light, and are involved in a
number of blue light responses, such as mediating the inhibition of hypocotyl elongation and
stomatal opening (Yu et al., 2010). Cryptochromes are also involved in the photoperiodic control
of flowering, as well as being involved in entrainment of the circadian clock (Li et al., 2011b;
Christie et al., 2015). The other blue light receptors, phototropins and the ZTL proteins bind to
Flavin Mononucleotide (FMN) as a chromophore through their LOV (Light, Oxygen or Voltage)
domains (Heijde and Ulm, 2012). Phototropins are primarily involved in blue light-mediated
stomatal opening, while ZTL proteins are mostly involved in the circadian rhythm (Yu et al., 2010)

(Fig 1.1).

While each group of photoreceptors mediates various downstream signalling pathways
individually, there is also cross talk among the signalling pathways allowing the plant to
determine day length and control flowering in response (Endo et al., 2016; Kong and Okajima,

2016; Pedmale et al., 2016).

1.4.1 UVRS: The UV-B photoreceptor

The UV-B photoreceptor, UV-B RESISTANCE LOCUS 8 (UVR8), was first identified through a
mutant screen looking at UV-B sensitivity in Arabidopsis thaliana. Kliebenstein et al. (2002)
identified the mutant uvr8-1 (UV-B resistance locus 8-1) as altered in response to UV-B, but
behaving like wild type (wt) in the absence of UV-B. uvr8-1 is altered in the UV-B induced
accumulation of flavonoids, anthocyanins and CHALCONE SYNTHASE (CHS) (Kliebenstein et al.,
2002; Brown et al., 2005). CHS had been previously identified as the key enzyme in both the
flavonoid and anthocyanin pathway and is known to be positively regulated by UV-B exposure
(Christie and Jenkins, 1996). Expression of CHS is also controlled by a number of photoreceptors
in response to different types of light; such as the upregulation of CHS in response to UV-A

exposure is mediated by cryptochrome 1 (Kaiser and Batschauer, 1995; Wade et al., 2001).
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When wild type plants are exposed to UV-B a continual increase of CHS can be seen, while in
uvr8-1the UV-B mediated induction of CHS does not occur although other stress response genes
are still induced. All of which suggested that UVRS is needed for the transduction of the UV-B
response signal (Kliebenstein et al., 2002). When 10-day old uvr8-1 plants were exposed to 3
days of constant UV-B exposure, necrosis of the first true leaves and cotyledons was seen, as
well as folding of the young leaves (Kliebenstein et al., 2002). Brown et al. (2005) determined
that UVR8 is UV-B specific as the CHS response in uvr8-1 is only absent in the presence of UV-B,
but the CHS response to other wavelengths remained the same. Transcriptome analysis of uvr8-
1 in comparison to wild type, when exposed to high doses of UV-B, identified 72 UV-B induced

genes regulated by UVR8 (Brown et al., 2005).

UVR8 has also been shown to be involved in the suppression of the shade avoidance response;
when UV-B is detected by UVRS it inhibits the increase in auxin biosynthesis and other signalling
genes involved in the shade avoidance response elicited by reduced red: far-red ratio (Hayes et
al., 2014). Under UV-B exposure the thermomorphogenic response to elevated temperatures is

inhibited by UVR8 (Hayes et al., 2017).

Orthologues of UVR8 have been found in many other species; such as green algae, bryophytes,
lycophytes, and angiosperms (Fernandez et al., 2016; Soriano et al., 2018). The UVR8 protein
sequence is strongly conserved (Rizzini et al., 2011; Fernandez et al., 2016; Soriano et al., 2018);
and Soriano et al. (2018) showed that the UVR8 homolog in Physcomitrella patens and
Marchantia polymorpha was sufficiently conserved to complement the Arabidopsis uvr8
mutant. The conservation of UVR8 sequence and structure throughout the plant lineage
illustrate the important role of UVR8 in UV-B protection; and adds support to the hypothesis
that UVRS8 evolved at a time when higher levels of UV-B reached the surface around 400-700

million years ago (Cnossen et al., 2007; Jenkins, 2009; Fernandez et al., 2016).
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1.4.2 Photoreception and gene regulation

UVR8 essentially behaves as a light responsive pigment at the top of a transduction chain, which
regulates over 100 genes (Aphalo et al., 2012). In the absence of UV-B, UVR8 exists as a
symmetrical homodimer, which monomerises when exposed to UV-B (Rizzini et al., 2011) (Fig
1.2). Each of the two subunits is made up of seven B-propeller blades (Wu et al., 2012). Each
blade is connected with the N and C termini of the blade before and after it, which may allow
for a more flexible conformation (Christie et al., 2012), resulting in a round shape with a central
tunnel (Fig 1.2). The homodimer is stabilised by the interaction of acidic and basic patches as
well as hydrogen bonds on the surface of each of the core domains (Wu et al., 2012). The dimer
is further stabilised by the interaction of arginine residues with the tryptophan residues at the
dimer interface (Rizzini et al., 2011). The monomerisation is reversible, as, after the end of
exposure to UV-B, the dimer reassembles without the need for a cofactor, indicating that the

dimeric state is an intrinsic property of the protein (Fig 1.2) (Christie et al., 2012).

Instead of a chromophore, UVR8 uses a ‘tryptophan pyramid’ to detect UV-B. UV-B is detected
by the tryptophan (Trp) residues, as these absorb UV-B and have an absorption maximum of 300
nm and in the protein environment is likely to extend even further (Rizzini et al., 2011) and thus
should be able to detect even higher wavelengths of UV-B. Trp285 and Trp233 have been
identified as the most important tryptophan residues, as when they are mutated to
phenylalanine they ceased to dissociate into monomers in the presence of UV-B (Wu et al.,
2012). The arrangement of the tryptophans was termed a tryptophan pyramid by Christie et al.
(2012), and the overlap between the UV-B absorbing residues produces a distinct signature in
the far UV circular dichroism spectrum. It is thought that UVR8 detects UV-B by using these
tryptophans as a chromophore; when UV-B hits the salt bridges between the arginine and the
tryptophan, specifically R286-W285, it causes an excited electron to move from the tryptophan

to the arginine, causing the neutralization and breaking of the salt bridge and thus the dimer
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becomes destabilized and dissociates (Christie et al., 2012). The uvr8-1 mutant has a 15bp
deletion in the UVR8 gene, causing it to lose its ability to transmit the UV-B signal (Kliebenstein

et al., 2002).

a)

b)

active monomer
(interaction with COP1)

Q -» gene expression changes
. ~» acclimation and UV-B tolerance
inactive dimer — hypocotyl growth inhibition

Figure 1.2 The structure of the UVR8 photoreceptor. a) Shows the symmetrical homodimer of seven-
bladed B-proper subunits, from the side and the end. The key salt bridges are shown in the side view; the
numbers indicate the blade pairing at blade 4. From Christie et al. (2012). b) UVR8 protein model showing
the UV-B dependent monomerisation into the UVR8 monomer. Arginine (Arg, orange) residues at position
286 and 338 form hydrogen bonds that hold the homodimer together while tryptophan (Trp, blue)
residues at position 285 and 233 serve as chromophores to perceive UV-B. From Tilbrook et al. (2013).

1.4.2.1 After monomerization: Interaction with COP1

The UVR8 monomer then interacts with the E3 ubiquitin ligase COP1 (CONSTITUTIVELY
PHOTOMORPHOGENIC 1). The 27 amino acids on the C terminus of UVR8 interact with the
WD40-repeat domain in COP1 (Gruber et al., 2010; Wu et al., 2013). COP1 is a protein made up
of a RING finger, coiled-coil and WD40 domains, each of mediate the interaction with other
proteins or aid in self-dimerisation (Yi and Deng, 2005). COP1 is a central regulator of light-

dependent plant photomorphogenesis by impairing the transcriptional activation of the HY5
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(ELONGATED HYPOCOTYL 5) gene, which encodes a bZIP transcription factor that plays an
important role in the UV-B signalling pathway (Gruber et al., 2010). Thus, the interaction
between COP1 and UVR8 is essential for the acclimation of the plant to UV-B as COP1 acts a
positive regulator of UV-B photomorphogenesis (Heijde et al., 2013). COP1 represses light
signalling by targeting downstream transcription factors involved in photoreception for
ubiquitylation and degradation (Yi and Deng, 2005) and thus acts as a negative regulator of
photomorphogenic development. Its sequence contains nuclear import and export signals, and
its localisation is controlled by light (Yi and Deng, 2005). In darkness, COP1 is localised to the
nucleus, where ubiquitylation and degradation of the photomorphogenic transcription factors
occurs, and thus repressing photomorphogenic genes. In light, COP1 is excluded from the
nucleus, and the transcription factors accumulate again, and thus the plants can undergo

photomorphogenic development (Yi and Deng, 2005).

In response to light HY5 activates a number of genes leading to photomorphogenic
development. HY5 accumulates in light-grown plants and is degraded in dark-grown plants
through proteasome-mediated proteolysis, which requires the ubiquitylation by COP1 (Yi and
Deng, 2005). COP1 is a negative regulator of HY5 and has been shown to interact and co-localize
with HY5 to subnuclear speckles in the plant (Yi and Deng, 2005). HY5 is stabilised in white light,
as then COP1 is excluded from the nucleus, HYH (HY5 HOMOLOG) is also degraded by COP1 and
is involved in blue light signalling (Yi and Deng, 2005). COP1 also targets other transcription
factors involved in other light signalling responses, and thus COP1 can be considered to be the
master switch as it ubiquitylates all the transcription factors involved in light signalling when in
the dark and thus targets them for degradation leading to a stop in photomorphogenic

development (Yi and Deng, 2005).
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1.4.2.2 Gene regulation

UVR8 is found both in the nucleus and the cytoplasm, and its levels do not change when exposed
to different light conditions, however upon irradiation by UV-B the levels of UVR8 in the nucleus
increase, indicating redistribution from the cytoplasm into the nucleus (Kaiserli and Jenkins,
2007; Heijde and Ulm, 2012). Once in the nucleus, it is hypothesised that the UVR8-COP1
complex interacts with the chromatin of UV-B regulated genes by binding to the histones (Cloix
and Jenkins, 2008; Christie et al., 2012). Studies have shown that the chromatin of the promoter
regions of a UV-B upregulated gene is enriched with diacetylhistone H3 (K9/K14), showing a link
between histone modification and transcriptional activity in a UV-B stressed environment (Cloix
and Jenkins, 2008). It then initiates the transcriptional response to the UV-B stress.
Transcriptome analysis has identified over 100 genes that are regulated by UVR8 under UV-B

exposure (Brown et al., 2005; Christie et al., 2012).

Under UV-B conditions HY5 transcription is activated, and the COP1 dependent degradation is
inhibited, most likely due to the binding of the UVR8 monomer to COP1 preventing the
ubiquitylation and subsequent degradation (Gruber et al., 2010). The transcription factor HY5
and its homolog HYH regulate a number of genes under UV-B stress, several of which are
involved in protection against UV radiation. Mutant studies of hy5 and hyh have shown that HYH
is less important than HY5 as the hyh mutant is less sensitive to UV-B; indicating that the lack of
the HY5 transcription factor is vital to UV-B acclimation and protection (Ulm et al., 2004; Brown
et al., 2005; Oravecz et al., 2006). In wild type plants, both transcription factors are involved in
the regulation of UV-B pathway-specific genes and play a key role in the downstream effect of

UVRS signalling.

RUP1 (REPRESSOR OF UV-B PHOTOMORPHOGENESIS 1) and RUP2 interact with UVRS8 to
negatively regulate the photomorphogenic response elicited by UVR8 (Gruber et al., 2010). Both

are transcriptionally activated by UVR8, COP1 and HY5 (Gruber et al., 2010). The rupl,rup2
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double mutant showed a stronger response to UV-B stress and was better acclimated, and
overexpression of RUP2 showed a reduced photomorphogenesis when under UV-B stress
(Gruber et al., 2010). Thus indicating that both proteins are involved in repressing the UVR8
regulated UV-B response and can be seen as negative feedback regulators, which are needed to
balance the need for UV-B damage response and plant growth. The regulation of RUP1 and RUP2
is critical, and data suggests that a rapid increase in RUP1 and RUP2 is necessary to prevent
overstimulation under UV-B stress (Gruber et al., 2010). Mutants of either rup1 or rup2 show a
hypersensitivity to UV-B and HY5 and CHS exhibit higher expression levels in the mutants;
indicating the RUP1 and RUP2 interact with UVR8 or COP1 to prevent overstimulation (Gruber
et al., 2010). RUP1 and RUP2 are also activated by other light wavelength indicating a general
role in light response; however, in other light responses, they do not seem to affect HY5 or CHS
(Gruber et al., 2010). Thus, their major negative regulatory role is UV-B specific. Overexpression
of RUP1 or RUP2 results in blockage of UV-B specific signalling (Gruber et al., 2010). Fig 1.3 shows

a model of the UVR8 mediated UV-B response to the extent it is known so far.

1.4.2.3 Other possible pathways:

Other pathways in UV-B signalling have been identified, but little about them is known. One
pathway involved the RUS1 (ROOT UV-B SENSITIVE 1) protein, which is believed to negatively
regulate the UV-B response pathway in roots (Gruber et al., 2010). It is thought that other
pathways and proteins that inhibit and promote UV-B induced signalling and differ from the

COP1/UVRS8 pathway must exist (Gruber et al., 2010).
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Figure 1.3 Model of UVR8 mediated UV-B signalling as currently understood. In the absence of UV-B
(white light - WL), UVR8 is primarily a homodimer, and COP1 represses photomorphogenesis by promoting
degradation of HY5. In the presence of UV-B, UVR8 monomerises and interacts with COP1. The bZIP
transcription factor HY5 is stabilised and UV-B responsive genes are activated. These include genes
encoding proteins of importance for UV protection (e.g. CHS), but also the RUP1 and RUP2 proteins, which
constitute negative feedback on UVR8 activity involving direct protein—protein interaction. From Heijde
and Ulm (2012).

1.4.3 UV-B interaction with other wavelengths:

In a natural environment, plants are exposed to the entire electromagnetic spectrum of sunlight,
rather than only a particular set of wavebands. While the stress response to high levels of UV-B
has been extensively studied, there has been little research into understanding how other
wavebands, wavelengths, and groups of wavebands, particularly Photosynthetically Active
Radiation (PAR), and UV-A interact with UV-B, and how this affects the photomorphogenic

response.
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While there have been several studies examining the effect of UV-B radiation on both the
photomorphogenic response as well as effects on photosynthetic apparatus, there has been
little research into the effects of UV-A. UV-A radiation is perceived by the plants through
cryptochromes, and studies have revealed the dual nature of UV-A radiation on plants. It
activates the expression of PS Il proteins (Christopher and Mullet, 1994), but it also damages
photosynthetic machinery (Joshi et al., 1997; Turcsanyi and Vass, 2000). While the primary
target of UV-A radiation is PS Il, it is also damaging to PS | (Photosystem I) (Turcsanyi and Vass,
2000), and there is some evidence to suggest that UV-A radiation results in the increase in the
amounts of UV absorbing compounds (Rozema et al., 2002). Of further interest is the combined
effects of UV-A and UV-B radiation on plants. It has been shown that the presence of UV-A
moderately protects the photosynthetic apparatus against the effects of UV-B (Gartia et al.,
2003). Furthermore, it has been demonstrated that seedlings exhibit differences when exposed
to different wavebands of UV, particularly in terms of the carotenoid composition, which are

protective agents against UV damage (Gartia et al., 2003).

Evidence also suggests that a mixture of UV-B, UV-A, blue and red light is required to maintain
plant function under stress as well as being needed for the repair of damage caused by high
doses of UV-B (Christie and Jenkins, 1996; Wade et al., 2001). The combination of different
wavebands, such as PAR and UV-A, together with UV-B radiation have a strong influence on the
effect of UV-B radiation on plants (Fuglevand et al., 1996). It has been shown that high levels of
PAR reduce the effects of UV-B, and that pre-treating plants with PAR prior to exposing them to
UV-B, mediates the effects of UV irradiation, thus limiting the damage done to the plants. High
doses of PAR result in gene expression changes; inducing the accumulation of phenolic
compounds (Rossel et al., 2002). Thus, pre-treating plants with high doses of PAR prior to
irradiation of UV-B provides plants with added protection in terms of UV-B absorbing

compounds as well as increasing leaf thickness (Wargent et al., 2011). A high UV-B/high PAR
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ratio resulted in the accumulation of flavonoids, while a high UV-B/low PAR resulted in a much
lower accumulation, which suggests that the balance between PAR and UV-B in the spectrum is
important in the plant adaptation to UV-B stress (Gotz et al., 2010). While low levels of PAR and
UV-A, exasperate the effects of UV-B (Caldwell and Flint, 1994), the presence of both PAR and

UV-A in higher quantities is beneficial to the plant as both are required for photoreactivation.

Both UV-A and PAR are not absorbed by ozone, meaning that their relative intensities are
typically constant. However, the ratio of PAR/UV-A to UV-B is determined by the ozone layer
(Gotz et al.,, 2010). The different ratios result in changes in both the transcriptomic and
phenotypic response. The PAR/UV-B ratio has also been shown to affect photoinhibition and the
turnover of the D1 protein in PS Il (Bornman, 1994). UV-B induced DNA damage is repaired by
photoreactivation, which is dependent on the energy provided by UV-A and blue light (Britt,
1999; Ries et al., 2000a). Interestingly, there is also evidence showing that illuminating a plant
with red light after UV-B exposure rapidly increases the net rate of photosynthesis, which
suggest that photosynthesis may be affected by the PAR/UV-B ratio (Ries et al., 2000a). Also of
interest is evidence suggesting that UVR8 may be interacting with other photoreceptors when
exposed to ambient PAR and high UV-A exposure; as under such conditions, it may act as a
regulator of gene expression (Morales et al., 2013). Understanding how PAR/UV-A and UV-B
wavebands interact is key to understanding in how to improve plant response in a high UV-B
environment, as well as furthering the understanding of how these wavebands affect

morphology as well as photosynthesis.

1.5 UV-B and photosynthesis

Although light drives primary productivity in plants via photosynthesis, the addition of UV-B to
the spectrum also has an effect on photosynthesis. The severity of the reaction depends on the
dose and irradiance scheme administered; high fluence rates will elicit a more severe effect than

lower doses (Teramura and Sullivan, 1994; Takahashi et al., 2010; Davey et al., 2012). High
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fluence rates of UV-B have been defined as fluence rates higher than 3 umol m=2 s™ of UV-B, as
this represents the fluence rate measured at midday in summer in the UK. Low fluence rates
have been defined as < 1 umol m=2 s of UV-B (Frohnmeyer and Staiger, 2003; Jenkins, 2009).
As many historical experiments were performed in the presence of high fluence rate UV-B and
low fluence rates of PAR, photosynthetic responses to high fluence UV-B is well characterised

(Teramura, 1983).

1.5.1 Impact of high fluence rates of UV-B

High fluence rates of UV-B have been shown to impede photosynthetic performance (Allen et
al., 1997; Mackerness et al., 1998; Takahashi et al., 2010). High fluence rates of UV-B have been
shown to result in damage to the photosystems (PS | and PS 1) and lower photosynthetic
efficiency (Tyystjarvi, 2008; Davey et al., 2012; Dobrikova et al., 2013) as well as lower
chlorophyll content (Surabhi et al., 2009) and inhibition of net photosynthetic rate (Jansen et al.,

1998).

1.5.1.1 Photosystem Il

UV-B has been shown to affect PS Il to a much greater extent than PS | (Holldsy, 2002). PS Il is
the key supramolecular complex in the photosynthetic machinery and has been identified as
one of the main targets of UV-B radiation (Booij-James et al., 2000). PS Il is found in the
chloroplast and is a pigment-protein complex which catalyses the light-induced transfer of
electrons from water to plastoquinone (Booij et al., 1999). The photosynthetic machinery; made
up of the OXYGEN EVOLVING COMPLEX (OEC), the LIGHT HARVESTING COMPLEX (LHCII) and the
reaction centre, is made up of over 25 different polypeptides (Mattoo et al., 1999). While the
reaction of water splitting in the OEC is damaging to the proteins and pigments involved;
photodamage occurs in several parts of the complex, such as the manganese cluster through
the direct photoexcitation of manganese as it absorbs UV-B (Sarvikas et al., 2006; Takahashi et

al., 2010).
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The PS Il reaction centre is composed of the D1 and D2 proteins, @ and 8 subunits of cytochrome
b559 and a few low molecular mass polypeptides (Mattoo et al., 1989). The D2 and D1 proteins
form a backbone for the binding of cofactors and prosthetic groups, which are involved in charge
separation and electron flow (Loll et al., 2007). The two electron acceptor plastoquinones Qa
and Qb bind to D2 and D1 respectively (Booij et al., 1999). The D1 and D2 proteins have
structural and functional similarities, but they differ in stability (Mattoo et al., 1989). The D1
protein is rapidly degraded by light; the degradation is specifically driven by UV-C, UV-B, UV-A,
PAR and far-red light, and the rate at which it degrades exceeds that of all other PS Il proteins,
while in comparison the D2 protein is relatively stable and long-lived under physiological fluence
rates of PAR (Booij-James et al., 2000). It has been shown that UV-B targets the D2-D1
heterodimer and accelerates degradation with the greatest effect being on the D2 protein
(Booij-James et al.,, 2000). The ratio of D2 degradation/D1 degradation is wavelength
dependent; rates of D2 degradation are lowest in the visible part of the spectrum and highest in
the UV-B/UV-C region of the spectrum (Booij-James et al., 2000). In the UV-A and blue light part
of the spectrum, the relative rate of D2 gradation is also higher; degradation is driven by UV-B
fluence rates as a low as 1 pmol m=2s™" (Booij-James et al., 2000). It has been shown that chronic
exposure to low levels of UV-B has little effect on the maximal photosynthetic efficiency of PS I,

suggesting that acclimation to UV-B is possible (Hectors et al., 2007).

1.5.2 Impact of low fluence rates of UV-B on photosynthesis

There is now growing evidence suggesting that lower fluence rates of UV-B can be beneficial to
photosynthesis. Visible light supplemented with low fluence UV-B has been shown to protect
the plant against high light damage (Bolink et al., 2001) and may even enhance recovery from a
photoprotected state (Xu and Gao, 2010). Furthermore, chlorophyll content of plants grown
under low fluence UV-B has been shown to be higher than the no UV-B control (Poulson et al.,

2006).
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Under low fluence rates of UV-B, Davey et al. (2012) showed an increase in photosynthetic
performance, and analysis of the Favory et al. (2009) microarray data by Wargent and Jordan
(2013) showed an upregulation of photosynthesis-associated genes. Further studies in other
plant species have shown that presence of low levels of UV-B may stimulate photosynthesis
(Vidovi¢ et al., 2015), as well as studies indicating that ambient levels of UV-B have little effect
on photosynthesis (Hectors et al., 2007; Ballaré et al., 2011; Hideg et al., 2013). In summary, a
number of studies have highlighted the potential for UV-B to positively influence photosynthetic
competency and performance, but there is very little mechanistic understanding of such

responses, particularly at the gene expression level.

1.6 Aims of this work

This work will focus on mechanistically characterising the photosynthesis response to low
fluence rate UV-B exposure in Arabidopsis thaliana. High UV-B fluence rates have been shown
to damage the photosynthetic apparatus and lower PS Il efficiency (Tyystjarvi, 2008; Davey et
al., 2012; Dobrikova et al., 2013), as well as inhibit photosynthetic rate (Jansen et al., 1998). Little
is known about the effect of low fluence UV-B on photosynthesis; but microarray analysis has
shown that in response to low fluence UV-B photosynthesis-associated genes are upregulated

(Favory et al., 2009) suggesting that there may be a positive impact on photosynthesis.

As the response to low fluence rate UV-B is not well understood this PhD project aims to:

e Characterise the impact of low fluence UV-B exposure on the net photosynthetic rate of

wild type and the uvr8 mutants.

e To determine the differences in gene expression in wt and uvr8 mutants in response to
low fluence UV-B exposure, and identify possible candidate genes that may be involved

in the UV-B dependent photosynthesis response.
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e To gain a better understanding as to how the candidate genes identified affect the UV-
B dependent photosynthesis response and how these candidates may interact with one

another.

Ultimately, the aim of this work is to gain more insight into the photosynthesis response of
Arabidopsis thaliana to low fluence rate UV-B exposure. These insights may then be applied to
gain a better understanding of UV-B response in Arabidopsis overall and may in the long term

be useful in manipulating photosynthetic efficacy in agricultural plants.
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2 Materials and Methods

2.1 Plant material

Arabidopsis thaliana wild type ecotypes used in the research presented were Columbia-0 (Col-
0) and Landsberg erecta (Ler). uvr8 mutant lines used where uvr8-1 (Ler) and uvr8-6 (Col). Wild
type Ler, uvr8-1 (Ler) and rupl,rup2 (Col) (henceforth referred to as rupl,2) seed lines were
provided with the assistance of Professor Gareth Jenkins, University of Glasgow, Scotland. Wild
type Col-0 ecotype, uvr8-6 (Col) and all other mutant seed lines were obtained through the
Arabidopsis Biological Resource Center (ABRC, The Ohio State University, Ohio, USA). All mutant

lines used are listed and described in Table 2.1.

Table 2.1 Mutant lines used in the research presented

Mutant line name Background Gene ID Stock name
uvr8-1 Ler AT5G63860
uvr8-6 Col AT5G63860 SALK_033468
lug444 Col AT4G32551 SALK_126444
luh4 Col AT2G32700 SALK_097509
seu-4 Col AT1G43850 SALK_069303
sig5-1 (sig5.1) Col AT5G24120 SALK_049021
sig5-2 Col AT5G24120 SAIL_1232_H11
elipl Col AT3G22840 CS321141
elip2 Col AT4G14690 SALK_105392C
AT5G52250
rupl,2 col AT5G23730
rbf1-1 Col AT4G34730 SALK_008178
rbf1-2 Col AT4G34730 SALK_058490
toc33 Col AT1G02280 SALK_122849
tfp Col AT1G52990 SALK_009687C

Prior to all experimental work, all T-DNA insertion mutant lines were screened for homozygosity

of the T-DNA insertion; see section 2.5.1 for details.

2.2 Growth Conditions
All seeds, apart from rbf1-2 (Col), were germinated directly on sieved soil (Daltons Premium
Seed Mix, Matamata, New Zealand) in detachable seedling pots (each pot is 45 mm by 45 mm).

The pot trays were placed inside of a holding tray (420 x 310 mm) into which 500 ml of water
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was poured every 2™ day. In each pot, two seeds were germinated and were thinned to 1

seedling per pot after successful germination.

Plants were germinated and grown in controlled environment growth rooms at the Plant Growth
Unit, Massey University, Palmerston North or at the Plant Growth Facility at the Institute of
Fundamental Sciences, Massey University, Palmerston North. Environmental conditions in the
rooms were maintained at 10:14hrs day/night length; 20 °C £ 2 temperature; 75% * 10 relative
humidity. The 10:14hrs day/night length cycle was selected to allow for sufficient growth of
plant for the IRGA measurements but avoiding without green biomass development without
driving the plant to flowering. PAR light sources were made up of using a mixture of cool white
fluorescent tubes (Philips 54W T5, Eindhoven, Netherlands) and Gro-Lux fluorescent tubes
(Sylvania F58W T8 Gro-lux, Seneca Falls, NY, USA) (Fig 2.1a). The two types of fluorescent tubes
were selected as this provided the desired quantity of PAR and desired ratio of red: far-red. PAR
intensity was measured using an Optronic OL-756 UV-VIS Spectroradiometer (Optronic
Laboratories, Gooch and Housego, Orlando, FL, USA) equipped with integrating sphere and set
to 220 umol m=2 s at plant canopy height. Plants were grown under these conditions between

28 to 35 days after sowing (DAS) depending on the experiment.

2.2.1 Growth medium for rbf1-2 (SALK_058490)

Due to the nature of the rbf1-2 mutation the seedlings needed to be germinated on a Murashige
and Skoog medium (Murashige and Skoog, 1962), supplemented with 0.8% Suc, for 2 weeks as
described in Fristedt et al. (2014); under the same environmental conditions as all other
mutants. After 2 weeks (14 DAS), the seedlings were transferred onto the same soil mix as all

other seedlings and grown under the same conditions.
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2.3 Experimental setup
Experimental set up varied between experiments as different UV-B fluence rates as well as
different UV-B sources were used. The details of all experiments undertaken in this thesis can

be seen in Table 2.
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Table 2.2 Experimental set up
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UV-B experimental dose

1.5 umol m2s™ UV-B
using LEDs

0.5 umol m2s™ UV-B
using LEDs

Age of plants

Propagation

From sowing

Time period

35 days

Day length
(Day/Night)

10:14hrs

Light conditions

WL -220 pumol m™2s™ PAR

Relative Humidity

75% + 10

Temperature

Age of plants

20°C+2

From sowing

PAR acclimation period
(prior to UV-B exposure)

No PAR Acclimation Period

28 DAS

UV-B exposure

35 DAS

5 days

12:12hrs

PAR LEDs 220 umol m™2s™'
UV-B LEDs 1.5 pmol m=2s™

70% + 10

20°C+2
35 DAS

Time period

28 days

7 days

48hrs

Day length
(Day/Night)

10:14hrs

12:12hrs

12:12hrs

Light conditions

WL -220 pumol m™2s™ PAR

PAR LEDs - 220 umol m=2s™

PAR LEDs 220 pmol m™2s™
UV-B LEDs 0.5 pmol m2s™

Relative Humidity

75% * 10

75% + 10

75% * 10

Temperature

20°C+2

20°C+2

Table continues on next page
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0.5 pumol m=2s™1
Broadband UV-B using
UV-B fluorescent tubes

3 umol m™2s™
Broadband UV-B using
UV-B fluorescent tubes

DAS — Days after sowing;

Age of plants

Chapter 2

From sowing

28 DAS

35 DAS

Time period

28 days

7 days

48hrs

Day length
(Day/Night)

10:14hrs

12:12hrs

12:12hrs

Light conditions

WL -220 pumol m™2s™" PAR

WL -220 pmol m™2s™ PAR

WL -220 pmol m™2 s~ PAR
UV-B tubes - 0.5 pmol m™2s™

Relative Humidity

75% * 10

75% 10

75% * 10

Temperature

Age of plants

20°C+2

From sowing

Time period

21 days

Day length
(Day/Night)

10:14hrs

Light conditions

WL -220 pmol m™2s™" PAR

Relative Humidity

75% + 10

Temperature

20°C+2

20°C+2

No PAR Acclimation Period

20°C+2
21 DAS

5 days

12:12hrs

WL - 220 pmol m™2s™ PAR
UV-B tubes - 3 pmol m™2s™

75% + 10

20°C+2

WL — White light — Cool White (Philips 54W T5, Eindhoven, Netherlands) and Gro-Lux fluorescent tubes (Sylvania F58W T8 Gro-Lux, Seneca Falls, NY, USA);

PAR LEDs — 665 nm (red light) and 460 nm (blue light) emitting LEDs (BioLumic Ltd, Palmerston North, New Zealand);

UV-B LEDs — narrowband UV-B emitting LEDs (peak at 295 nm) (BioLumic Ltd, Palmerston North, New Zealand);

UV-B tubes — Broadband UV-B metal halide bulbs (Phillips HPI T Plus, Eindhoven, the Netherlands
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2.3.1 Experimental Chamber set up

For the PAR acclimation period prior to UV-B exposure and for UV-B exposure, plants were
moved from the propagation environment and placed into a modified controlled environment
chamber (Contherm 630; Contherm Scientific Ltd, Petone, New Zealand). Environmental
conditions in the chamber were maintained at 12:12hrs day/night length; 20 °C + 2 temperature;
75% + 10 relative humidity. Light intensity varied based on the experimental conditions; light
intensity for PAR and UV-B were measured at plant canopy height using an Optronic OL-756 UV-
VIS Spectroradiometer (Optronic Laboratories, Gooch and Housego, Orlando, FL, USA) equipped

with integrating sphere.

2.3.1.1 Narrowband UV-B experiments using LEDs

2.3.1.1.1 1.5 umol m2s™ of UV-B

At 35 DAS, plants were moved from propagation environment into the modified controlled
environment chamber (Contherm 630; Contherm Scientific Ltd, Petone, New Zealand). The
chamber was equipped with proprietary commercial light modules, consisting of UV-B and PAR
emitting LEDs (BioLumic Ltd, Palmerston North, New Zealand). The UV-B LEDs emitted
narrowband UV-B between 290 nm and 305 nm of UV-B with a spike at 295 nm (Fig 2.1b) and
the PAR emitting LEDs showed a spike at 665 nm (red light) and 460 nm (blue light) (Fig 2.1c).

Intensity of UV-B was set to 1.5 umol m=2s7%; intensity of PAR was set to 220 umol m=2s™.

The chamber was split into a +UVB (UV-B exposure) and a —UVB (no UV-B exposure) zone;
separated by a central curtain of UV-B opaque film (Lumivar; BPI Visqueen, Ardeer, UK), allowing
air to circulate between the zones. In the +UVB zone both UV-B and PAR emitting LEDs were
present and in the -UVB zone only PAR emitting LEDs where present. The plants were in this

environment for 5 days.
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2.3.1.1.2 0.5 umolm=2s™ of UV-B

At 28 DAS, plants were moved from the propagation environment to the modified controlled
environment chamber (Contherm 630; Contherm Scientific Ltd, Petone, New Zealand) equipped
with the same LEDs as described before (section 2.3.1.1.1). For 7 days, plants were exposed to

220 umol m=2 57" of PAR only (the PAR acclimation period).

After the 7-day PAR acclimation period, the chamber was split into the +UVB and —UVB zones;
as before, separated by a central curtain of UV-B opaque film (Lumivar; BPI Visqueen, Aberdeer,
UK), and UV-B was turned on; at a fluence rate of 0.5 pmol m~2s™" of UV-B. Plants were in this

environment for 48hrs.

2.3.1.2 Broadband UV-B experiments using UV-B fluorescent tubes

2.3.1.2.1 0.5 pmol m~2 57! of broadband UV-B

At 28 DAS, plants were moved from the propagation environment to the modified controlled
environment chamber (Contherm 630; Contherm Scientific Ltd, Petone, New Zealand). The
chamber was equipped with white light emitting metal halide bulbs (Phillips HPI T Plus,
Eindhoven, the Netherlands); which were set to emit of 220 pmol m=2 s of PAR. For 7 days

plants were exposed to 220 umol m=2 s™" of PAR only (the PAR acclimation period).

A specifically designed frame was placed into the chamber to hold the UV-B emitting fluorescent
tubes (Q-Panel 313; Q-Lab Corp, Cleveland, OH, USA); which were set to emit 0.5 pmol m=2s™
of UV-B. The UV-B emitting tubes were wrapped with 0.13 mm thick cellulose diacetate (Clarifoil;
Courtaulds Ltd, Derby, UK) to filter out wavelengths < 290 nm. The chamber was split into a
+UVB and a —UVB zone, separated by a central curtain of UV-B opaque film (Lumivar; BPI
Visqueen, Aberdeer, UK). For the —UVB side, the lengths of UV-B tubes were wrapped with the

same UV-B opaque film.

After the 7-day PAR acclimation period, the UV-B fluorescent tubes were turned on, and the

plants were in this environment for 48hrs.
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2.3.1.2.2 3 pumol m=2s™ of broadband UV-B

At 21 DAS, plants were moved from the nursery environment to the modified controlled
environment chamber (Contherm 630; Contherm Scientific Ltd, Petone, New Zealand). The
chamber was set up the same way as it was for the 0.5 umol m=2 s™' of broadband UV-B
experiments. As there was no acclimation period, plants were exposed to of 3 umol m=2 s of

broadband UV-B for 5 days (Fig 2.1d).
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Figure 2.1 Spectral qualities of the different light sources. a) Spectral irradiance in propagation
environment - 220 umol m=2 s of PAR using a mixture cool white fluorescent tubes (Philips 54W T5,
Eindhoven, the Netherlands) and Gro-Lux fluorescent tubes (Sylvania 58W T8 Gro-Lux, Seneca Falls, NY,
USA). b) Spectral irradiance of 295 nm UV-B emitting LEDs (Biolumic Ltd, Palmerston North, New Zealand)
- 0.5 pumol m™2 57" UV-B. c) Spectral irradiance of PAR emitting LEDs (Biolumic Ltd, Palmerston North, New
Zealand) - 220 umol m=2 s™" of PAR (red peak at 665 nm, blue peak at 460 nm). d) Spectral irradiance of
UV-B emitting fluorescent tubes (Q-Panel 313; Q-Lab Corp, Cleveland, OH, USA) - 3 umol m=2 s, All
irradiances were measured at plant canopy height with an Optronic OL-756 UV-VIS Spectroradiometer
(Optronic Laboratories, Gooch and Housego, Orlando, FL, USA) equipped with integrating sphere.
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2.4 Physiological measurements

2.4.1 Net photosynthetic rate

Photosynthetic rate was measured using the infra-red gas analyzer (IRGA) LI-6400XT Portable
Photosynthesis System (Li-Cor Biosciences, Lincoln, Nebraska, USA), with the 6400-17 Whole
Plant Arabidopsis Camber and 6400-18 RGB Light Source as attachments. Basic set up and warm-
up procedures were followed as per the instructions provided. For photosynthetic rate
measurements chamber conditions were maintained at 400 pumol m™2 s™' PAR, 75% relative

humidity, 20 °C chamber temperature and 400 ppm of CO,.

