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A perspective on ecologically relevant plant-UV research and its
practical application

T. Matthew Robson,*? Pedro J. Aphalo,® Agnieszka Katarzyna Banas,® Paul W Barnes,® Craig C.
Brelsford,? Gareth I. Jenkins,d Titta K. Kotilainen,®¢ Justyna tabuz,f Javier Martinez Abaigar,8 Luis O.
Morales,®" Susanne Neugart,' Marta Pieristé,> Neha Rai,? Filip Vandenbussche,* Marcel A.K. Jansen,'

Plants perceive ultraviolet-B (UV-B) radiation through the UV-B photoreceptor UV RESISTANCE LOCUS 8 (UVR8), and initiate
regulatory responses via associated signalling networks, gene expression and metabolic pathways. Various regulatory
adaptations to UV-B radiation enable plants to harvest information about fluctuations in UV-B irradiance and spectral
composition in natural environments, and to defend themselves against UV-B exposure. Given that UVR8 is present across
plant organs and tissues, knowledge of the systemic signalling involved in its activation and function throughout the plant is
important for understanding the context of specific responses. Fine-scale understanding of both UV-B irradiance and
perception within tissues and cells requires improved application of knowledge about UV-attenuation in leaves and
canopies, warranting greater consideration when designing experiments. In this context, reciprocal crosstalk among
photoreceptor-induced pathways also needs to be considered, as this appears to produce particularly complex patterns of
physiological and morphological response. Through crosstalk, plant responses to UV-B radiation go beyond simply UV-
protection or amelioration of damage, but may give cross-protection over a suite of environmental stressors. Overall, there
is emerging knowledge showing how information captured by UVR8 is used to regulate molecular and physiological
processes, although understanding of upscaling to higher levels of organisation, i.e. organisms, canopies and communities
remains poor. Achieving this will require further studies using model plant species beyond Arabidopsis, and that represent
a broad range of functional types. More attention should also be given to plants in natural environments in all their
complexity, as such studies are needed to acquire an improved understanding of the impact of climate change in the context
of plant-UV responses. Furthermore, broadening the scope of experiments into the regulation of plant-UV responses will
facilitate the application of UV radiation in commercial plant production. By considering the progress made in plant-UV
research, this perspective highlights prescient topics in plant-UV photobiology where future research efforts can profitably
be focussed. This perspective also emphasises burgeoning interdisciplinary links that will assist in understanding of UV-B
effects across organisational scales and gaps in knowledge that need to be filled so as to achieve an integrated vision of plant
responses to UV-radiation.

(a) Introduction
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quantification of UV-B radiation and to the study of its effects
on plants have been refined over the last 30 years, with intense
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research efforts following the discovery of the Antarctic ozone
(O3) hole. As a result, real progress has been made in
understanding the conditions under which UV-B can be a
stressor, as well as the mechanism of UV-B perception. In
contrast, there has been much less research on the effects of
solar UV-A radiation, which is not affected by stratospheric O3
depletion.

Understanding of how plants perceive UV-B radiation as an
informational cue made a leap forward with the identification
of a UV-B-specific photoreceptor, UV RESISTANCE LOCUS 8
(UVR8).3 This in turn has boosted efforts to describe UV-B-
dependent cell-signalling networks, and the role of UV-B
radiation in the regulation of metabolic pathways and
associated physiological responses. However, slower progress
has been made towards understanding the basis of responses
to UV-B radiation at higher levels of organisation within the
plant and in scaling up to plant populations and communities.
This is partially due to the complex interactions of UV-B
responses with those to other cues and signals concurrently
present in natural and anthropogenic habitats. In this
perspective, we set out to find links between different
responses within and across levels of organisation and highlight
those gaps in knowledge that need to be filled so as to achieve
an integrated vision of plant responses to UV-radiation.

There remain many unanswered questions concerning plant responses
to UV-B radiation, of which the most crucial is: how can knowledge of
the described mechanisms of response be integrated into a coherent
conceptual model explaining the roles of UV-B in adaptation and
acclimation of plants? And what contribution do these responses make
to the effects of UV-B radiation on both vegetation composition and
ecosystem function?

The reader is first taken back through the evolution of plant UV
responses to set the context of how plants overcame the
challenge of being exposed to UV radiation. This leads us to
explore the evolutionary conservation of UVR8 and associated
signalling elements among plants, comparing its function and its
localisation within the plant among different phyla. This
highlights the need to go beyond testing UV-B responses in
standard model organisms under controlled conditions, and to
explore UV-B responses in species with more complex and
varied anatomical, structural and morphological, physiological
and life history attributes. Furthermore, crosstalk between UV-
B induced signalling pathways and pathways governed by other
environmental stimuli is explored and likewise alternative
mechanisms of UV-B detection and response. The potential
ecological implications of these UV-B responses are considered
when they are scaled up to natural environments where plants
are exposed to dynamic patterns of UV-B radiation as part of
the solar spectrum. Finally, the opportunities created by recent
innovations in lighting technologies are discussed. These
optimise the control of environmental conditions for
applications in commercial plant production, and likewise for
the study of molecular responses to UV-B radiation, by bringing
them closer to natural light environments. Initially, this may
make it more challenging to isolate UV-B responses, but
creating more-relevant conditions will improve our
understanding of the contribution of UV-B radiation as a part of
the solar spectrum in shaping the adaptation and acclimation of
plants in nature.

2| J. Name., 2012, 00, 1-3
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(b) Understanding adaptation to UV radiation. o

. o . DOl Jt0.1039/C8PP00526E
over evolutionary time scales is key to

interpreting current and potential future
responses

Incident solar UV radiation at ground level has changed
dramatically since the beginning of life on Earth. Approximately
3800 MY ago, early forms of microbial life appeared in the
oceans, where these could avoid extreme climatic conditions.
This aquatic environment provided a degree of shelter from UV
irradiances which are estimated to have been 1000-fold greater
than at present.* At around 2 900 MY ago, the first oxygenic
photosynthesizars (cyanobacteria) appeared. In the absence of
a stratospheric O3 layer, these microorganisms were protected
from UV radiation through: a) other UV attenuators in the
atmosphere (aerosols, methane-derived organic haze) and the
water column (organic matter, iron-silica-rich precipitates); b)
living in protected habitats, such as sediment pores, endolithic
habitats or deep water; and c) physiological mechanisms, such
as DNA repair, antioxidant systems and UV-screening through
UV-absorbing compounds.>

Figure 1: Present-day soil crusts showing different cryptogamic

components, presumably similar to those in Ordovician soil crusts. A,
cyanobacteria and a liverwort on abandoned mine soil, Ireland
(photo: Des Callaghan); B, mosses and an ascomycete fungus on
mineral soil, Spain (photo: Ruben Martinez-Gil); C, liverworts,
mosses, fruticose lichens and cyanobacteria on abandoned mine soil,
England (photo: Des Callaghan); D, dense moss cover on minero-
organic soil, Spain (photo: Andrés Ruiz-Bastida); E, sparse algal cover
in an early phase of soil colonization, USA (photo: T. Matthew
Robson); F, crustose lichens, algae and a moss with young
sporophytes, England (photo: Des Callaghan).

This journal is © The Royal Society of Chemistry 20xx
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Around 2 300 MY ago, the oxygen (0;) content of the air had
increased greatly, enabling the formation of the stratospheric
O3 layer.6 O3 is formed in the stratosphere by the photochemical
cleavage of O, by UV-C radiation, and the subsequent
combination of an O, free radical atom with a ground state O,
molecule. This process blocks the most energetic UV-C radiation
from entering the biosphere, while stratospheric O3 strongly
absorbs UV-B radiation but not UV-A radiation. The Oz layer was
fully formed around 1 500 MY ago and, since then, organisms in
the biosphere have had to cope with a mixture of UV-A (around
95% of the total UV) and UV-B radiation, but not UV-C radiation.
It is surprising, given the early origin and rapid evolution of life
in water ~3 800 MY ago (only 500 MY after the planet’s
formation), that the water-to-land transition and subsequent
land colonisation did not occur until the Ordovician period, just
~450 MY ago.” This long time span gives an indication of the
tremendous evolutionary challenges to overcome during this
process. Probably, the first forms of terrestrial life were
cryptogamic crusts not very different in their structure and
function to those present today in similarly harsh
environments.® 2 The components of these crusts may have
included cyanobacterial colonies, unicellular to filamentous
green algae, fungi, and lichens; perhaps the first symbiotic
association on land (Fig. 1). The environmental pressures
limiting land colonisation by photosynthetic cryptogamic
organisms were high solar radiation (both photosynthetic and
UV), low availability of water and mineral nutrients, high and
fluctuating temperatures, high O, concentrations, and even
gravity itself. Other limitations would have been related to
sexual reproduction and dispersal that previously required
water. The challenge for plants colonising land would have been
coping with all of these factors simultaneously. Land
colonisation did not occur until the stratospheric O3 layer had
fully developed, suggesting that UV radiation was a limiting
factor.1® However, it was not likely to have been the critical
constraint for land colonisation®. For example, stromatolites in
intertidal zones were exposed to full ambient UV radiation
before the presence of stratospheric O3, and were able to
survive, probably taking advantage of the physiological
mechanisms mentioned above for UV protection.

Plant UV-B responses are underpinned by a complex mixture of
UV-perception and responses inherited from green algal
forebears, and more modern physiological and reproductive
innovations to cope with UV radiation and interacting
environmental pressures.