Each plant was placed with the pot into the whole plant chamber and left for 5 minutes to allow
a steady state to be reached. Net photosynthetic rate (umol CO, m™2 s™') was noted, and
afterwards plants where returned to the experimental environment. All measurements took

place at around the middle of the day as plants are the most active then.

2.4.2 Leaf Area
Due to the limited number of samples available in each experiment, leaf area was measured

non-destructively through the use of Imagel (Image) 1.52a, https://imagej.nih.gov/ij/)

(Abramoff et al., 2003; Schneider et al., 2012). Pictures were taken of each plant just after the
plant had been removed from the IRGA, at a height of 10 cm above plant canopy. The image was
loaded in Imagel), and leaf area was determined following the protocol for leaf area
determination provided on the Image) website

(https://imagej.nih.gov/ij/docs/pdfs/examples.pdf) (Reinking, 2007).

To determine green leaf area rather than whole leaf area, the protocol was adjusted. Rather
than converting the image into binary, the colour threshold was adjusted by going to Image -
Adjust = Colour threshold. Within the Threshold Colour menu, the colour space “HSB” was
selected, and dark background was unselected. “Hue” was set between the 50 and 115, while

“Saturation” and “Brightness” were set to 0 and 225. After exiting the menu, area was
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determined through going to Analyse - Analyse Particles. This allows for the determination of

green leaf area as other colours are excluded from the calculation.

2.4.3 Dry weight measurements

Dry weights were measured to assess changes in biomass in response to UV-B exposure at the
end of the experiment. Plants were harvested after the last IRGA measurement; the whole
rosette was cut away from the roots at the soil level, and fresh weight was measured.
Afterwards, the samples were dried at 70 °C for one week until constant mass was reached.

Once constant mass was reached, dry weight of each sample was measured.

2.4.4 Photosystem Il quantum efficiency (Fv/Fm)

Chlorophyll fluorescence analysis of maximum quantum efficiency of PS Il (Fv/Fm) was spot
measured using a plant efficiency analyzer (Pocket PEA, Hansatech, Norfolk, UK). After the IRGA
measurement, the clip was attached to the second true leaf allowed to dark adapt for 20 min
before measurement. After the measurement, the plant was returned to the experimental

environment.

2.4.5 Secondary metabolite measurements

Quantification of foliar flavonoid and chlorophyll content was carried out non-destructively
using the Dualex Scientific+ (Force-A, Paris, France). Both chlorophyll and flavonoids were
measured as arbitrary units (Cerovic et al., 2012). The Dualex device was used on one leaf per
plant at a time; immediately after the IRGA measurements. Following this, the plant was

returned to the experimental environment.

2.4.6 Statistical Analysis
All statistical analysis was performed using Microsoft Office Excel 2016 and IBM SPSS Statistics
(SPSS Statistics v25; v25; IBM, Armonk, NY, USA). To determine statistical significance, the

following tests were used:

33



Chapter 2

e Two-Sample T-test — to determine significance between two genotypes at a given time
point and treatment

e One-way ANOVA —to determine significance between two treatments (+UVB and —UVB)
at a given time point in a single genotype

e Repeated measures — to determine significance between time points in a single
genotype and treatment.

Throughout this thesis P < 0.05 indicates significance, and “n” refers to the number of biological

repeats per genotype, unless otherwise indicated.

A replicate in the physiological measurements refers to one plant. After plants were measured
for photosynthetic rate and/or leaf metabolites and secondary metabolism, the plants were
returned to the experimental growth chamber in a different position from where they were

taken from initially.

2.5 Molecular biology protocols

2.5.1 Verification of mutant lines

2.5.1.1 Sample harvesting and preparation

To confirm the T-DNA insertion in the mutant lines, two leaves were harvested from growing
plants, and snap frozen in liquid N, and placed into -80°C until further use. Samples were ground
into a fine powder in liquid N,. DNA was isolated from 50 mg of sample using the Plant Genomic

DNA Extraction Miniprep System (Viogene, Tapei, Taiwan), following the protocol provided.

2.5.1.2 Polymerase Chain Reaction (PCR)
2.5.1.2.1 Primer Design
For PCR analysis primers were designed using Primer-BLAST (Ye et al., 2012) and obtained from

Macrogen Inc. (Seoul, South Korea); and are listed in Supplemental information Table 9.1.

2.5.1.2.2 Protocol for PCR amplification
PCR was performed using the GoTag Hot Start Master Mix (Promega, Madison, WI, USA)

following the protocol provided (Supplemental information Table 9.2). The PCR was run in the
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Eppendorf Mastercycler Pro (Eppendorf, Hamburg, Germany) using a pre-set program

(Supplemental information Table 9.3).

2.5.1.2.3 Agarose gel electrophoresis
PCR products were analysed by gel electrophoresis using a 1% agarose gel (x1 TAE) with 3 uL
SYBR Safe DNA Gel Stain (Invitrogen, Carlsbad, CA, USA) at 120V for 30 minutes and visualised

on a UV transilluminator.

If the correct bands were present, identifying the T-DNA insertion, the plants were grown to

maturity and seeds were harvested; and used in further experiments.

2.5.2 RNA sequencing (RNA-seq)
2.5.2.1 Sample harvesting and preparation

For RNA-seq the youngest four leaf pairs were cut from the plant and snap frozen in liquid N,
and placed into -80°C until further use. Samples were ground into a fine powder in liquid N,.
RNA was isolated from 50 mg of sample using the RNeasy Plant Mini Kit (Qiagen, Hilden,
Germany) following the protocol provided. The only modification to the protocol was that the

DNase treatment step was not carried out to prevent degradation of the RNA.

Sampling consisted of 4 biological replicates (independent repeated trials), and in each trial, two
wild type plants (wt) and two uvr8-1 (mt) plants were harvested at each time point and
treatment. RNA extracted from these plants was pooled to generate a single sample per time

point per genotype (Table 2.3).
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Table 2.3 Samples collected for RNA-seq for a single biological repeat. In total, there were four biological
repeats.

Genotype | Treatment Time point
P Ohrs 6hrs 24hrs
Wild type 2 plants harvested | 2 plants harvested -1 | 2 plants harvested -
+UVB
(Ler) -1 pooled sample pooled sample 1 pooled sample
Wild type 2 plants harvested -1 | 2 plants harvested -
-UvB
(Ler) pooled sample 1 pooled sample
uvr8-1 2 plants harvested | 2 plants harvested -1 | 2 plants harvested -
+UVB
(Ler) - 1 pooled sample pooled sample 1 pooled sample

2.5.2.2 RNA quantification and quality control

RNA quantity and quality were determined using Agilent 2100 Bioanalyzer (Agilent

Technologies, Palo Alto, CA, USA).

2.5.2.3 RNA-sequencing

The samples (500ng/sample) were then submitted to New Zealand Genomics Limited (NZGL;
Otago, New Zealand) for further processing and sequencing. RNA-seq was performed by paired-
end sequencing of three lanes of lllumina HiSeq2500. The sequencing generated a total of > 1

000 000 000 reads, with an average of > 40 000 000 reads per biological replicate.

2.5.2.4 RNA-seq analysis

Initial analysis was performed by NZGL. The analysis was performed as follows: reads were
mapped to the TAIR10 release of the A. thaliana genome using tophat2; which generated an
average concordant mapping rate of 86.5%. Gene counts were generated from each aligned
BAM file using the software HTSeqg-count package. Differential expression was detected using

the R-package DESeq2 (Love et al., 2014). Key comparisons can be seen in Table 2.4.
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Table 2.4 Key comparisons investigated in through RNA-seq.

Wild type comparisons wt 6hrs +UVB versus wt 6hrs -UVB
(wt — Ler) wt 24hrs +UVB versus wt 24hrs -UVB

mt Ohrs -UVB versus wt Ohrs -UVB
mt 6hrs +UVB versus wt 6hrs -UVB
mt 24hrs +UVB versus wt 24hrs -UVB

Mutant versus wild type comparisons
(mt - uvr8-1 (Ler) : wt — Ler)

To validate the RNA-seq results, 6 differentially expressed were selected for analysis using

Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) (see Section 2.5.3 for methods).

2.5.2.5 Overrepresentation analysis
GO enrichment analysis used the differential expression analysis files generated through DESeq2
to further analyse the differentially expressed genes (DEGs) for functionality. Significantly

changed genes (p-adjusted; padj < 0.05) in key comparisons were uploaded to PANTHER version

11 (http://www.pantherdb.org/) (Mi et al., 2013; Mi et al., 2017). GO enrichment analysis was
performed using GO-slim molecular function, biological process, and cellular location. PANTHER
overrepresentation test was performed at P < 0.05 with P-values determined by binomial

statistics (Cho and Campbell, 2000).

2.5.2.6 MapMan and PageMan analysis
MapMan and PageMan analysis (MapMan 3.6.0,

http://mapman.gabipd.org/web/guest/mapman) (Thimm et al., 2004; Usadel et al., 2009)

allows for the visualisation of the transcriptomic data at a process and pathway level. MapMan
uses hierarchical BIN based ontology, were specific bins are allocated to biological functions,
and sub-bins are allocated to individual steps of that particular function. This minimises

redundancy usually found in GO enrichment analysis.

All differentially expressed genes found in the key comparisons through DeSeq2 was analysed
through MapMan version 3.6.0, focusing in particular on the photosynthesis-associated

pathways. All the data for the differentially expressed genes (padj < 1) were arranged in with
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their unique locus identifiers and Log2FoldChange and saved in a tab-delimited format in Excel.
These files were then mapped against the Arabidopsis
“Ath_AGI_LOCUS_TAIR10_Aug2012.m02” database in MapMan and subjected to Wilcoxon
Wilcoxon Rank-Sum testing within MapMan, as well as Benjamini & Hochberg-corrected (P-

value < 0.05). The generated maps can be seen in Chapter 4.

2.5.3 Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)
2.5.3.1 Sample harvesting and preparation

For qRT-PCR the youngest 4 |leaf pairs were cut from the plant and snap frozen in liquid N, and
placed into -80°C until further use. Samples were ground into a fine powder in liquid N,. RNA
was isolated from 50 mg of sample using the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany)
following the protocol provided. The only modification to the protocol was that the in column

DNase treatment step was skipped and performed after RNA quantification and quality control.

Sampling consisted of 3 biological replicates (independent trials), in each trial there were 2 wild
type plants (wt, Col -0) and 2 mutant plants harvested at each time point and the RNA extracted

from these plants was pooled to generate a single sample per time point per genotype.

2.5.3.2 RNA quantification and quality control
RNA was quantified and quality controlled using the Nanodrop ND-1000 (Thermo Fisher

Wilmington, DE, Scientific, USA) following the protocol provided.

2.5.3.3 DNase treatment

5 pg of RNA from each sample needed to be re-suspended with DNA/RNA free water for DNase
treatment using RNase-free recombinant DNase | (Roche, Mannheim, Germany), following the
protocol provided. Prior to cDNA synthesis absence of contaminating DNA was confirmed using
the control Actin primers described in the general PCR protocol (Section 2.5.1.2) and subsequent

gel electrophoresis.

38



Chapter 2

2.5.3.4 cDNA synthesis

1 ug of the DNase treated RNA sample was resuspended in DEPC-treated water for cDNA
synthesis using the Transcriptor First Strand cDNA Synthesis Kit (Roche, Mannheim, Germany),

using the Oligo (dT).s primer.

After cDNA synthesis, the presence of cDNA was confirmed using the control Actin primers

described in the general PCR protocol and subsequent gel electrophoresis (Section 2.5.1.2).

2.5.3.5 gRT-PCR
2.5.3.5.1 Primer design
For gRT-PCR analysis primers were designed using Primer-BLAST (Ye et al., 2012) according to

the requirements of qRT-PCR:

e Melting point is between 55 °C and 60 °C

e GCcontentis ~50%

e Primer length is ~20 bp

e Amplicon length is between 100 — 200 nucleotides

Primers were obtained from Macrogen Inc. (Seoul, South Korea), and are listed in Supplemental

information Table 9.4.

2.5.3.5.2 Protocol for qRT-PCR amplification

gRT-PCR was performed using the Light Cycler 480 SYBR Green | Master kit (Roche Diagnostics,
Indianapolis, IN, USA) following the protocol provided. The only adjustment was the halving the
reagents to ensure a final volume of 10 uL (Supplemental information Table 9.5). The final
dilution was 1:100. The plates were run in the Light Cycler 480 (Roche Diagnostics, Indianapolis,

IN, USA) using a pre-set program (Supplemental information Table 9.6).

Three technical replicates were performed for each cDNA sample, and overall three biological

repeats per time point and genotype were used.
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2.5.3.6 Analysis of qRT-PCR data

Output from the Roche Light Cycler 480 was converted to a readable format using:

e Convert Light Cycler 480 Raw Data text file into Input Format for LinREG PCR (version 2)
e LinREG PCR: Analysis of quantitative RT-PCR Data (version 2014.4)

Downloaded from https://www.medischebiologie.nl/files/?main=files&sub=LinRegPCR (Ruijter

et al., 2009).

The data was then transformed into a reportable format following the protocol from Schmittgen
and Livak (2008), generating Delta Ct values allowing us to determine fold change. To determine
statistical significance between treatments and between genotypes the transformed data was
analysed through a one-way ANOVA in IBM SPSS Statistics (SPSS Statistics v25; IBM, Armonk,

NY, USA).
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3 Identification of photosynthesis phenotype in response to
low fluence rates of UV-B

3.1 Introduction

In the coming decades, the global population will continue to increase and to keep up with the
global demand for food; crop production will have to continue to increase. Evidence suggests
that conventional plant breeding in terms of optimising crop yields is near its biological limit (Zhu
et al., 2010); however, the conversion of solar energy by plants to further increase crop vyields
can still be improved (Zhu et al., 2008, 2010). Much research has gone into trying to improve
photosynthetic performance to improve agricultural yields (Murchie and Niyogi, 2011; Ort et al.,
2015). Being able to manipulate photosynthesis through altering the light spectrum may be a
sustainable way of improving crop production without the use of gene manipulation; given its

negative perception by the public.

Most studies have looked at the impact of high fluence rates of UV-B on photosynthesis; and
have shown that high fluence rates of UV-B result in damage to PS Il and lower photosynthetic
efficiency (Tyystjarvi, 2008; Davey et al., 2012; Dobrikova et al., 2013) as well as lower
chlorophyll content (Surabhi et al., 2009) and inhibition of net photosynthetic rate (Jansen et al.,
1998). Given the negative impact of high UV-B doses, understanding the impact of lower UV-B
fluence rates is vital. Recently, more studies have examined the impact of low fluence UV-B on

the plants, such as the work by Favory et al. (2009), which examined the impact of 1.5 pmol m=2

S—1

of narrowband UV-B on photomorphogenesis. The analysis of the Favory et al. (2009)
microarray data by Wargent and Jordan (2013) using PageMan showed upregulation of
photosynthesis-associated genes in plants exposed to 1.5 umol m™2 s™' of narrowband UV-B

“257") (Brown

versus no UV-B; which was not present under high UV-B fluence rates (3 umol m
et al., 2005; Wargent and Jordan, 2013). This upregulation of photosynthesis-associated genes

indicates that on a transcriptome level low fluence rates of UV-B may be beneficial to
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photosynthesis. Further studies in other plant species have shown that presence of low levels of
UV-B may stimulate photosynthesis (Vidovi¢ et al., 2015), as well as studies indicating that
ambient levels of UV-B have little effect on photosynthesis (Ballaré et al., 2011; Hideg et al.,
2013). The series of experiments presented in this chapter looks at the impact of low fluence
rate UV-B on net photosynthetic rate to determine if UV-B can indeed be beneficial to

photosynthetic performance.

3.2 Net photosynthetic rate of wt decreases after 48 hours of 1.5 pmol
m~2s~1 UV-B exposure

The starting point for initial experiments was based on the Wargent and Jordan (2013) analysis
of the Favory et al. (2009) microarray data using PageMan, which showed the upregulation of
photosynthesis-associated genes at 6 hours of 1.5 umol m=2 s™" narrowband UV-B in 4-day old
Ler Arabidopsis seedlings. The experiment was designed to test if 1.5 umol m2 s~ narrowband

UV-B would cause a change in net photosynthetic rate in both wt (Ler) and uvr8-1 (Ler).

In their experiment, Favory et al. (2009) used a narrowband filter on UV-B emitting fluorescent
tubes; in this experiment UV-B emitting LEDs were used instead. These LEDs emit a very specific
and narrow dose of UV-B; the wavelengths emitted ranged from 290 nm to 305 nm, peaking at
295 nm. Also, in order to measure net photosynthetic rate using the IRGA, the plants were grown
to 35 days after sowing (DAS), rather than using very young seedlings. At 35 DAS the plants were
placed in a UV-B environment of 1.5 umol m™2 s~ UV-B and 220 pmol m=2 s~ of PAR (+UVB), as
well as the control no UV-B environment of 220 pmol m=2 s of PAR only (-UVB). Net
photosynthetic rate (umol CO, m=2s™) was measured prior to commencement of UV-B exposure
(Ohrs) and then every 24 hours over the course over 5 days, with only the first 48hrs of exposure

shown in Fig 3.1.

Net photosynthetic rate of wild type was altered in response to UV-B exposure compared to no

UV-B over 48hrs. At 24hrs the photosynthetic rate did not differ between UV-B and no UV-B (Fig
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3.1), and at 48hrs there was a significant decrease in net photosynthetic rate under UV-B (P <
0.05, Fig 3.1) compared to no UV-B. The decrease in photosynthetic rate suggests that low
fluence UV-B may be mildly impeding or damaging to the function of photosynthetic apparatus

over longer exposure times.
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Figure 3.1 Changes in net photosynthetic rate (umol CO, m~2s™") in wt (Ler) and uvr8-1 (Ler) in response
to irradiation with 1.5 umol m=2 s™ of UV-B (+UVB, dark grey) or without (-UVB, white) over 48 hours
of exposure. Ohrs is 35 DAS and is the net photosynthetic rate prior to commencement of illumination
with UV-B, while 24hrs is after 24 hours of exposure and so forth. In the +UVB condition the plants are
exposed to 1.5 pmol m™2s™ and 220 pmol m™2 s™' of PAR, in the -UVB condition the plants are exposed to
220 pmol m~2 s~ of PAR only. uvr8-1 - UV-B resistance locus 8-1. Error bars represent +S.E. (n = 8 biological
repeats). Asterisks indicate statistically significant means (P < 0.05) between +UVB and -UVB treatments
for a given time point and genotype; ns indicates not significant means.

It is worth noting while there was no significant difference in net photosynthetic rate between
Ohrs and 24hrs of UV-B, as well as between Ohrs and 48hrs of UV-B; there is a significant decrease
in the photosynthetic rate of wild type exposed to UV-B at 24hrs versus photosynthetic rate at
48hrs exposed to UV-B (P < 0.05, Fig 3.1). The decrease in rate suggests that long-term exposure
may cause damage; resulting in the decrease in photosynthetic rate over time. Further
photosynthetic rate measurements, over the course of 5 days, showed that longer exposure of
wild type to UV-B led to greater reductions in photosynthetic rate (Supplementary information
Fig 9.1). At the end of 5 days of exposure, plants mirrored the loss in photosynthetic rate seen

in uvr8-1 in response to UV-B exposure. Wild type plants exposed to PAR only (-UVB) also
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showed an increase in photosynthetic rate, suggesting that PAR exposure could be underpinning
the upregulation of photosynthesis. It may also be explained by an increase in biomass (e.g. leaf
thickness) over time, as the biomass data revealed that -UVB treated plants accrued more

biomass than +UVB treated ones (Supplementary information Fig 9.2).

The photosynthesis phenotype observed in uvr8-1 is different from the wild type phenotype. In
uvr8-1, exposure to UV-B resulted in an immediate decrease in photosynthetic rate at 24hrs;
with the rate of photosynthesis being significantly lower at 24hrs +UVB when compared to the
rate under —UVB (P < 0.01, Fig 3.1). Photosynthetic rate was further decreased at 48hrs of UV-B
exposure compared to no UV-B (P <0.01, Fig 3.1). uvr8-1 plants exposed to PAR only showed no
change in photosynthetic rate; confirming that it is the presence of UV-B which causes the
decrease in photosynthetic rate in UV-B exposed plants and that the presence of PAR does not
lessen the negative impact of UV-B exposure. The screen confirms the phenotype seen in
previous research suggesting that the loss of functional UVR8 makes uvr8-1 more susceptible to

UV-B mediated damage (Brown et al., 2005).

Over the course of the 48 hours of UV-B exposure, there was an observable change in
phenotype, as both wild type and uvr8-1 plants, showed signs of purpling after 24hrs of exposure
to UV-B exposure (data not shown). Purpling occurs when flavonoids and anthocyanin
accumulate in the plants; and occurs as a response to UV-B exposure, and is seen as a response

to UV-B stress (Hahlbrock and Scheel, 1989; Frohnmeyer, 1999; Jenkins et al., 2001).

In summary, exposure to 1.5 umol m=2 s™ UV-B leads to a decrease in net photosynthetic rate

over 48 hours, as well as being perceived as a stressor by the plants.

3.3 Net photosynthetic rate of wt increases after 24 hours of 0.5 umol m2
s~ UV-B exposure

Due to the reduction in net photosynthetic rate observed at 1.5 umol m=2 s™" of UV-B, we then

chose to characterise the photosynthesis response to 0.5 pmol m~2 s~ of UV-B, using the same
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set up as before (Chapter 2: Materials and Methods). Also, to eliminate the addition of PAR upon
transference from the propagation environment into the growth cabinet as the cause of changes
in photosynthetic rate; the plants were given a 7-day PAR acclimation period prior to the start
of exposure to UV-B. The acclimation period was under PAR only (-UVB conditions). Net
photosynthetic rate (umol CO, m™ s™') was measured every 24hrs during both the PAR
acclimation period and under UV-B exposure; net photosynthetic rate was then normalised to

leaf area to allow for changes in biomass (Chapter 2: Materials and Methods).

At 24hrs of UV-B exposure, there was a 10% increase in net photosynthetic rate in wild type
when compared to no UV-B (P < 0.01, Fig 3.2), indicating that the addition of 0.5 pmol m=2s™
UV-B to the light spectrum results in the increase in photosynthetic rate. Also of note is the
significant increase in photosynthetic rate in wild type when comparing Ohrs and 24hrs UV-B (P
< 0.001, Fig 3.2), which further confirms that the presence of UV-B upregulates photosynthetic
rate. Furthermore, there was a significant decrease in photosynthetic rate between wt under
UV-B at 24hrs and at 48hrs (P < 0.001, Fig 3.2); which shows that while the initial exposure to
UV-B results in the increase of net photosynthetic rate; longer exposure to UV-B results in
photosynthetic rate decreasing. All of which suggests that the initial exposure to low fluence

UV-B may be beneficial to the plant in terms of upregulating photosynthetic rate.

At Ohrs, both wild type and uvr8-1 mutant have similar net photosynthetic rates (Table 3.1), and
they do not respond differently from each other under PAR only conditions; suggesting that the
two genotypes do not differ in photosynthetic rate. However, after 24hrs of UV-B exposure wt
has a significantly higher photosynthetic rate than uvr8-1 (P < 0.001, Fig 3.2), which suggests
that functional UVRS is required for the increase in net photosynthetic rate and that UVR8 may
play a role in the photosynthesis pathway, perhaps by being involved in the regulation of a

number of genes required for photosynthesis.
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Figure 3.2 Changes in net photosynthetic rate (umol CO, m~2s™') normalised to leaf area in wt (Ler) and
uvr8-1 (Ler) in response to irradiation with 0.5 pmol m~2 s~ of UV-B (+UVB, dark grey) or without (-UVB,
white) over 48 hours of exposure. Ohrs is 35 DAS and is the net photosynthetic rate prior to the
commencement of illumination with UV-B, while 24hrs is after 24 hours of exposure and so forth. In the
+UVB condition the plants are exposed to 0.5 pmol m=2 s™ and 220 umol m™2 s™" of PAR, in the -UVB
condition the plants are exposed to 220 umol m=2s™" of PAR only. uvr8-1 - UV-B resistance locus 8-1. Error
bars represent + S.E. (n = 13 biological repeats). Asterisks indicate statistically significant means (P < 0.05)
between +UVB and -UVB treatments for a given time point and genotype; ns indicates not significant
means.

“2571UV-B leads to a net increase in photosynthetic rate at

In summary, exposure to 0.5 pmol m
24hrs in wild type, while it does not affect uvr8-1. After 48hrs, the initial increase is lost in wt,
and photosynthetic rate begins to decline. To better understand what may cause this

phenotype, we characterised the changes in flavonoid and chlorophyll content as well as

changes in PS Il efficiency.

Table 3.1 Changes in net photosynthetic rate (umol CO, m~2 s™') normalised to leaf area in wt (Ler) and
uvr8-1 (Ler) in response to irradiation with 0.5 pmol m=2s™" of UV-B over 48 hours of exposure. Averages
of photosynthetic rate in -UVB (220 pmol m™2 s~ PAR) and +UVB (0.5 umol m=2s™ UV-B and 220 pmol m™2
s' PAR) + S.E. Two-sample T-test shows the statically significant difference in net photosynthetic rate
between wt (Ler) and uvr8-1 at Ohrs, 24hrs and 48hrs under —UVB and +UVB.

Normalised Net photosynthetic rate normalised to leaf area
data (umol CO; m=257)
Genotype | Treatment n Ohrs 24hrs 48hrs
Ler -UvB 13 0.64+0.04 0.64+0.03 0.64+0.03
uvr8-1 -uvB 13 0.64+0.03 NS 0.61+0.02 NS 0.61+0.02 NS
Ler +UVB 13 0.62+0.02 0.71+0.01 0.61+0.02
uvr8-1 +UVB 13 0.55+0.04 NS 0.61+0.02 ** 0.52+0.03 **

*P<0.05, **P<0.01, ***P <0.001, NS - not significant
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3.3.1 Chlorophyll content of wt does not change in response to UV-B exposure

A possible explanation for the increase in net photosynthetic rate seen at 24hrs could be if there
was an increase in chlorophyll at the same time. Studies have shown that low fluence UV-B
supplementation does not affect chlorophyll content (Vidovi¢ et al., 2015) and under high UV-B
stress chlorophyll content is reduced (Gao et al., 2004; Hu et al., 2013). Studies have further
shown that the presence of UV-B can inhibit chlorophyll production (Yao et al.,, 2006). To
determine the effect of low fluence UV-B, chlorophyll content was assessed using a Polyphenol
Meter (Dualex Scientific+) at Ohrs and 48hrs of UV-B exposure (Chapter 2: Materials and

Methods).

There was no significant change in chlorophyll content between +UVB and -UVB at 48hrs (Fig
3.3), which suggests that the increase in net photosynthetic rate under UV-B is not due an
increase in chlorophyll content. However, there was a significant increase in chlorophyll content
in wild type between Ohrs and 48hrs (P < 0.01, Fig 3.3), but this occurs both in the absence and
presence of UV-B. As this happens in both light environments it suggests that the addition of
UV-B is not a factor in the increase in chlorophyll. There is evidence that PAR supplementation
increases chlorophyll a and b content (Vidovi¢ et al., 2015), however, measurements of
chlorophyll content during the PAR acclimation period (Data not shown) showed no significant

increase. The cause of the increase in chlorophyll content is unknown.

Of further interest is that uvr8-1 had a significantly lower chlorophyll content compared to wild
type at 48hrs in the absence of UV-B, while at Ohrs the chlorophyll contents of both wild type
and uvr8-1 did not differ. This would suggest that the absence of functional UVR8 might affect

chlorophyll content as the plants age.
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Figure 3.3 Changes in chlorophyll content in wt (Ler) and uvr8-1 (Ler) in response to irradiation with 0.5
umol m=2s™" of UV-B (+UVB, dark grey) or without (-UVB, white) over 48 hours of exposure. Chlorophyll
content was measured with the Dualex scientific+ Polyphenol Meter. Ohrs is 35 DAS and is chlorophyll
content prior to commencement of illumination with UV-B, while 48hrs is after 48 hours of exposure. In
the +UVB condition the plants are exposed to 0.5 pmol m2 s~ and 220 pmol m=2 s of PAR, in the -UVB
condition the plants are exposed to 220 umol m=2 s7" of PAR only. uvr8-1 - UV-B resistance locus 8-1. Error
bars represent + S.E. (n = 13 biological repeats). Asterisks indicate statistically significant means (P < 0.05)
between +UVB and -UVB treatments for a given time point and genotype; ns indicates not significant
means.

3.3.2 Flavonoid content of wt increases after 48 hours of UV-B exposure

The accumulation of flavonoids in response to UV-B is ubiquitous (Searles et al., 2001), as
flavonoids and other phenolic compounds are involved in UV-B protection (Braun and Tevini,
1993). In Arabidopsis, flavonoid content in leaves is an indicator of plant response to high light;
as flavonoid content increases under UV-B (Mazza et al., 2000; Kliebenstein et al., 2002) and
high PAR (G6tz et al., 2010). Under UV-B exposure, UVR8 regulates CHS in response to UV-B,

which in turn regulates flavonoid biosynthesis (Brown et al., 2005).

Flavonoid content was measured to determine if 0.5 umol m™2 s™ UV-B is perceived as a stress
to the plant. Flavonoid content was measured non-destructively at Ohrs and 48hrs after UV-B
exposure (Fig 3.4) using a Polyphenol Meter (Dualex Scientific+) (Chapter 2: Materials and

Methods).
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Flavonoid content increased significantly in wild type exposed to UV-B for 48hrs compared to
no UV-B (P < 0.001, Fig 3.4), but did not increase in uvr8-1. The increase in flavonoid content
after 48hrs of UV-B exposure suggests that the plants start responding to the presence of UV-B.
In uvr8-1, flavonoid content does not increase after exposure to UV-B, as expected as the

absence of functional UVR8 results in the loss of the increase in flavonoids (Brown et al., 2005).
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Figure 3.4 Changes in flavonoid content in wt (Ler) and uvr8-1 (Ler) in response to irradiation with 0.5
wmol m=2 s of UV-B (+UVB, dark grey) or without (-UVB, white) over 48 hours of exposure. Flavonoid
content was measured with the Dualex scientific+ Polyphenol Meter. Ohrs is 35 DAS and is flavonoid
content prior to the commencement illumination with UV-B, while 48hrs is after 48 hours of exposure. In
the +UVB condition the plants are exposed to 0.5 pmol m2 s™ and 220 umol m=2 s of PAR, in the -UVB
condition the plants are exposed to 220 umol m=2 s~ of PAR only. uvr8-1 - UV-B resistance locus 8-1. Error
bars represent + S.E. (n = 13 biological repeats). Asterisks indicate statistically significant means (P < 0.05)
between +UVB and -UVB treatments for a given time point and genotype; ns indicates not significant
means.

3.3.3 UV-B exposure does not deleteriously affect PS Il efficiency in wt Ler

PS Il is a major component of the photosynthetic machinery, and shifts in Fv/Fm indicate changes
in the photochemical conversion and possible photoinhibition of photosynthesis
(Ranjbarfordoei et al., 2011). Studies have shown that high fluence rates of UV-B lowers PS Il
efficiency (Davey et al., 2012; Yu et al., 2012; Hu et al., 2013), as it damages the PS Il reaction

center. In order to determine if low fluence rate had an impact on PS Il efficiency, Fv/Fm was

49



Chapter 3

spot measured using a Rapid Screening Chlorophyll Fluorimeter (Pocket PEA) (Chapter 2:

Materials and Methods) at Ohrs and 48hrs of exposure (Fig 3.5).

The normal range for PS Il efficiency in healthy plants is at Fv/Fm > 0.8 (Schoefs, 2005) which
was observed for all plants in the experiments (Fig 3.5). This suggests that the increase in
photosynthetic rate is not the result of changes in PS Il quantum efficiency nor does the exposure

to UV-B negatively affect PS Il during the initial exposure.
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Figure 3.5 Changes in PS Il quantum efficiency (Fv/Fm) in wt (Ler) and uvr8-1 (Ler) in response to
irradiation with 0.5 pmol m=2 s™ of UV-B (+UVB, dark grey) or without (-UVB, white) over 48 hours of
exposure. Fv/Fm was measured using a Rapid Screening Chlorophyll Fluorimeter. Ohrs is 35 DAS and is
the PS Il quantum efficiency rate prior to the commencement of illumination with UV-B, while 48hrs is
after 48 hours of exposure. In the +UVB condition the plants are exposed to 0.5 pmol m=2 s~ and 220
umol m=2 57" of PAR, in the -UVB condition the plants are exposed to 220 pmol m=2 s of PAR only. uvr8-
1 - UV-B resistance locus 8-1. Error bars represent + S.E. (n = 13 biological repeats). Asterisks indicate
statistically significant means (P < 0.05) between +UVB and -UVB treatments for a given time point and
genotype; ns indicates not significant means.

3.4 Confirmation of UV-B photosynthesis phenotype

3.4.1 Increase in photosynthetic rate is due to exposure to 0.5 pmol m=2 s UV-B
exposure

To determine that the increase in net photosynthetic rate at 24hrs of UV-B exposure was due to
the addition of 0.5 umol m~2s™ UV-B and not due to the addition of PAR upon transference from

the propagation environment into the growth chamber, plants were given a 7-day PAR
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acclimation period prior to exposure to UV-B. The PAR acclimation period was the same as the -
UVB light conditions (Chapter 2: Materials and Methods), and photosynthetic rate was

measured every 24hrs over the course of the 7 days.

In both wild type and uvr8-1 photosynthetic rate increased gradually over the course of the 7
days (Fig 3.6). Moreover, although there is a significant increase between Day 0 and Day 7 in
both wild type and uvr8-1 (P < 0.01, Fig 3.6) there were no significant increases in photosynthetic
rate between one day to the next as seen in wt when exposed to UV-B. The absence of the highly
significant increase in photosynthetic rate further indicates that it is the addition of UV-B to the
spectrum that results in the abrupt upregulation of photosynthetic rate, following this

acclimation period.
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Figure 3.6 Changes in net photosynthetic rate (umol CO, m=2s™") normalised to leaf area in wt (Ler) and
uvr8-1 (Ler) in response to irradiation with 220 pmol m2 s™ of PAR (-UVB). Day 0 is 28 DAS and is the
net photosynthetic rate prior to commencement of illumination with PAR, while Day 1 is after 24 hours
of exposure and so forth. wt (Ler) is represented as the light grey circles, while uvr8-1 (Ler) is represented

as dark grey squares. uvr8-1 - UV-B resistance locus 8-1. Error bars represent + S.E. (n = 13 biological
repeats).

3.4.2 Net photosynthetic rate of Col-0 increases after 24 hours of UV-B exposure

To determine the robustness of the photosynthesis phenotype seen in Ler across multiple

Arabidopsis ecotypes, the Columbia wild type (Col-0) was chosen to test under identical
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experimental conditions as Ler. The Columbia ecotype was also of interest since a large number
of photosynthesis mutants exist in the Col ecotype. The Landsberg and Columbia ecotypes vary
widely from each other, on both a genotypic and phenotypic level. Ler and Col-0 have extensive
DNA polymorphisms (Nordborg et al., 2005; Ziolkowski et al., 2009), as well as Col-0 having a
larger rosette size to Ler, and a later flowering time (Passardi et al., 2007). Studies examining the
chloroplast movement response in both Ler and Col-0 (Koniger et al., 2008), showed that Ler
had a stronger accumulation response to low blue irradiation than Col-0, while Col-0 showed a
stronger avoidance response under high blue light irradiation. This suggests that Col-0 and Ler

could respond differently in photosynthetic rate under UV-B irradiation.

At 24hrs of UV-B exposure net photosynthetic rate of Col-0 plants was 12% higher under UV-B
compared to no UV-B (P <0.001, Fig 3.7). Furthermore, when comparing Col-0 at Ohrs and 24hrs
UV-B, there was a significant increase in net photosynthetic rate (P < 0.001, Fig 3.7). At 48hrs of
UV-B, there was a significant decrease in photosynthetic rate compared to 24hrs UV-B (P <
0.001, Fig 3.7). This is very similar to the phenotype seen in Ler, suggesting that the
photosynthesis phenotype is not limited to Ler. The increase in photosynthetic rate at 24hrs of
UV-B exposure is significantly larger in Col-0 than in Ler (P < 0.05), which suggests Col-0 may be
more capable of responding to UV-B exposure. In the absence of UV-B the photosynthetic rate
of both ecotypes was very similar, thus suggesting that there is no inherent difference in

photosynthetic rate, but the response to UV-B differs between the two.