Bryophytes (mosses, liverworts and hornworts) evolved as the
first “true” plants (embryophytes), and formed part of the
cryptogamic crusts (Fig. 1). Structurally simple bryophytes, and
later-evolving more structurally complex lineages
(tracheophytes: pteridophytes and seed plants), adapted to
high UV exposures by using a number of protective mechanisms
the origins of which were already present in their ancestors. For
instance, UV-B perception through UVR8, and the regulatory
and metabolic pathways underpinning the mechanisms of plant
UV-B response, were all inherited from green algal ancestors.1%
12 The evolution of UV-absorbing compounds exemplifies a
similar pattern of evolution. Scytonemin from cyanobacteria
and mycosporine-like amino acids (MAAs) from both
cyanobacteria and other eukaryotic algal lineages were two
early-evolving classes of UV-absorbing compounds. It has been

This journal is © The Royal Society of Chemistry 20xx

proposed that phenolic compounds, and especially, flavongids,
replaced MAAs in embryophytes, constitutingo/@srspesifie
innovation allowing adaptation to conditions on land.13
However, diverse algal lineages including cyanobacteria can
synthesize phenolic compounds (scytonemin itself is partially
derived from phenolic subunits), although they might have
acted as antioxidants or developmental regulators rather than
UV screens.1# 15

Embryophytes developed subtle innovations in otherwise
ancestral processes and structures, including in secondary
metabolism, UV-B perception, cell wall composition, cellular
compartmentalisation of UV-absorbing compounds, and the
protection of gametes and embryos by a layer of protective,
sterile cells. These innovations are thought to contribute to UV
adaptation!2 16-18 gnd sometimes also facilitated adaptation to
other interacting environmental pressures, promoting
tolerance to multiple stressors. For example, typical
tracheophyte structures such as leaf hairs, waxes, thick cuticles
and epidermis, can not only reduce UV penetration and
damage, but also contribute to improved water use efficiency
and temperature regulation. Thus, early in plant evolution, a
strong element of crosstalk existed between UV and drought-
protection responses, a synergy that is important in the context
of the climate change experienced by modern plants.
Individual plant species have evolved their own “global”
strategies of response to multiple environmental pressures,
including UV radiation, resulting in a highly diverse biosphere in
its species composition and ecosystem function. Our knowledge
of how photosynthetic organisms have adapted to past UV
irradiances feeds into understanding of how they respond to
the full range of present-day exposures to UV radiation.

(c) Plant UV-B exposure involves more than just
the incident irradiance

Photosynthesis entails that green plants require sunlight to live,
and are thus unavoidably exposed to solar UV-radiation. Many
studies have quantified plant UV-exposure, including local and
regional UV-B-regimes and links with altitude, latitude, and
weather conditions.1? 20 Yet, very few consider the fine-scale UV
exposure patterns experienced by plants within a canopy, cells
within leaves, or organelles within cells; although the physical
phenomena involved are well understood and can be
modelled.21-22 These UV-exposure patterns depend, not only on
the incident solar irradiance at the top of the canopy and its
relative UV-fraction, but also on the absorption, reflection and
scattering of radiation in the atmosphere, canopy, at the leaf
surface and within leaves themselves. Thus, the precise UV
exposure of cells, tissues and even individual leaves can diverge
dramatically from that in the atmosphere, or at the top of the
canopy.

Plant architecture and leaf morphology are important when
estimating UV-exposure. The influence of UV-B radiation on
plant and leaf architecture has been widely studied,?3 2% but the
opposite, i.e. the effect of plant architecture and leaf
morphology on the transmittance of UV radiation within the
canopy, is still poorly understood. The interception of direct
sunlight by forest canopies typically produces shade that is less
depleted in UV than PAR at ground level. 25,26 However, rapid
measurements of irradiance are required to resolve the mixture
of shade and sunflecks, differing in their UV/PAR ratios,
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composing the under-canopy environment. 27 UV-B radiation
has been well established to enhance plant branching, cause
leaf thickening and/or to impede stem elongation.?* Yet, it
remains unknown how these architectural changes will, in turn,
affect local UV irradiance.

To assess the effects of UV radiation on plant tissues, it is
essential to consider not only UV radiation incident on the leaf
surfaces, but also how much and how deeply it penetrates. Both
reflection and absorption can attenuate the amount of UV
radiation reaching the mesophyll, while reflection at the cuticle
or by trichomes can protect epidermal cells. At cell walls and
other internal surfaces, multiple reflections in different
directions result in scattering which lengthens the path of
photons within plant tissues. Absorption of PAR and UV
radiation typically accounts for a much larger proportion of
attenuation of the incident irradiance than reflection,?® and
depends on the leaf structure and UV-shielding capacity, which
is achieved principally by screening pigments deposited in the
vacuole of epidermal cells. Nevertheless, cuticular wax
deposition and/or changes in its composition induced by UV-B
exposure, can increase leaf UV reflectance.?® Similarly, UV-B
exposure can induce trichome formation in some Arabidopsis
thaliana (Arabidopsis) accessions, and this is sometimes
associated with increased shielding, and decreased UV-
sensitivity.30.31

It is not known to what extent UV-induced changes in plant
architecture and leaf optical properties affect local UV-regimes
within a canopy

It has been suggested that the epidermis may present an
uneven barrier to UV radiation, both because epidermal cells
are not of uniform size and because the cell walls of many
higher plant species have high UV transmittance.32 33 Open
stomata could constitute a further entry route for UV irradiance
in to the leaf. While general trends of UV irradiance versus leaf
depth have been established,3* our understanding of fine-scale
leaf penetration of PAR, never mind UV radiation, remains
sketchy.19 35 To explore the fate of UV radiation within leaves
and obtain a better understanding of UV-attenuation at this
scale, there is exciting potential to exploit the available mutants
of model plants with altered leaf anatomy; cell size and shape;
number and size of chloroplasts, and vacuole morphology.
Another option may be to study leaf optics by exploiting local
variations in pigments found in cultivated and model plants that
have variegated leaves, such as some Coleus varieties or
Arabidopsis immutans (im) and variegated2 (var2) mutants.36
Assessing concurrent UV penetration and UV-induced damage
within tissues can contribute to a better understanding of local
versus systemic plant UV-responses.

Plants in natural environments are exposed to higher
irradiances of blue light than UV radiation. Thus, it is very
important to understand how the effects of UV radiation
interact with blue-light-induced responses in plants.
Chloroplasts3? and nuclei3® move within the cell to avoid
exposure to excess blue light.3° These responses are controlled
by the UV-A-radiation/blue-light photoreceptor phototropin2
and cause the chloroplasts and nuclei to position themselves
parallel to the direction of incident light.4%42 The nuclear
avoidance response has been shown to be associated with
reduced UV-induced nuclear DNA damage.3® Differential
positioning of chloroplasts in low and high light changes leaf

4| J. Name., 2012, 00, 1-3
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optical properties in a wavelength-dependent ,manner,
producing large differences in blue andbreddighb/abserpticn
efficiency within the leaves of mutant plants with impaired
chloroplast movements compared to wild-type (WT) plants.*3
However, the relative importance of chloroplast positioning for
plant UV responses, and indeed chloroplast UV protection, e.g.
from organellar DNA damage, remains to be established.
Nevertheless, the radiation-dependent movements of the
nucleus and chloroplast provide additional evidence that
underlines the importance of using sufficiently high PAR and
blue light levels to generate meaningful data on the impacts of
UV-radiation on plants.

(d) Stress-induction and information acquisition
are intertwined components of plant UV-B
responses

When considering plant UV photobiology, just as with visible
radiation, both stress-induction and information acquisition are
important and often intertwined components of the plant
response. As a consequence, plant UV responses are complex,
and vary according to the balance between stress and
regulatory signalling. In turn, this balance strongly depends on
the amount and spectral composition of radiation that plants
are exposed to, as well as other aspects of environment and
condition of the plant. In general, high doses (see definition in
44) or relatively short UV-B wavelengths (<300 nm) or both
together cause plants stress, while low doses and longer UV-
wavelengths within a realistic context resembling “natural”
sunlight are more likely to predominantly cause regulatory
signalling. This is not surprising, as plants have evolved over
millions of years in conditions where the shortest UV-B
wavelengths were not present, while acute high doses of UV-B
radiation occur sporadically and are limited to a few
environments and times of day and year. In natural conditions,
when high UV-B exposures occur they are always preceded and
followed by lower doses of UV-B radiation and periods of
exposure to UV-A and visible radiation, which make a crucial
contribution to plant acclimation and recovery.

Clear cut categorisation of plant UV-responses as either stress-
inducing or regulatory is overly simplistic. A modest degree of
stress has long been known to cause acclimation, a regulatory
response that helps the plant adjust to new or even future
“stressful” conditions. Such a “state of good stress” is known as
eustress, and is associated with the upregulation of various
defence responses, including antioxidant defences, UV-
screening and altered morphological characteristics of organs
and organisms#. The distress response is associated with
excessive stress which causes aggravated cellular damage. In
practice, the distinction between eustress and distress is not
always obvious, and activation of regulatory responses can be
seen under both modest and more-severe exposure conditions.
The length of UV exposure time can also affect the distinction
between distress and eustress, as short term distress may
evolve into eustress whereby the plant recovers into an
acclimated individual.**

In plants, UV induces changes in, amongst others, gene-
expression, enzyme activity, and plant morphology and
physiology. Upregulation of plant antioxidant defences can be
detected under very low UV-B irradiance as well as under strong
stress-inducing conditions where oxidative damage is apparent.

This journal is © The Royal Society of Chemistry 20xx
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Exposure to UV-B is also associated with shorter, more compact
morphology, the functional role of which is not entirely clear.
However, the best documented UV-induced changes are
alterations in the secondary metabolite profile. Many studies
have reported increases in concentrations of individual
phenylpropanoids, such as hydroxycinnamates and flavonoids,
in UV-B exposed plants, and these changes are usually thought
to increase antioxidant capacity and UV-screening.*> 44 46 |n
natural sunlight, however, increases in total flavonoid and
phenolic acid concentrations in response to UV-B exposure are
consistently reported but in most cases so small (5-15%)*7 as to
be of questionable significance in enhancing optical screening
and antioxidant capacity.