The absence of the photosynthesis phenotype seen in uvr8-1 is also seen in the uvr8 mutant in

Columbia, uvr8-6 (Supplementary information Fig 9.3).
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Figure 3.7 Changes in net photosynthetic rate (umol CO, m™2 s™') normalised to leaf area in Col-0 in
response to irradiation with 0.5 umol m=2 s™' of UV-B (+UVB, dark grey) or without (-UVB, white) over
48 hours of exposure. All Col-0 samples pooled together. Ohrs is 35 DAS and is the net photosynthetic
rate prior to commencement of illumination with UV-B, while 24hrs is after 24 hours of exposure and so
forth. In the +UVB condition the plants are exposed to 0.5 umol m=2 s~ and 220 umol m=2 s™" of PAR, in
the -UVB condition the plants are exposed to 220 pumol m=2 s™" of PAR only. Error bars represent + S.E. (n
=160 biological repeats). Asterisks indicate statistically significant means (P < 0.05) between +UVB and -
UVB treatments for a given time point and genotype; ns indicates not significant means.

3.4.3 Photosynthesis phenotype occurs under multiple UV-B light sources

To determine if the photosynthesis phenotype was limited to the specific waveband of 295 nm
to 305 nm produced by the LEDs in the main experimental setup, the phenotype was tested
using UV-B emitting fluorescent tubes, which emit broadband UV-B; while the remainder of the

experimental set up remained the same (Chapter 2: Materials and Methods).

When Col-0 was exposed to a fluence rate of 0.5 pmol m=2 s of broadband UV-B, net
photosynthetic rate increased significantly after 24hrs under UV-B compared to no UV-B (P <
0.001, Fig 3.8). There was a significant increase in photosynthetic rate when comparing Ohrs and
24hrs of UV-B (P < 0.001, Fig 3.8). This confirms that the photosynthesis phenotype is not limited
to the narrow waveband emitted by the LEDs, but can be reproduced using broadband UV-B
emitting fluorescent tubes. It is also worth noting that there is no significant difference between

the increases in photosynthetic rate at 24hrs under the LEDs versus the fluorescent tubes.
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Figure 3.8 Changes in net photosynthetic rate (umol CO, m=2 s7') normalised to leaf area in Col-0 in
response to irradiation with 0.5 umol m=2 s™' of UV-B (+UVB, dark grey) or without (-UVB, white) over
24 hours of exposure under UV-B emitting fluorescent tubes. Ohrs is 35 DAS and is the net photosynthetic
rate prior to commencement of illumination with UV-B, while 24hrs is after 24 hours of exposure. In the
+UVB condition the plants are exposed to 0.5 pumol m~2 s~ and 220 umol m=2 s7' of PAR, in the -UVB
condition the plants are exposed to 220 umol m2 s™' of PAR only. Error bars represent + S.E. (n = 12
biological repeats). Asterisks indicate statistically significant means (P < 0.05) between +UVB and -UVB
treatments for a given time point and genotype; ns indicates not significant means.

3.4.4 Photosynthesis phenotype occurs in other mutants of UV-B signalling and
unrelated photosynthesis genes

To further test the robustness of the phenotype, the effect of UV-B exposure on the
photosynthesis response in mutants of genes not known to be affected by UV-B, and not related
to photosynthesis, was tested using the same conditions. For this purpose, three floral
morphogenesis mutants were chosen: lug444 (AT4G32551), luh4 (AT2G32700) and seu-4
(AT1G43850). Each of these are mutants in genes that are expressed in the later stages of floral
development. Thus, the mutations should not affect the net photosynthetic rate and thus are

expected to behave like wild type under the screening conditions.

All three mutants tested showed a significant increase in net photosynthetic rate after 24hrs of
exposure to UV-B compared to no UV-B (P < 0.001, Fig 3.9). The data also showed that each of
the mutants exhibited a similar photosynthetic rate to wild type prior to UV-B exposure, as well
as having similar photosynthetic rates to the wt after 24hrs of UV-B exposure. This suggests that

the absence of the photosynthesis phenotype observed in wild type at 24hrs of UV-B is limited
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to mutants which have mutations in genes related to UV-B photomorphogenesis, such as uvr8-

1, or photosynthesis.
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Figure 3.9 Changes in net photosynthetic rate (umol CO, m™2 s™') normalised to leaf area in wt (Col-0),
seu-4 (Col), luh4 (Col) and lug444 (Col) in response to irradiation with 0.5 pumol m=2 s™ of UV-B (+UVB,
dark grey) or without (-UVB, white) over 48 hours of exposure. Ohrs is 35 DAS and is the net
photosynthetic rate prior to commencement of illumination with UV-B, while 24hrs is after 24 hours of
exposure. In the +UVB condition the plants are exposed to 0.5 umol m™ s™ and 220 umol m™ s™" of PAR,
in the -UVB condition the plants are exposed to 220 umol m=2s™" of PAR only. seu-4 - seuss-4, luh4 - leunig-
like-4, lug444 - leunig-444. Error bars represent + S.E. (n = 16 biological repeats). Asterisks indicate
statistically significant means (P < 0.05) between +UVB and -UVB treatments for a given time point and
genotype; ns indicates not significant means.

3.5 Chapter Summary

In this chapter, the upregulated photosynthesis phenotype in response to a low UV-B fluence
rate (0.5 pumol m=2 s™" UV-B) has been established, and the experimental set up is tested for
robustness. The data shows that when exposed to 0.5 pmol m~2 s™ UV-B, both Ler and Col-0
show an increase in net photosynthetic rate at 24hrs; which is accompanied by a subsequent
decrease in rate at 48hrs. The exposure to UV-B does not lead to increases in chlorophyll content
and PS Il efficiency; leading to the question: ‘What occurs on a transcriptomic and proteomic

level that causes the initial 24hrs increase in photosynthesis?’ In the uvr8 null mutant, uvr8-1,

the photosynthesis phenotype is absent, suggesting that the phenotype may be UVR8

55



Chapter 3

dependent. Moreover, the phenotype was confirmed in unrelated mutants and using alternative

UV-B exposure sources.

Recently, a number of photosynthesis-related genes that are regulated by the UVRS signalling
cascade have been identified; such as SIG5 (SIGMA FACTOR 5), ELIP1 (EARLY LIGHT-INDUCIBLE
PROTEIN 1) and ELIP2 (Kanamaru and Tanaka, 2004; Brown et al., 2005). These three genes have
been associated with the photomorphogenic response to UV-B exposure, and have been
associated with photosynthesis in response to UV-B (Brown et al., 2005; Brown and Jenkins,
2008; Davey et al., 2012). Hence, these genes could be involved in the increase in photosynthetic
rate observed at 24hrs +UVB. In Chapter 4, the focus is on these genes as well as the negative
regulators of UVR8, RUP1 and RUP2, and how the loss of these genes affects photosynthetic
rate. Furthermore, in order to determine what happens in the initial 24hrs of UV-B exposure
transcriptomic analysis was undertaken, the results and analysis of which are presented in

Chapter 5.
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4 Response to low fluence UV-B in mutants of pre-defined
candidate regulators of photosynthesis phenotype

4.1 Introduction

In Chapter 3, the photosynthesis response to 0.5 pumol m=2 s™ of UV-B in wild type Arabidopsis
was characterised. In the absence of functional UVRS, the increase in photosynthetic rate is
absent, indicating that UVR8 is involved in mediating the increase in photosynthetic rate. As
UVRS is involved in the regulation of a large number of genes in response to UV-B exposure, it

may be that UVR8 is involved in gene regulation specific to the photosynthesis response.

A number of photosynthesis-related genes which can be regulated in response to UV-B by the
UVRS signalling cascade have been identified; such as SIG5, ELIP1 and ELIP2 (Kanamaru and
Tanaka, 2004; Brown et al., 2005). These genes are also associated with the photomorphogenic
response under UV-B exposure and have been associated with photosynthesis in response to
UV-B (Brown et al., 2005; Brown and Jenkins, 2008; Davey et al., 2012). There is evidence to
suggest that these genes are also involved in maintaining photosynthetic efficiency under high
visible light stress (Montané and Kloppstech, 2000; Adamska et al., 2001; Onda et al., 2008;
Belbin et al., 2017) and hence could be implicated in the photosynthesis phenotype. To
determine if this is the case, the UV-B photosynthetic responses were assayed in mutants of
these genes, in addition to characterising the green leaf area growth response following UV-B

exposure.

In terms of other UV-B related signalling regulators, which have not been previously linked to
photosynthesis per se, RUP1 and RUP2 are negative regulators of the UVR8 signalling (Gruber et
al., 2010), and are involved in maintaining a balance between stress response and plant growth
(Gruber et al., 2010; Vanhaelewyn et al., 2016). In the absence of both RUPs, Arabidopsis has a
heightened acclimation response to UV-B (Gruber et al.,, 2010), and understanding if such

regulators affect the photosynthesis phenotype was also of interest. Here, all of these pre-
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defined candidate regulators of the photosynthetic phenotype were studied, prior to the use of

RNA-seq to screen for hitherto unidentified candidate regulators (Chapter 5).

4.2 SIGMA FACTOR 5 - SIG5 (AT5G24120)

SIG5 is a nuclear-encoded stress responsive sigma factor involved in chloroplast transcription
(Tsunoyama et al., 2002; Nagashima et al., 2004; Tsunoyama et al., 2004). It encodes the plastid
RNA polymerase sigma factor that regulates the expression of psbA and psbD via the Blue Light
Responsive Promoter (BLRP) (Tsunoyama et al., 2002; Kanamaru and Tanaka, 2004; Nagashima
et al., 2004; Davey et al., 2012). psbA and psbD encode the D1 and D2 proteins in PS Il
(Tsunoyama et al., 2002; Kanamaru and Tanaka, 2004; Nagashima et al., 2004). SIG5 is induced
by blue light, high light stress and several other stresses (Tsunoyama et al., 2002; Kanamaru and
Tanaka, 2004; Nagashima et al., 2004; Tsunoyama et al., 2004). SIG5 induction is thus regulated
by phytochrome, cryptochrome and UVR8 (Monte et al., 2004; Brown and Jenkins, 2008; Onda
et al., 2008; Mellenthin et al., 2014). Expression is also regulated by photosynthesis (Mellenthin
et al., 2014), and evidence suggests that photosynthetic gene expression and chloroplast
transcription are regulated by the sigma factors, SIG5 in particular, in response to light intensity
(Onda et al., 2008; Belbin et al., 2017). The response to high light intensity is suggested to allow
the plant to maintain high synthesis rates of D2 and PS Il activity as well as increasing the
turnover rate of damaged PS Il reaction center proteins under those conditions (Tsunoyama et

al., 2002; Nagashima et al., 2004; Tsunoyama et al., 2004; Davey et al., 2012; Chi et al., 2015).

UV-B induces upregulation of SIG5 under both high and low fluence rates (Davey et al., 2012;
Morales et al., 2015). Transcript levels of SIG5 increase when exposed to low doses of UV-B, and
UVR8 regulates its expression (Favory et al., 2009; Davey et al., 2012; Wargent and Jordan,
2013). Furthermore, expression of psbD-BLRP increased with the duration and fluence rate of
UV-B treatment (Davey et al., 2012). SIG5 mediates the increase of psbD-BLRP, as the sig5 null

mutant lacked the increase of psbD-BLRP (Davey et al., 2012). However, the loss of SIG5 does
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not reduce photosynthetic efficiency under UV-B, and it does not affect the overall survival of
the plant under UV-B conditions (Davey et al., 2012). This suggests that it is possible that other
mechanisms may stimulate psbD expression to UV-B, or perhaps that the increase in psbD
transcript levels as a result of UV-B is not important in maintaining photosynthetic efficiency
(Davey et al., 2012). Hence, the role of SIG5 in response to UV-B and its role in photosynthesis

is not fully understood.

Here the photosynthesis response of sig5-1 and sig5-2 to 0.5 pumol m™2 s™ UV-B was
characterised under identical conditions as before (Chapter 2: Materials and Methods). Both
mutants lack SIG5 transcription and do not show the increase in psbD-BLRP under UV-B that is
observed in wild type (Davey et al., 2012). sig5-1 is a T-DNA insertion mutant; the insertion being
in the last exon, which results in SIG5 being non-functional, which in turn severely reduces
transcript levels of psbD-BLRP (Tsunoyama et al., 2004). In sig5-2, SIG5 is unable to function as
a sigma factor. sig5-2 is T-DNA insertion mutant, with the insertion in exon 2, resulting in the
protein missing all the conserved regions (Yao et al., 2003), and has no visible mutant phenotype

under normal growth conditions, but is more sensitive to stress (Nagashima et al., 2004).

4.2.1 The UV-B dependent photosynthesis phenotype was altered in sig5 mutants

The UV-B dependent increase in photosynthetic rate at 24hrs was altered in the sig5 mutants.
At 24hrs of UV-B exposure, there was an 8% increase in photosynthetic rate in sig5-1 compared
to no UV-B (P < 0.001, Fig 4.1), as well as an 8% increase in rate between Ohrs and 24hrs of UV-
B (P < 0.001, Fig 4.1). However, sig5-2 exhibited a different response; as at 24hrs +UVB there
was a 3% decrease compared to —UVB at 24hrs (P < 0.001, Fig 4.1), but the photosynthetic rate
at 24hrs did not differ significantly from the rate measured at Ohrs. The changes in response
show that functional SIG5 plays a role in the observed photosynthesis phenotype at 24hrs in
wild type. As sig5-1 showed a lesser increase in rate compared to wild type, it suggests that

functional SIG5 is important to the increase in rate and involved in the increase in rate, but is
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not key to the increase, as it occurs even in its absence albeit reduced. The decrease in rate
observed in sig5-2 versus the increase observed in both wt and sig5-1 showed that the sigma
factor activity of SIG5 plays a role in maintaining photosynthesis efficiency under UV-B exposure.
As to why specifically the mutants differ in response, and why the inactivation of sigma factor

activity makes such a difference is unknown.
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Figure 4.1 Changes in net photosynthetic rate (umol CO, m=2 s™") normalised to leaf area in wt (Col-0),
sig5-1 (Col) and sig5-2 (Col) in response to irradiation with 0.5 pmol m=2 s™ of UV-B (+UVB, grey) or
without (-UVB, white) over 48 hours of exposure. Ohrs is 35 DAS and is the net photosynthetic rate prior
to illumination with UV-B, while 24hrs is after 24 hours of exposure and so forth. In the +UVB condition
the plants are exposed to 0.5 umol m™2s™ and 220 umol m™2 s™ of PAR, in the —UVB condition the plants
are exposed to 220 umol m2 s™ of PAR only. sig5-1 — sigma factor 5-1, sig5-2 - sigma factor 5-2. Error
bars represent + S.E. (n = 16 biological repeats). Asterisks indicate statistically significant means (P < 0.05)
between +UVB and —UVB treatments for a given time point and genotype; ns indicates not significant
means.

At 48hrs of UV-B, the absence of SIG5 has less of an impact on photosynthetic rate, as both sigh
mutants showed no significant change in rate between +UVB and —UVB at 48hrs (Fig 4.1).
However, sig5-1 showed a 5% decrease in rate between 24hrs +UVB and 48hrs —UVB (P < 0.001,
Fig 4.1), whereas sig5-2 did not show any difference in rate. The decrease observed in sig5-1
over time is similar to the response observed in wildtype, suggesting that the absence of
functional SIG5 does not have a negative impact on photosynthetic rate in the presence of UV-

B, as the absence does not exacerbate the decrease in rate.
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Interestingly, in terms of photosynthetic rate, the two mutants behaved slightly differently from
one another, both in the presence and absence of UV-B. Prior to UV-B exposure, at Ohrs, sig5-1
exhibited a significantly higher photosynthetic rate than sig5-2 (P < 0.001, Fig 4.1). This trend
continued in the absence of UV-B over 48hrs as the photosynthetic rate of sig5-1 continued to
be higher than the rate of sig5-2, which suggests that the sigma factor activity of SIG5 plays a
role in maintaining photosynthetic rate even in the absence of UV-B. Interestingly, in the
absence of UV-B, neither mutant exhibited significantly different photosynthesis rates from wild
type (Fig 4.1). The absence of a significant difference suggests that loss of functional SIG5 does
not have an impact on photosynthetic rate in terms of differing from the wild type. This further
confirms the phenotype observed by Nagashima et al. (2004) and Tsunoyama et al. (2004) that
in the absence of stress the sig5 mutants have wt phenotypes, but that does not explain the

differences in rate observed between sig5-1 and sig5-2.

Nagashima et al. (2004) demonstrated that SIG5 is involved in the protection of chloroplast and
contributes to the repair of damaged PS Il under various stress conditions. The difference in
photosynthesis response under UV-B by the sig5 mutants suggests that SIG5 is involved in the
photosynthesis response to UV-B and may mediate the response through involvement in
protection of the chloroplast and repair of PS Il. It further suggests that the sigma factor
functionality of SIG5 plays a role in maintaining photosynthesis even in the absence of UV-B, but

also plays a part in the increase in photosynthetic rate at 24hrs.

4.2.2 Exposure to low fluence UV-B slows increase in leaf area in sig5 mutants

Green leaf area size was assayed to determine if the presence of UV-B limited leaf growth in a
predictable photomorphogenic manner, as well as being used as a visual indicator of UV-B stress,
as UV-B stress would likely induce purpling of the leaves, and/or may lead to a distortion of the

leaf area response.
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In wild type green leaf area increased significantly between Ohrs, 24hrs and 48hrs both in the
absence and in the presence of UV-B (P < 0.001, Fig 4.2). However, under UV-B the increase in
green leaf area is lower than the increase observed in the absence of UV-B; indicating a
photomorphogenic response to UV-B. At 24hrs +UVB, green leaf area of wt was 6% smaller than
under —UVB at the same time point (P <0.001, Fig 4.2) and at 48hrs under +UVB green leaf area
was 11% smaller than -UVB (P < 0.001, Fig 4.2). In the absence of UV-B, green leaf area of sig5-
1 and sig5-2 at each time point did not differ significantly from wild type (Fig 4.2); which further
confirms the observations by Nagashima et al. (2004) and Tsunoyama et al. (2004), who showed

that under normal light conditions the mutants have similar phenotypes to wild type.
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Figure 4.2 Changes in green leaf area (cm?) in wt (Col-0), sig5-1 (Col) and sig5-2 (Col) in response to
irradiation with 0.5 pmol m=2 s™' of UV-B (+UVB, grey) or without (-UVB, white) over 48 hours of
exposure. Ohrs is 35 DAS and is leaf area prior to illumination with UV-B, while 24hrs is after 24 hours of
exposure and so forth. In the +UVB condition the plants are exposed to 0.5 pmol m™2 s and 220 umol
m~2 s of PAR, in the —UVB condition the plants are exposed to 220 umol m=2 s™' of PAR only. sig5-1 —
sigma factor 5-1, sig5-2 - sigma factor 5-2. Error bars represent + S.E. (n = 16 biological repeats). Asterisks
indicate statistically significant means (P < 0.05) between +UVB and —UVB treatments for a given time
point and genotype; ns indicates not significant means.

The sig5 mutants showed a similar response to UV-B exposure as wild type. Both mutants
showed a significant increase in green leaf area between Ohrs and 24hrs +UVB (P < 0.001, Fig
4.2), and both mutants showed no significant difference in green leaf area between —UVB and
+UVB conditions (Fig 4.2). While green leaf area still increased in both mutants between 24hrs
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and 48hrs +UVB (Fig 4.2), in comparison to the increase observed in the absence of UV-B, the
increase was much smaller. At 48hrs +UVB sig5-1 was 18% smaller than under 48hrs —UVB (P <
0.001, Fig 4.2) and sig5-2 was 17% at 48hrs +UVB compared to —UVB (P < 0.001, Fig 4.2). In

summary, both mutants responded in a similar photomorphogenic manner to wild type.

In the absence of UV-B, both sig5-1 and sig5-2 showed a significant increase in green leaf area
between each time point (P < 0.001, Fig 4.2). Furthermore, there were no observed differences
in green leaf area between each mutant at each time point in both UV-B treated and no UV-B
control plants. The absence of any difference between the two suggests that the different

mutations do not affect green leaf area growth in both the presence and absence of UV-B.

4.2.3 Summary

Analysis of the photosynthesis response to low fluence UV-B in the sig5 mutants showed that
the UV-B dependent photosynthesis phenotype is reduced in the absence of functional SIG5 and
is lost in the absence of the SIG5 sigma factor activity. Davey et al. (2012) showed that in
response to 3 umol m=2 s™ of UV-B PS Il efficiency in the sig5 mutants was not affected and
suggested that the increase in psbD in response to UV-B exposure was not required for
maintaining photosynthetic efficiency under UV-B. While PS Il efficiency was not measured, here
the absence of SIG5 has been shown to affect photosynthesis in the presence of UV-B. The
difference in observed response may be due to the lower UV-B fluence rate used in this research,
which induces photomorphogenesis rather than a stress response in the mutant, and hence
results in the variation in photosynthesis response as the loss of SIG5 negates the positive effect
of UV-B. As green leaf area development is not negatively affected in response to UV-B exposure,
it further suggests that the UV-B fluence rate is not damaging to the plant, but that exposure to

UV-B limits growth both in the mutants and in the wild type.

The increase in photosynthetic rate is likely due to an increase in transcription of

photosynthesis-associated chloroplast genes that are controlled by SIG5, such as psbD and psbA
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(Nagashima et al., 2004; Tsunoyama et al., 2004; Noordally et al., 2013; Yamburenko et al.,
2015). Higher transcription of these genes results in higher synthesis of D1 and D2 proteins
(Mellenthin et al., 2014) and could thus increase photosynthetic rate. The loss of the
photosynthesis phenotype in the sig5 mutants suggests that the increase in photosynthetic rate
in response to low fluence UV-B exposure is due to increased chloroplast transcription regulated

by SIG5 and repair of UV-B damaged PS Il.

4.3 EARLY LIGHT-INDUCIBLE PROTEIN 1 & 2 - ELIP1 (AT3G22840) & ELIP2
(AT4G14690)

ELIP1 and ELIP2 are key light response genes involved in tolerance to photoinhibition and
photooxidative stress (Rossini et al., 2006). They are part of a family of nuclear-encoded,
thylakoid genes; related to the CAB proteins (Grimm et al., 1989; Adamska et al., 2001). ELIP
proteins accumulate at different stages of plant development and show transient accumulation
in response to environmental stress, especially in response to light stress (Adamska et al., 2001).
Both the mRNA and the protein appear much earlier than other light-induced genes during the
early stages of greening of etiolated seedlings and then disappear before the chloroplast
development is complete (Potter and Kloppstech, 1993). In mature plants, the proteins appear
when the plant is exposed to photoinhibitory conditions such as high light or UV-B irradiance
(Adamska et al., 1992; Rossini et al., 2006). Expression is meditated by the photoreceptors; such

as cryptochrome and UVR8 (Brown et al., 2005; Kleine et al., 2007).

The physiological role of ELIPs in planta and their function in chloroplasts is uncertain (Rossini
etal., 2006), although it is hypothesised that ELIPs protect the photosynthetic apparatus through
altering chlorophyll accumulation and thus preventing overexcitation (Tzvetkova-Chevolleau et
al., 2007). Evidence suggests that ELIPs have a photoprotective role under light stress conditions
due to their ability to bind to pigments (Singh et al., 2008). This could be due to the proteins

transiently binding to free chlorophyll, and thus preventing photooxidative stress, and/or by
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participating in energy dissipation to protect the PS Il reaction center from photoinhibition
(Montané and Kloppstech, 2000; Adamska et al., 2001). While ELIP1 and ELIP2 transcripts are
induced by both high and low fluence rates of UV-B, their role in the UV-B response is unknown
(Brown et al., 2005; Oravecz et al., 2006; Kilian et al., 2007; Safrany et al., 2008; Favory et al.,
2009; Davey et al., 2012; Hayami et al., 2015). Experiments have shown that UV-B exposure
strongly induced ELIP1 and ELIP2 transcript levels, however, UV-B did not affect photosynthetic
efficiency or plant viability of the elip1,elip2 double mutant, and it has remained unclear why

ELIP1 and ELIP2 are so highly induced by UV-B (Davey et al., 2012).

Here the response of the elip1 and elip2 mutants under 0.5 umol m=2 s UV-B was tested. elip1
is a null mutant, with a T-DNA insertion in the third exon, which results in the absence of
transcription of ELIP1, but does not show any difference to wild type under normal growth
conditions (Casazza et al., 2005). elip2 is a null mutant, with a T-DNA insertion at the beginning

of the third exon (Casazza et al., 2005).

4.3.1 The UV-B dependent increase in photosynthesis is lower in elip mutants

In both elip mutants, the increase in photosynthetic rate observed in wild type at 24hrs of UV-B
exposure is present, but the increase is significantly smaller than in wild type (P <0.001, Fig 4.3).
In wt, there was a 12% increase in photosynthetic rate at 24hrs UV-B compared to no UV-B (P <
0.001, Fig 4.3). elip1 showed an increase of 6% at 24hrs +UVB compared to —UVB (P < 0.001, Fig
4.3), and elip2 showed an increase of 3% at 24hrs +UVB compared to —UVB (P < 0.001, Fig 4.3).
As the increase observed in the mutants is much lower than the increase observed in wild type,
it suggests that the ELIPs play a role in the photosynthetic response to UV-B exposure, but the

absence of either ELIP does not negatively affect photosynthesis at 24hrs of UV-B.

At 48hrs of UV-B, the increase in photosynthetic rate observed at 24hrs was lost in wild type.
The same response was observed in elip1, which showed no significant difference between

+UVB and —UVB at 48hrs (Fig 4.3). There was no significant decrease in rate between 24hrs +UVB
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and 48hrs +UVB, suggesting that the absence of elip1 does not negatively impact photosynthesis
under UV-B exposure and that ELIP1 plays a role in maintaining photosynthetic efficiency under
prolonged UV-B exposure. Interestingly, elip1 exhibited a significantly lower photosynthetic rate
than wild type in the absence of UV-B up to 24hrs, after which the photosynthetic rate was

similar to wild type, suggesting that the loss of ELIP1 has an impact on photosynthetic rate.
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Figure 4.3 Changes in net photosynthetic rate (umol CO, m=2 s™") normalised to leaf area in wt (Col-0),
elip1 (Col) and elip2 (Col) in response to irradiation with 0.5 pmol m=2 s™' of UV-B (+UVB, grey) or
without (-UVB, white) over 48 hours of exposure. Ohrs is 35 DAS and is the net photosynthetic rate prior
to illumination with UV-B, while 24hrs is after 24 hours of exposure and so forth. In the +UVB condition
the plants are exposed to 0.5 pmol m=2s™"and 220 umol m=2 s™' of PAR, in the —UVB condition the plants
are exposed to 220 umol m™2 s of PAR only. elip1 — early light-inducible protein 1, elip2 — early light-
inducible protein 2. Error bars represent + S.E. (n = 16 biological repeats). Asterisks indicate statistically
significant means (P < 0.05) between +UVB and —UVB treatments for a given time point and genotype; ns
indicates not significant means.

elip2, however, exhibited a different response as photosynthetic rate continued to increase
under UV-B. At 48hrs +UVB the photosynthetic rate was 14% higher than under -UVB (P < 0.001,
Fig 4.3), and at 48hrs of UV-B the rate was 10% higher than the rate observed at 24hrs of UV-B
(P <0.001, Fig 4.3). The response observed seems to be a delay in photosynthetic response to
UV-B exposure as the increase in photosynthetic rate only occurs at 48hrs; although further
measurements at later time points would be necessary to confirm this. The absence of the initial
increase in photosynthetic rate at 24hrs of UV-B in elip2 could suggest that ELIP2 is involved in

the photosynthetic response to UV-B exposure and that the loss of ELIP2 results in the loss of
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increase. However, as photosynthetic rate increased at 48hrs of UV-B exposure in elip2, it could
suggest that the absence of ELIP2 delays the response to UV-B, and that ELIP2 is not directly
involved in the increase in rate, but instead it maybe involved in terms of limiting the increase

in photosynthetic rate after 24hrs of UV-B exposure.

elipl and elip2 differ considerably from one another in terms of photosynthesis both in the
absence and presence of UV-B. Prior to UV-B exposure, the photosynthetic rate of elip1 was
significantly lower than the photosynthetic rate of elip2 (P < 0.001, Fig 4.2). However, in the
absence of UV-B at 24hrs and 48hrs, the mutants have similar photosynthetic rates. Also, the
photosynthetic rate of elip1 having increased significantly between Ohrs and 24hrs of UV-B (P <
0.001, Fig 4.2). The different responses to UV-B exposure show that the two ELIPs are involved

in different parts of the photosynthesis response to UV-B.

4.3.2 Green leaf area development in elip mutants is limited by UV-B exposure

In wild type plants, green leaf area increased significantly between Ohrs, 24hrs and 48hrs both
in the absence and in the presence of UV-B (P < 0.001, Fig 4.4). However, under UV-B the
increase in green leaf area is lower than the increase observed in the absence of UV-B, indicating
a UV-B photomorphogenic response. At 24hrs +UVB the green leaf area of wt was 7% than under
—UVB at 24hrs (P < 0.001, Fig 4.4) and at 48hrs +UVB green leaf area was 9% smaller than under
-UVB(P < 0.001, Fig 4.4). Thus showing that wild type is responding to the presence of UV-B by
limiting plant development and that the response increases in response to longer UV-B

exposure.

In terms of green leaf area development, the elip mutants exhibited a similar phenotype to wild
type plants in response to UV-B exposure. Both mutants showed significant increases in green
leaf area in the absence of UV-B between Ohrs, 24hrs and 48hrs (P < 0.001, Fig 4.4). Under UV-
B conditions, the increase in green leaf area slows, resulting in smaller plants under +UVB

compared to —UVB. At 24hrs, both mutants did not show a significant difference in leaf area
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between +UVB and —UVB (Fig 4.4). At 48hrs, however, elip1 is 20% smaller under +UVB than
under -UVB (P < 0.05, Fig 4.4), and elip2 is 16% smaller (P <0.001, Fig 4.4). Between 24hrs of UV-
B and 48hrs of UV-B, there was no significant change in green leaf area in both mutants (Fig 4.4),
which suggests that green leaf area development slows and perhaps even stops in response to
prolonged UV-B exposure, which could hint at a possible interaction between the ELIPs and
green leaf area development. The slowing of green leaf area development, rather than a distinct
negative impact on green leaf area, suggests a photomorphogenic response to UV-B exposure,
rather than a stress response. The significant difference in area at 48hrs of UV-B between wild
type and the elip mutants further hints at an interaction between green leaf area development

and ELIP1 and ELIP2.
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Figure 4.4 Changes in leaf area (cm?) in wt (Col-0), elip1 (Col) and elip2 (Col) in response to irradiation
with 0.5 pmol m=2 s™' of UV-B (+UVB, grey) or without (-UVB, white) over 48 hours of exposure. Ohrs is
35 DAS and is leaf area prior to illumination with UV-B, while 24hrs is after 24 hours of exposure and so
forth. In the +UVB condition the plants are exposed to 0.5 pmol m™2 s~ and 220 umol m™2 s7" of PAR, in
the —UVB condition the plants are exposed to 220 umol m=2 s of PAR only. elip1 — early light-inducible
protein 1, elip2 — early light-inducible protein 2. Error bars represent + S.E. (n = 16 biological repeats).
Asterisks indicate statistically significant means (P < 0.05) between +UVB and —UVB treatments for a given
time point and genotype; ns indicates not significant means.

Prior to UV-B exposure, elip1 and elip2 differed in terms of green leaf area, as elip2 was

significantly larger than elip1 (P < 0.05, Fig 4.4). The difference in green leaf area could explain
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the difference in photosynthetic rate observed prior to UV-B exposure, as elipl exhibited a
significantly lower photosynthetic rate (P <0.001, Fig 4.4) at Ohrs than elip2. Less green leaf area
and a smaller surface area in general (Data not shown), could result in the lower photosynthetic
rate seen in elipl. As green leaf area increased significantly between Ohrs and 24hrs for elip1 (P
<0.001, Fig 4.4), so did the photosynthetic rate (P < 0.001, Fig 4.4), which suggests that the lower
green leaf area was the result of the lower photosynthetic rate. By 24hrs green leaf area no
longer differed between elip1 and elip2 (Fig 4.4), suggesting that there is a difference in plant

development between the mutants.

4.3.3 Summary

In elip1 and elip2 the photosynthesis phenotype in response to UV-B is altered. At 24hrs of UV-
B exposure, both mutants exhibited lower photosynthetic rates than wild type, which suggests
that both are involved in the photosynthesis phenotype observed in wild type at 24hrs of UV-B
exposure. As the ELIPs are only induced early during plant development and in response to high
light stress (Grimm and Kloppstech, 1987; Grimm et al., 1989; Adamska et al., 2001), the specific
role of either in the response to low fluence UV-B exposure is unknown as their physiological
role is unknown (Brown et al., 2005; Rossini et al., 2006). It has been hypothesized that ELIPs
protect the photosynthetic apparatus through altering chlorophyll accumulation and thus
preventing overexcitation (Tzvetkova-Chevolleau et al., 2007); thus the increase in
photosynthetic rate may be due to an increase in chlorophyll accumulation; although the
chlorophyll content analysis shown in Chapter 3 showed that chlorophyll content did not

increase significantly in response to UV-B exposure.

Thus we can only hypothesise about the physiological mechanism behind the absence of the
photosynthesis phenotype in elip1 and elip2. However, the phenotype observed in both mutants
suggests that both ELIPs are involved in the photosynthesis response to low fluence UV-B.

Furthermore, that ELIP2 plays a role in the regulation of the photosynthesis response at 48hrs
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of UV-B exposure as in the absence of ELIP2 photosynthetic rate continues to increase under

UV-B exposure, as to how this regulation may occur is unknown.

Other experiments have suggested that exposure to UV-B does not negatively impact
photosynthetic efficiency in the elip mutants (Rossini et al., 2006; Davey et al., 2012); however,
these experiments used high fluence UV-B and showed no negative impact on photosynthetic
efficiency in the mutants. Whereas in this experiment, a photomorphogenic dose was used and
there is no detrimental impact on photosynthesis rate. Instead, the increase in photosynthetic

rate was reduced in the mutants.

In terms of green leaf area, both mutants behave much like wild type; with green leaf area
development slowing in response to UV-B exposure. The slowing of development suggests that
the response is photomorphogenic rather than a stress response, as stress would induce
reductions in green leaf area. In the absence of UV-B, green leaf area develops in the mutants
as it does in wild type, thus being in accordance with Casazza et al. (2005), who found that the

elip mutants behave much like wild type under normal growth conditions.

4.4 REPRESSOR OF UV-B PHOTOMORPHOGENESIS 1 & 2 - RUP1
(AT5G52250) & RUP2 (AT5G23730)

RUP1 and RUP2 are negative regulators of UVR8 (Gruber et al., 2010). Both are transcriptionally
activated by the UVR8/COP1/HY5 signalling complex (Gruber et al., 2010). RUP1 and RUP2
interact with UVR8 in a similar mechanism as COP1 (Gruber et al., 2010; Cloix et al., 2012; Yin et
al.,, 2015) and are hypothesized to displace COP1 in the COP1-UVR8 complex to allow for
redimerisation of UVR8 (Cloix et al., 2012; Heijde et al., 2013) and thus regulating the UVR8
mediated response to UV-B. Both RUP1 and RUP2 are needed to balance the need for UV-B
damage response and plant growth (Gruber et al., 2010; Vanhaelewyn et al., 2016). The
rupl,rup2 double mutant showed a stronger response to UV-B stress and was better acclimated

to UV-B exposure (Gruber et al., 2010).
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Here the response of the rupl,rup2 (rup1,2) double mutant under 0.5 pmol m=2 s UV-B was
tested (Chapter 2: Materials and Methods). The rup1,2 double mutant was produced by crossing
the single mutants rup1-1 and rup1-2 (Gruber et al., 2010). Both mutants are T-DNA insertion
lines, which results in the absence of the respective mRNAs and hence shows reduced
functionality (Gruber et al., 2010). In rup1,2 the lack of transcripts of both genes makes it

hypersensitive to UV-B exposure (Gruber et al., 2010).