The physiological functions and ecological roles of specific
flavonoids are not yet well understood, making it difficult to
assign a functional role to the changes in flavonoid composition
that sometimes occur in response to UV and high exposure to
visible radiation. For example, UV-B exposure typically causes
increases in the quercetin to kaempferol ratio in those species
that contain them, and this has been hypothesised to relate to
the relatively strong antioxidant activity of the penta-
hydroxylated quercetins.*84% Furthermore, nearly all flavonoids
are glycosylated, a modification traditionally explained as a
strategy to reduce the toxicity of aglycones.#> However, it is
becoming increasingly clear that UV-B, UV-A and visible
radiation induce highly specific changes in glycosylation
patterns, sometimes involving induction of specific
transferases.*® For example, UV-B exposed Arabidopsis leaves
tend to accumulate 7-rhamnosylated flavonoids.>° The function
of such specific glycosylation patterns remains to be
established, but possible roles relate to the stability and
reactivity of glycosylated compounds.

The discussion above centres on the role of phenolic
compounds in protection from UV-B radiation. However, many
functions and activities of these compounds are unrelated to
UV-B protection (e.g. 46:51.52). As such, responses caused by UV-
B radiation cannot be assumed to promote UV-protection, as
plants may be utilising UV-B radiation as a cue to pre-empt or
acclimate to other co-occurring changes in their environment.>3
The role of UV radiation in driving the accumulation, and
changes in composition, of other groups of secondary
metabolites such as terpenes and alkaloids, has been much less
frequently studied than flavonoids, possibly because their role
in UV-B protection is not well defined. Nevertheless, studies in
controlled conditions have found UV-B radiation to induce
terpene biosynthesis and accumulation of terpenoids>4, as well
as indole alkaloids®5; although the environmental relevance of
such observations needs to be established.

In future research, awareness of the possibility that protection
against UV-B might be triggered by exposure to visible light,
and that changes in the composition of secondary metabolites
triggered by UV-B and UV-A radiation are not necessarily
related to UV-B protection will be crucial for the design of
unbiased experimental designs and for meaningful

interpretation of observed responses.

In plant cells, DNA is present in the nucleus, chloroplasts and
mitochondria, and can be exposed to the UV radiation that

This journal is © The Royal Society of Chemistry 20xx

penetrates into plant tissues. DNA-damage can, be, induced
directly as a result of absorption of UVDphatonssdne by divE
driven production of reactive oxygen species (ROS). Exposure of
DNA to UV-photons can generate two major types of DNA
lesion, i.e. dimers between adjacent pyrimidines. Cyclobutane
pyrimidine dimers (CPDs) are induced by both UV-B and UV-A
radiation, and are more common than 6-4 photoproducts (6-4
PPs) that result only from the action of UV-B radiation, but may
isomerise under UV-A radiation into Dewar photolesions.%¢ In
plants, CPDs and 6-4 PPs are repaired mainly in a blue/UV-A-
specific manner via photoreactivation by photolyases.
Photolyases specific to CPDs and 6-4 PPs from rice and
Arabidopsis, respectively, have been found in nuclei,
chloroplasts and mitochondria.5?- 58 Past research has focused
mainly on nuclear DNA lesions, at the expense of organellar
DNA damage and photoreactivation. Additionally, chloroplast
movements,>® often triggered by blue light, play an
unquantified role in preventing UV exposure and damage to
chloroplast DNA, as was discussed in section c.

Many physiological responses can be initiated following DNA
damage. However, data are scarce on signalling cascades
triggered specifically by UV-induced pyrimidine dimers in
plants. ATAXIA-TELANGIECTASIA MUTATED (ATM) and ATM
AND RAD3-RELATED (ATR) kinases mediating the DNA damage
response are involved in CPD-dependent inhibition of hypocotyl
growth in etiolated Arabidopsis seedlings.®® In addition,
photolyases which may function in dimer recognition, even in
darkness, and which promote the splitting of bonds between
neighbouring pyrimidines under blue light/UV-A radiation,®!
might also function as receptors for UV-damaged DNA.%2 After
dimer binding, in either light or darkness, photolyases may
activate specific signalling pathways or act as docking platforms
for other proteins involved in DNA repair. The latter possibility
is supported by some evidence that photolyases could assist the
nucleotide excision repair (NER) pathway®3? - requiring further
study.

Beyond damage to DNA, UV-B irradiation can lead to lipid
peroxidation and changes in the composition of cell
membranes. One of the best-known outcomes is a decrease in
monogalactosyldiglyceride (MGDG) content in chloroplast
membranes.®* Lower MGDG content in seedlings leads to
disruption of chloroplast biogenesis, formation of thylakoids,
chlorophyll accumulation and photosynthetic electron
transport.® In addition to their structural role, lipids can act as
signalling molecules, and could therefore, along with ROS, be
candidates for the initiation of some UVR8-independent UV-B
effects. Phospholipid signalling can be induced in the nuclei of
mammalian cells by UV-B radiation,®® but to date only indirect
evidence suggests their involvement in plant responses to UV-B
radiation. Gene expression in the phosphatidylinositol signalling
pathway is up-regulated by UV-B radiation®” and the UV-B
LIGHT INSENSITIVE 3 (ULI3) protein which has a putative
diacylglycerol-binding domain is essential for inhibition of
hypocotyl growth under UV-B radiation.58 Surprisingly, there
has been little follow-up research into the role of this protein
since 2002 when it was first described. Thus, the role of
phospholipid signalling, the associated involvement of ULI3, as
well as the role of phospholipid peroxidation in plant responses
to UV-B radiation remain to be studied.

Studies in controlled environments have revealed that exposure
to high UV-B irradiance increases ROS production in the
chloroplasts, mitochondria, peroxisomes and on the
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extracellular side of the plasma membrane causing distress.**
This high-dose UV-B-response is independent of UVRS8-
mediated signalling. To scavenge ROS in every cell
compartment, plants use both enzymatic and non-enzymatic
mechanisms that under optimal growth conditions keep ROS
concentration low.®® When stress is imposed, the balance
between ROS production and scavenging is disturbed, leading
to oxidative damage to DNA, lipids, proteins and, in specific
cases, a hypersensitive response leading to cell death.”?
Although often associated with stress, ROS are also ubiquitous
key signalling molecules regulating physiological processes.’?
The expression of several genes involved in photosynthesis
(such as Lhcb and psbA) in response to UV-B radiation is
modulated by ROS signalling.”2 ROS have also been identified as
an important component of retrograde signalling from
organelles to the nucleus?3; however this role has not yet been
studied with respect to UV-radiation exposure. Finally, the
redox state of some of the cellular key antioxidants, such as
ascorbate and glutathione, has been implicated in cellular
signalling and cell cycle control.74

In contrast to the distress produced by high UV-treatments, the
role of the low-levels of ROS found in plants receiving realistic
doses of UV-B radiation is not well understood. The main reason
for this gap in knowledge is that currently available ROS-
detection methods lack the necessary sensitivity at low ROS
concentrations (reviewed in 79). Most published studies on ROS
production under UV-B radiation were performed on plants first
grown under controlled conditions without any UV-B radiation
and later suddenly exposed to an acute UV-B dose. Clearly, the
results of studies of this sort are difficult to interpret with
respect to natural environmental conditions where UV-B
radiation is present throughout a plant’s life cycle and fluctuates
along with other environmental factors such as high PAR,
drought and high temperature, changing the dynamics of ROS
generation and quenching. At a smaller scale, in vitro and simple
model systems such as isolated thylakoid membranes or leaf
organelles have been used to study ROS, which may help to gain
a mechanistic understanding of their role but do not scale up to
the whole plant level.

In the future it would be beneficial to develop methods allowing
the study of the low-level ROS generated by the UV-B exposure
conditions usually found in the natural environment. This
should include identification of the different molecules involved
in ROS signalling along with assessment of their importance in
regulating gene expression in response to realistic UV-B
irradiance. Building on this, the role in ROS signalling and
quenching of other environmental factors that can interact with
UV-B radiation needs to be considered.

(e) UV-B perception and signalling through UVRS:
a conserved mechanism of UV protection in
plants

The presence of photoreceptors in plants allows the direct
perception of visible and UV radiation, initiating signalling that
leads to the regulation of gene expression even in the absence
of stress. Of the known photoreceptors, UVR8 is the most
important for sensing of UV-B radiation.

A major objective in trying to understand the molecular basis of
UV responses in an ecological context is to determine the role
of UVRS, both in diverse plant species and in different natural
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environments. The discovery that UVR8 regulates -the
expression of a substantial set of genesiandosonseqoesdy
mediates a range of metabolic, morphogenic and physiological
responses to UV-B radiation in Arabidopsis has been a
significant advance.’> 76 However, research needs to be
extended to other species and to natural growth conditions. A
key feature of UVRS8, that underlines its importance in
understanding how diverse plant species respond to UV-B
radiation, is that its structure and mechanism of action appear
to be highly conserved,?® 77-7° from unicellular green algae,
through bryophytes, to angiosperms. An apparent exception
are the red algae, which seem to lack UVR8, and uncertainty
remains over the presence of UVR8 in gymnosperms and
particular aquatic species. Nevertheless, given its wide
distribution, UVR8 is evidently important in disparate groups of
plants.