4.4.1 The UV-B dependent increase in photosynthetic rate is prolonged in rup1,2

Under UV-B exposure photosynthetic rate increased by 14% in wild type compared to no UV-B
at 24hrs (P < 0.001, Fig 4.5). rupl1,2 exhibited a similar photosynthesis response, as the
photosynthetic rate of rup1,2 increased by 10% under UV-B at 24hrs compared to no UV-B (P <
0.001, Fig 4.5), the photosynthetic rate at 24hrs of UV-B was 7% higher than the rate observed
at Ohrs (P < 0.001, Fig 4.5). Unlike in wt, where photosynthetic rate decreased at 48hrs +UVB
compared to both 48hrs —UVB (P < 0.01, Fig 4.5) and 24hrs +UVB (P < 0.001, Fig 4.5); in rup1,2
photosynthetic rate continued to be higher under 48hrs +UVB compared to 48hrs —UVB (P <
0.001, Fig 4.5), the increase in rate still being at around 10%. In fact, there was no difference in

photosynthetic rate between 24hrs +UVB and 48hrs +UVB (Fig 4.5).

As the amount of increase in rate was less in rup1,2 at 24hrs of UV-B than in wild type under the
same conditions, it could suggest that the RUPs are involved in the increase in rate, but are not
essential. The continued upregulation of photosynthetic rate in rup1,2 at 48hrs of UV-B suggests
that the loss of negative regulation of UVRS8 in the mutant results in the prolonged phenotype
as UVR8 is not inactivated by RUP1 and RUP2. The results also show that inactivation of UVR8

likely plays a part in the decrease of photosynthetic rate observed at 48hrs in wild type.
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Figure 4.5 Changes in net photosynthetic rate (umol CO, m™2 s™') normalised to leaf area in wt (Col-0)
and rup1,2 (Col) in response to irradiation with 0.5 pmol m=2s™" of UV-B (+UVB, grey) or without (-UVB,
white) over 48 hours of exposure. Ohrs is 35 DAS and is the net photosynthetic rate prior to illumination
with UV-B, while 24hrs is after 24 hours of exposure and so forth. In the +UVB condition the plants are
exposed to 0.5 pumol m™2 s™"and 220 umol m=2 s of PAR, in the —UVB condition the plants are exposed
to 220 umol m=2 s of PAR only. rup1,2 — repressor of UV—B photomorphogenesis 1,2. Error bars
represent + S.E. (n = 16 biological repeats). Asterisks indicate statistically significant means (P < 0.05)
between +UVB and —UVB treatments for a given time point and genotype; ns indicates not significant
means.

4.4.2 Green leaf area growth is limited in rup1,2 in response to UV-B

In the absence of UV-B exposure wild type and rup1,2 did not differ in green leaf area (Fig 4.6).
Over 48hrs of exposure, the rate of increase in green leaf area was maintained at an equal pace,
as at each time point they do not differ significantly from each other. These observations suggest
that the loss of RUP1 and RUP2 does not have an adverse effect on leaf area in a PAR only (-

UVB) environment.

Under UV-B exposure there was a significant difference in leaf area; at 48hrs of UV-B wild type
had a significantly larger green leaf area than rup1,2 (P < 0.001, Fig 4.6). The difference in green
leaf area suggests that the loss of RUP1 and RUP2 results in a slower growth rate in response to
low doses of UV-B. UV-B exposure only significantly affected green leaf area at 48hrs in both
wild type and rup1,2. The green leaf area of rup1,2 was significantly lower (P < 0.001, Fig 4.6) in

plants exposed to UV-B, compared to no UV-B.
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Figure 4.6 Changes in leaf area (cm?) in wt (Col-0) and rup1,2 (Col) in response to irradiation with 0.5
umol m=2 s™" of UV-B (+UVB, grey) or without (-UVB, white) over 48 hours of exposure. Ohrs is 35 DAS
and is leaf area prior to illumination with UV-B, while 24hrs is after 24 hours of exposure and so forth. In
the +UVB condition the plants are exposed to 0.5 umol m2 s~ and 220 umol m=2s7" of PAR, in the —UVB
condition the plants are exposed to 220 pmol m=2 s of PAR only. rup1,2 — repressor of UV-B
photomorphogenesis 1,2. Error bars represent + S.E. (n = 16 biological repeats). Asterisks indicate
statistically significant means (P < 0.05) between +UVB and —UVB treatments for a given time point and
genotype, ns indicates not significant means.

Analysis showed that rup1,2 experienced continuous increases in leaf area in the absence of UV-
B as there was a significant increase in leaf area between each time point. Interestingly, rup1,2
showed a significant increase in leaf area between Ohrs and 24hrs of UV-B exposure (P < 0.001,
Fig 4.6), however, at 48hrs the increase in green leaf area is so small that is insignificant;

suggesting that the absence of RUP1 and RUP2 affects growth rate in a UV-B environment.

4.4.3 Summary

In the absence of both RUP1 and RUP2 photosynthetic rate is elevated at 24hrs and 48hrs of UV-
B exposure. This differs from wild type where photosynthetic rate was only increased at 24hrs
of UV-B exposure. RUP1 and RUP2 are negative regulators of UVR8 (Gruber et al., 2010). Hence
the prolonged increase in photosynthetic rate suggests that RUP1 and RUP2 negatively regulate
UVRS to limit the impact of low fluence UV-B exposure and that in the absence of both the
negative regulation is lost. The observed phenotype also aligns with the observation that rup1,2

is hypersensitive to UV-B (Gruber et al., 2010) as it shows a prolonged photosynthesis response
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to UV-B exposure. The phenotype suggests that RUP1 and RUP2 are involved in regulating the
decrease in photosynthetic rate at 48hrs UV-B exposure compared to 24hrs UV-B exposure, by
inactivating UVR8 and thus limiting regulation of the genes involved in the phenotype. As RUP1
and RUP2 limit UVR8 induced photomorphogenesis (Gruber et al., 2010; Vanhaelewyn et al.,
2016), the continued increase in photosynthetic rate in the mutants suggests that

photosynthesis response to low fluence UV-B exposure is a photomorphogenic response.

As the photosynthetic rate increase in rup1,2 is lower than the increase observed in wild type,
it suggests that RUP1 and RUP2 are also involved in the initial increase in photosynthetic rate,
but as to how this occurs is unknown. Green leaf area development is also limited in rupi,2
under UV-B; which suggests that green leaf area development in the presence of UV-B involves

RUP1 and RUP2 activity but as to how this occurs is unknown.

4.5 Chapter Summary

A number of genes have been identified as being regulated by the UVR8-COP1 signalling cascade
that are associated with maintenance of the photosynthetic machinery in response to UV-B
exposure; two of these are SIG5 and the ELIPs (Davey et al., 2012). In this chapter, the
photosynthesis responses to low fluence UV-B in mutants of these genes were characterised. As
they are associated with maintenance of the photosynthetic machinery in response to UV-B and
are upregulated under low fluence UV-B (Davey et al., 2012), it was expected that they might be
involved in the response or drive the increase in net photosynthetic rate in some way. The
results have shown that each of these genes is involved in the photosynthesis response, as the
mutants exhibit lower increases in net photosynthetic rate. However, photosynthetic rate was
not negatively impacted under UV-B exposure in their absence; which suggests that SIG5, ELIP1
and ELIP2, are involved but not crucial to the increase in photosynthetic rate. This points to the
regulation of photosynthesis in response to low fluence UV-B exposure being driven by other,

as of yet unidentified factors. The differences in photosynthetic rate in each mutant also
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suggests that the increase in net photosynthetic rate seen in wild type is due to an increase in

chloroplast transcription.

To better understand the role of UVR8 in driving the photosynthesis response to UV-B, the
photosynthesis response of the rup1,2 mutant was also tested. The prolonged photosynthesis
response to UV-B observed in rup1,2 suggests that UVR8 does indeed mediate the increase in
net photosynthetic rate and that the response maybe lost at 48hrs due to UVR8 inactivation by
RUP1 and RUP2, in order to prevent overexcitation in response to UV-B exposure and to strike

a metabolic balance between plant development and photomorphogenic response.

Changes in green leaf area in response to UV-B were also assessed, to determine if low fluence
UV-B would have an impact on green leaf area development. In response to low fluence UV-B
exposure, the development of green leaf area slows both in wild type and the mutants, but leaf
area does not decrease. The mutants tested all showed a stronger response to UV-B than wild
type, as green leaf area increased more slowly than wild type, which suggests that these genes

may be involved in the response to UV-B in terms of green leaf area development and regulation.

Overall, the pre-identified UVRS8 regulated UV-B induced genes appear to be underpinning the
UV-B-photosynthetic interactions. However, none of these regulators appear to be completely
required for the UV-B mediated increase in net photosynthetic rate. In order to determine a
complete transcriptomic pattern during the initial 24hrs of UV-B exposure and search for novel
regulators, we used RNA-seq for global expression profiling analysis, the results of which are

presented in the next Chapter.
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5 Analysis of transcriptome changes in response to 0.5 umol
m=2s7 of UV-B

5.1 Introduction

In Chapter 3 the UV-B dependent increase in photosynthetic rate was characterised.
Photosynthetic rate increased by 12% at 24hrs. The increase in photosynthetic rate was
transient; as at 48hrs of UV-B exposure, the rate of photosynthesis was no longer higher than
the photosynthetic rate of plants not exposed to UV-B (-UVB). In the uvr8 mutant, uvr8-1, the
photosynthesis phenotype was absent, indicating that functional UVRS8 is involved in the
increase in photosynthetic rate. The increase in photosynthetic rate is likely due to changes in
gene expression, thus to better understand what causes the increase, changes in gene

expression were analysed through RNA-Seq.

Whole genome expression profiling studies using microarray have shown that exposure to UV-
B results in the regulation of large number of genes (Green et al., 1991; Brosché et al., 2002;
Ulm et al., 2004; Stracke et al., 2010); and that over a hundred genes involved in the UV-B
response are regulated by UVR8 (Brown et al., 2005; Favory et al., 2009; Tilbrook et al., 2013;
Jenkins, 2014b). However, at the time of conducting our study, no RNA-seq studies focused on
UV-B responses had been published. As previously discussed the analysis of the Favory et al.
(2009) microarray data by Wargent and Jordan (2013), shows that in response to low fluence
UV-B exposure a number of photosynthesis-associated genes are upregulated. Whereas the
analysis of the Brown et al. (2005) microarray data; in which high fluence UV-B was used, shows
a trend of downregulation in photosynthesis-associated genes (Wargent and Jordan, 2013).
Although genes such as SIG5, ELIP1, ELIP2 and two FtsH (ATP-dependent metalloproteases) are
upregulated; which suggests that not all photosynthesis-associated genes are negatively
impacted by UV-B exposure. Since the photosynthesis phenotype was characterised using an

even lower fluence rate of UV-B than the one used by Favory et al. (2009), it is expected that the
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general pattern of upregulation in photosynthesis-associated genes will continue and that the
analysis will allow for the identification of genes that are involved in the photosynthesis

phenotype.

To gain a better understanding of what causes the increase in net photosynthetic rate at 24hrs
of UV-B exposure, RNA-seq analysis focused on determining changes in gene expression at 6hrs
and at 24hrs of UV-B exposure in the wild type, as the transcriptional regulation of the
phenotype would be expected to begin as soon as UV-B exposure begins. The 6hrs time point
was selected as a time point, rather than 12hrs, to reduce the detection of genes regulated by
circadian rhythm. To determine what causes the absence of the photosynthesis phenotype in
uvr8-1, the analysis focused on determining the differences in gene expression in the mutant
(uvr8-1) versus the wild type (wt — Ler) over 24hrs of UV-B exposure. uvr8-1 samples in the
absence of UV-B (-UVB) were not sequenced as the focus of the analysis was to determine what
causes the increase in photosynthetic rate in the wild type, rather than determining what occurs
in the mutant. under Together, the RNA-seq analysis should allow for the characterisation of
changes on a transcriptional level in response to low fluence UV-B exposure that may be

involved in the in the increase in photosynthetic rate at 24hrs of UV-B exposure.

5.2 General observations of RNA-seq data

RNA-seq was performed to identify differentially expressed genes in response to UV-B exposure.
Wild type (Ler) samples were collected at three time points: Ohrs, 6hrs and 24hrs, and the two
different light conditions +UVB and —UVB. While, uvr8-1 samples were collected at Ohrs, 6hrs
and 24hrs, under +UVB only. RNA samples for 4 biological repeats were submitted to New
Zealand Genomics Limited (NZGL; Otago, New Zealand) for processing and sequencing (Chapter

2: Materials and Methods).

Three lanes of lllumina HiSeq2500 sequencing generated an average number ~ 13 million reads

(Q30 > 94.87%) per sample and ~40 million (Q30 > 94.4%) per biological replicate. Stability and
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reproducibility of data is indicated by the Pearson correlation coefficients (> 0.95) between the
biological replicates samples. Reads were mapped to the TAIR10 release of the A. thaliana
genome using tophat2; which generated an average concordant mapping rate of 86.5%. Gene
counts were generated from each aligned BAM file using the software HTSeqg-count package.
Differential expression was detected using the R-package DESeq2. The differential expression
was performed in a pairwise fashion with the wt —UVB samples used as the control. The adjusted

p-values (padj) represent False Discovery Rate (FDR) corrected values with a 5% FDR cut off used.

DESeq?2 analysis showed a modest overall effect in response to UV-B exposure, as determined
by the relatively small number of differentially expressed genes (DEGs). In a detailed analysis of
the differential expression data, gene expression patterns can be seen in the following sections
below which focus on particular comparisons of interest. To validate the RNA-seq results, 6 DEGs
were selected for qRT-PCR analysis (Supplementary information Fig 9.4). The correlations
between the RNA expression level from gRT-PCR and RNA-seq were relatively high, with Pearson
correlation coefficients of 0.84 (P < 0.001) and Spearman coefficient of 0.97 (P< 0.001),

validating the repeatability and reproducibility of gene expression data.

5.3 Analysis of transcriptome changes in response to +UVB exposure vs —
UVB exposure at 6hrs and 24hrs

The previously established photosynthesis phenotype showed that at 24hrs there was a
significant increase in photosynthetic rate under UV-B exposure compared to no UV-B in wild
type. To determine what may drive the increase in photosynthetic rate on a transcript level, the
analysis of the RNA-seq data focused on investigating the differences between +UVB and -UVB
at 6hrs and 24hrs. Analysing differential gene expression between +UVB versus -UVB allows for
a better understanding of changes that occur solely due to UV-B exposure. Differential gene
expression analysis at 6hrs allows for the identification of genes that may be involved in the

positive regulation of photosynthesis at 24hrs; the analysis of differential gene expression at
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24hrs may allow the identification of genes resulting in the absence of the increase in
photosynthetic rate at 48hrs of UV-B exposure. Comparing the gene expression patterns of 6hrs
and 24hrs indicates as to how gene expression shifts over time under UV-B exposure, both

specifically in relation to photosynthesis, and in general terms of UV-B photomorphogenesis.

5.3.1 Relative gene expression is higher at 6hrs of UV-B exposure than at 24hrs

To provide an overview of changes in overall gene expression in response to UV-B in wild type
at 6hrs and 24hrs; volcano plots were used to show the distribution of all DEGs (Fig 5.1). In the
volcano plots green dots represent significant DEGs (padj < 0.05) and a log2foldchange (LFC) >
1; red dots represent DEGs (padj < 0.05) and black dots represent genes that were not
significantly different (padj > 0.05). The plots show that 6hrs +UVB:-UVB (Fig 5.1a) and 24hrs
+UVB:-UVB (Fig 5.1b) have distinct transcriptional profiles. 6hrs +UVB:-UVB shows an even
distribution of significantly changed DEGs (padj < 0.05, Fig 5.1a), whereas 24hrs +UVB:-UVB
shows more positively changed DEGs (padj < 0.05, Fig 5.1b) than negative. In both comparisons
the overall fold change is low, suggesting that the impact of the UV-B dose is relatively modest;

as is to be expected given the low fluence rate of UV-B used.

At 6hrs +UVB:-UVB (Fig 5.1a), a total of 119 significantly changed genes (padj < 0.05) were
detected; with an even split of both upregulated (59) and downregulated (60) genes. Of the 119
significantly changed genes; 109 are characterised genes, and 10 are uncharacterised genes
(Details of all DEGs are shown in Supplementary Table 9.7). GO enrichment analysis using

PANTHER (http://www.pantherdb.org/) (Mi et al.,, 2017) showed that there is an

overrepresentation of genes associated with the thylakoid (FDR < 0.05) and chloroplast (FDR <
0.001) in the subset of significantly changed DEGs. Interestingly, there was also an
overrepresentation of genes associated with intramolecular oxidoreductase activity (FDR <
0.001), which may explain the increase in photosynthetic rate at 24hrs of UV-B exposure; as

oxidoreductase activity is involved in photosynthesis. The absence of DEGs associated with the
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UV-B stress response suggests that at 6hrs the UV-B exposure is not yet damaging to the plant,

but rather has a positive impact on plant performance.

At 24hrs +UVB:-UVB (Fig 5.1b), there were 43 significantly changed genes (padj < 0.05), and
there were more upregulated genes (38) than there are downregulated genes (5). Of the 43
significantly changed genes, 41 are characterised genes, and 2 are uncharacterised genes
(Details of all DEGs are shown in Supplementary Table 9.8). GO enrichment analysis using

PANTHER (http://www.pantherdb.org/) shows that there is an overrepresentation of genes

involved in the flavonoid biosynthesis pathway (FDR < 0.001), and genes involved in response to
light stimulus (FDR < 0.001) and the UV-B response (FDR < 0.001). The absence of DEGs
associated with photosynthesis shows that there is a shift in gene expression patterns at 24hrs
of UV-B exposure; away from the positive regulation in response to UV-B regarding
photosynthesis and towards a more stereotypical UV-B acclimation/photomorphogenic
response. The absence of the upregulation of photosynthesis-associated genes may also explain
the decrease in photosynthetic rate seen at 48hrs of UV-B exposure; as the loss of upregulation

of photosynthesis-associated genes would arguably only become noticeable in phenotype later.
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Figure 5.1 Volcano plot showing the magnitude of differential expression (log2FoldChange) compared
to the measure of statistical significance (-log10 pvalue) at 6hrs and 24hrs of UV-B exposure in wt (Ler).
Individual dots represent genes differentially regulated in response to UV-B exposure (+UVB:-UVB). Red
dots represent genes with a padj value < 0.05, green dots represents values genes with a padj value < 0.05
and a log2foldchange > 1. a) Differential gene expression at 6hrs in wt (Ler) +UVB:-UVB. The bar graph
represents the number of genes significantly up and down-regulated in response to UV-B exposure. b)
Differential gene expression at 24hrs in wt (Ler) +UVB:-UVB. The bar graph represents the number of
genes significantly up and down regulated in response to UV-B exposure.

Furthermore, when comparing the significant DEGs for 6hrs +UVB:-UVB and 24hrs +UVB:-UVB
(Fig 5.2), the only overlap is ABCB13 (ATP-BINDING CASSETTE B13, AT1G27940); an ATP-binding

cassette transporter (ABC transporter) gene involved in ATPase activity and transmembrane
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movement (Martinoia et al., 2001; Geisler et al., 2003; Verrier et al.,, 2008). ABCB13 is
upregulated in both 6hrs +UVB:-UVB (LFC = 0.97, padj < 0.05) and 24hrs +UVB:-UVB (LFC = 1.00,
padj < 0.01). The increase in photosynthetic rate at 24hrs is likely the cause of the upregulation
of ABCB13 expression, as the increase in photosynthetic rate over the first 24hrs of exposure
increases the demand for detoxification and the associated transport functions that ABCB13 is
involved in (Sanchez-Fernandez et al., 2001b; Sanchez-Fernandez et al., 2001a; Verrier et al.,
2008). Thus suggesting that rather than being involved in the upregulation of photosynthetic

rate, it is upregulated as a result of the increase in photosynthetic rate.

6hrs wt 24hrs wt
+UVB:-UVB +UVB:-UVB

Figure 5.2 Venn diagram showing the number of significantly differentially expressed genes in wt (Ler)
6hrs and 24hrs +UVB:-UVB. In red are the differentially expressed genes unique to wt (Ler) 6hrs UV-B:-
UVB. In yellow are the differentially expressed genes unique to wt (Ler) 24hrs UV-B:-UVB. The threshold
is padj < 0.05.

5.3.2 Upregulation of photosynthesis-associated genes occurs during the first 6hrs of
UV-B exposure

Due to the small number of genes that were significantly changed in response to UV-B exposure,
the focus here was on the overall impact of UV-B exposure on Arabidopsis metabolism by
looking at all DEGs that have LFC > 0.5 and padj < 1. DEGs identified in wt 6hrs +UVB:-UVB and
in wt 24hrs +UVB:-UVB where analysed using MapMan 3.6.0

(http://mapman.gabipd.org/web/guest/mapman) (Thimm et al., 2004; Usadel et al., 2009). In

MapMan the DEGs are collected into functional categories and then associated with specific
pathways using the mapping file for Arabidopsis (Ath_AFFY_ATH1_TAIR9_Jan2010 - Chapter 2:

Materials and Methods). In each pathway analysis blue represents the positive LFC and hence

82



Chapter 5

the upregulation under +UVB exposure compared to -UVB; red represents the negative LFC and

hence the downregulation under +UVB exposure compared to -UVB.

The metabolism overview of wild type at 6hrs +UVB:-UVB (Fig 5.3a) shows that genes associated
with the photosynthesis pathway demonstrate a general pattern of positive LFC; indicating that
at 6hrs +UVB:-UVB there is an upregulation of photosynthesis-associated genes under UV-B that
is not present in the absence of UV-B. Furthermore, analysis of the tetrapyrrole synthesis
pathway demonstrates a pattern of positive LFC; indicating that UV-B exposure upregulates
tetrapyrrole synthesis. As the chlorophylls are a subgroup of tetrapyrroles; the upregulation
under UV-B could indicate downstream increases in chlorophyll; which may be involved in the
increase in photosynthetic rate seen at 24hrs, albeit an increase in chlorophyll could not be
characterised in planta. Also, the mixture of positive and negative LFC in the flavonoid associated
pathway, suggests that at 6hrs the plant begins to respond to the presence of UV-B by increase

flavonoid production; but a specific stress response appears to be absent.

The metabolism overview of wild type at 24hrs +UVB:-UVB (Fig 5.3b) shows a different pattern
of LFC in the photosynthesis pathway. At 24hrs +UVB:-UVB there are still some genes that show
a positive LFC in response to UV-B exposure; however, there are far fewer genes than at 6hrs
+UVB:-UVB. The absence of large amounts of downregulation of photosynthesis-associated
genes at 24hrs +UVB:-UVB is also of note. At 24hrs +UVB:-UVB there are a number of genes
upregulated in the flavonoid and phenolics biosynthesis pathway; but there is no large increase
in the number of genes being upregulated in the pathway compared to 6hrs +UVB:-UVB. The
absence of a large increase in flavonoid biosynthesis genes being upregulated suggests that

while the plant is responding to the presence of UV-B, it is not a stress response to UV-B.
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Figure 5.3 MapMan metabolism overview maps showing differences in transcript levels in wt (Ler)
during +UVB exposure versus -UVB exposure at 6hrs and 24hrs. Genes associated with metabolic
pathways were analysed by the MapMan 3.6.0 software
(http://mapman.gabipd.org/web/guest/mapman). On the colour scale, blue represents an increase in
expression, while red represents a decrease in expression, with a threshold of 0.5. a) Differences in
transcript levels at 6hrs in wt (Ler) +UVB:-UVB. b) Differences in transcript levels at 24hrs in wt (Ler) +UVB:-
UVB.
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The PageMan analysis (Fig 5.4) further illustrates the differences in gene regulation between
6hrs +UVB:-UVB and 24hrs +UVB:-UVB. PageMan provides an overview of significant (LFC > 0.5,
padj < 1) MapMan categories (Thimm et al., 2004; Usadel et al., 2006), allowing for easy
comparison of RNA-seq Data. The PageMan analysis (Fig 5.4) further demonstrates that at 6hrs
+UVB:-UVB a larger number of photosynthesis-associated genes are upregulated; whereas at
24hrs +UVB:-UVB there are far less. The two groups upregulated at both time points are genes
associated with cytochrome b6/f complex and chlororespiration; which are both associated with
ATP synthesis (Peltier and Cournac, 2002; Rumeau et al., 2007; Yamori et al., 2011). This provides
a link to ABCB13, which was the only significant DEG that was shared between 6hrs +UVB:-UVB

and 24hrs +UVB:-UVB, which is involved in ATP synthase activity.

Genes associated with protein targeting to the chloroplast are also upregulated both at 6hrs
+UVB:-UVB and 24hrs +UVB:-UVB. Interestingly, at 6hrs +UVB:-UVB genes associated with
chloroplast synthesis are upregulated, which are not differentially expressed at 24hrs +UVB:-
UVB. If the increase in chloroplast synthesis-associated genes results in the downstream
increase in the number of chloroplasts that may explain the increase in photosynthetic rate seen
at 24hrs UV-B. Furthermore, the upregulation in tetrapyrrole synthesis observed at 6hrs +UVB:-
UVB is shown to be absent at 24hrs +UVB:-UVB. Of particular interest is the upregulation of
genes associated with magnesium chelatase in the tetrapyrrole synthesis at 6hrs; as magnesium
chelatase is involved in the biosynthesis of chlorophyll (Brzezowski et al., 2015; Brzezowski et
al., 2016). This upregulation suggests that synthesis of chlorophyll increases in response to low

fluence UV-B exposure; although this has not been confirmed in planta..

The PageMan analysis (Fig 5.4) further confirms that the low fluence rate of UV-B used is not a
major stressor to the plant. This is shown by the upregulation of genes associated with
carbohydrate (CHO) metabolism at 24hrs of UV-B exposure; as under chronic UV-B stress, CHO

metabolism has been shown to be downregulated (Gao et al., 2016). Furthermore, at 24hrs
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+UVB:-UVB, there is upregulation of genes associated with flavonoid biosynthesis that is absent
at 6hrs +UVB:-UVB, which suggests that at 24hrs +UVB radiation begins to negatively impact the

plant, which would further explain the eventual decrease in photosynthetic rate.

Both the MapMan (Fig 5.3) and PageMan (Fig 5.4) analysis show the differences in transcription
between 6hrs +UVB:-UVB and 24hrs +UVB:-UVB and the differences in response to UV-B over
time. The differences in response indicate why photosynthetic rate decreases over 48hrs of UV-
B exposure. At 6hrs +UVB:-UVB photosynthesis-associated genes are upregulated; whereas at
24hrs +UVB:-UVB the upregulation of photosynthesis-associated genes is largely absent, and
there is not a general pattern of downregulation either. At 24hrs of UV-B, there is an increase in
photosynthetic rate, which is lost at 48hrs; whereas the photosynthetic rate under UV-B is not
significantly different from the photosynthetic rate in the absence of UV-B (-UVB). Further
quantification of photosynthetic rate at 72hrs of UV-B exposure showed that photosynthetic
rate is significantly lower under UV-B than it is in the absence of UV-B. The upregulation of
photosynthesis-associated genes at 6hrs could explain the increase in photosynthetic rate seen
at 24hrs; the loss of that increase in photosynthetic rate at 48hrs is reflected by the loss of
upregulation of photosynthesis-associated genes at 24hrs. Perhaps at 48hrs of UV-B exposure,
the pattern of gene regulation would show downregulation of photosynthesis-associated genes

and more upregulation of genes associated with the UV-B stress response.
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Figure 5.4 Summary of MapMan gene categories, as displayed by PageMan (Thimm et al., 2004; Usadel
et al., 2006), representing relative transcriptomic responses to UV-B treatments in wt (Ler). Data was
subjected to Wilcoxon Rank-Sum testing within MapMan to identify significant differences in expression
patterns within each functional gene group compared with each entire dataset per sample. Expression
ratios are calculated on the basis of +UVB treatments compared with -UVB treatments. Columns are also
annotated according to duration (6hrs, 24hrs). Coloured boxes indicate statistically significant groups
(Benjamini & Hochberg-corrected P-value < 0.05), and colour scale represents z-transformed P-values,
with blue indicating a trend within the group for the up-regulation of expression relative to -UVB controls,
and red indicating a trend within the group for down-regulation. Arrows, shown with the same colour
scheme, indicate MapMan annotation of differentially regulated gene classes (MapMan 3.6.0 software
(http://mapman.gabipd.org/web/guest/mapman)).

5.3.2.1 At 6hrs of UV-B exposure genes associated with the light reactions are upregulated

A closer look at the changes in the MapMan photosynthesis pathway (Fig 5.5) and chloroplast
pathway (Fig 5.6) in 6hrs +UVB:-UVB and 24hrs +UVB:-UVB further illustrates the differences in
transcription profiles between the two time points. It shows the stark differences in patterns of
expression in genes associated with the light reactions; at 6hrs +UVB:-UVB there is a general
pattern of upregulation seen in almost all genes (Fig 5.5a), at 24hrs +UVB:-UVB (Fig 5.5b) there
are far fewer genes that are upregulated, and more downregulated genes. MapMan analysis of
the bins associated with the photosynthesis pathway show that at 6hrs +UVB:-UVB the four
significant bins are the PS Il polypeptide subunits (P < 0.001), LHC Il (P < 0.001), PS | polypeptide
subunits (P < 0.001) and ATP synthase (P < 0.01); suggesting that it is these parts of the
photosynthesis pathway that are most upregulated by the presence of UV-B at 6hrs. At 24hrs
+UVB:-UVB there are only two bins that are significant: cytochrome b6/f (P < 0.05) and ATP
synthase (P < 0.05). These are the two bins that had also been identified through PageMan
analysis. The upregulation of the pathways associated with PS Il polypeptide subunits, the light-
harvesting complex Il and PS | polypeptide subunits are unique to 6hrs +UVB:-UVB. The genes

associated with each of these pathways may be involved in the increase in photosynthetic rate

seen at 24hrs UV-B exposure.
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Figure 5.5 MapMan photosynthesis overview maps showing differences in transcript levels in wt (Ler)
during +UVB exposure versus -UVB exposure at 6hrs and 24hrs. Genes associated with the
photosynthesis pathways were analysed by the MapMan 3.6.0 software
(http://mapman.gabipd.org/web/guest/mapman). On the colour scale, blue represents an increase in
expression, while red represents a decrease in expression, with a threshold of 0.5. a) Differences in
transcript levels at 6hrs in wt (Ler) +UVB:-UVB. b) Differences in transcript levels at 24hrs in wt (Ler) +UVB:-
UVB.

Analysis of the chloroplast pathway (Fig 5.6) shows a similar pattern of transcriptomic response

to the photosynthesis pathway. At 6hrs +UVB:-UVB (Fig 5.6a) PS | and PS Il, as well as ATP
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synthase show a pattern of upregulation in the presence of +UVB that is absent in -UVB. Analysis
of the MapMan bins shows that PS Il (P < 0.001), PS | (P < 0.001), ATP synthase (P < 0.01) and
cytochrome b6/f (P <0.01) are significant. At 24hrs +UVB:-UVB (Fig 5.6b) regulation can be seen;
a lot of the upregulation is lost; however, some are shown to be more upregulated at 24hrs.
Analysis of the MapMan bins shows that the significantly changed bins are ATP synthase (P <

0.05) and cytochrome b6/f (P < 0.05).

MapMan analysis of the photosynthesis and chloroplast pathways showed that at 6hrs +UVB:-
UVB genes associated with the light reactions of photosynthesis are upregulated; specifically PS
land PS II. At 24hrs +UVB:-UVB these genes are no longer significantly upregulated. Upregulation
of these genes could be involved in the increase in photosynthetic rate seen at 24hrs of UV-B
exposure; the subsequent decrease in photosynthetic rate at 48hrs may be the result of the
absence of upregulation of these genes. 6hrs +UVB:-UVB and 24hrs +UVB:-UVB show an overlap
in significantly upregulated bins: ATP synthase and cytochrome b6/f. The continued
upregulation of these bins at 24hrs of UV-B may explain as to why photosynthetic rate under

UV-B is the same as photosynthetic rate in the absence of UV-B at 48hrs.
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a) wt 6hrs +UVB: -UVB

Figure 5.6 MapMan Chloroplast overview maps showing differences in transcript levels in wt (Ler)
during +UVB exposure versus -UVB exposure at 6hrs and 24hrs. Genes associated with the chloroplast
pathway were analysed by the MapMan 3.6.0 software
(http://mapman.gabipd.org/web/guest/mapman). On the colour scale, blue represents an increase in
expression, while red represents a decrease in expression, with a threshold of 0.5. a) Differences in
transcript levels at 6hrs in wt (Ler) +UVB:-UVB. b) Differences in transcript levels at 24hrs in wt (Ler) +UVB:-
UVB.
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5.3.2.2 Candidate genes of interest indicate significant regulation at 6hrs but are lost at 24hrs

To identify possible candidate genes involved in the photosynthesis phenotype observed at
24hrs UV-B exposure, the significantly changed DEGs (P < 0.05) at 6hrs +UVB:-UVB were further
analysed for photosynthesis association using the functional classification tool in PANTHER

(http://www.pantherdb.org/) (Mi et al., 2017). The top 10 significantly changed (P < 0.05) genes

associated with photosynthesis were identified at 6hrs +UVB:-UVB and then tracked at 24hrs

+UVB:-UVB (Table 5.1).

Table 5.1 Differential expression (Log2FoldChange, LFC) of the top 10 significantly changed
photosynthesis-associated genes in response to 0.5 pumol m=2 s™ of +UVB exposure versus —UVB at 6hrs
and 24hrs in wt (Ler). Log2FoldChange at 6hrs is 6hrs +UVB: 6hrs -UVB, for 24hrs is 24hrs +UVB: 24hrs -
UVB. Genes were selected based on padj value < 0.05 and photosynthesis pathway association
determined through the use of the functional classification tool in  PANTHER
(http://www.pantherdb.org/).

Gene of interest Ghrs wt 24hrs wt
+UVB:-UVB +UVB:-UVB
Identifier |Name |Description LFC padj LFC padj
AT4G34730| RBF1 Ribosome-binding factor 1 1.098 |0.000| 0.223 [0.823
AT1G52990| TFP Thioredoxin family protein 1.686 |0.000| 0.598 |[0.293

Translocon at the outer envelope
membrane of chloroplasts 33
AT2G40400 | BPG3 Putative DUF399 family protein 1.02 [0.002] 0.102 |0.951
FAD/NAD(P)-binding oxidoreductase
family protein
AT2G04270 |RNEE/G RNAse E/G-like 0.587 |0.008| 0.128 (0.864
AT1G77510 |PDIL1-2 Protein disulfide isomerase 1-2 -0.944 |0.010( -0.023 |0.990
AT4G20130 |PTAC14]| Plastid transcriptionally active 14 0.663 [0.015| 0.073 |0.955
AT3G62910| APG3 |Chloroplast ribosome release factor 1| 0.536 ]0.022[ 0.062 |0.950
Photosystem Il reaction center PSB28
protein

AT1G02280| TOC33 0.779 |0.000| 0.137 (0.919

AT4G30720 |PDE327 0.688 |0.007| 0.172 (0.857

AT4G28660 | PSB28 0.562 ]0.022| -0.047 (0.977

All of the genes identified are shown to be significantly changed at 6hrs +UVB:-UVB (P < 0.05,
Table 5.1); but are no longer significantly changed at 24hrs +UVB:-UVB. All genes are
upregulated at 6hrs +UVB:-UVB, apart from PDIL1-2, which is strongly downregulated (Fig 5.7).
At 24hrs +UVB:-UVB all genes show the same pattern as they all show little LFC at 24hrs +UVB:-
UVB. The loss of upregulation at 24hrs +UVB:-UVB seen in each of these genes furthers the

notion that the decrease in photosynthetic rate seen at 48hrs of UV-B is driven by the loss of
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upregulation in photosynthesis-associated genes rather than chronic damage to the

photosynthetic apparatus.

The identified genes can be split into two groups — genes that are associated with chloroplast
biogenesis and synthesis of chloroplastic proteins, and genes that are associated with
chloroplastic oxidoreductase activity. Genes associated with the chloroplast biogenesis and
synthesis of photosynthesis-associated proteins are RBF1 (RIBOSOME-BINDING FACTOR 1),
TOC33 (TRANSLOCON AT THE OUTER ENVELOPE MEMBRANE OF CHLOROPLASTS 33), BPG3 (BRZ-
INSENSITIVE-PALE GREEN 3), RNEE/G (RNASE E/G-LIKE), PTAC14 (PLASTID TRANSCRIPTIONALLY
ACTIVE 14), PSB28 (PHOTOSYSTEM Il REACTION CENTRE PSB28) and APG3 (ALBINO AND PALE
GREEN). The genes associated with chloroplastic oxidoreductase activity are TFP (THIOREDOXIN
FAMILY PROTEIN), PDE327 (PIGMENT DEFECTIVE 327) and PDIL1-2 (PROTEIN DISULFIDE

ISOMERASE 1-2).

5.3.2.2.1 Genes associated with chloroplast biogenesis and photosynthesis-associated
proteins

RBF1 encodes a thylakoid-associated protein, involved in the biogenesis of the 30S subunit of
the chloroplast ribosome (Fristedt et al., 2014). Studies have shown that photosynthetic
performance is reduced in the absence of RBF1 (Fristedt et al., 2014). TOC33 encodes a
homodimerizing GTPase (Oreb et al., 2011). Along with TOC159, it controls the recognition and
translocation of pre-proteins into the chloroplast (Kessler and Schnell, 2004; Oreb et al., 2008;
Oreb et al., 2011). BPG3 encodes a novel chloroplast protein that is involved in the regulation of
photosynthesis and plays an important role in electron transport in PS Il (Yoshizawa et al., 2014).
Furthermore, it involved in chloroplast regulation related to brassinosteroids signalling;
however its specific function is unknown (Yoshizawa et al., 2014). RNEE/G encodes an
endoribonuclease E/G present in chloroplasts and is required for RNA accumulation in the
chloroplast and chloroplast development (Bollenbach et al., 2005; Mudd et al., 2008). The
absence of RNEE/G results in the arrest of chloroplast development (Mudd et al., 2008). PTAC14
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is a chloroplast-located plastid-encoded polymerase (PEP) (Rius et al., 2008; Gao et al., 2012).
As a transcriptionally active chromosome (TAC) it makes up a fraction of the protein/DNA
complex with RNA polymerase which is involved in gene expression in chloroplasts. Its specific
function is still unknown, but it has been shown to regulate chloroplast gene expression, and it
has been suggested that it is involved in the phytochrome-dependent gene expression in
chloroplasts (Pfalz et al., 2006; Gao et al., 2011). PSB28 is a stroma/cytoplasm localised protein
(Shi et al., 2012). In cyanobacteria, PSB28 is associated with the biogenesis and assembly of
chlorophyll-containing proteins such as PsaA, and PsaB (Dobakova et al., 2009). However, the
role of PSB28 in higher plants is not fully understood; but as it is evolutionarily conserved, it is
predicted to function similarly (Lu, 2016). APG3 is a nuclear-encoded chloroplast protein
(Motohashi et al., 2007). It is a ribosome release factor in chloroplasts and is associated with the
termination of plastid protein translation (Motohashi et al., 2007; Satou et al., 2014). It has been
shown to be essential to the chloroplast machinery, chloroplast development and thylakoid

biogenesis (Motohashi et al., 2007).

5.3.2.2.2 Genes associated with chloroplastic oxidoreductase activity

TFP encodes a putative chloroplastic thioredoxin (Meyer et al., 2006). Thioredoxins are involved
in the regulatory ferredoxin/thioredoxin system that is associated with oxygenic photosynthesis
and light (Schiirmann and Buchanan, 2001). PDE327 encodes an oxidoreductase/electron carrier
that is localised to the chloroplast (Zybailov et al., 2008; Vlad et al., 2010). It is essential for
correct electron flow through the photosynthetic chain (Vlad et al., 2010), and hence for
photosynthetic efficiency. PDIL1-2 is the only gene of the top 10 identified that is downregulated
in response to UV-B exposure at 6hrs +UVB:-UVB (Fig 5.7). PDIL1-2 is a protein disulphide
isomerase that is targeted and localised to the chloroplast (Wittenberg et al., 2014). pdil1-2

knockdowns show a higher resistance to photoinhibition when exposed to higher light intensity
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(Wittenberg et al., 2014). Studies have also shown that D1 synthesis is increased in the pdil1-2

knockdown (Wittenberg et al., 2014).

The subset of genes analysed suggests that the upregulation of photosynthetic rate at 24hrs of
UV-B is likely due to an increase in chloroplast number and photosynthetic function, as well as
an increase in chloroplastic oxidoreductases. As RBF1 and RNEE/G are involved in chloroplast
biogenesis, their upregulation under UV-B could suggest an increase in the number of
chloroplasts. TOC33 is involved in import into the chloroplast; while PTAC14, PSB28, BPG3 and
APG3 are involved in the regulation and biosynthesis of chloroplast machinery. The upregulation
of these genes further illustrates that the increase in photosynthetic rate may be due to an
increase in chloroplast function. The upregulation of TFP and PDE327 under UV-B suggests that
photosynthetic efficiency is improved; which increases the photosynthetic rate at 24hrs UV-B.
The downregulation of PDIL1-2 suggests that the resistance to photoinhibition is increased in
response to UV-B during the initial 6hrs of exposure; which suggests that the increase in
photosynthetic rate may be due a decrease in photoinhibition. Although photoinhibition was
not induced in this experiment; the downregulation of PDIL1-2 in response to UV-B may explain
the increased resistance to photoinhibition after UV-B exposure observed by Wargent et al.

(2011) in Lactuca sativa.
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Figure 5.7 Differential expression (Log2FoldChange) of the top 10 significantly changed photosynthesis-
associated genes in response to 0.5umol of +UVB exposure versus -UVB at 6hrs and 24hrs in wt (Ler).
Log2FoldChange at 6hrs is 6hrs +UVB: 6hrs -UVB, for 24hrs is 24hrs +UVB: 24hrs -UVB. Genes were
selected based on padj value < 0.05 and photosynthesis pathway association determined through the use
of the functional classification tool in PANTHER (http://www.pantherdb.org/). a) RBF1 (RIBOSOME-
BINDING FACTOR 1, AT4G34730). b) TFP (THIOREDOXIN FAMILY PROTEIN, AT1G52990). c) TOC33
(TRANSLOCON AT THE OUTER ENVELOPE MEMBRANE OF CHLOROPLASTS 33, AT1G02280). d) BPG3 (BRZ-
INSENSITIVE-PALE GREEN 3, AT2G40400). e) PDE327 (PIGMENT DEFECTIVE 327, AT4G30720) f) RNEE/G
(RNASE E/G-LIKE, AT2G04270). g) PDIL1-2 (PROTEIN DISULFIDE ISOMERASE 1-2, AT1G77510). h) PTAC14
(PEPTIDE CHAIN RELEASE FACTOR 1, AT4G20130). i) APG3 (ALBINO AND PALE GREEN, AT3G62910). j)
PSB28 (PHOTOSYSTEM Il REACTION CENTRE PSB28 PROTEIN, AT4G28660). Asterisks denote significance
(padj < 0.05).

5.3.2.3 Pre-identified candidate genes

In Chapter 4, the photosynthesis response under low fluence UV-B in mutants of sig5, elip1, elip2
and the negative regulator of UVR8 rup1,rup2 was characterised. Analysis of the photosynthesis
phenotype showed that SIG5 and the ELIPs are involved in the UV-B dependent photosynthesis
phenotype, but are not crucial to the response. Analysis of the rup1,2 double mutant showed

that the RUPs negatively regulate the photosynthesis response after prolonged UV-B exposure.

Analysis of DEGs at 6hrs +UVB:-UVB and 24hrs +UVB:-UVB found that none of these genes are
significantly regulated in response to UV-B (Table 5.2). The absence of significant regulation in
response to UV-B suggests that none of these genes are crucial to the photosynthesis phenotype
and are not key regulators of the photosynthesis phenotype. However, Brown and Jenkins
(2008) showed that in response to low fluence UV-B exposure (0.1 umol m™2 s~ UV-B) SIG5 and
ELIP1 are significantly upregulated. This upregulation is absent in the RNA-seq data, suggesting
that the regulation in response to UV-B may also be influenced by other factors such as the ratio
of PAR: UV-B, which differs greatly between the two studies. Due to the absence of regulation,
we chose not further investigated these genes as possible regulators of the UV-B dependent

photosynthesis response.
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Table 5.2 Differential expression (Log2FoldChange, LFC) of the pre-identified candidate regulators of
UV-B dependent phenotype in response to 0.5 pumol m=2s™' of +UVB exposure versus —UVB at 6hrs and
24hrs in wt (Ler). Log2FoldChange at 6hrs is 6hrs +UVB: 6hrs -UVB, for 24hrs is 24hrs +UVB: 24hrs -UVB.

6hrs wt 24hrs wt
+UVB:-UVB +UVB:-UVB
Identifier Name LFC padj LFC padj
AT5G24120 SIG5 0.149 0.945 0.515 0.471
AT3G22840 ELIP1 0.269 0.849 0.448 0.573
AT4G14690 ELIP2 0.195 0.871 0.879 0.067
AT5G52250 RUP1 0.238 0.884 0.895 0.052
AT5G23730 RUP2 0.725 0.267 0.324 0.794

5.4 Analysis of transcriptome changes in the absence of functional UVR8
under low fluence UV-B

In the absence of functional UVRS, the photosynthesis phenotype observed at 24hrs UV-B in
wild type is absent; which suggests that UVR8 is involved in the regulation of photosynthesis in
response to UV-B exposure. To better understand how UVR8 may be involved; RNA-seq analysis
was performed on uvr8-1 samples and DESeq2 analysis was performed to determine differential

expression between mutant (mt, uvr8-1) and wild type (Ler) under UV-B exposure was done.

Initial assessment of significant DEGs (padj < 0.05) shows that initially wild type and uvr8-1 (mt)
do not differ much; as there are only 8 differentially expressed genes (Fig 5.8, details of all DEGs
in Supplementary Table 9.9). Functional analysis using PANTHER GO showed that these genes
are not associated with photosynthesis; for most of the genes in this subset, their exact function
is not known. This suggests that the absence of functional UVR8 does not affect photosynthesis-
associated genes prior to exposure to UV-B. At 6hrs of UV-B exposure, uvr8-1 and wild type
begin to differ widely from another (588 DEGs) and at 24hrs of UV-B exposure the difference is
even larger (993 DEGs). At 6hrs the photosynthesis-associated genes in the subset of significant
DEGs are highly downregulated in mt +UVB versus wt +UVB; which is expected as the
photosynthesis phenotype is absent in uvr8-1, and the high negative LFC will be due to the
upregulation seen in wild type under UV-B. At 24hrs the LFC difference of photosynthesis-

associated genes between mt:wt +UVB is considerably lessened, i.e., for wt +UVB 24hrs the
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upregulation of photosynthesis-associated genes is absent. Interestingly, there are some
photosynthesis-associated genes that are upregulated in mt 24hrs +UVB versus wt 24hrs +UVB.
These are the CHLOROPHYLL A-B BINDING proteins (CAB proteins); which are the apoproteins
of the light-harvesting complex of PS Il (Liu et al., 2013), interestingly, other members of the CAB
family (Green et al., 1991) the ELIPs are downregulated in uvr8-1 versus wild type. As the
upregulation of the CAB genes does not increase photosynthetic rate, it suggests that regulation

of the light-harvesting complex is not involved in the photosynthesis phenotype.

MT:WT Ohrs MT:WT 6Bhrs

MT:WT 24hrs

Figure 5.8 Venn diagram showing the differentially expressed genes in mt (uvr8-1) versus wt (Ler) under
+UVB at Ohrs, 6hrs and 24hrs. In red are the differentially expressed genes unique to Ohrs -UVB mt (uvr8-
1) versus wt (Ler). In green are the differentially expressed genes unique to 6hrs +UVB mt (uvr8-1) versus
wt (Ler), in blue are the differentially expressed genes unique to 24hrs +UV mt (uvr8-1) versus wt (Ler).
The threshold is padj < 0.05

5.4.1 In the absence of UVRS8, photosynthesis-associated genes are downregulated
under UV-B

To understand the overall changes in gene expression in response to UV-B in mt:wt, PageMan

analysis was completed on all DEGs (Fig 5.9). When focusing on all DEGs, photosynthesis-

associated genes are downregulated in uvr8-1 compared to wild type prior to UV-B exposure

(Ohrs). However, this does not have an impact on photosynthetic rate. At 6hrs of UV-B

photosynthesis-associated genes are highly downregulated in the mt versus wt; which explains
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the absence of the UV-B dependent phenotype at 24hrs of UV-B in uvr8-1. At 24hrs differences
in LFC are absent, suggesting that in terms of photosynthesis gene expression wild type and
uvr8-1 act similarly under prolonged UV-B exposure. As noted before at 24hrs, uvr8-1 shows
upregulation in the polypeptide subunits of PS | and PS Il compared to wild type; suggesting that
UVR8 may be involved in the regulation of these genes. Overall, this suggests that functional
UVRS8 is involved in the regulation of certain photosynthesis-associated genes, which are

involved in the UV-B dependent photosynthesis phenotype.

Compared to wild type, uvr8-1 exhibits downregulation of a large number of pathways in
response to UV-B exposure that have been identified as being involved in the photosynthesis
response. uvr8-1 shows downregulation in genes involved in ribosomal protein synthesis in the
chloroplast as well as protein targeting to the chloroplast; which were identified as genes
involved in the photosynthesis phenotype. This downregulation further illustrates the role these
genes may play in the increase in photosynthetic rate at 24hrs of UV-B in wild type as well as

suggesting that these genes are partially regulated by UVRS8 in response to UV-B.

The absence of a general pattern of downregulation in response to UV-B in uvr8-1 compared to
wild type further suggests that our chosen fluence rate was not a major stressor; but rather

elicits a photomorphogenic response in the first 24hrs of UV-B exposure.

It should be noted that there was a disparity in the number of significant DEGs identified in Fig
5.8 at Ohrs mt:wt and the number of significantly changed bins shown at the same time pointin
Fig 5.9. This difference is likely due to how genes are associate with certain MapMan bins, and

that there are genes present in multiple bins.
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Figure 5.9 Summary of MapMan gene categories, as displayed by PageMan (Thimm et al., 2004; Usadel
et al., 2006), representing relative transcriptomic responses to UV-B treatments in mt (uvr8-1) versus
wt (Ler). Data was subjected to Wilcoxon Rank-Sum testing within MapMan to identify significant
differences in expression patterns within each functional gene group compared with each entire dataset
per sample. Expression ratios are calculated on the basis of +UVB treatments of uvr8-1 compared with
+UVB treatments of wt (Ler). Columns are also annotated according to duration of treatment (Ohrs, 6hrs,
24hrs). Coloured boxes indicate statistically significant groups (Benjamini & Hochberg-corrected P-value <
0.05), and colour scale represents z-transformed P-values, with blue indicating a trend within the group
for the up-regulation of expression relative to wt +UVB controls, and red indicating a trend within the
group for down-regulation. Arrows, shown with the same colour scheme, indicate MapMan annotation of
differentially regulated gene classes. (MapMan 3.6.0 software
(http://mapman.gabipd.org/web/guest/mapman)).

5.4.2 Candidate genes show a pattern of downregulation in uvr8-1

To understand how the candidate genes, identified in section 5.3.2.2, respond to UV-B exposure
in the absence of functional UVRS, their expression in the mt:wt comparison for each time point
was analysed (Fig 5.10). Each of the candidates shows little to no change in expression at Ohrs
mt:wt, suggesting that in the absence of UV-B the loss of functional UVR8 does not impact their
transcription levels significantly. All genes show negative LFC in mt:wt at 6hrs and 24hrs; apart
from PDIL1-2, which shows positive LFC at 6hrs and 24hrs. This negative LFC shows that in uvr8-
1 expression of each candidate gene is the opposite to the expression in wild type; suggesting
that functional UVR8 is involved in the regulation of each of these genes in response to UV-B

exposure.

At 6hrs RBF1 shows a high negative LFC in mt:wt (Fig 5.10, padj < 0.01); and while RBF1 still
shows negative LFC at 48hrs it is no longer significant, this shows that RBF1 expression is
downregulated in uvr8-1 versus wild type. The significant negative LFC change at 6hrs illustrates
that the upregulation of RBF1 at 6hrs UV-B in wild type is lost in the absence of UVR8 and that
RBF1is downregulated in uvr8-1 in response to UV-B. The not significant LFC at 24hrs shows that
expression in wild type is still lower in uvr8-1, but as upregulation also decreases in the wild type
the differences in expression are no longer as large. It suggests that RBF1 expression is linked to
the initial response to UV-B exposure; within the first 6 to 12 hours of exposure, and becomes
less regulated after longer exposure.
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TFP indicates a not-significant negative LFC at 6hrs (Fig 5.10, padj > 0.05) in mt:wt, but at 24hrs
is significantly downregulated (Fig 5.10, padj < 0.01), showing that TFP expression is
downregulated in uvr8-1 in response to prolonged UV-B exposure. The continued downward
trend of TFP expression in uvr8-1 suggests UVR8 is involved in the regulation of TFP under UV-B

exposure.

In uvr8-1, TOC33, PDE327, RNEE/G, PTAC14 and APG3 exhibit similar expression profiles to TFP
in mt:wt at 6hrs and 24hrs. Each gene shows not significant LFC at 6hrs (Fig 5.10, padj > 0.05) in
mt:wt, and significant negative LFC at 24hrs (Fig 5.10, padj < 0.05). The pattern suggests that the
initial increase in expression seen in wild type is linked to functional UVR8 being present; and
that the over prolonged UV-B exposure expression in the absence of UVR8 becomes further

downregulated.

BPG3 and PSB28 show similar expression patterns in mt:wt at 6hrs and 24hrs; each gene exhibits
a higher negative LFC (Fig 5.10, padj < 0.05) at 6hrs, and a lower negative LFC (Fig 5.10, padj <
0.01) at 24hrs. The high LFC at 6hrs between uvr8-1 and wild type suggests that the presence of
functional UVR8 is required for the increase in expression observed in wild type; and that

prolonged exposure to UV-B in the absence of UVR8 results in downregulation.

PDIL1-2 was the only gene that exhibited a positive LFC mt:wt at 6hrs and 24hrs. It was shown
to be downregulated in response to UV-B exposure in wild type at 6hrs of UV-B and shows no
change in expression at 24hrs of UV-B. As expression of PDIL1-2 in the absence of UVR8 increases
under UV-B exposure, it suggests that UVR8 negatively regulates PDIL1-2 in response to low
fluence UV-B at 6hrs and that over prolonged exposure to UV-B UVR8 ceases to alter PDIL1-2

expression. The increase in PDIL1-2 expression may also explain the reduction in photosynthetic
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rate as upregulation of PDIL1-2 may make the plants more susceptible to UV-B induced

photoinhibition.
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Figure 5.10 Differential expression (Log2FoldChange) of the previously identified photosynthesis-
associated genes in mt (uvr8-1) +UVB compared to wt (Ler) +UVB at Ohrs, 6hrs and 24hrs.
Log2FoldChange at Ohrs is Ohrs —UVB mt:wt -UVB, for 6hrs is 6hrs +UVB mt:wt and for 24hrs is 24hrs +UVB
mt:wt . Genes of interested had been identified in +UVB 6hrs wt: -UVB 6hrs wt and were selected based
on padj value < 0.05 and photosynthesis pathway association determined by MapMan bins (MapMan
3.6.0 software (http://mapman.gabipd.org/web/guest/mapman)). a) RBF1 (RIBOSOME-BINDING FACTOR
1, AT4G34730). b) TFP (THIOREDOXIN FAMILY PROTEIN, AT1G52990). c¢) TOC33 (TRANSLOCON AT THE
OUTER ENVELOPE MEMBRANE OF CHLOROPLASTS 33, AT1G02280). d) BPG3 (BRZ-INSENSITIVE-PALE
GREEN 3, AT2G40400). e) PDE327 (PIGMENT DEFECTIVE 327, AT4G30720). f) RNEE/G (RNASE E/G-LIKE,
AT2G04270). g) PDIL1-2 (PROTEIN DISULFIDE ISOMERASE 1-2, AT1G77510). h) PTAC14 (PEPTIDE CHAIN
RELEASE FACTOR 1, AT4G20130). i) APG3 (ALBINO AND PALE GREEN AT3G62910). j) PSB28
(PHOTOSYSTEM Il REACTION CENTRE PSB28, AT4G28660). Asterisks denotes significance (padj < 0.05).

5.5 Chapter summary

RNA-seq analysis was undertaken to determine what changes occur in the transcriptome in
response to low fluence UV-B exposure that may explain the increase in photosynthetic rate
seen at 24hrs of UV-B exposure in wild type compared to no UV-B exposure. The analysis showed
that low UV-B exposure has a modest overall effect on gene expression in wild type plants. As
in response to UV-B exposure compared to no UV-B exposure relatively few genes are

significantly differentially expressed; both at 6hrs and 24hrs, and the LFC change was low.

The 6hr time point shows that during the initial exposure to UV-B genes associated with the
chloroplast and thylakoid are upregulated; as well as genes associated with chloroplastic
oxidoreductases. This suggests that the increase in photosynthetic rate seen at 24hrs of UV-B
exposure in wild type is driven by an increase in chloroplast biogenesis and synthesis of proteins
in the chloroplast, as well as an increase in chloroplastic oxidoreductases. Further investigation
of the transcript profile at 6hrs showed that in response to UV-B exposure tetrapyrrole synthesis
is upregulated; which may suggest an upregulation in chlorophyll in response to UV-B exposure.
PageMan analysis showed that at 6hrs synthesis of chloroplast proteins and targeting to the
chloroplast are upregulated. Detailed analysis of the photosynthesis pathway and chloroplast in
MapManillustrated that in response to UV-B exposure at 6hrs the light reactions; specifically PS

| and PS ll-associated genes are upregulated. Many of the candidate photosynthetic genes
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identified here have not been previously associated with UV-B response, and/or downstream

UVR8-mediated UV-B signalling.

Gene expression at 24hrs differs much from expression seen at 6hrs. At 24hrs of UV-B the
upregulation of photosynthesis-associated genes is absent, and the genes associated with the
flavonoid biosynthesis pathway become upregulated. The absence of downregulation of
photosynthesis-associated genes may explain why photosynthetic rate at 48hrs of UV-B is the
same as the photosynthetic rate at 48hrs in the absence of UV-B, rather than being lower. The
increase in flavonoid biosynthesis associated genes suggests that the plant begins to respond to

negative impact of UV-B and begins increasing photoprotective pigments.

The analysis of significant DEGs in wild type at 6hrs +UVB:-UVB identified 10 candidate genes
that may be involved in the photosynthesis phenotype at 24hrs of UV-B. The identified genes
can be split into two categories; genes associated with the chloroplast (RBF1, TOC33, BPG3,
RNEE/G, PTAC14, PSB28 and APG3) and chloroplastic oxidoreductase activity associated genes
(TFP, PDE327 and PDIL1-2). Each of these genes, apart from PDILI1-2, are significantly
upregulated at 6hrs, and at 24hrs show little to no upregulation and are not significant.
Upregulation of these genes suggests that the photosynthesis phenotype is due to an increase
in chloroplast biogenesis and synthesis of proteins within chloroplast as well as an increase in
chloroplastic oxidoreductase activity. The analysis also showed that none of the pre-identified
genes investigated in Chapter 4 are significantly changed under UV-B, and hence are not key to

the photosynthesis phenotype.

To further understand the photosynthesis phenotype the differences in gene expression
between wild type and the uvr8-1 mutant were investigated. In the absence of functional UVRS,
the photosynthesis phenotype is absent, which suggests that the increase in photosynthetic rate
is regulated by UVRS. Analysis showed that prior to UV-B exposure wild type and uvr8-1 do not

differ significantly from each other in terms of gene expression; however, at 6hrs of UV-B
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exposure downregulation of a large number of genes is seen in uvr8-1 compared to wild type;
continuing at 24hrs as UV-B exposure continues. The analysis showed that in response to UV-B
exposure the uvr8-1 showed decreased expression in chloroplast biogenesis and chloroplastic
protein associated genes as well as decreased expression of chloroplastic oxidoreductase
associated genes. The downregulation of these genes suggests that UVR8 plays a key part in
their regulation in response to UV-B exposure. The candidate genes showed a pattern of
downregulation in uvr8-1 compared to wild type in the presence of UV-B, which further
illustrates that UVR8 may be involved in the regulation of these genes in response to UV-B

exposure.

In summary, the RNA-seq analysis illustrates that the increase in photosynthetic rate observed
in the wild type at 24hrs under UV-B coincides with the upregulation of photosynthesis-
associated genes; specifically, genes associated with chloroplast biogenesis and synthesis of
chloroplastic proteins as well chloroplastic oxidoreductase activity. This increase suggests that
an increase in chloroplast number and synthesis of photosynthetic proteins within the
chloroplast, as well as an increase in chloroplastic oxidoreductase activity, results in the increase
in photosynthetic rate observed. The analysis further showed that in the absence of functional
UVR8 the upregulation of these genes is absent, which suggests UVRS8 is involved in the
regulation of these genes in response to UV-B and thus functional UVR8 is required for the

photosynthesis phenotype.
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6 Response to low fluence UV-B in mutants of candidate
regulators of photosynthesis phenotype

6.1 Introduction

In Chapter 5 the RNA-seq analysis found that in the first 6hrs of UV-B exposure a number of
photosynthesis-associated genes are upregulated and that at 24hrs these genes are no longer
significantly regulated; suggesting that the photosynthesis phenotype, characterised in Chapter
3, is a result of upregulation of photosynthesis-associated genes in response to UV-B exposure.
To further characterise the molecular basis of the photosynthesis phenotype in response to low
fluence UV-B exposure; the three most highly significantly changed photosynthesis-associated

genes; RBF1, TFP and TOC33, were selected for further analysis.

Each of these genes showed statistically significant upregulation at 6hrs of UV-B exposure
compared to 6hrs of no UV-B, and at 24hrs +UVB are no longer significantly regulated compared
to 24hrs —UVB. When the experiments were undertaken, none of these genes had been
previously associated with UV-B response, and very little was known about their role in response

to both high and low fluence rates of UV-B.

Here, the aim is to gain a greater understanding as to how these genes are involved in the UV-B
dependent photosynthesis response. To assess their role in the photosynthesis phenotype, a
knockout or knockdown mutant of the gene was selected, and their response to low fluence UV-
B was assessed. Both photosynthetic rate and green leaf area size was measured under the
established UV-B fluence rate and conditions to determine if the absence of each of these
factors changed compared to the wild type response previously characterised. gRT-PCR was
then used to determine UV-B induced changes in gene expression in wild type (Col-0) and uvr8-
6 (Col) as well as confirming the RNA-seq results obtained in wt (Ler) and uvr8-1 (Ler) in the

previous chapter. Together, these analyses provide a better understanding as to how these
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genes are involved in the UV-B dependent photosynthesis phenotype and how they may interact

with each other.

6.2 RBF1 - RIBOSOME-BINDING FACTOR 1 (AT4G34730)

RBF1 is a putative ribosome biogenesis factor involved in thylakoid membrane biogenesis
(Fristedt et al., 2014). It is a homolog of the E.coli ribosome binding factor A (RbfA), which is a
bacterial 30S subunit binding protein that is required for the 5’ processing of the 16S rRNA (Jones
and Inouye, 1996; Xia et al., 2003; Datta et al., 2007; Fristedt et al., 2014). In Arabidopsis thaliana
RBF1 is nuclear encoded, localised to the thylakoid membrane and involved in the 59 and 39 end
processing of 16s rRNA (Fristedt et al., 2014). In the rbfl mutants; rbf1-1 (SALK_008178) and
rbf1-2 (SALK_058490), chloroplast ribosomal accumulation is reduced, and the unprocessed
precursors (1.7-kb species) accumulate (Fristedt et al., 2014). rbf1-1 is a partial loss of function
mutant; it has T-DNA insertion in the lowly conserved 39 portion of the RBF1 coding region,
while rbf1-2 is a leaky mutant, as residual expression may occur due to the T-DNA insertion being
in the 59 untranslated region, outside the coding region (Fristedt et al., 2014). The null allele

rbf1-3 dies as a young seedling.

Little is known about the impact of reduced RBF1 expression on photosynthesis; Fristedt et al.
(2014) showed reduced PS Il efficiency (Fv/Fm) in young leaves in rbfi-1 and rbf1-2, but in
mature, fully expanded leaves Fv/Fm values were similar to wild type. The recovery of the PS II
efficiency as the plant matures suggests that the translationary machinery in the mutants catch
up and restores levels of chloroplast proteins to wild type-like as the plant ages (Fleischmann et

al., 2011).

The impact of UV-B exposure on RBF1 expression is not well studied, as so far it has only been
shown to be upregulated in a whole genome transcriptomic screen looking at the response to

narrowband UV-B in Chlamydomonas reinhardtii (Tilbrook et al., 2016). Apart from the RNA-seq
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analysis, we have performed, there have been no other studies linking UV-B exposure to

increases in RBF1 expression.

6.2.1 Photosynthetic rate in rbf1 mutants decreases at 24hrs UV-B exposure

To determine if the loss of RBF1 would alter the photosynthesis response to UV-B; the
photosynthetic rate of rbf1 mutants was assessed under the same conditions as were used to
characterise the UV-B dependent photosynthesis phenotype in wild type. After a 7-day PAR
acclimation period, rbf1-1 and rbf1-2 plants were exposed to 0.5 pmol m~2s™" of UV-B, and their

photosynthesis response was characterised (Chapter 2: Materials and Methods).

The UV-B dependent increase in photosynthetic rate observed in wild type is absent in both rbf1
mutants. In fact, both mutants exhibited a significant decrease in photosynthetic rate at 24hrs
of UV-B compared to no UV-B (Fig 6.1). rbf1-1 had a photosynthetic rate 10% lower under +UVB
compared to —UVB (P < 0.001, Fig 6.1); while rbf1-2 showed a decrease of 20% in the same
comparison (P < 0.05, Fig 6.1). The impact of UV-in the rbf1 mutants is further illustrated by the
observed decrease in rate between Ohrs and 24hrs of UV-B as rbf1-1 exhibited a 15% decrease
(P <0.001, Fig 6.1) and rbf1-2 exhibited a 17% decrease (P < 0.001, Fig 6.1). The decrease in rate
suggests that RBF1 is a key player in the UV-B dependent increase in photosynthetic rate
observed in wild type as well as playing an important role in maintaining photosynthetic function

in the presence of UV-B.

The importance of RBF1 in maintaining photosynthetic rate is further illustrated by the
continued decrease in photosynthetic rate observed at 48hrs under UV-B compared to 24hrs of
UV-B (Fig 6.1). At 48hrs of UV-B the photosynthetic rate of rbf1-1 was 14% lower than at 24hrs
of UV-B (P < 0.001, Fig 6.1); however, rbf1-2 showed no significant decrease in rate between
24hrs and 48hrs of UV-B, suggesting that the different RBF1 levels in the mutants have different
effects on photosynthetic efficiency under longer UV-B exposure. The importance of RBF1 to

photosynthesis under UV-B is demonstrated by the continued decrease in photosynthetic rate
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observed at 48hrs of +UVB exposure compared to —UVB. Photosynthetic rate at 48hrs +UVB was
significantly lower than 48hrs —UVB (Fig 6.1), as both rbfl-1 showed a 23% decrease in
photosynthetic rate between +UVB and —UVB (P < 0.001, Fig 6.1) and rbf1-2 showed a decrease
of 21% (P < 0.01, Fig 6.1). The continued decrease suggests that the reduced RBF1 levels have a
detrimental effect on photosynthesis function under UV-B exposure and that it plays a key role

in maintaining photosynthetic function in wild type under UV-B.

The importance of RBF1 to photosynthetic function becomes more evident when comparing the
decrease in photosynthetic rate observed in uvr8-6 and the rbf1 mutants. In uvr8-6 the decrease
in photosynthetic rate observed at 24hrs between +UVB and —UVB was only 4% (P < 0.001),
whereas in the same comparison the photosynthetic rate of the rbf1 mutants was between 10%
and 20%. This difference in magnitude shows that the presence of functional RBF1 is required
for maintaining photosynthetic function in response to UV-B exposure, as well as being involved
in the UV-B dependent photosynthesis phenotype. The importance of functional RBF1 in
maintaining photosynthetic efficiency is also demonstrated by the difference in photosynthetic
rates at 48hrs +UVB and —UVB in the rbf1 mutants and uvr8-6; as the decrease in rate in rbf1-1
and rbf1-2 is between 21% and 23%; whereas in uvr8-6 the rate of decrease is only 12% (P <

0.001).

Both rbf1 mutants behaved similarly in terms of net photosynthetic rate under UV-B exposure
and were not significantly different from one another at 24hrs and 48hrs of UV-B (Fig 6.1). rbf1-
2 is a leaky mutant, which exhibits low RBF1 levels, and rbf1-1 is a partial loss of function mutant
(Fristedt et al., 2014). As the photosynthetic rate under UV-B was so similar, it suggests that the
functional activity of RBF1 is key to maintaining photosynthetic function in response to low

fluence UV-B exposure.
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Figure 6.1 Changes in net photosynthetic rate (umol CO, m~2 s™') normalised to leaf area in wt (Col-0),
rbf1-1 (Col) and rbf1-2 (Col) in response to irradiation with 0.5 umol m=2 s™' of UV-B (+UVB, grey) or
without (-UVB, white) over 48 hours of exposure. Ohrs is 35 DAS and is the net photosynthetic rate prior
to commencement of illumination with UV-B, while 24hrs is after 24 hours of exposure and so forth. In
the +UVB condition the plants are exposed to 0.5 pmol m=2 s~ and 220 umol m~2 s7" of PAR, in the —UVB
condition the plants are exposed to 220 umol m=2 s™" of PAR only. rbf1-1 - ribosome-binding factor 1-1,
rfb1-2 - ribosome-binding factor 1-2. Error bars represent = S.E. (n = 16 biological repeats). Asterisks
indicate statistically significant means (P < 0.05) between +UVB and -UVB treatments for a given time
point and genotype; ns indicates not significant means.

Interestingly, both rbf1 mutants had similar photosynthetic rates to wild type in the absence of
UV-B (Fig 6.1), which suggests that RBF1 is key to maintaining photosynthetic function under
UV-B exposure, but the reduction of RBF1 levels is not detrimental to photosynthetic function
in the absence of UV-B. Studies by Fristedt et al. (2014) found that reduction of RBF1 is most
detrimental to PS Il efficiency in young leaves, but that in mature leaves PS Il efficiency is not
significantly different from wild type, suggesting that as the plants mature the translationary
machinery involved in chloroplast biogenesis catches up and the impact of the reduced RBF1
levels decreases. The findings suggest that in the absence of UV-B, the response observed by
Fristedt et al. (2014) holds true and that the reduced activity of RBF1 only becomes detrimental

to photosynthetic function in response to UV-B exposure.

The decrease in photosynthetic rate suggests that not only does RBF1 plays a key role in the UV-
B dependent increase seen in photosynthetic rate at 24hrs in wild type, but also plays a role in

maintaining photosynthetic function in response to low fluence UV-B exposure. The absence of
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the UV-B dependent photosynthesis phenotype in the rbf1 mutants suggests that in wild type
low fluence UV-B exposure may result in an increase in chloroplast biogenesis; which could

underpin the photosynthesis phenotype.

6.2.2 UV-B exposure limits increases in green leaf area in rbf1 mutants

Not only does low fluence UV-B negatively affect photosynthetic function in the rbf1 mutants;
it also limits the increase in green leaf area development over time (Fig 6.2). Green leaf area
development was assessed to determine if the presence of low fluence UV-B had a
photomorphogenic response in the mutants, or induced a stress response, resulting in leaf

purpling due to flavonoid induction.

Under UV-B conditions, the reduced levels of RBF1 affect the rate of increase in green leaf area
compared to no UV-B exposure. In the absence of UV-B green leaf area increases in both rbf1-1
and rbf1-2; with green leaf area having increased by 7% - 9% between Ohrs and 24hrs, as well as
increasing at the same rate between 24hrs and 48hrs in the absence of UV-B for rbfi-1 (P <
0.001; Fig 6.2); and increased between 5% - 10% for rbf1-2 (P < 0.001; Fig 6.2). However, the
rate of increase was much slower under UV-B conditions; as the rate of increase for rbf1-1 was
only 4% between Ohrs and 24hrs of UV-B (P < 0.05; Fig 6.2); and 5% for rbf1-2 (P < 0.01; Fig 6.2).
Between 24hrs and 48hrs of UV-B exposure, green leaf area did not increase significantly in the
rbf1 mutants; suggesting that functional RBF1 plays an important role in the plant’s response to

UV-B; especially over longer exposure times.

The role of RBF1 in the UV-B response is further illustrated when comparing the changes in green
leaf area of the rbf1 mutants to the changes in area in wild type. In the absence of UV-B, green
leaf area of wild type and the rbflI mutants did not differ significantly from one another;
suggesting that in the absence of UV-B the reduction of RBF1 levels does not impact green leaf
area development. However, under UV-B conditions green leaf area continued to increase in

wild type, increasing between by 13% between Ohrs and 24hrs of UV-B (P < 0.01; Fig 6.2); and
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continuing to increase by 6% between 24hrs and 48hrs of UV-B (P < 0.001; Fig 6.2). In the rbf1

mutants there was no increase; further illustrating the importance of RBF1 in the UV-B response.
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Figure 6.2 Changes in green leaf area (cm?) in wt (Col-0), rbf1-1 (Col) and rbf1-2 (Col) in response to
irradiation with 0.5umol m=2 s™ of UV-B (+UVB) or without (-UVB) over 48 hours of exposure. Ohrs
(white) is 35 DAS and is leaf area prior to commencement of illumination with UV-B, while 24hrs (light
grey) is after 24 hours of exposure, 48hrs (dark grey) is after 48 hours of exposure. In the +UVB condition
the plants are exposed to 0.5 umol m=2 s and 220 umol m~2 s7" of PAR, in the -UVB condition the plants
are exposed to 220 umol m=2 s™ of PAR only. rbfl1-1 - ribosome-binding factor 1-1, rfb1-2 - ribosome-
binding factor 1-2. Error bars represent + S.E. (n = 16 biological repeats). Asterisks indicate statistically
significant means (P < 0.05) between time point and Ohr control for a treatment and genotype; ns indicates
not significant means.