UVRS8 is a 7-bladed @-propeller protein that can form a dimer
through electrostatic interactions between charged amino acids
at the dimerisation surface.’”.78 Comparison of UVR8 sequences
among plant species reveals that these charged amino acids are
strongly  conserved.”’-7? UV-B  exposure leads to
monomerisation of UVR8 through breakage of these
interactions, and the consequent initiation of signal
transduction.3 77. 78 The absorption of UV-B radiation by UVR8
and the photoreception mechanism rely on the presence of
specific tryptophan amino acids in its structure. Arabidopsis
UVRS8 has 14 tryptophans, and the number and location of these
in the protein are highly conserved between diverse species.3
77-79 The function of UVRS8 in mediating UV-B responses involves
interaction of its monomer with other proteins, and a vital site
for these interactions is the C-terminal region of the protein.8°
Again, critical amino acids in this region are highly conserved.

It appears that the evolutionary conservation of the UVRS8
structure is matched by the conservation of the downstream
regulatory process. Monomeric UVR8 initiates signal
transduction through interaction with the CONSTITUTIVE
PHOTOMORPHOGENESIS 1 (COP1) protein,® and sequence
orthologues of COP1 are found throughout the plant kingdom.
In addition, the REPRESSOR OF UV-B PHOTOMORPHOGENESIS
(RUP) proteins, which interact with UVR8 to promote
dimerization,8? are found in a wide range of species.
Experimental evidence for the conservation of UVR8 function
has been obtained in studies with bryophytes and the green
alga, Chlamydomonas reinhardtii, where CrUVR8 undergoes
UV-B induced monomerisation and interacts with CrCOP1 to
initiate gene expression responses promoting acclimation and
protecting against photoinhibition.82 8  The moss
Physcomitrella patens has two UVR8 genes encoding very
similar proteins that monomerise in response to UV-B radiation,
whereas transcripts of the single Marchantia polymorpha UVR8
gene are differentially spliced to produce proteins that have a
reduced propensity to form dimers.12 However, the UVRS8
proteins of both species are functional and complement the
Arabidopsis uvr8-1 mutant. It will be interesting to examine
whether species with more than one UVR8 gene are able to
form heterodimers between different protein isoforms.

The fundamental mechanism of UVRS8 action is likely to be very
similar in diverse species; however, it is not clear whether UVR8
regulates the same range of responses in different species,
mainly because so few species have been studied. To date,
UVR8 has been shown to play a key role in protection against
damage by excessive UV-B radiation, in that it mediates UV-B
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stimulated expression of genes involved in flavonoid
biosynthesis, DNA repair, antioxidant activity and other
protective processes®* 8. This role is likely to be important
across a wide range of species. In addition, Arabidopsis UVR8
mediates a number of morphogenic and physiological
responses, principally through interaction with other signalling
pathways.”> Among the most important interactions is its
involvement in regulating auxin biosynthesis, which underpins
UVRS8 action in phototropism and in impairing shade avoidance
and thermomorphogenic responses.86-88 Recently, it has been
shown that chloroplast development in tomato fruits is
regulated by UV-B radiation in a UVR8-dependent manner.8°
While some of these aspects of UVRS8 action have been found in
angiosperms other than Arabidopsis, we have little idea of what
responses UVR8 may regulate in other phyla and what
underlying mechanisms may be involved. A complicating factor
is that, in contrast to Arabidopsis, many plant species have at
least two UVR8 genes, raising the possibility of differential
spatial, temporal and environmental regulation of expression,
and differences in function as is the case for the other families
of plant photoreceptors.

A further aspect to consider when examining UVR8 function in
diverse species is its localisation, especially considering that UV-
B penetration into sub-epidermal tissues is limited.32 Research
with Arabidopsis shows that UVR8 is present throughout the life
of the plant and is expressed in different organs and tissues.3 A
study where the UVR8 promoter was fused to a yellow
fluorescent protein (YFP) in Arabidopsis revealed that UVR8 was
most strongly expressed in the epidermis of seedling
cotyledons. This is consistent with its importance in regulating
protective gene expression, with less UVR8 expression in
mesophyll cells, and none detected in vascular tissue.?
Epidermal UVR8 was shown to be involved in mediating the
suppression of cotyledon expansion and hypocotyl growth by
UV-B, as well as flavonoid biosynthesis. In mesophyll cells, UVR8
also regulated flavonoid biosynthesis and hypocotyl growth.©
The action of UVR8 in regulating gene expression is largely cell-
autonomous and will therefore be related to the amount of
UVR8 in any particular cell and the extent of UV-B penetration
into the leaf,?? as was discussed in section c. It will be interesting
to discover whether similar localisation patterns and spatial
functions of UVR8 are found at later developmental stages and
in other species.

It is becoming increasingly evident that UVR8 functions through
interaction with other signalling pathways and it is important
to discover the interplay between UV-B and other signalling
pathways in species adapted to different environments.