It is also of note that prior to UV-B exposure, the reduction of RBF1 does not affect green leaf
area as both rbf1 mutants have a similar green leaf area to wild type. As the green leaf area is
the same in both wild type and rbf1 mutants, this suggests that reduction of RBF1 does not limit
plant growth. Fristedt et al. (2014) suggested that in mature leaves, the translationary
machinery involved in chloroplast biogenesis catches up and the lower RBF1 levels are no longer
limiting to the plant; which may explain the absence of the rbf1 specific phenotype. The slowing
of green leaf area development under UV-B in the mutants suggests that the addition of UV-B
to the spectrum stresses the translationary machinery in the rbflI mutants, resulting in the

limiting of green leaf development under prolonged exposure.

The impact of high fluence UV-B exposure (3 umol m=2 s™") was also assessed over 5 days of

exposure (Fig 6.3), to determine if the mutations altered plant viability in response to UV-B.
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Viability was assessed through measuring of green leaf area over time as well survival rate of

the plants at 5 days of high fluence UV-B exposure (Chapter 2: Materials and Methods).

The analysis showed that on Day 5 both rbf1 mutants, rbf1-1 and rbf1-2, exhibited a significant
decrease in green leaf area in response to UV-B exposure compared Day 0 (P < 0.01; Fig 6.3). At
Day 5 of UV-B rbf1-1 showed a 14% decrease in green leaf area compared to Day O (P < 0.001;
Fig 6.3); while rbf1-2 showed an 18% decrease in green leaf area in the same comparison (P <
0.001; Fig 6.3). The decrease in leaf area suggests that in high fluence rate UV-B exposure has a
negative impact of plant growth in the reduction of functional RBF1. This is further illustrated
when comparing the changes in green leaf area in wild type and the mutants green leaf area
continues to increase in response to UV-B exposure; as there was a 43% increase in green leaf

area in wild type between Day 0 to Day 5 of UV-B (P < 0.001; Fig 6.3).

Not only was the green leaf area significantly reduced in mutants under UV-B compared to no
UV-B; in comparison to wild type under UV-B at Day 5 both rbf1I mutants showed 40% decrease
in green leaf area (P < 0.001; Fig 6.3). Suggesting that high fluence UV-B exposure has a more
detrimental effect on the rbf1 mutants than it has on wild type. The decrease in green leaf area
observed in both mutants suggests that the loss of RBF1 activity affects the plant’s response to
high fluence UV-B and that it may play a role in plant survival in response to high fluence UV-B.
The higher fluence rate used is likely to further aggravate the negative impact on photosynthetic

rate in the rbf1 mutants; which is likely to have an impact on the viability of the mutants.

The effect of the reduced levels of RBF1 on green leaf area under high UV-B exposure is further
illustrated when comparing differences in green leaf area between uvr8-6 and rbfl mutants.
When comparing the green leaf area of rbf1-1 at Day 5 of UV-B exposure and uvr8-6 at the same
time point; there was only a 1% difference in area, with rbf1-1 being 1% smaller than uvr8-6 (Fig

6.3). However, rfb1-2 6% smaller than uvr8-6 (P < 0.01; Fig 6.3) suggesting that the reduction of
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RBF1 levels is more detrimental to the plant than the absence of UVR8 under high fluence UV-

B.

Together both the changes in green leaf area in response to UV-B exposure in the mutants show
that the reduction of RBF1 has a detrimental effect on the plant and its ability to cope with long-
term exposure to UV-B; which further illustrates the importance of RBF1 in the plant’s response

to UV-B exposure.
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Figure 6.3 Changes in green leaf area in wt (Col-0) and various mutants in response to 3 umol m=2s™ of
UV-B (+UVB, grey) or without (-UVB, white) over 5 days of exposure. Day 0 is 21 DAS and is prior to
commencement of illumination with UV-B, while Day 5 is 5 days after exposure. In the +UVB condition
the plants are exposed to 3 umol m=2 s of UVB and 220 umol m™ s~ of PAR, in the -UVB condition the
plants are exposed to 220 umol m=2 s~ of PAR only. a) wt - Col-0, b) uvr8-6 (Col) — UV-B resistance locus
8-6, ¢) rbf1-1 (Col)- ribosome-binding factor 1-1, d) rbf1-2 (Col) - ribosome-binding factor 1-2, e) toc33
(Col) - translocon at the outer envelope membrane of chloroplasts 33 , f) tfp (Col) - thioredoxin family
protein. Error bars represent + S.E. (n = 6 biological repeats). Asterisks indicate statistically significant
means (P < 0.05) between +UVB and -UVB treatments for a given time point.
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6.2.3 RBF1 expression is upregulated at 6hrs UV-B exposure in Col-0

To determine if RBF1 exhibits a similar expression pattern in Col-0 compared to Ler; relative gene
expression of RBF1 was measured in Col-0 using qRT-PCR, under the same experimental

conditions as used for the RNA-seq analysis (Chapter 2: Materials and Methods).

In response to initial UV-B exposure, RBF1 expression is upregulated in wild type. At 6hrs of UV-
B exposure relative expression of RBF1 exhibited a 34% increase compared to Ohrs (P < 0.03, Fig
6.4a); as well as a significant increase at 6hrs +UVB compared to 6hrs —UVB (P < 0.01, Fig 6.4b).
The increase in relative expression at 6hrs suggests that RBF1 is upregulated in response to low
fluence UV-B. Expression of RBF1 decreased significantly between 6hrs and 24hrs of UV-B
exposure (P <0.001, Fig 6.4a); suggesting that the initial increase in expression is driven by UV-
B, but UV-B exposure does not affect continued expression. The lack differential expression
levels between 24hrs of UV-B and Ohrs (Fig 6.4a) further illustrates this as it suggests that under
longer UV-B exposure RBF1 is no longer upregulated. This pattern is similar to the expression

pattern observed in Ler through RNA-seq.

However, RBF1 expression analysis in Col-0 revealed that in the absence of UV-B at 6hrs and
24hrs relative expression RBF1 was significantly decreased compared to Ohrs (P < 0.001, Fig
6.4a). The cause of this decrease in expression is unknown. The lower levels of expression at
24hrs in the absence of UV-B may explain as to why there was significantly higher RBF1
expression at 24hrs +UVB when compared to 24hrs —UVB (P < 0.001, Fig 6.3b). RBF1 expression
at 24hrs +UVB is higher than at 24hrs —UVB, which suggests that RBF1 is still upregulated at
24hrs of UV-B exposure. But as the comparison to Ohrs shows the levels of expression at 24hrs
of UV-B are the same as the levels observed pre-treatment, suggesting that UV-B does not, in
fact, continue to regulated RBF1 expression after the initial 6hrs period. However, to better
understand if UV-B continues to regulate expression of RBF1 after the initial 6hrs of exposure,

expression at later time points would need to be measured.
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Figure 6.4 Changes in relative transcript levels of RBF1 in wt (Col-0) in response to irradiation with 0.5
umol m=2s™" of UV-B (+UVB, grey) or without (-UVB, white) over 24 hours of exposure. Relative transcript
abundance (fold change) was determined by qRT-PCR and was normalised to control treatment using two
internal reference genes UBC9 and AT2G32170. Ohrs is 35 DAS and is prior to commencement of
illumination with UV-B, while 6hrs is after 6 hours of exposure and so forth. In the +UVB condition the
plants are exposed to 0.5 pmol m=2 s™ and 220 umol m=2 57" of PAR, in the -UVB condition the plants are
exposed to 220 umol m2 s™' of PAR only. RBF1 - RIBOSOME-BINDING FACTOR 1 (AT4G34730). Error bars
represent + S.E. (n = 3 biological repeats). a) Changes in relative transcript levels of RBF1 in wt (Col-0)
normalised to Ohrs control. Asterisks indicate statistically significant means (P < 0.05) and each following
time point and treatment. b) Changes in relative transcript levels of RBF1 in wt (Col-0) normalised to the
-UVB control at 6hrs and 24hrs. Asterisks indicate statistically significant means (P < 0.05) between +UVB
and -UVB treatments for a given time point.

6.2.4 RBF1 expression in response to UV-B is lower in uvr8-6 compared to wt

To determine if UVR8 plays a role in the regulation of RBF1 expression in response to UV-B,

relative expression was measured in uvr8-6 in response to UV-B exposure using gRT-PCR

(Chapter 2: Materials and Methods).

In the uvr8 mutant, uvr8-6, relative expression of RBF1 was not changed in response to UV-B
exposure (Fig 6.4a). At 6hrs and 24hrs of UV-B composure compared to relative expression in
uvr8-6 at Ohrs showed no change, suggesting that UVR8 may regulate expression of RBF1 in

response to UV-B exposure; as hypothesised in Chapter 4.

When compared to expression in wild type at Ohrs (Fig 6.5b) and expression in wild type in the
absence of UV-B (Table 6.1) no upregulation of RBF1 in response to UV-B was observed in uvr8-
6. At Ohrs expression of RBF1 was significantly lower in uvr8-6 than it was in Col-0 (P < 0.01; Fig
6.5b, Table 6.1) suggesting that UVR8 may mediate regulation of RBF1 even in the absence of
UV-B exposure. However, expression of RBF1 decreased in wt in the absence of UV-B at 6hrs
and 24hrs; and after the decrease in expression; levels of RBF1 in wild type and uvr8-6 were no
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longer significantly different from each other (Table 6.1). The reason for the decrease of
expression observed in wild type is unknown, hence one cannot conclude if UVRS is involved in

expression of RBF1 in the absence of UV-B.
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Figure 6.5 Changes in relative transcript levels of RBF1 in uvr8-6 (Col) in response to irradiation with
0.5umol m=2 s™" of UV-B (+UVB) over 24 hours of exposure. Relative transcript abundance (fold change)
was determined by qRT-PCR and was normalised to control treatment using two internal reference genes
UBC9 and AT2G32170. Ohrs is 35 DAS and is prior to commencement of illumination with UV-B, while 6hrs
is after 6 hours of exposure and so forth. In the +UVB condition the plants are exposed to 0.5 umol m
s and 220 umol m2 s7" of PAR, in the -UVB condition the plants are exposed to 220 umol m~2s™ of PAR
only. RBF1 - RIBOSOME-BINDING FACTOR 1 (AT4G34730), uvr8-6 — UV-B resistance locus 8 - 6. Error bars
represent £ S.E. (n = 3 biological repeats). a) Changes in relative transcript levels of RBF1 in uvr8-6 (Col)
normalised to Ohrs as control; Ohrs (white), 6hrs (light grey) and 24hrs (dark grey). b) Changes in relative
transcript levels of RBF1 in wt (Col-0) and uvr8-6 normalised to wt (Col-0) Ohrs. Asterisks indicate
statistically significant means (P < 0.05) between wt Ohrs and the given treatment.

The decrease in rbf1 expression observed in the RNA-seq in Chapter 4 between uvr8-1 and Ler
is likely due to the lower expression of RBF1 observed in the uvr8 mutant under UV-B. Expression
of RBF1 in uvr8-6 relative to wt Ohrs (Fig 6.5b) as well as relative to wt —UVB (Table 6.1) showed
much lower expression in the mutant compared to expression in wild type under UV-B. The
difference of expression further illustrates the role of UVRS8 in regulating expression of RBF1 in

response to UV-B exposure.

Table 6.1 Changes in relative RBF1 expression in wt (Col-0) and uvr8-6 normalised to wt (Col-0) -UVB
for each time point over 24hrs of 0.5 pmol m=2s™ UV-B exposure.

Time point
Genotype Treatment
Ohrs 6hrs 24hrs
wt (Col-0) -UVB 1.00+0.03 1.01+0.09 1.00+0.03
wt (Col-0) +UVB 1.00+0.03 NS 2.17+0.18 ** 1.59+0.07 **
uvr8-6 (Col) +UVB 0.671£0.04 ** 1.04+0.04 NS 1.04+0.03 NS

*P <0.05, ¥*P < 0.01, ***P <0.001, NS - not significant
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6.2.5 Summary

Reduction of RBF1 levels downregulates photosynthetic function under low fluence UV-B, as
well as green leaf area development. This suggests that RBF1 plays a key role in the UV-B
dependent photosynthesis phenotype observed in wild type and that the increase in
photosynthetic rate observed at 24hrs is partially due to increased chloroplast biogenesis.
Furthermore, RBF1 expression in Col-0 is upregulated in the presence of UV-B, and the most
significant increase in expression is observed at 6hrs of UV-B exposure. However, it is unknown
as to what caused the decrease in expression observed at 6hrs and 24hrs in the absence of UV-
B compared to Ohrs, and further experimental work is required to determine the role of UV-B in
regulating the expression of RBF1 over time. Further expression analysis in uvr8-6 has
determined that UVRS8 regulates the increase in RBF1 expression in response to low fluence UV-

B, and it may also be involved in RBF1 expression in the absence of UV-B.

6.3 TOC33 - TRANSLOCON AT THE OUTER ENVELOPE MEMBRANE OF
CHLOROPLASTS 33 (AT1G02280)

As most chloroplast proteins are nuclear-encoded, chloroplast biogenesis requires large-scale
import of pre-proteins from the cytosol into the chloroplast (Viro and Kloppstech, 1980;
Hiltbrunner et al., 2001). Protein import into the chloroplast is facilitated by the TOC (Translocon
at the outer envelope membrane of chloroplasts) complex; made up of two homologous GTP-
binding proteins (TOC33 and TOC159) and a channel protein (TOC75) (Hiltbrunner et al., 2001;
Aronsson and Jarvis, 2011). TOC33 is one of the two isoforms of TOC34 present in Arabidopsis
(Jarvis et al., 1998); first identified in Pisum sativum (Kubis et al., 2003; Ivanova et al., 2004).
TOC33 is the key GTPase involved in the import of photosynthetic pre proteins into the
chloroplast in Arabidopsis, whereas TOC34 is involved in the import of non-photosynthetic pre
proteins (Bauer et al., 2000; Kubis et al., 2003; Hiltbrunner et al., 2004; Ivanova et al., 2004;

Smith et al., 2004).
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The most well-known toc33 mutant is ppil (plastid protein import 1) (Jarvis et al., 1998). ppil
presents as pale green seedlings due to being chlorophyll deficient due to limited chloroplast
biogenesis (Jarvis et al., 1998; Hiltbrunner et al., 2004). ppil has been shown to be deficient in
photosynthetic proteins (Jarvis et al., 1998; Bauer et al., 2000; Kubis et al., 2003; Smith et al.,

2004). However, the pale green phenotype is lost in mature plants (Jarvis et al., 1998).

The impact of UV-B exposure on TOC33 expression has not been studied, and no interactions
between TOC33, UV-B exposure, and photosynthesis have been characterised. As the toc33
mutant shows reduced levels of chlorophyll in early development, this suggests that the rate of
photosynthesis may be affected in young plants. However, as the pale green phenotype is lost
in mature leaves (Jarvis et al., 1998), the import machinery in mature leaves is less affected by
the absence of TOC33, and hence the impact of UV-B on the photosynthetic rate of toc33 is

expected to be minimal.

6.3.1 UV-B dependent photosynthesis phenotype is lost in the absence of TOC33
Photosynthetic rate for toc33 was determined in the same manner as for the rbf1 mutants

(Chapter 2: Materials and Methods).

In the absence of TOC33, the increase in photosynthetic rate observed in wild type at 24hrs is
absent. At 24hrs, there was no significant increase in photosynthetic rate between +UVB and -
UVB in toc33 plants (Fig 6.6). The absence of the UV-B dependent increase in photosynthetic
rate in toc33 suggests that TOC33 is required for the increase in photosynthetic rate in response
to UV-B. At 48hrs of UV-B exposure, there was no significant decrease in photosynthetic rate
between +UVB and -UVB (Fig 6.6), suggesting that the absence of TOC33 does not affect

photosynthetic function in response to longer-term UV-B exposure.
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Figure 6.6 Changes in net photosynthetic rate (umol CO; m=2 s7') normalised to leaf area in wt (Col-0)
and toc33 (Col) in response to irradiation with 0.5 umol m=2 s of UV-B (+UVB, grey) or without (-UVB,
white) over 48 hours of exposure. Ohrs is 35 DAS and is the net photosynthetic rate prior to
commencement of illumination with UV-B, while 24hrs is after 24 hours of exposure and so forth. In the
+UVB condition the plants are exposed to 0.5 umol m=2 s™" and 220 pmol m=2 s~ of PAR, in the —UVB
condition the plants are exposed to 220 umol m~2 s~ of PAR only. toc33 - translocon at the outer envelope
membrane of chloroplasts 33. Error bars represent + S.E. (n = 16 biological repeats). Asterisks indicate
statistically significant means (P < 0.05) between +UVB and -UVB treatments for a given time point and
genotype; ns indicates not significant means.

Interestingly, net photosynthetic rate of toc33 was significantly lower than wild type both in the
absence and presence of UV-B (Fig 6.6). At Ohrs, the photosynthetic rate of toc33 was 12% lower
than that of the wild type (P <0.01; Fig 6.6); and in the absence of UV-B, the photosynthetic rate
was continuously lower in toc33 compared to wild type. The significantly lower photosynthetic
rate observed in toc33 suggests that the absence of TOC33 affects the chloroplast import
machinery sufficiently to reduce photosynthetic rate even in mature plants. However, the loss
of TOC33 does not have a detrimental impact on photosynthetic rate under UV-B. Hence, while
the chloroplast import machinery is affected in toc33 resulting in a lower photosynthetic rate,
UV-B exposure does not further reduce photosynthetic rate in toc33. As the photosynthesis
phenotype is absent in toc33, it suggests that UV-B may induce increased chloroplast biogenesis

resulting in the photosynthesis phenotype.
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Much like the phenotype observed in wild type at 48hrs, there was no negative impact on
photosynthetic rate in toc33 over longer exposure; as the rate of photosynthesis stayed the
same in the presence and absence of UV-B at 48hrs. This suggests that TOC33 is not required for
maintaining photosynthetic competency under prolonged UV-B exposure, unlike UVR8 and

RBF1, both of which are required for the UV-B-photosynthesis phenotype.

6.3.2 toc33 exhibits reduced green leaf area development under UV-B exposure

Although the photosynthetic rate is lower in toc33 even in the absence of UV-B, green leaf area
was not significantly smaller than wild type (Fig 6.7). Thus suggesting that the lower
photosynthetic rate is not due to a lower green leaf area.
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Figure 6.7 Changes green leaf area (cm?) in wt (Col-0) and toc33 (Col) in response to irradiation with 0.5
umol m=2s™ of UV-B (+UVB) or without (-UVB) over 48 hours of exposure. Ohrs (white) is 35 DAS and is
leaf area prior to commencement of illumination with UV-B, while 24hrs (light grey) is after 24 hours of
exposure, 48hrs (dark grey) is after 48 hours of exposure. In the +UVB condition the plants are exposed
to 0.5 umol m=2s7"and 220 umol m=2s™" of PAR, in the -UVB condition the plants are exposed to 220 pmol
m~2 57" of PAR only. toc33 - translocon at the outer envelope membrane of chloroplasts 33. Error bars
represent + S.E. (n = 16 biological repeats). Asterisks indicate statistically significant means (P < 0.05)
between time point and Ohr control for a treatment and genotype; ns indicates not significant means

Itis only after the beginning of UV-B exposure that changes in green leaf area development were
observed. At 24hrs of UV-B exposure toc33 had a 12% smaller green leaf area than wild type (P
<0.001; Fig 6.7); and at 48hrs of UV-B toc33 was 14% smaller than wild type (P < 0.001; Fig 6.7).
The difference in green leaf area suggests that the presence of UV-B limits green leaf area
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development, but that the fluence rate supplied does not result in damage to the plant by 48hrs

of exposure.

Under UV-B exposure, toc33 showed a slower increase in green leaf area development than in
the absence of UV-B (Fig 6.7). Under UV-B exposure green leaf area increased by 10% between
Ohrs and 24hrs (P < 0.001, Fig 6.7), whereas in the absence of UV-B green leaf area increased by
27% (P < 0.001, Fig 6.2). This difference in green leaf area shows that in the presence of UV-B
green leaf area development in toc33 is impaired. This suggests that in the presence of UV-B and
the absence of TOC33, import of photosynthetic proteins is affected and the plant undergoes
stress as a consequence. Furthermore, the rate of green leaf area development slows over time
under UV-B exposure. While there was a significant increase in green leaf area between Ohrs
and 24hrs UV-B (P < 0.001, Fig 6.7); the rate of increase slowed between 24hrs and 48hrs of UV-
B exposure, as between the two there was only a 2% increase in green leaf area (P < 0.001, Fig
6.7). The slowing of green leaf area development suggests that over prolonged UV-B exposure,

the absence of TOC33 limits the development of green leaf area; which may be due to stress.

Under high fluence UV-B (3 umol m=2s7") green leaf area of toc33 decreased over the 5 days of
exposure (Fig 6.3). At Day 5 of UV-B exposure green leaf area of toc33 was 17% smaller
compared to Day 0 (P <0.001, Fig 6.3) and 41% smaller at Day 5 of UV-B exposure compared to
no UV-B (P < 0.001, Fig 6.3). The decrease in green leaf area under UV-B exposure suggests that
the loss of TOC33 results in the plant being more susceptible to damage by high UV-B fluence
rates. This is further illustrated by the differences in green leaf area of toc33 relative to wild
type; as prior to UV-B exposure wt and toc33 do not differ significantly in terms of green leaf
area as well as there being no difference in the absence of UV-B, but at Day 5 of UV-B toc33 is

42% smaller than wt (P < 0.001, Fig 6.3).

The effect of the loss of TOC33 on green leaf area under high UV-B exposure is also evident when

comparing differences in green leaf area between uvr8-6 and toc33. In terms of green leaf area,
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toc33 was 3% smaller than uvr8-6 (P < 0.05; Fig 6.3) suggesting that the loss of TOC33 is more

detrimental to the plant than the absence of UVR8 under high fluence UV-B.

The changes in green leaf area in response to UV-B exposure highlight the different responses
of toc33 under different fluence rates of UV-B. Under low fluence rate UV-B, green leaf area
development slows but continues, while under high fluence UV-B green leaf area decreases;
suggesting that the mutant is more susceptible to damage under high fluence and that the
absence of TOC33 only has a detrimental impact over longer exposure times at high fluence

rates.

6.3.3 Low fluence UV-B increases TOC33 expression in Col-0 at 6hrs and 24hrs

gRT-PCR confirmed the TOC33 response to UV-B, observed in Ler, in Col-0, and showed that in
response to UV-B exposure TOC33 was upregulated at 6hrs. gRT-PCR analysis showed that
between Ohrs and 6hrs of UV-B exposure there was a 36% increase in relative expression (P <
0.001, Fig 6.8a), as well as being a 96% increase in relative expression at 6hrs +UVB compared
to 6hrs —UVB (P < 0.001, Fig 6.8b). This response is similar to the response observed in the RNA-

seq.

Of interest is that relative expression of TOC33 at 24hrs of UV-B exposure, as when compared
to Ohrs TOC33 expression was still significantly upregulated at 24hrs of UV-B exposure (P <0.001,
Fig 6.8a). The continued upregulation was not observed in the RNA-seq results. However, when
comparing expression levels at 24hrs +UVB and —UVB there was no evidence of upregulation,
which suggests that the continued upregulation may not be a result of the sustained exposures
to UV-B, but rather suggests that there are as of yet unidentified factors inducing TOC33
expression. This is further illustrated by the significant increase in relative expression observed
at 24hrs —UVB compared to Ohrs (P < 0.001, Fig 6.8a). The upregulation of TOC33 in the absence
of UV-B further suggests that regulation of TOC33 may not be solely due to the presence of UV-

B and that there may be other factors involved.
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Figure 6.8 Changes in relative transcript levels of TOC33 in wt (Col-0) in response to irradiation with 0.5
umol m=2s™" of UV-B (+UVB, grey) or without (-UVB, white) over 24 hours of exposure. Relative transcript
abundance (fold change) was determined by qRT-PCR and was normalised to control treatment using two
internal reference genes UBC9 and AT2G32170. Ohrs is 35 DAS and is prior to commencement of
illumination with UV-B, while 6hrs is after 6 hours of exposure and so forth. In the +UVB condition the
plants are exposed to 0.5 pmol m=2 s and 220 umol m™2 s™" of PAR, in the -UVB condition the plants are
exposed to 220 umol m=2 s of PAR only. TOC33 - TRANSLOCON AT THE OUTER ENVELOPE MEMBRANE
OF CHLOROPLASTS 33 (AT1G02280). Error bars represent  S.E. (n = 3 biological repeats). a) Changes in
relative transcript levels of TOC33 in wt (Col-0) normalised to Ohrs control. Asterisks indicate statistically
significant means (P < 0.05) between Ohr control and each following time point and treatment. b) Changes
in relative transcript levels of TOC33 in wt (Col-0) normalised to the -UVB control at 6hrs and 24hrs.
Asterisks indicate statistically significant means (P < 0.05) between +UVB and -UVB treatments for a given
time point and genotype; ns indicates not significant means.

Relative expression of TOC33 was reduced at 6hrs —UVB compared to Ohrs (P < 0.001, Fig 6.8a);
which suggests that other factors may be involved in the regulation of TOC33. However, as there
was a significant increase in relative expression between Ohrs and 6hrs +UVB, as well as 6hrs —
UVB and 6hrs +UVB, UV-B may upregulate the expression of TOC33 initially, and any changes in

expression are due to other factors regulating expression.

6.3.4 TOC33 expression is lower in uvr8-6 under UV-B compared to wt

In uvr8-6 the upregulation of relative expression of TOC33, observed in wild type at 6hrs of UV-
B exposure, was absent (Fig 6.9a). In uvr8-6 relative expression of TOC33 was significantly lower
at 24hrs of UV-B exposure compared to Ohrs (P <0.001, Fig 6.9a). Furthermore, in uvr8-6 relative
expression of TOC33 was 85% lower at 24hrs +UVB compared to wt 24hrs +UVB (P < 0.01, Table
6.2). The decrease in expression is the opposite of the response observed in wild type where
relative expression increased significantly at 6hrs +UVB compared to —UVB, and increased even

further at 24hrs of UV-B. The absence of the response in uvr8-6 plus the decrease in relative
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expression at 24hrs +UVB suggests that UVR8 is involved in the regulation of TOC33 under UV-

B exposure.
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Figure 6.9 Changes in relative transcript levels of TOC33 in uvr8-6 (Col) response to irradiation with 0.5
umol m=2 s™1 of UV-B (+UVB) over 24 hours of exposure. Relative transcript abundance (fold change)
was determined by qRT-PCR and was normalised to control treatment using two internal reference genes
UBC9 and AT2G32170. Ohrs is 35 DAS and is prior to commencement of illumination with UV-B, while
6hrs is after 6 hours of exposure and so forth. In the +UVB condition the plants are exposed to 0.5 umol
m~2s~"and 220 umol m=2 s of PAR, in the -UVB condition the plants are exposed to 220 umol m=2 s~ of
PAR only. TOC33 - TRANSLOCON AT THE OUTER ENVELOPE MEMBRANE OF CHLOROPLASTS 33
(AT1G02280), uvr8-6 — UV-B resistance locus 8-6. Error bars represent + S.E. (n = 3 biological repeats). a)
Changes in relative transcript levels of TOC33 in uvr8-6 (Col) normalised to Ohrs as control; Ohrs (white),
6hrs (light grey) and 24hrs (dark grey). Asterisks indicate statistically significant means (P < 0.05) between
treatment and Ohr control; ns indicates not significant means. b) Changes in relative TOC33 expression
wt (Col-0) and uvr8-6 normalised to wt (Col-0) Ohrs. Asterisks indicate statistically significant means (P <
0.05) between wt Ohrs and the given treatment; ns indicates not significant means.

As the initial upregulation at 6hrs is absent, as well as the upregulation at 24hrs, UVR8 plays a
role in the expression of TOC33 in response to UV-B exposure. It is unlikely that UVR8 regulates
expression of TOC33 in the absence of UV-B as expression levels do not differ prior to UV-B
exposure (Table 6.2, Fig 6.9b). However, it is worth noting that at 24hrs of UV-B the upregulation
of expression observed in wt in both —UVB and +UVB conditions is absent in uvr8-6 which may
suggest that UVR8 plays are a role in TOC33 expression even in the absence of UV-B. It may also
be that the absence of UVR8 results a stressed plant, which leads to further downregulation of
TOC33 at 24hrs of UV-B. To better determine what occurs in terms of expression, one would

have to observe TOC33 expression in uvr8-6 in the absence of UV-B.
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Table 6.2 Changes in relative TOC33 expression in wt (Col-0) and uvr8-6 normalised to wt (Col-0) -UVB
for each time point over 24hrs of 0.5 umol m=2 s~ UV-B exposure.

Genotype Treatment Time point
Ohrs 6hrs 24hrs
wt (Col-0) -UvB 1.00£0.06 1.00£0.05 1.00£0.06
wt (Col-0) +UVB 1.00£0.06 1.96+0.04 *** 0.99+0.03 NS
uvr8-6 (Col) +UVB 1.00£0.13 NS 1.39+0.04 ** 0.15£0.01 ***

*P<0.05, **P <0.01, ***P <0.001, NS - not significant

6.4 Summary

In the TOC33 mutant, the photosynthesis phenotype observed in wild type in response to UV-B
is absent. In fact, the presence of UV-B does not have an effect on photosynthetic rate over the
48hrs measured, but the photosynthetic rate of toc33 is significantly lower than wild type even
in the absence of UV-B, suggesting that TOC33 plays an important role in maintaining
photosynthetic efficiency. However, even though toc33 has a lower photosynthetic rate than
wild type in the absence of UV-B, there are no discernible differences in terms of green leaf area
under the same conditions. Under UV-B exposure, increases in green leaf area are limited in
toc33 compared to no UV-B as well as wild type under UV-B, suggesting that plant development
under UV-B exposure is affected in the mutant. The decrease in green leaf area observed in
toc33 under high fluence UV-B further illustrates this, as the rate of leaf area development
decreases in toc33 is much more than the rate of decrease observed in wild type and uvr8-6,

suggesting that TOC33 plays a role in maintaining green leaf area under UV-B exposure.

gRT-PCR analysis confirmed the RNA-seq results which showed the upregulation of TOC33 at
6hrs of UV-B exposure in wild type, as well as the absence of upregulation at 24hrs +UVB
compared to —UVB. However, the analysis also showed that there is a lot of variation in TOC33
expression over 24hrs in the absence of UV-B exposure. The variation in relative expression
suggests that the initial upregulation in expression is driven by UV-B exposure, but the further
upregulation observed is due to the cyclical nature of TOC33 expression. The qRT-PCR analysis

also showed that UVR8 is likely involved in the upregulation of TOC33 at 6hrs of UV-B as well as
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the playing a role in the regulation of TOC33 after the initial period of upregulation, and hence

may be involved in the regulation of TOC33 expression in the absence of UV-B.

6.5 TFP - THIOREDOXIN FAMILY PROTEIN (AT1G52990)

TFP encodes a putative chloroplastic thioredoxin, with no orthologues in any other plants
(Meyer et al., 2006). TFP has not been well characterised, and little is understood regarding
function. It is known to encode a thioredoxin with a WCGPC redox site and has a large N-terminal
extension of unknown function (Meyer et al., 2006). The WCGPC redox site is highly conserved
and has two redox-active Cys residues (Holmgren, 1989), and is able to reduce the disulphide

bridges in target proteins (Collet and Messens, 2010).

Chloroplasts contain a large variety of thioredoxins, which are involved in the regulatory
ferredoxin/thioredoxin system that is associated with oxygenic photosynthesis and light
(Schirmann and Buchanan, 2001; Schiirmann and Buchanan, 2008). Studies have shown that a
number of chloroplastic thioredoxins are involved in photosynthetic electron transport, as they
catalyse the light-dependent reduction of target enzymes (Trost et al., 2006; Schirmann and
Buchanan, 2008; Naranjo et al., 2016). Due to the large variety of thioredoxins present, they are
involved in many different processes in the chloroplast; from chloroplast biogenesis, gene
expression to photosynthesis; illustrating the vital role thioredoxins play in the chloroplast
(Gelhaye et al., 2005; Schirmann and Buchanan, 2008; Geigenberger and Fernie, 2014;
Nikkanen and Rintamaki, 2014; Brzezowski et al., 2015; Rouhier et al., 2015; Nikkanen et al.,
2017). However, as so little is known about TFP; little can be said about what its role is in
photosynthesis or the UV-B response. The RNA-seq experiment performed in Chapter 4 showed
for the first time that TFP was upregulated in response to UV-B, and hence little is known about

its role in the UV-B dependent photosynthesis phenotype observed in wild type.

130



Chapter 6

In order to further study the role of TFP in the photosynthesis phenotype, the tfp knockout line
SALK_009687C was selected, as it was in a Columbia background and homozygosity could be

confirmed through PCR.

6.5.1 UV-B dependent photosynthesis phenotype is lost in the absence of TFP
Photosynthetic rate for tfp was determined in the same manner as for the rbf1 mutants (Chapter

2: Materials and Methods).

In the tfp mutant, the UV-B dependent increase in photosynthetic rate seen at 24hrs in the wild
type was absent (Fig 6.10). There was no significant difference in photosynthetic rate in tfp at
24hrs between +UVB and —UVB; which indicates that TFP is required for the upregulation of
photosynthesis at 24hrs. When comparing tfp at Ohrs and 24hrs of UV-B, there was also no
significant increase in rate. However, there was a significant decrease in photosynthetic rate at
48hrs +UVB in tfp compared to -UVB (P < 0.001, Fig 6.10). At 48hrs the photosynthetic rate of
tfp under +UVB was 33% lower compared to —UVB (P < 0.001, Fig 6.10), and it was also 36%

lower than the photosynthetic rate of tfp at 24hrs +UVB (P < 0.001, Fig 6.10).

At 48hrs of UV-B exposure, the photosynthetic rate was also 24% lower than at Ohrs (P < 0.001,
Fig 6.10). The decrease in photosynthetic rate at 48hrs showed that chronic exposure to UV-B
has a higher impact on the photosynthetic rate in tfp; which illustrates the importance of TFP
under UV-B stress. Because there was no difference in photosynthetic rate prior to UV-B
exposure, this suggests that TFP is not required for photosynthetic function unless the plant is
stressed, in addition to the requirement of TFP for the UV-B dependent increase in

photosynthetic rate seen in wild type at 24hrs.

131



Chapter 6

1.00 - O-UvB @+UVB
0.90 4

_1)

» 0.80 A ns
ns

-2

ns

*
£ 050 A

~—

Net photosynthetic rate

0.40 A

0.30
wt tfp wt tfp wt tfp

Ohrs 24hrs 48hrs

Figure 6.10 Changes in net photosynthetic rate (umol CO, m~2 s™') normalised to leaf area in wt (Col-0)
and tfp (Col) in response to irradiation with 0.5 pmol m2 s™ of UV-B (+UVB, grey) or without (-UVB,
white) over 48 hours of exposure. Ohrs 35 DAS and is the net photosynthetic rate prior to commencement
of illumination with UV-B, while 24hrs is after 24 hours of exposure and so forth. In the +UVB condition
the plants are exposed to 0.5 pmol m=2s™ and 220 pmol m~2 s of PAR, in the -UVB condition the plants
are exposed to 220umol m=2 57" of PAR only. tfp - thioredoxin family protein. Error bars represent £ S.E. (n
= 16 biological repeats). Asterisks indicate statistically significant means (P < 0.05) between +UVB and -
UVB treatments for a given time point and genotype; ns indicates not significant means.

It is also worth noting that the decrease in photosynthetic rate observed in tfp at 48hrs of UV-B
was much larger than the decrease in rate observed in uvr8-6. At 48hrs of UV-B the
photosynthetic rate of uvr8-6 was 12% lower compared to no UV-B (P < 0.01, Fig 9.3), whereas
the rate in tfp showed a 33% reduction for the same comparison. This difference in magnitude
of reduction suggests that the absence of TFP is more detrimental to photosynthetic efficiency

under UV-B than is the absence of UVRS.

6.5.2 Green leaf area development is limited in the tfp mutant

The increase in green leaf area development is limited in tfp. In the absence of UV-B green leaf
area increased in tfp; by 31% (P < 0.001, Fig 6.11) between Ohrs and 24hrs, and by another 12%
between 24hrs and 48hrs (P <0.001, Fig 6.11). However, under UV-B exposure, green leaf area
increased by 20% between Ohrs and 24hrs (P < 0.001, Fig 6.11), while there was no observable
increase in green leaf area between 24hrs and 48hrs. As green leaf area did not increase

between 24hrs and 48hrs, it suggests that longer exposure to UV-B limits growth in the tfp
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mutant; which works in tandem with the significant decrease in photosynthetic rate at 48hrs of

UV-B suggesting that tfp is more susceptible to damage under prolonged exposure to UV-B.
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Figure 6.11 Changes in green leaf area (cm?) in wt (Col-0) and tfp (Col) in response to irradiation with
0.5 pmol m™2 57! of UV-B (+UVB) or without (-UVB) over 48 hours of exposure. Ohrs (white) 35 DAS and
is leaf area prior to illumination with UV-B, while 24hrs (light grey) is after 24 hours of exposure, 48hrs
(dark grey) is after 48 hours of exposure. In the +UVB condition the plants are exposed to 0.5 pmol m=2
s7and 220 umol m~2s7" of PAR, in the —UV-B condition the plants are exposed to 220 pmol m~2 s~ of PAR
only. tfp - thioredoxin family protein. Error bars represent + S.E. (n = 16 biological repeats). Asterisks
indicate statistically significant means (P < 0.05) between time point and Ohr control for a treatment and
genotype.

Under high fluence UV-B (3umol m=2 s™) green leaf area development is adversely affected in
tfp over 5 days of UV-B exposure. Under —UVB conditions green leaf area of tfp increased by
33% between Day 0 and Day 5 (P < 0.001, Fig 6.3); whereas under UV-B green leaf decreased by
19% between Day 0 and Day 5 (P < 0.001, Fig 6.3). The impact of high fluence UV-B on tfp is
further illustrated by the difference in area at Day 5 +UVB compared to —UVB; as the mutant
was 40% smaller under +UVB compared to —UVB (P < 0.01, Fig 6.3). Whereas the decrease in

wild type under +UVB was only 5% (P < 0.001, Fig 6.3).

Interestingly there was no significant difference in green leaf area between uvr8-6 and tfp, which
suggests that there under high fluence UV-B the absence of either protein has a similar effect

on green leaf area development.
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6.5.3 Low fluence UV-B increases TFP expression in Col-0 at 6hrs

The gRT-PCR analysis confirmed the TFP expression pattern observed in RNA-seq and showed
that in response to UV-B exposure TFP is significantly upregulated at 6hrs. At 6hrs of UV-B
exposure, there was a 232% increase in expression compared to Ohrs (P < 0.001, Fig 6.12a); and
there was a 237% increase at 6hrs +UVB compared to 6hrs —UVB (P < 0.001, Fig 6.12b). As
relative expression of TFP does not increase between Ohrs and 6hrs —UVB; the increase of

expression observed under +UVB conditions suggests that UV-B drives the upregulation of TFP.
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Figure 6.12 Changes in relative transcript levels of TFP in wt (Col-0) in response to irradiation with 0.5
umol m=2 s™ of UV-B (+UVB, grey) or without (-UVB, white) over 24 hours of exposure. Relative
transcript abundance (fold change) was determined by gRT-PCR and was normalised to control treatment
using two internal reference genes UBC9 and AT2G32170. Ohrs is 35 DAS and is prior to commencement
of illumination with UV-B, while 6hrs is after 6 hours of exposure and so forth. In the +UVB condition the
plants are exposed to 0.5 umol m=2 s and 220 pmol m=2s™" of PAR, in the -UVB condition the plants are
exposed to 220umol m2 s of PAR only. TFP — THIOREDOXIN FAMILY PROTEIN (AT1G52990). Error bars
represent + S.E. (n = 3 biological repeats). a) Changes in relative transcript levels of TFP in wt (Col-0)
normalised to Ohrs control. Asterisks indicate statistically significant means (P < 0.05) between treatment
and Ohr control; ns indicates not significant means. b) Changes in relative transcript levels of TFP in wt
(Col-0) normalised to the -UVB control at 6hrs and 24hrs. Asterisks indicate statistically significant means
(P < 0.05) between +UVB and -UVB treatments for a given time point; ns indicates not significant means.

However, at 24hrs relative expression of TFP decreases in both —UVB and +UVB conditions. At
24hrs —UVB relative expression was decreased by 74% (P < 0.01, Fig 6.12a) compared to Ohrs,
and in +UVB conditions, expression decreased 63% compared to Ohrs (P < 0.01, Fig 6.12a). As
the downregulation is observed under both conditions, this suggests that the decrease is not
due to UV-B exposure, but rather that expression decreases over time. This is further illustrated

by the fact that there is no significant difference in expression between +UVB and -UVB at 24hrs
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(Fig 6.12b); which shows that the presence of UV-B does not affect TFP expression after the

initial up regulatory phase

The decrease in relative expression at 24hrs both in the presence and absence of UV-B suggests
that there TFP is also regulated by other factors and not just the UV-B exposure. However, it is
unknown as to what these factors may be, and further analysis would have to be undertaken to

developing a better understanding of the regulation and expression of TFP.

6.5.4 Under low fluence UV-B TFP expression is lower in uvr8-6

In uvr8-6 the upregulation observed in wild type at 6hrs of UV-B exposure was absent. At 6hrs
of UV-B there is no significant increase in TFP expression compared to Ohrs (Fig 6.13a). The
absence of the increased expression suggests that UVR8 is involved in the initial upregulation of

TFP in response to UV-B exposure.
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Figure 6.13 Changes in relative transcript levels of TFP in uvr8-6 (Col) in response to irradiation with 0.5
umol m~2s™" of UV-B (+UVB) over 24 hours of exposure. Relative transcript abundance (fold change) was
determined by qRT-PCR and was normalised to control treatment using two internal reference genes
UBC9 and AT2G32170. Ohrs is 35 DAS and is prior to commencement of illumination with UV-B, while 6hrs
is after 6 hours of exposure and so forth. In the +UVB condition the plants are exposed to 0.5 umol m=2s™’
and 220 umol m~2s7" of PAR, in the -UVB condition the plants are exposed to 220 umol m=2s™" of PAR only.
TFP - THIOREDOXIN FAMILY PROTEIN (AT1G52990), uvr8-6 — UV-B resistance locus 8-6. Error bars
represent = S.E. (n = 3 biological repeats). a) Changes in relative transcript levels of TFP in uvr8-6 (Col)
normalised to Ohrs as control; Ohrs (white), 6hrs (light grey) and 24hrs (dark grey). Asterisks indicate
statistically significant means (P < 0.05) between treatment and Ohr control. b) Changes in relative
transcript levels of TFP in wt (Col-0) and uvr8-6 (Col) normalised to wt (Col-0) Ohrs. Asterisks indicate
statistically significant means (P < 0.05) between wt Ohrs and the given treatment.

However, at 24hrs of UV-B exposure TFP expression decreased by 92% compared to Ohrs (P <

0.001, Fig 6.13a); which is similar to the downregulation observed in wild type. The decrease of
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TFP expression observed at 24hrs of UV-B in uvr8-6 was higher than the downregulation
observed in wild type (Fig 6.13b). Whereas the decrease observed in uvr8-6 was 92% (P < 0.01,
Fig 6.13a), for wild type 24hrs of UV-B the decrease compared to Ohrs was 63% (P < 0.01, Fig
6.13a), and even in the absence of UV-B the decrease was only 74% (P < 0.01, Fig 6.13a);
suggesting that UVR8 may play a role in the downregulation of TFP at 24hrs. To further test this

hypothesis, TFP expression in uvr8-6 in the absence of UV-B would have to be characterised.

6.5.5 Summary

In the absence of TFP, the UV-B dependent increase in photosynthetic rate is absent, suggesting
that TFP is required for the photosynthetic phenotype. Furthermore, as UV-B exposure
continues, photosynthetic rate decreases, thus indicating that TFP is required to maintain
photosynthetic function under prolonged UV-B exposure. This is further illustrated by the
limiting effect UV-B has on green leaf area development in the tfp mutant; as green leaf area
ceases to increase significantly after the initial 24hrs of UV-B exposure. Also, high fluence UV-B
exposure showed that green leaf area development in the tfp mutant is adversely affected over

prolonged exposure, to a similar degree as uvr8-6.

gRT-PCR analysis showed that UV-B exposure results in a significant increase in TFP expression;
similarly to the increase in expression observed in the RNA-seq results. The increase in
expression at 6hrs UV-B suggests that increased chloroplastic oxidoreductase activity may result
in the increased photosynthetic rate observed at 24hrs as hypothesised in Chapter 4.
Furthermore, qRT-PCR further showed that UVR8 plays a part in the upregulation of TFP in
response to UV-B exposure, but that it is not involved in regulating TFP expression in the absence

of UV-B.

The analysis of TFP expression also showed that TFP expression is likely regulated by other
factors as well as UV-B exposure, and more experimental work has to be done to determine how

TFP expression is regulated.
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6.6 Chapter Summary

RNA-seq analysis identified a number of genes that were altered in expression pattern in
response to UV-B exposure at 6hrs compared to no UV-B. The three most significantly changed
genes identified were RBF1, TOC33 and TFP. Here it has been shown that each of these genes
plays a critical role in the increase in photosynthetic rate observed in wild type at 24hrs, as the

mutants of these genes lack the UV-B-dependent photosynthesis phenotype.

RBF1 is shown to play an important role in the photosynthesis response to UV-B exposure as the
reduction of RBF1 levels results in a decrease in photosynthetic rate upon illumination with UV-
B. This suggests that RBF1 is key to maintaining photosynthetic competency under UV-B

exposure as well as playing a part in the increase in photosynthetic rate observed in the wild

type.

TOC33 is shown to be involved in the increase in response, as well as playing a role in
photosynthetic efficiency in the absence of UV-B as the photosynthetic rate of the toc33 mutant
was significantly lower than that of wild type even in the absence of UV-B. TFP, on the other
hand, is shown to play a part both in the increase in rate in wild type as well as in maintaining
photosynthetic efficiency under prolonged UV-B exposure as it showed a decrease in
photosynthetic rate over longer exposure times. As each of these genes plays a role in the
increase in photosynthetic rate, it suggests that the increase in photosynthetic rate may be due
to both anincrease in chloroplast number as well as due to an increase in oxidoreductase activity

in the chloroplast.

Each of the genes is also shown to potentially play a role in UV-B stress acclimation. When green
leaf area was assessed in response to low fluence UV-B, all mutants were shown to be limited in
green leaf area development over prolonged UV-B exposure, whereas wild type was not as
limited. This suggests that all of these genes play a role in acclamatory responses to longer UV-

B exposure. This is further illustrated by the decrease in green leaf area over time observed
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under high fluence UV-B, where each of the mutants showed a significant decrease in leaf area.
Often showing significantly more decrease in area than the uvr8 mutant, uvr8-6, showing that
the mutants were more affected and hence more critical to maintaining green leaf area

development than uvr8.

gRT-PCR analysis of expression of RBF1, TOC33 and TFP, showed that the expression patterns
observed in Ler and uvr8-1 in the RNA-seq also occur in Col-0 and uvr8-6. Analysis of RBF1
expression showed that it is upregulated in response to UV-B exposure in wild type; being highly
upregulated at 6hrs of exposure and less upregulated at 24hrs of UV-B exposure. Expression in
uvr8-6 also showed that the initial upregulation at 6hrs is regulated by UVRS8. Expression analysis
of TOC33 in wild type showed that it is upregulated in response to UV-B exposure at 6hrs,
however, at 24hrs upregulation is likely due to other factors as expression also increases in the
absence of UV-B. Analysis in uvr8-6 also showed that the increase in TOC33 expression at 6hrs
is controlled by UVR8 and that UVR8 may play a role in expression even in the absence of UVB
exposure. Analysis of TFP expression in wild type also showed that the initial upregulation is due
to UV-B exposure, but that regulation of expression after initial exposure is not affected UV-B
exposure. Upregulation of TFP at 6hrs is also controlled by the presence of UVRS, as in uvr8-6

the increase of expression is absent.

These results show that RBF1, TOC33 and TFP play an important role in the increase in
photosynthetic rate at 24hrs of UV-B seen in wild type and that each gene also plays a role in
response to prolonged UV-B exposure. Each gene is upregulated by the presence of UV-B during
initial exposure (6hrs), but during longer exposure UV-B is not necessarily a regulating factor.
The initial upregulation is also likely to be controlled by the presence of UVR8; whereas

regulation by UVR8 seems to be absent after prolonged exposure to UV-B.
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7 Discussion and Conclusion

Photosynthetic competency and performance have been a focus for UV-B response studies since
the birth of the discipline itself. Many historical UV-B experiments have been performed in the
presence of high fluence rate UV-B, and low fluence rates of PAR, and showed that exposure to
high fluence UV-B severely impedes photosynthetic performance (Allen et al., 1997; Mackerness
et al., 1998; Takahashi et al., 2010). High fluence rates of UV-B damage the photosystems and
lower photosynthetic efficiency (Tyystjarvi, 2008; Davey et al., 2012; Dobrikova et al., 2013), as
well as inhibiting net photosynthetic rate (Jansen et al., 1998). The focus on high fluence rates
of UV-B has arguably resulted in a somewhat skewed view of the photosynthetic responses of
plants exposed to UV-B. In nature, plants are exposed to a variety of fluence rates of UV-B, and
no visible damage is detected. Thus, plants are capable of coping with UV-B exposure at low and
moderate levels in nature, suggesting that photosynthesis should not always be dramatically

impeded by UV-B exposure.

In recent years, studies have begun to focus on the impact of low fluence UV-B on the plant, and
understanding the photomorphogenic response elicited by lower UV-B levels (Kliebenstein et
al., 2002; Brown et al., 2005; Brown and Jenkins, 2008; Favory et al., 2009; Jenkins, 2014a). There
is evidence to suggest that exposure to low levels of UV-B can be beneficial to photosynthetic
performance (Vidovic¢ et al., 2015), and result in the upregulation of photosynthesis-associated

genes (Davey et al., 2012; Wargent and Jordan, 2013; Tilbrook et al., 2016).

This PhD thesis focused on the impact of 0.5 umol m~2 s™ UV-B supplemented with 220 umol
m~2 s™ of PAR; thus characterising the UV-B dependent increase in photosynthetic rate in wild
type. Furthermore, it characterised the transcriptomic response to the fluence rate, and through
it identified a number of candidate regulators involved in the response. Thus allowing us to
develop a model of how low fluence UV-B exposure results in the increase in net photosynthetic

rate through the UVR8-dependent UV-B signalling cascade inducing increases in chloroplast
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biogenesis and synthesis of photosynthetic proteins within the chloroplast and increasing levels

of chloroplastic oxidoreductases.

7.1 The UV-B dependent photosynthesis phenotype

Initial experiments focused on measuring photosynthetic rate in plants exposed to 1.5 umol m=2
s”1UV-B. This fluence rate had been established previously as photomorphogenesis-inducing by
Favory et al. (2009). PageMan analysis by Wargent and Jordan (2013) of the Favory et al. (2009)
microarray data showed that a number of photosynthesis-associated genes are upregulated in
response to this fluence rate of UV-B. The upregulation of photosynthesis-associated genes
hinted at a UV-B induced change in photosynthesis. However, our results show that in response
to 1.5 umol m™2 s™7, UV-B photosynthetic rate does not increase (Fig 3.1). This is similar to the
response observed in other studies showing no effect of low fluence UV-B exposure on

photosynthesis and the photosynthetic machinery (Hectors et al., 2007; Ballaré et al., 2011;

Hideg et al., 2013).

During prolonged exposure, over 48hrs, photosynthetic rate decreases under UV-B exposure,
compared to no UV-B exposure, suggesting that even the low fluence rate of 1.5 pmol m=2 s™
UV-B may result in dynamic or chronic damage to the photosynthetic machinery after prolonged
exposure. This confirms the suggestion by Favory et al. (2009) that the fluence rate of 1.5 umol
m™2 s7 UV-B induces both a photomorphogenic response as well as a stress response. It is
possible that photosynthesis rate does not change under 1.5 pumol m=2 s of UV-B, as the
increase in photosynthesis-associated genes allow the plant to adapt to UV-B exposure, and thus
prevents the build-up of UV-B induced damage, which may reduce photosynthetic efficiency at
higher fluence rates. Hence, photosynthetic rate remains the same during initial exposure of UV-
B, and only decreases after prolonged exposure, as damage to the photosynthetic machinery

accrues. The upregulation of photosynthesis-associated genes may result in increased turnover

of damaged proteins as well as increasing the initial synthesis of photosynthesis-associated
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proteins; which prevents the accumulation of damage to the photosynthetic apparatus.
Moreover, the decrease in photosynthetic rate at 48hrs of UV-B exposure is likely due to the loss
of regulation of these genes resulting in the accumulation of damage to the photosynthetic

machinery.

As the exposure to 1.5 umol m™2 s UV-B did not result in an increase in photosynthetic rate, we
decided to use a lower fluence rate. Exposure to 0.5 pmol m=2 s™' UV-B resulted in an increase
of 10% in photosynthetic rate at 24hrs of exposure in wild type Ler (Fig 3.2), and by 12% in wild
type Col-0 (Fig 3.8). The increase in photosynthetic rate shows that low fluence UV-B exposure
can be beneficial to photosynthesis in Arabidopsis; which has not been shown before. The
increase in photosynthetic rate under UV-B exposure is transient as at 48hrs of UV-B exposure
the increase in photosynthetic rate is lost (Fig 3.2). The absence of a deleterious effect on
photosynthetic rate confirms that the fluence rate used is photomorphogenic rather than stress-
inducing. It further shows that the length of exposure to UV-B alters the plant’s response to UV-
B, as plants have to adapt to prolonged UV-B exposure, and the accumulation of UV-B induced
damage. Part of the photomorphogenic response in Arabidopsis is the induction of flavonoid
biosynthesis in response to UV-B exposure (Favory et al., 2009; Tilbrook et al., 2013;
Vandenbussche et al., 2014). At 48hrs of UV-B exposure, wild type showed an increase in
flavonoid content (Fig 3.4), showing the shift in the response to UV-B exposure to damage
prevention through a photomorphogenic response. Previous studies have suggested that UV-B
exposure results in damage to PS Il, resulting in a lower PS Il efficiency (Tyystjarvi, 2008; Davey
et al., 2012; Dobrikova et al., 2013). The decrease in photosynthetic rate observed in wild type
at 48hrs under 0.5 pmol m2 s™' of UV-B does not result in a lower PS Il efficiency (Fig 3.5)
suggesting that the fluence rate used does not induce damage in PS Il and the decrease is due

to other factors.
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In response to illumination with 0.5 pmol m2 s~ of UV-B, the net photosynthetic rate of wild
type Arabidopsis increases at 24hrs of exposure. However, after a further 24hrs of exposure; at
48hrs, the increase in photosynthetic rate is lost, and net photosynthetic rate is the same under
UV-B as it is in the absence of UV-B. In order for us to determine what causes the initial increase

in photosynthetic rate, transcriptomic analysis was undertaken.

7.2 Transcriptome changes in response to low fluence UV-B exposure

The transcriptomic analysis using RNA-seq identified a number of photosynthesis-associated
genes that are upregulated in response to low fluence UV-B exposure at 6hrs, similarly to the
transcriptomic response seen in Favory et al. (2009) microarray data analysed by Wargent and
Jordan (2013). However, unlike the microarray analysis by Favory et al. (2009) and many other
whole genome expression profiling (Green et al., 1991; Brosché et al., 2002; Ulm et al., 2004;
Stracke et al., 2010); the RNA-seq identified only a small number of genes significantly changed
under UV-B exposure. At 6hrs of UV-B exposure, there were 119 significantly changed genes,
and at 24hrs there were only 43 significantly changed genes. This further illustrates that the
fluence rate used has a much smaller effect on the plant than other higher doses, and thus the
response of the plant is more photomorphogenic rather than a stress response that would

induce a large number of genes (Brown et al., 2005).

At 6hrs of UV-B exposure overrepresentation analysis showed that a large number of the genes
significantly regulated are associated with the chloroplast and the thylakoid as well as being
associated with intramolecular oxidoreductase activity. This suggests that the increase in
photosynthetic rate is driven by an increase in chloroplast biogenesis, and synthesis of proteins
within the chloroplast, as well as chloroplastic oxidoreductase activity. At 24hrs of exposure
overrepresentation analysis showed that a large number of the genes significantly regulated are
associated with flavonoid biosynthesis and the response to light stimulus. The absence of

photosynthesis-associated genes at 24hrs shows that there is a shift in gene expression patterns;
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away from the regulation of photosynthesis in response to UV-B and towards a traditional UV-B
acclimation/photomorphogenic response. The increase in flavonoid biosynthesis pathway
associated genes likely results in the increase in flavonoid content observed at 48hrs of UV-B
exposure (Fig 3.4); and the absence of photosynthesis-associated genes likely results in the

absence of the increase in photosynthetic rate at 48hrs (Fig3.2).

7.2.1 Regulation of photosynthesis-associated genes under UV-B exposure

At 6hrs of UV-B exposure, a number of photosynthesis-associated genes are upregulated. The
term photosynthesis-associated is broad and includes a large number of different genes.
Analysis of the RNA-seq data showed that the upregulated genes at 6hrs fall predominately into
two groups; (1) chloroplast biogenesis and synthesis of chloroplastic proteins and (2)

chloroplastic oxidoreductase associated.

7.2.1.1 Chloroplast biogenesis and synthesis of chloroplastic proteins

The impact of UV-B exposure on chloroplasts and the photosynthetic machinery contained
therein is broad and varied. Studies have shown that UV-B exposure affects the number and
accumulation of chloroplasts (lzumi et al., 2017), results in loss of integrity of the thylakoid
membrane (Gupta et al., 2008), reduced chlorophyll content (Fagerberg, 2007; van Rensen et
al., 2007) among others. Furthermore, UV-B exposure also changes the expression of chloroplast
proteins, which also limits photosynthesis (Jordan et al., 1992). As UV-B exposure has such a
broad impact on the chloroplast, the upregulation of chloroplast biogenesis associated genes,
as well as genes associated with the synthesis chloroplastic proteins under low fluence UV-B, is
likely an adaptive response. Therefore, the upregulation of chloroplast and photosynthesis-
associated genes initially results in anincrease in photosynthetic rate, but in the long term allows
the plant to acclimate to UV-B exposure and better cope with UV-B induced damage in the long

term.
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The RNA-seq analysis identified a number of chloroplast associated genes that are upregulated
in response to UV-B. RBF1 and RNEE/G are involved in chloroplast biogenesis (Bollenbach et al.,
2005; Mudd et al., 2008; Fristedt et al., 2014), suggesting that in response to low fluence UV-B,
the number of chloroplasts may increase. Further studies assessing chloroplast number could
give a better indication if the upregulation of these genes drives an increase in chloroplast
number, and may also give an indication of how localisation changes occur in response to low
fluence UV-B exposure. TOC33 is the transporter involved in the import of pre-proteins into the
chloroplast (Kessler and Schnell, 2004; Oreb et al., 2008; Oreb et al., 2011), which could indicate
that import of photosynthetic pre-proteins for synthesis within chloroplast increases in response
to UV-B exposure. Higher levels of pre-proteins in the chloroplast may account for the increase
in photosynthetic rate as it could allow for the presence of more photosynthesis-associated
proteins. The increase in proteins could increase photosynthetic rate, as well as, allowing for a
higher turnover rate of damaged proteins to allow for acclimation to UV-B exposure.
Upregulation of the chloroplast located PEP PTAC14 and the ribosome release factor APG3,
further strengthens this hypothesis, as they are involved in transcription of chloroplast proteins
(Rius et al., 2008; Gao et al., 2012). Suggesting that increased import of chloroplast pre-proteins
and transcription of these proteins allow for a higher photosynthetic rate in response to UV-B
exposure. However, further study assessing protein levels in the chloroplast is required, to give
a better indication of the impact the upregulation has on a proteomic level. This was outside of

the achievable scope of this thesis.

The upregulation of BPG3, which encodes a chloroplast protein involved in the electron
transport in PS Il, and has been implicated in the stabilization of chlorophyll (Yoshizawa et al.,
2014), suggests that UV-B exposure may also drive a direct increase in electron transport
efficiency in the photosystems by increasing the amounts of proteins involved in electron

transport and to enable stabilization of chlorophyll under UV-B. PSB28, a protein involved in the
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biogenesis and assembly of chlorophyll-containing proteins such as PsaA and PsaB in PS Il
(Dobakova et al., 2009), may also have a direct impact on photosynthetic rate through increasing
the amounts of photosystem associated genes. Increasing amount of photosystem associated
genes may also allow for higher turnover rates in response to damage and hence prevent a UV-
B induced reduction in photosynthetic rate, as the ratio of damaged to functional proteins
arguably remains low. This may explain why photosynthetic rate at 48hrs is not significantly
lower under UV-B than in the absence of UV-B, as there would still be sufficient functional

photosystem proteins to allow for a “normal” photosynthesis levels.

7.2.1.1.1 Tetrapyrrole synthesis:

At 6hrs of UV-B exposure, tetrapyrrole synthesis is upregulated; and a subgroup of tetrapyrroles
are the chlorophylls. An increase in chlorophyll content could result in the increase in
photosynthetic rate observed in wild type at 24hrs of exposure, although non-destructive
measurements of chlorophyll content did not show a UV-B specific increase in chlorophyll
content (Fig 3.3). However, measuring chlorophyll destructively may show a different response
and reveal an increase in chlorophyll in response to low fluence UV-B exposure. Destructive
measuring would give a better indication of the amount of chlorophyll in the entire plant rather
than the amount present only in one leaf and measured by absorbance within the leaf. UV-B
exposure has been shown to reduce chlorophyll content (Quan et al., 2018) via damage to the
chlorophylls by alterations in composition (Strid and Porra, 1992) and through photobleaching
(Zvezdanovi¢ et al., 2009), and inhibition of synthesis of chlorophyll (Sakaki et al., 1983; Trost
Sedej and Gaberscik, 2008). The upregulation of chlorophyll synthesis genes may result in higher
chlorophyll synthesis to replace any chlorophyll degraded by UV-B exposure, which in turn may

increase net photosynthetic rate.
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7.2.1.2 Chloroplastic oxidoreductases

Exposure to UV-B damages many of the key oxidoreductases involved in the electron transport
chain in the chloroplast, such as the D1 and D2 proteins of PS Il and Rubisco (Jansen et al., 1998;
Caldwell et al., 2003; Caldwell et al., 2007), resulting in the inactivation of PS Il and lower
photosynthetic efficiency. However, in response to low fluence rate UV-B exposure, a number
of genes associated with chloroplastic oxidoreductases were found to be upregulated at 6hrs of
UV-B exposure; suggesting that low fluence rate UV-B may increase photosynthetic efficiency
through increased levels of oxidoreductases in the chloroplast as well as via increased activity.
Two of the most significantly upregulated genes by low fluence UV-B are TFP and PDE327. These
two genes represent two types of oxidoreductases that are involved in photosynthesis. TFP
encodes a putative chloroplastic thioredoxin (Meyer et al., 2006). Thioredoxins play an
important part in the various processes in chloroplasts; such as regulating proteins linked to the
photosynthetic reactions and Calvin Cycle, as well as biogenesis of chloroplasts and chlorophyll
synthesis (Chi et al., 2008; Jiang et al., 2012; Cheng et al., 2014; Brzezowski et al., 2015). While
PDE327 encodes a chloroplast-localized oxidoreductase/electron carrier (Zybailov et al., 2008;
Vlad et al., 2010). The electron carriers are vital for the correct electron flow through the

photosynthetic chain (Vlad et al., 2010), and hence for photosynthetic efficiency.

Under low fluence UV-B exposure, genes upregulated are associated with chloroplastic
oxidoreductases involved in the photosynthesis pathway; suggesting that the response is more
in the direction of higher photosynthetic yield than as a stress response to ROS production
(Hideg et al., 2013). Studies examining photosynthesis-associated chloroplastic oxidoreductases
have shown that a reduction in genes associated with these proteins resulted in decreased
expression of genes involved in the Calvin Cycle and decreased activity of the associated
enzymes (Chi et al., 2008; Jiang et al., 2012; Cheng et al., 2014). This suggests that upregulation
would increase expression of these genes and could thus drive the increase in photosynthetic

rate observed in wild type. Furthermore, some chloroplastic thioredoxins have also been
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associated with non-photochemical quenching in response to light stress (Naranjo et al., 2016);
suggesting that in response to low UV-B exposure increased levels of thioredoxins may aide in
photochemical quenching to prevent damage by UV-B exposure. Additionally, silencing of
certain thioredoxins has also shown to decrease levels of chlorophyll biosynthesis related genes
and decrease photosynthetic efficiency (Luo et al., 2012). This suggests that there may be an
interplay between the upregulation of chloroplastic oxidoreductases associated genes and

genes associated with the synthesis of photosynthetically active chloroplast proteins.

In summary, this suggests that low fluence UV-B exposure results in an increase in chloroplast
biogenesis and synthesis of photosynthetically active proteins within the chloroplast, as well as
affecting the oxidoreductase enzyme activity to affect electron transport within the chloroplast
and thus increase photosynthetic efficiency. Together, these drive the increase in
photosynthetic rate at 24hrs and may aid in the adaptive response to UV-B exposure by
increasing turnover of damaged proteins or acting as protectants against UV-B damage through

non-photochemical quenching.

7.2.1.3 Regulation of genes associated with ATP synthase and cytochrome b6/f

Both at 6hrs and 24hrs of UV-B exposure, RNAseq analysis showed upregulation of genes
associated with ATP synthase and the cytochrome b6/f complex. Under high fluence UV-B
exposure both of these complexes are negatively affected and damaged; with ATP synthase is
the most adversely affected and cytochrome b6/f being the least adversely affected (Strid et al.,
1990; Zhang et al., 1994; Lidon et al., 2012; Kataria et al., 2014). High UV-B exposure has also
been shown to downregulate genes associated with ATP synthase (Babele et al., 2015). UV-B
exposure has also been shown to reduce cytochrome b6/f content, which is associated with a
lower Chl a: Chl b ratio, and a reduction in electron transport capacity (Eichhorn et al., 1994;
Watanabe et al., 1994). Both complexes are associated with the electron flow in the electron

transport chain resulting in the generation of ATP. Upregulation of genes associated with these
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complexes under UV-B exposure suggests that under low fluence UV-B exposure the plant
adapts to UV-B exposure; which entails increasing biosynthesis of key proteins, increasing
efficiency and allowing for increased turnover of UV-B damaged proteins, and stabilising the
present proteins to delay the accumulation of damage in response to UV-B. As genes associated
with both groups are upregulated at both 6hrs and 24hrs of exposure, it may explain the absence
of a negative impact on photosynthetic rate at 48hrs in wild type, as increased synthesis and
turnover would continue; preventing accumulation of damage which would decrease the
photosynthetic rate. Further transcriptomic analysis focusing on later time points; as UV-B
exposure continues, would likely show that these genes are no longer upregulated and that
damage to the photosynthetic machinery would accrue, resulting in the decrease in

photosynthetic rate seen at later time points.

7.2.1.4 Summary

In response to low fluence UV-B exposure, a number of photosynthesis-associated genes
become upregulated. The majority of those genes are upregulated during initial exposure; prior
to the 24hr mark, and are associated with chloroplast biogenesis and biosynthesis of
photosynthetically active proteins in the chloroplast, or are involved in regulating the enzymatic
activity of chloroplastic oxidoreductases. The upregulation of these genes is likely to be an
adaptive response to UV-B exposure, allowing the plant to acclimate to UV-B exposure, increase
efficiency and prevent the accumulation of damage by increasing biosynthesis and turnover of
key proteins usually damaged by UV-B exposure, as well as stabilizing some of these key proteins

such as chlorophyll.

At 24hrs the upregulation of many of these genes is absent; suggesting that the plant shifts to a
different acclimation response, as seen by the increase in genes associated with the flavonoid
biosynthesis pathway. The plant begins to adapt to prolonged UV-B exposure and beings to

synthesise proteins associated with a response to prevent chronic damage. At 24hrs, only a few
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photosynthesis-associated genes remain upregulated, but most that were previously
upregulated are no longer significantly changed in comparison to no UV-B conditions. This
suggests that the plant is still engaging in an acclimation response, as if the plant was stressed,
the photosynthesis-associated genes would arguably be downregulated to limit energy
expenditure. The continued acclimation response also explains why there is no negative impact
on photosynthetic rate at 48hrs; instead, photosynthetic rate is the same under UV-B as it is in
the absence of it. Damage to the photosynthetic machinery begins to accrue; which lowers the
photosynthetic rate from the higher rate at 24hrs, but the damage is not severe enough to
reduce photosynthetic rate below ‘normal’. Even longer exposure, at 72hrs likely results in more

damage accumulating, which then further lowers photosynthetic rate under UV-B exposure.

7.3 Candidate regulators of the UV-B dependent photosynthesis
phenotype

The transcriptomic analysis plus prior literature revealed a number of possible regulators that
may play key roles in the UV-B dependent increase in photosynthetic rate in wild type at 24hrs.
These are the UV-B photoreceptor UVRS, the negative regulators of UVR8 RUP1 and RUP2, as
well as the previously identified SIG5, ELIP1 and ELIP2; as well as the three most significantly
changed genes in the RNA-seq screen at 6hrs of UV-B exposure; RBF1, TOC33 and TFP. For each
of these, their role in the photosynthesis phenotype was assessed by measuring photosynthetic

rate and green leaf area development in mutants under low fluence UV-B exposure

7.3.1 UVRS and literature identified candidate regulators

UVR8 and the signalling cascade it induces upon UV-B exposure play a key part in the
photosynthetic response to low fluence UV-B exposure. Analysis of the photosynthesis screen
showed that functional UVRS is required for the increase in photosynthetic rate at 24hrs of UV-
B; as this is absent in both uvr8 mutants. However, photosynthetic rate does not decrease under

UV-B at 24hrs compared to in the absence of UV-B. This indicates that the rate used is indeed
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more photomorphogenically active than chronic stress-inducing. At 48hrs of UV-B,
photosynthetic rate in the uvr8 mutants is decreased compared to the no UV-B, which further
suggests that prolonged exposure results in damage to the photosynthetic machinery and the

loss of UVR8 leads to increased susceptibility to stress.

In the RNA-seq screen, photosynthesis-associated genes were significantly lower in uvr8-1
compared to wild type at 6hrs of UV-B exposure. This further exemplifies that UVR8 regulates
the increase in photosynthetic genes in response to UV-B exposure during initial exposure. At
24hrs, there is no difference in regulation between wild type and uvr8-1. The absence of
regulation of these genes at 24hrs suggests that UVR8 ceases to regulate those genes after initial
exposure, and it is likely that UVR8 begins the regulation of other genes; such as flavonoid

biosynthesis.

7.3.1.1 RUP1 & RUP2

Analysis of the photosynthetic rate in the rup1,2 double mutant showed that photosynthetic
rate is continuously increased in response to UV-B exposure in the absence of the negative
regulation of UVR8 by RUP1 and RUP2. This further shows that UVRS is involved in the initial
increase in photosynthetic rate at 24hrs of UV-B exposure and that the alteration in
photosynthetic rate back to ‘normal’ levels at 48hrs may be partly due to UVR8 being negatively
regulated by RUP1 and RUP2. RUP1 and RUP2 bind to UVR8 in place of COP1 to limit the
photomorphogenic response elicited by the UVRS8 signalling cascade (Gruber et al., 2010; Cloix
etal., 2012; Heijde et al., 2013; Yin et al., 2015). Hence, the negative regulation of UVR8 by RUP1
and RUP2 may be to limit the response to UV-B or to allow for the regulatory shift towards a

more photomorphogenic response to UV-B exposure.

7.3.1.2 SIG5

SIG5 is a responsive sigma factor involved in chloroplast transcription (Tsunoyama et al., 2002;

Nagashima et al., 2004; Tsunoyama et al., 2004) and is regulated by UVRS8 in response to UV-B
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(Brown and Jenkins, 2008; Mellenthin et al., 2014). In my experiments, sig5 mutants exposed to
low fluence UV-B lack the UV-B dependent increase in photosynthetic rate. In fact, the sig5-2
mutant, lacking sigma factor activity, shows a reduction in photosynthetic rate under UV-B
compared to no UV-B at 24hrs. Thus suggesting that sigma factor activity is crucial to maintaining
photosynthesis in the presence of UV-B. The absence of the UV-B dependent increase in
photosynthetic rate in the sig5 mutants suggests that the increase in photosynthetic rate may
be due to an increase in transcription of photosynthesis-associated chloroplast genes controlled
by SIG5, such as psbD and psbA (Nagashima et al., 2004; Tsunoyama et al., 2004; Noordally et
al., 2013; Yamburenko et al., 2015). Higher transcription of these genes results would result in
higher synthesis of D1 and D2 proteins (Mellenthin et al., 2014) and could thus increase
photosynthetic rate. However, in the RNA-seq screen SIG5 is not significantly regulated in
response to UV-B exposure, contrary to other studies that have shown it to be upregulated even
in the presence of very low UV-B doses (0.1 pumol m™ s™) (Davey et al., 2012). The
photosynthesis response of the sig5 mutants suggest that SIG5 plays a role in the increase in
photosynthetic rate in response to UV-B, but the absence of upregulation at 6hrs and 24hrs UV-
B, suggests that SIG5 does not need to be upregulated to affect the UV-B dependent

photosynthesis response.

7.3.1.3 ELIP1 and ELIP2

ELIP1 and ELIP2 are light response genes involved in tolerance to photoinhibition and
photooxidative stress (Rossini et al., 2006). ELIPs are expressed in mature plants in response to
UV-B exposure, and their expression is mediated by UVR8 (Adamska et al., 1992; Brown et al.,
2005; Rossini et al., 2006). In the photosynthesis screen, the elip mutants showed an increase in
photosynthetic rate at 24hrs UV-B exposure compared to no UV-B; but the increase is much
lower than in wild type. Interestingly, elip2 showed an increase in photosynthetic rate in at 48hrs

of UV-B exposure. The photosynthetic response to UV-B in both mutants suggests that both

151



Chapter 7

ELIPs play a role in the UV-B dependent photosynthesis response, but neither is significantly
upregulated in response to UV-B exposure at 6hrs in wild type in the RNA-seq screen; suggesting

that they are not key to the photosynthesis phenotype.

As the physiological roles of the ELIPs are unknown, and as they were not upregulated in
response to UV-B exposure, in contrast to prior work showing them to be upregulated in
response to UV-B exposure (Brown et al., 2005; Oravecz et al., 2006; Kilian et al., 2007; Safrany
et al., 2008; Favory et al., 2009; Davey et al., 2012; Hayami et al., 2015), it still remains unknown
as to what role the ELIPs may play in the photosynthesis phenotype. Although it may be
hypothesised that ELIPs aid chlorophyll accumulation in some manner, and may prevent
overexcitation in response to UV-B exposure (Tzvetkova-Chevolleau et al., 2007), a clear

mechanistic understanding remains elusive.

7.3.2 RNA-seq identified candidate regulators

7.3.2.1 RBF1

RBF1 was identified in the RNA-seq screen and is significantly upregulated in response to UV-B
exposure. It is localised to the thylakoid membrane and involved in the biogenesis of the
thylakoid membrane (Fristedt et al., 2014). The two rbfl mutants exhibit much lower
photosynthetic rates at 24hrs under UV-B than in the absence of UV-B, and the photosynthetic
rate continues to decrease in response to UV-B exposure. This suggests that RBF1 plays a key
role in the UV-B dependent increase in photosynthetic rate at 24hrs, and in maintaining
photosynthetic rate under UV-B. As RBF1 is involved in thylakoid membrane biogenesis and is
UV-B has been shown to affect thylakoid membrane integrity (Strid et al., 1994), it stands to
reason that RBF1 plays a key role in the maintaining thylakoid membrane integrity under UV-B
exposure. Analysis of expression in the uvr8 mutant shows that in response to UV-B exposure
RBF1 is regulated by UVRS, as upregulation is absent in both uvr8 mutants. This leads to the

hypothesis that in response to low fluence UV-B exposure, UVR8 upregulates expression of
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RBF1. This results in increased thylakoid biogenesis, increasing photosynthetic rate through

increased thylakoid and chloroplast numbers.

7.3.2.2TOC33

TOC33 was identified as significantly upregulated in response to UV-B exposure at 6hrs in the
RNA-seq screen. TOC33 is a vital part of the chloroplast import machinery involved in the large-
scale import of photosynthetic pre proteins into the chloroplast (Bauer et al., 2000; Kubis et al.,
2003; Hiltbrunner et al., 2004; Ivanova et al., 2004; Smith et al., 2004). In response to low fluence
UV-B exposure, the toc33 mutant exhibited no change in photosynthetic rate at 24hrs of
exposure compared to no UV-B exposure; suggesting that it is required for the UV-B dependent
increase in photosynthetic rate. Analysis of TOC33 expression in uvr8-6 showed that
upregulation in response to UV-B is regulated by UVR8 and that UVR8 continues to regulate
TOC33 expression under UV-B exposure, likely resulting in the continued increase in relative
expression observed in wild type in gRT-PCR analysis (which was not seen in RNA-seq
experiments). However, as indicated by the absence of continuously higher photosynthetic rate
in wild type, continued upregulation does not continue to increase photosynthetic rate. This
suggests that the initial upregulation of TOC33 in response to UV-B is involved in the increase in

photosynthetic rate, but this does not affect photosynthetic rate in the medium-long term.

As TOC33 is a key factor in the import of photosynthetic pre-proteins into the chloroplast, it may
be that the upregulation of TOC33 by UVRS8 results in more import of photosynthetic pre-
proteins into the chloroplast resulting in a higher photosynthetic rate and improving
photosynthetic efficiency. However, continued exposure to UV-B limits expression of pre-
proteins or damages proteins in the chloroplast, negating the impact of higher TOC33 levels,
hence the absence of the UV-B dependent increase in photosynthetic rate at 48hrs of UV-B

exposure.
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7.3.2.3 TFP

TFP was also identified as a significantly upregulated gene in response to UV-B exposure at 6hrs
in the RNA-seq screen. TFP is a chloroplastic thioredoxin (Meyer et al., 2006), but little is known
about it, apart from that it is likely involved in the ferredoxin/thioredoxin system that is
associated with oxygenic photosynthesis and light (Schiirmann and Buchanan, 2001; Schiirmann
and Buchanan, 2008). The photosynthesis screen of the tfp mutant showed that in response to
low fluence UV-B exposure, the UV-B dependent increase in photosynthetic rate is absent at
24hrs. At 48hrs photosynthetic rate is significantly lower under UV-B than in the absence of UV-
B; suggesting that the loss of tfp results in stress to the photosynthetic machinery over
prolonged exposure. Both the RNA-seq screen and qRT-PCR analysis showed that in response to
UV-B, relative expression of TFP increases at 6hrs of UV-B exposure, and expression decreases
at 24hrs UV-B exposure. The upregulation of TFP at 6hrs suggests that increased thioredoxin
activity increases photosynthetic rate in response to UV-B exposure at 24hrs and that the
reduction in photosynthetic rate at 48hrs UV-B compared to 24hrs UV-B is in part a result of the
decrease in expression of TFP after 24hrs. gRT-PCR analysis of relative expression of TFP in uvr8-
6 also showed that UVRS is involved in the upregulation of TFP in response to UV-B exposure at
6hrs, but that at 24hrs it is no longer involved in the regulation, as both in wild type and uvr8-1
TFP expression decreases. Hence it can be hypothesised that in response to low fluence UV-B,
UVR8 upregulates TFP, resulting in an increase in thioredoxin activity in the chloroplast during
the first 24hrs of UV-B exposure. This results in an increase in photosynthetic rate, but the
specific interaction of TFP in the regulation of photosynthetic rate is unknown. After 24hrs,
expression of TFP decreases both under UV-B, and in the absence of UV-B, suggesting that
another regulatory factor is involved in TFP regulation and that increased thioredoxin activity in

the chloroplast is likely regulated by a large number of factors.
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7.4 Conclusion

Based on the results of these experiments, as well as our existing knowledge, a model of the
early-stage, UV-B-dependent increase in photosynthesis, is suggested (Fig 7.1). During initial
exposure, low fluence UV-B is perceived by the UV-B photoreceptor UVR8. The UVR8
homodimer monomerises upon illumination with UV-B, and initiates the UVR8/COP1 signalling
cascade resulting in the upregulation of photosynthesis-associated genes; among them RBF1,
TOC33 and TFP. Upregulation of genes such as RBF1 and TOC33 results in increased biosynthesis
and activity within the chloroplast through increased thylakoid biosynthesis and import of
photosynthetic pre-proteins into the chloroplast. Upregulation of genes such as TFP result in
increased oxidoreductase activity, increasing photosynthetic efficiency in response to UV-B.
Together, the increase in photosynthetically active proteins in the chloroplast and the increased
oxidoreductase activity in the chloroplast result in increased net photosynthetic rate at 24hrs of

UV-B exposure.

Other UV-B responsive genes such as SIG5 and the ELIPs play a part in the photosynthesis
phenotype but are not upregulated in response to UV-B exposure. Lack of regulation in response
to UV-B exposure suggests that while these may be involved in the photosynthesis response,
their specific role in the phenotype is unknown and remains to be elucidated. The role of RUP1
and RUP2 are not clear in terms of how they are involved in the photosynthesis response.
However, RUP1 and RUP2 could interact with UVR8 after the initial exposure to UV-B and

negatively regulate UVRS resulting less regulation of photosynthesis-associated genes.

Following the initial exposure response, around 24hrs after UV-B is first perceived by UVRS, the
UVR8/COP1/HY5 signalling cascade shifts regulation from photosynthesis-associated genes
towards a photomorphogenic response by upregulating the phenylpropanoid pathway, resulting
in the induction of flavonoids and anthocyanins and other pathways associated with UV-B

mediated morphogenesis. The shift in response also results in reduced autotrophic growth in
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response to UV-B exposure, as illustrated by the slower green leaf area development seen in the
various mutants and wild type in response to UV-B exposure. The shift in regulation away from
photosynthesis-associated genes results in the absence of increased photosynthetic rate at

48hrs of UV-B exposure.

In Conclusion, we have fulfilled the aims laid out in the introduction of this thesis. We
characterised the photosynthetic response to low fluence UV-B in wild type Arabidopsis and in
the uvr8 mutants; showing a UVR8 dependent increase in photosynthetic rate in response to
low fluence UV-B exposure in the first 24hrs of UV-B (Aim 1). Through RNA-seq analysis we
identified several candidate genes; RFB1, TFP and TOC33; which are significantly upregulated in
response to low fluence UV-B exposure at 6hrs of exposure (Aim 2). Through further analysis of
these genes, we have shown that each of these genes plays a role in the photosynthesis
response to low fluence UV-B exposure and are likely to be regulated by UVR8 during UV-B

exposure (Aim 3).
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Figure 7.1 Proposed model of the response to 0.5 umol m=2 s™ UV-B exposure resulting in increase in
photosynthetic rate at 24 hours. Plants perceive UV-B through the UVR8 photoreceptor, a homodimer,
which monomerises upon illumination with UV-B. The monomer then interacts with COP1 and stabilises
HY5 and HYH. This results in the induction of a large number of genes. During the initial illumination period
the UVR8/COP1/HY5 pathway induces a number of photosynthesis-associated genes. The most highly
upregulated are RBF1, TOC33 and TFP. The upregulation of these genes results in increased biosynthesis
of photosynthetically active proteins in the chloroplast and increase chloroplast biogenesis and increased
chloroplastic oxidoreductase activity, which results in higher a higher photosynthetic rate in response to
UV-B exposure. After 24hrs of exposure gene expression shifts toward a photomorphogenic response;
such as increased flavonoid content and reduced autotrophic growth. Black arrows denote interactions
established in literature, dashed black arrow denotes possible interactions identified in this work. Green
arrow denotes response to initial exposure over 24hrs, red arrow denotes response after 24hrs.
Chloroplast image adapted from Héhner et al. (2016).
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7.5 Future directions

The work presented in this thesis shows that in response to low fluence UV-B exposure, net
photosynthetic rate increases in the wild type at 24hrs of UV-B exposure, and that the increase
in rate is due to the upregulation in photosynthesis-associated genes; especially related to
chloroplast biogenesis and synthesis of chloroplastic proteins and chloroplastic oxidoreductase

activity. These genes have not been associated with UV-B exposure previously.

Future experiments could focus on further characterising the genes identified as key genes
through RNA-seq; thus doing further biochemical characterisation of RBF1, TOC33 and TFP.
Identifying if these genes are regulated by UV-B signalling pathways acting downstream of UVRS;
by examining expression by UV-B in known UV-B responsive mutants such as cop1-4 and the hy5
mutants. Furthermore, analysis of changes on the proteomic level would provide a better
understanding of the impact of low fluence UV-B and how the transcriptomic changes impact

protein levels.

Due to the volume of data produced by the RNA-seq screen, further analysis of the data, as well
as further investigation into many of the significantly regulated genes, would provide an
enhanced understanding of what drives the UV-B dependent increase in photosynthetic rate.
Analysis of the expression of UVR8-independent genes would provide a better understanding of
how the UVR8-independent response to UV-B modulates the photomorphogenic response.
There has been a paucity of whole-genome transcriptomic studies of acclamatory UV-B
responses to date, despite the availability of RNAseq tools for some time. Along with further
analysis of the transcriptomic response, analysis of the proteomic response would also provide
a deeper insights, as such approaches would determine if the increase in transcription of
photosynthesis-associated genes at 6hrs of UV-B exposure translates into a change of protein
levels associated with the genes; as increased transcription does not necessarily result in

increased translation. Proteomic analysis would also show which factors are specifically involved
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in the response. Furthermore, further analysis of the chloroplasts under UV-B exposure;
determining the impact of low fluence rate UV-B on chloroplast number and accumulation, as
well as biosynthesis within the chloroplast. This would allow for a better understanding of how
the exposure to low fluence UV-B affects chloroplast development and integrity. While older
studies often examined chloroplast structure and performance in response to higher fluence

UV-B, there are very few contemporary studies focused on this aspect of biochemistry.

In addition to focusing on increased understanding of the regulatory mechanism of the UV-B
dependent increase in photosynthetic rate, it would be interesting to determine if the increase
in photosynthetic rate in response to low fluence UV-B exposure translates into a similar
response in other plant species. If a similar response can be produced in other plant species, use
of low fluence UV-B may be a useful tool in terms of increasing crop productivity in agriculture.
Increasing crop yields through the use of light ‘treatments’, with reduced reliance upon genetic
modification, chemical applications, or long-term breeding programs, offers a sustainable

method to close crop yield gaps and satisfy the growing global demand for food.
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9 Supplementary Information

9.1 Supplementary information for Materials and Methods

9.1.1 PCR - Primers and Conditions

Table 9.1 Primers for PCR

Annealing
Primer name Sequence Temperature | Product size (bp)
(°)
Actin_F CAAGGCCGAGTATGATGAGG
Actin_R GAAACGCAGACGTAAGTAAAAAC >8 228
SALK lines
LethBEiTger ATTTTGCCGATTTCGGAAC 60
uvr8-6_L TTTGCTTGAACCATCCGTTAG 60 wt | 900-1100
uvr8-6_R AATGGCATTGACTTCAGATGG hm 564 - 864
lugddd_L AGGACCAATGAGAAGCATTCC 60 wt | 900-1100
lugdd4 R CAGGAAGTTGCTGATTTCGAG hm 530- 830
luh4_L ATTAGCAATTGATGCACCTGG 60 wt | 900-1100
luh4_R TCCTTCACAAGGGACAAACAC hm 537 -837
seu-4_L TTTCCGTGGTGTTTACGACTC 60 wt | 900-1100
seu-4_R TTTTTGGCATTAGGAGCAAAG hm 609 - 909
sigh-1 L TGACCATTCTCTAGTGTCAGCC 60 wt | 900-1100
sigh-1 R AGATGTTGATGGTGTTGGAGC hm 433 -733
elip2_L GAACCCTTTTGACTTTGCCTC 60 wt | 900-1100
elip2_R TGAGGAAACTTTTTCTTCCCC hm 436 - 736
rbfl-1_L GATTTGTGTGCTGGACCTAGC 60 wt | 900-1100
rbfl-1_R GTTCTCCATTCCGCCTTAGTC hm 439 -739
rbfl1-2_L AACCACCTACAACCCCAAAAG 60 wt | 900-1100
rbfl-2_R TAGCTGTGTTTTGCATCCATC hm 507 - 807
toc33_L TTGGTTATGCCGAGTTTTCTG 60 wt | 900-1100
toc33_R TAGCAATCACCCAAACCTTTG hm 432 -732
tfp_L AAATAACGTCCTTCCAAACCC 60 wt | 900-1100
tfp_R AAAACCAATGTGCTGATACGC hm 493 -793
SAIL lines
Left border
LB1 GCCTTTTCAGAAATGGATAAATAGCCTTGCTTCC 60
sigh-2_L ATGGGACACGAGTGAAGTTTG 60 wt | 900-1100
sig5-2_R AACGATCTTTTGACACATCGG hm 601 - 901
GABI KAT lines
02588 CGCCAGGGTTTTCCCAGTCACGACG
03269 GAAGGCGGGAAACGACAATCTG 60 hm 680
Elipl_F AACACACAGTAGGCCTAACACAGA
Elipl_R ACAACTCGACCTAATGACCTATCA 60 wt 870

wt — wild type; hm — homozygous; bp — base pairs
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Table 9.2 PCR set up

Component Volume for 25 pl
PCR master mix 2x 12.5 ul
Upstream Primer 10 uM 2.0l
Downstream primer 10 uM 2.0l
DNA template 1yl
Nuclease-free water 7.5 ul

Table 9.3 PCR conditions

Step Temperature Time Cycle number
Initial Denaturation 95°C 2 min 1
Denaturation 95°C 1 min
Annealing Primer dependent 1 min 35
Extension 72°C 1 min
Final Extension 72°C 5 min 1
Soaking 4°C Indefinitely

9.1.2 gRT-PCR - Primers and Conditions

Table 9.4 Primers for qRT-PCR

Primer name Sequence Annealing Product size
Temperature (°C) (bp)
Housekeeping
UBC9_g_F TCACAATTTCCAAGGTGCTGC 60 61
UBC9_g_R TCATCTGGGTTTGGATCCGT
AT2G_q_F ATCGAGCTAAGTTTGGAGGATGTAA 60 61
AT2G_qg_R TCTCGATCACAAACCCAAAATG
Genes of Interest
TFP_q_F TGATTGGTCTGGCCTCATTGCG 60 96
TFP_q_R CGGGCTGTGAACATAACCATTACG
TOC33_q_F ATCCGGGCTGGTTCTAAGATGC 60 60
TOC33_qg_R GACTACCGCGATTGCAGAATCCTC
RBF1_qg_F AAGCCGTTTAAGCAACGAGTGC 60 68
RBF1_g_R GCCTTAGTCTTGTCCAACAACGC
SIG5_q_F CGAGGTAGTTGAGAGACTCA 60 210
SIG5_qg_R TCAATGAATCGAGCACATCG
ELIP1_q_F CATGGCTGAGGGAGGAC 60 192
ELIP1_qg_R AACGCTAGCAAGTCGCTAA
CP12-2_q_F ACAACTAACCGGATGATGAAA 60 201
CP12-2_g_R ATCAGCCTTCTTCTTGTCTCTA

Table 9.5 qRT-PCR set up

Component Volume for 10 pl
SYBR Green master mix 2x 5ul
Upstream Primer 10 uM 0.5 ul
Downstream primer 10 uM 0.5 ul
cDNA template 2.5 ul
Nuclease free water 1.5ul
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Step Temperature Time Cycle number

Pre-Incubation 95°C 5 min 1

Denaturation 95 °C 10 sec
A . Primer

Amplification Annealing dependent 10 sec 45
Extension 72°C 10 sec

Melting curve 95 °C 5 min 1

Cooling 40 °C Indefinitely

9.2 Supplementary data for Chapter 3: Identification of photosynthesis
phenotype in response to low fluence rates of UV-B

9.2.1 Net photosynthetic rate in wt (Ler) and uvr8-1 (Ler) over 5 days of 1.5 pumol m~
s~1 UV-B exposure
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Figure 9.1 Changes in net photosynthetic rate (umol CO; m=2s™") in wt (Ler) and uvr8-1 (Ler) in response
to irradiation with 1.5 pmol m=2 s~ of UV-B over 5 days. wt (Ler) —UVB is represented as the black circles,
wt (Ler) +UVB is represented as the dark grey circles; while uvr8-1 (Ler) —UVB is represented as medium
grey squares, uvr8-1 (Ler) +UVB is represented as light grey squares. Day 0 is 35 DAS and is the net
photosynthetic rate prior to commencement of illumination with UV-B, while Day 1 is after 24 hours of
exposure and so forth. In the +UVB condition the plants are exposed to 1.5 pmol m=2 s and 220 umol
m~2 s71 of PAR, in the -UVB condition the plants are exposed to 220 umol m~2 s™' of PAR only. Error bars
represent + S.E. (n = 8 biological repeats).
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9.2.2 Dry weight of wt (Ler) and uvr8-1 after 5 days of 1.5 umol m=2s~' UV-B exposure
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Figure 9.2 Changes in dry weight (g) in wt (Ler) and uvr8-1 (Ler) in response to irradiation with 1.5 umol
m~2 s~ of UV-B (+UVB, dark grey) or without (-UVB, white) at 5 days of exposure. In the +UVB condition
the plants are exposed to 1.5 umol m=2 s™"and 220 pmol m=2 s™" of PAR, in the -UVB condition the plants
are exposed to 220 umol m~2s~" of PAR only. Error bars represent + S.E. (n = 8 biological repeats). Asterisks
indicate statistically significant means (P < 0.05) between +UVB and -UVB treatments for a given time
point and genotype.

9.2.3 Net photosynthesis rate of wt (Col-0) and uvr8-6 (Col)
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Figure 9.3 Changes in net photosynthetic rate (umol CO, m=2 s™') normalised to leaf area in Col-0 and
uvr8-6 (Col) in response to irradiation with 0.5 umol m=2s™ of UV-B (+UVB, dark grey) or without (-UVB,
white) over 48 hours of exposure. Ohrs is 35 DAS and is the net photosynthetic rate prior to
commencement of illumination with UV-B, while 24hrs is after 24 hours of exposure and so forth. In the
+UVB condition the plants are exposed to 0.5 umol m™2 s™ and 220 umol m™2 s™ of PAR, in the -UVB
condition the plants are exposed to 220 umol m=2 s™ of PAR only. Error bars represent + S.E. (n = 16
biological repeats). Asterisks indicate statistically significant means (P < 0.05) between +UVB and -UVB
treatments for a given time point and genotype; ns indicates not significant means.
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9.3 Supplementary data for Chapter 5: Analysis of transcriptome changes
in response to 0.5 umol m=2s™" of UV-B

9.3.1 Confirmation of RNA-seq through qPCR analysis
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Figure 9.4 Correlation between RNA-seq and quantitative real-time PCR (qRT-PCR). Comparison of
log2foldchange of 6 DEGs at different time points (Ohrs, 6hrs, 24hrs) in wt (Ler) obtained by RNA-seq
and gRT-PCR. Strong, statistically significant Pearson correlation is shown between the expression
levels measured using qRT-PCR and RNA-seq. Pearson correlation coefficients of 0.84 (P < 0.001) and
Spearman coefficient of 0.97 (P < 0.001). DEGs used CP12-2, ELIP1, SIG5, RBF1, TOC33 and TFP.

9.3.2 Differentially expressed genes identified in RNA-seq

Table 9.7 Significant DEGs identified at 6hrs +UVB:-UVB in wt (Ler). Significance is determined by padj <
0.05. LFC — log2fold change, padj — adjusted p-value

AT4G34730 1.10 0.00 ribosome-binding factor A family protein
AT1G52990 1.69 0.00 thioredoxin family protein

AT1G02280 0.78 0.00 translocon at the outer envelope membrane of chloroplasts 33
AT1G22550 1.00 0.00 Major facilitator superfamily protein

AT1G14010 -0.76 | 0.00 emp24/gp25L/p24 family/GOLD family protein
AT1G49650 0.99 0.00 alpha/beta-Hydrolases superfamily protein
AT3G57260 -1.26 | 0.00 beta-1,3-glucanase 2

AT2G40400 1.02 0.00 Protein of unknown function (DUF399 and DUF3411)
AT4G25570 0.76 0.00 | Cytochrome b561/ferric reductase transmembrane protein family
AT4G33140 -0.60 0.00 Haloacid dehalogenase-like hydrolase (HAD) superfamily protein
AT5G50460 -0.80 0.00 secE/sec61-gamma protein transport protein
AT1G66960 -1.18 | 0.00 Terpenoid cyclases family protein

182



Chapter 9

AT4G10500 -1.29 | 0.00 | 2-oxoglutarate (20G) and Fe(ll)-dependent oxygenase superfamily
protein

AT1G27330 -0.88 0.00 Ribosome associated membrane protein RAMP4

AT3G60540 -1.09 | 0.00 Preprotein translocase Sec, Sec61-beta subunit protein

AT2G25110 -0.67 0.01 stromal cell-derived factor 2-like protein precursor

AT1G11670 0.86 0.01 MATE efflux family protein

AT4G30720 0.69 0.01 FAD/NAD(P)-binding oxidoreductase family protein

AT3G15536 -1.19 0.01

AT3G51870 0.94 0.01 Mitochondrial substrate carrier family protein

AT5G54280 0.90 0.01 myosin 2

AT4G24920 -0.75 0.01 secE/sec61-gamma protein transport protein

AT1G56120 -0.87 0.01 Leucine-rich repeat transmembrane protein kinase

AT5G58940 -0.99 | 0.01 calmodulin-binding receptor-like cytoplasmic kinase 1

AT2G44380 -1.19 0.01 Cysteine/Histidine-rich C1 domain family protein

AT2G04270 0.59 0.01 RNAse E/G-like

AT4G08230 -0.70 0.01 glycine-rich protein

AT2G46140 -0.88 | 0.01 Late embryogenesis abundant protein

AT1G32780 1.20 0.01 GroES-like zinc-binding dehydrogenase family protein

AT2G43850 -0.58 0.01 Integrin-linked protein kinase family

AT1G27350 -0.78 | 0.01 Ribosome associated membrane protein RAMP4

AT4G21190 0.66 0.01 Pentatricopeptide repeat (PPR) superfamily protein

AT1G53250 0.77 0.01

AT2G40890 0.59 0.01 cytochrome P450, family 98, subfamily A, polypeptide 3

AT2G47470 -0.64 | 0.01 thioredoxin family protein

AT3G56950 -0.65 0.01 small and basic intrinsic protein 2;1

AT3G62600 -0.78 | 0.01 DNAJ heat shock family protein

AT1G77510 -0.94 0.01 PDI-like 1-2

AT1G68470 -0.63 | 0.01 Exostosin family protein

AT5G52740 -1.15 0.01 Copper transport protein family

AT5G13360 0.69 0.01 Auxin-responsive GH3 family protein

AT5G20040 0.51 0.01 isopentenyltransferase 9

AT5G64000 -1.06 0.01 Inositol monophosphatase family protein

AT3G12930 0.65 0.01 Lojap-related protein

AT4G33110 0.97 0.01 S-adenosyl-L-methionine-dependent methyltransferases
superfamily protein

AT4G20130 0.66 0.01 plastid transcriptionally active 14

AT1G21750 -0.77 0.01 PDI-like 1-1

AT1G65040 -0.69 | 0.02 RING/U-box superfamily protein

AT3G45290 -0.92 | 0.02 Seven transmembrane MLO family protein

AT1G04980 -0.93 | 0.02 PDI-like 2-2

AT1G68725 1.13 0.02 arabinogalactan protein 19

AT1G09490 0.42 0.02 NAD(P)-binding Rossmann-fold superfamily protein

AT1G04600 -0.94 0.02 myosin XI A

AT1G75030 0.99 0.02 thaumatin-like protein 3

AT1G70430 0.91 0.02 Protein kinase superfamily protein

AT4G22840 -0.86 | 0.02 Sodium Bile acid symporter family
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AT1G21240 -1.09 | 0.02 wall associated kinase 3

AT5G58710 -0.49 0.02 rotamase CYP 7

AT3G50210 -0.66 | 0.02 | 2-oxoglutarate (20G) and Fe(ll)-dependent oxygenase superfamily

protein

AT1G14880 -0.91 0.02 PLANT CADMIUM RESISTANCE 1

AT1G14360 -0.75 0.02 UDP-galactose transporter 3

AT2G18660 -1.00 0.02 plant natriuretic peptide A

AT3G62910 0.54 0.02 Peptide chain release factor 1

AT5G27830 -0.59 | 0.02

AT2G22650 0.91 0.02 FAD-dependent oxidoreductase family protein

AT4G28660 0.56 0.02 photosystem Il reaction center PSB28 protein

AT1G76720 0.95 0.02 eukaryotic translation initiation factor 2 (elF-2) family protein

AT3G05410 0.59 0.02 Photosystem Il reaction center PsbP family protein

AT5G47420 -0.65 0.02 Tryptophan RNA-binding attenuator protein-like

AT1G18810 1.05 0.02 phytochrome kinase substrate-related

AT2G45790 -0.58 0.02 phosphomannomutase

AT5G10740 -0.76 | 0.02 Protein phosphatase 2C family protein

AT5G18470 -0.98 0.02 Curculin-like (mannose-binding) lectin family protein

AT2G31830 0.83 0.02 endonuclease/exonuclease/phosphatase family protein

AT5G20130 0.55 0.02

AT3G14395 1.08 0.02

AT1G49490 1.07 0.03 Leucine-rich repeat (LRR) family protein

AT1G80130 -1.02 0.03 Tetratricopeptide repeat (TPR)-like superfamily protein

AT5G11920 -1.06 | 0.03 6-&1-fructan exohydrolase

AT4G39210 -0.84 0.03 Glucose-1-phosphate adenylyltransferase family protein

AT5G08050 0.69 0.03 Protein of unknown function (DUF1118)

AT1G16790 0.60 0.03 ribosomal protein-related

AT1G15790 -0.84 0.03

AT5G55580 0.80 0.03 Mitochondrial transcription termination factor family protein

AT1G06690 0.74 0.03 NAD(P)-linked oxidoreductase superfamily protein

AT1G50450 0.49 0.03 Saccharopine dehydrogenase

AT4G29520 -0.81 | 0.03

AT1G09932 -1.01 0.03 Phosphoglycerate mutase family protein

AT4G11175 0.53 0.03 Nucleic acid-binding, OB-fold-like protein

AT3G26230 -0.84 | 0.03 cytochrome P450, family 71, subfamily B, polypeptide 24

AT1G57770 0.61 0.03 FAD/NAD(P)-binding oxidoreductase family protein

AT5G03700 0.99 0.03 D-mannose binding lectin protein with Apple-like carbohydrate-
binding domain

AT1G66840 0.59 0.03 Plant protein of unknown function (DUF827)

AT3G28460 0.53 0.03 methyltransferases

AT3G03630 0.73 0.03 cysteine synthase 26

AT3G07680 -0.43 | 0.04 emp24/gp25L/p24 family/GOLD family protein

AT5G34850 0.53 0.04 purple acid phosphatase 26

AT5G57345 0.80 0.04

AT4G14510 0.50 0.04 CRM family member 3B

AT4G25000 -0.93 | 0.04 alpha-amylase-like
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AT5G02860 0.74 0.04 Pentatricopeptide repeat (PPR) superfamily protein
AT1G58225 -0.94 0.04

AT3G29250 -1.02 | 0.04 NAD(P)-binding Rossmann-fold superfamily protein
AT2G31750 0.88 0.04 UDP-glucosyl transferase 74D1
AT4G38160 0.61 0.04 Mitochondrial transcription termination factor family protein
AT1G78410 -0.95 0.04 VQ motif-containing protein

AT1G27940 0.97 0.04 P-glycoprotein 13

AT2G45400 0.88 0.04 NAD(P)-binding Rossmann-fold superfamily protein
AT4G05320 -0.47 0.04 polyubiquitin 10

AT3G50920 -0.42 | 0.04 Phosphatidic acid phosphatase (PAP2) family protein
AT3G07580 -0.70 0.04

AT4G23150 -0.96 | 0.04 cysteine-rich RLK (RECEPTOR-like protein kinase) 7
AT3G14330 0.69 0.04 Tetratricopeptide repeat (TPR)-like superfamily protein
AT5G24150 0.98 0.04 FAD/NAD(P)-binding oxidoreductase family protein
AT1G11430 0.43 0.05 plastid developmental protein DAG, putative
AT5G10380 -0.77 0.05 RING/U-box superfamily protein
AT3G15620 0.98 0.05 DNA photolyase family protein
AT5G57180 0.77 0.05 chloroplast import apparatus 2
AT3G08870 -0.63 0.05 Concanavalin A-like lectin protein kinase family protein

Table 9.8 Significant DEGs identified at 24hrs +UVB:-UVB in wt (Ler). Significance is determined by padj
< 0.05. LFC — log2fold change, padj — adjusted p-value

AT5G17030 1.49 0.00 UDP-glucosyl transferase 78D3
AT2G22960 1.42 0.00 alpha/beta-Hydrolases superfamily protein
AT5G62210 1.34 0.00 Embryo-specific protein 3, (ATS3)
AT2G47460 1.24 0.00 myb domain protein 12
ATA4G27570 1.17 0.00 UDP-Glycosyltransferase superfamily protein
AT2G23180 1.13 0.00 cytochrome P450, family 96, subfamily A, polypeptide 1
AT1G78440 1.18 0.00 Arabidopsis thaliana gibberellin 2-oxidase 1
AT2G22590 1.15 0.00 UDP-Glycosyltransferase superfamily protein
AT2G36750 1.13 0.00 UDP-glucosyl transferase 73C1
AT1G65560 1.12 0.00 Zinc-binding dehydrogenase family protein
AT5G08640 1.08 0.00 flavonol synthase 1

AT5G17040 1.09 0.00 UDP-Glycosyltransferase superfamily protein
AT4G30470 1.10 0.00 NAD(P)-binding Rossmann-fold superfamily protein
AT1G02205 1.09 0.00 Fatty acid hydroxylase superfamily
AT1G64340 0.99 0.00

AT2G30300 1.07 0.00 Major facilitator superfamily protein
AT3G62610 1.07 0.00 myb domain protein 11
AT1G27940 1.00 0.01 P-glycoprotein 13

AT1G78570 1.00 0.01 rhamnose biosynthesis 1
AT3G13790 1.05 0.01 Glycosyl hydrolases family 32 protein
AT1G45207 -0.64 | 0.01 Remorin family protein
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AT4G15480 1.02 0.01 UDP-Glycosyltransferase superfamily protein

AT4G25850 1.04 0.01 OSBP(oxysterol binding protein)-related protein 4B

AT5G49330 0.96 0.01 myb domain protein 111

AT5G65165 1.00 0.01 succinate dehydrogenase 2-3

AT3G24750 0.90 0.01

AT2G42380 -0.86 | 0.01 Basic-leucine zipper (bZIP) transcription factor family protein

AT4G14560 -0.84 | 0.01 indole-3-acetic acid inducible

AT1G65060 0.98 0.02 4-coumarate:CoA ligase 3

AT5G44110 0.96 0.02 | P-loop containing nucleoside triphosphate hydrolases superfamily
protein

AT1G23440 0.56 0.02 Peptidase C15, pyroglutamyl peptidase I-like

AT3G10185 -0.96 | 0.02 Gibberellin-regulated family protein

AT3G20360 0.83 0.03 TRAF-like family protein

AT1G12570 0.78 0.03 Glucose-methanol-choline (GMC) oxidoreductase family protein

AT5G01520 0.70 0.03 RING/U-box superfamily protein

AT4G17680 -0.75 | 0.03 SBP (S-ribonuclease binding protein) family protein

AT1G64400 0.88 0.03 AMP-dependent synthetase and ligase family protein

AT4G02360 0.92 0.04 Protein of unknown function, DUF538

AT1G36160 0.83 0.04 acetyl-CoA carboxylase 1

AT3G19450 0.83 0.04 GroES-like zinc-binding alcohol dehydrogenase family protein

AT2G35770 0.77 0.04 serine carboxypeptidase-like 28

AT5G09930 0.91 0.05 ABC transporter family protein

AT4G21200 0.89 0.05 gibberellin 2-oxidase 8

Table 9.9 Significant DEGs identified at Ohrs mt:wt +UVB. Significance is determined by padj < 0.05. LFC
— log2fold change, padj — adjusted p-value

AT4G16215 2.21 0.00

AT5G46760 1.05 0.00 Basic helix-loop-helix (bHLH) DNA-binding family protein
AT5G46750 0.98 0.00 ARF-GAP domain 9

AT1G54360 -1.10 | 0.00 tbp-associated factor 6b

AT3G43340 -1.09 0.00 Pseudouridine synthase family protein
AT3G30700 -0.94 | 0.00 transposable element gene

AT4G21090 0.65 0.00 mitochondrial ferredoxin 2

AT3G02520 0.48 0.00 general regulatory factor 7

AT1G22170 0.62 0.05 Phosphoglycerate mutase family protein
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