To date, little research has been undertaken to examine UVRS8
function in natural environments, where there is additional
complexity in the action and regulation of the photoreceptor.
UVR8 is found in a photo-equilibrium between dimer and
monomer forms in plants growing under a realistic
photoperiod. Environmental fluctuations in temperature®! and
transient sunflecks®?2 can affect this balance (section c). The
expression and activity of RUP proteins provides a potential
mechanism for non-UV-B stimuli such as temperature to
modulate UVRS signalling.”> It is becoming increasingly evident
that UVR8 functions through interaction with other signalling
pathways and it is important to discover the interplay between

This journal is © The Royal Society of Chemistry 20xx

UV-B and other signalling pathways in species adapted to
different environments. For instance, at high aititgdesselevasted
levels of UV-B are usually accompanied by lower temperatures
and in some regions reduced water availability, so potential
interactions between the corresponding signalling pathways
may be ecologically significant. Furthermore, UVR8 inhibits the
phytochrome-regulated response to avoid vegetational
shading, found in shade intolerant species, by regulating auxin
and gibberellic acid signalling,8® and it will be interesting to see
whether this mechanism operates in species with different
degrees of shade tolerance. In an experiment where
Arabidopsis plants were transferred outside, many of the same
genes were regulated by UVRS8 in sunlight and in experiments in
growth cabinets,®® but there were notable differences and
evidence for crosstalk between different photoreception
systems, as discussed further below (section e).

A final point to consider is whether there are additional UV-B
photoreceptors. Arabidopsis uvr8 null mutants retain a residual
response to UV-B, even at low fluence rates, so the involvement
of another photoreceptor is conceivable. It is interesting that
the peak of the UVR8 action spectrum in vivo differs from that
of UVR8 dimer-to-monomer conversion,?* and while there are
several reasonable explanations for this discrepancy (see
section h), the possibility that plants possess an additional UV-B
photoreceptor, perhaps dependent on the presence of UVR8 or
co-acting with UVR8, needs to be considered. Other known
photoreceptors, which are able to absorb UV-B wavelengths, or
flavin-binding proteins that absorb short wavelength UV-A,
could also potentially interact with UVR8 to mediate responses,
and such photoreceptor interactions are discussed further
below (section f). One can speculate on the possible nature of
an additional putative UV-B photoreceptor,®> but at present
there is no direct evidence for such a molecule in Arabidopsis or
any other species.

(f) Signalling networks integrate UVRS8 into
sunlight perception

Interactions in photoperception can originate both through
signalling crosstalk downstream of photoreceptors and through
physical interactions between photoreceptor molecules. These
two mechanisms can co-exist. However, physical interactions
between photoreceptors can be expected to consistently affect
all signalling downstream of the given photoreceptors, while
crosstalk in signalling at multiple points further downstream
could lead to multiple patterns of interaction, possibly each one
revealed by the expression of a distinct set of genes.53
Furthermore, signalling downstream of a photoreceptor can
also regulate the expression of genes for components of other
signalling pathways and even of genes encoding other
photoreceptors.

For simplicity of presentation, signalling pathways are often
depicted as linear. However, components of one pathway may
directly control components of another pathway, leading to a
response overlap. Signalling components may even be shared
between multiple signalling pathways leading to either
competition for substrate or to redundancy in upstream
signalling. Interactions have been found at different points
along signalling pathways from perception through to
responses®® such as regulation of common outputs,
determining hormone activity and/or the phenotype.%7. 9
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Hence, simple pathways are in reality part of a huge
interdependent signalling network that integrates inputs and
outputs in a “many-to-many” fashion.

The role of crosstalk in light-induced signalling can be assessed
in experiments whereby mutants deficient in one or more
photoreceptor are exposed to different regions of the
spectrum. Large scale factorial experiments can be designed to
reveal interactions between signalling pathways downstream of
specific photoreceptors. Such experiments using polychromatic

UV-B induced signalling cascades are part of a huge
interdependent signalling network that integrates inputs and
outputs in a “many-to-many” fashion. At present, neither the
modes of interaction, nor the outcomes for plant growth and

development are understood.

radiation can reveal photoreceptor functions across the
wavelengths in the solar spectrum, which can differ from those
observed under monochromatic UV radiation.

Ample evidence exists for crosstalk between the signalling
pathways associated with distinct photoreceptors, including
between the phytochromes (receptors for red-and-far-red light)
and the UV-A/blue light photoreceptors, cryptochromes and
phototropins.88 99-101 YVR8-signalling integrates the sensing of
UV-B with that of longer wavelengths by other photoreceptors.
For example, the phenotypic outcome of UVR8 signalling, visible
as the inhibition of cell and organ expansion and an increase in
photoprotective pigment biosynthesis is to some extent shared
with  other photoreceptors including cryptochromes,
phototropins and phytochromes,8 93, 102 yet little is known
about potential interactions between UVR8 and these
photoreceptors.

A broad view of photoreceptor signalling networks can be
acquired by the analysis of transcriptome data obtained in
factorial experiments. This approach has shown that UV-B
radiation induces flavonoid biosynthesis genes through
UVRS8,103  just as UV-A radiation/blue light does via
cryptochromes.?® The same can be said for expression of CPD
photolyase transcripts.1%4 It can be expected that in solar
radiation the full arsenal of these UV, blue and red/far-red
photoreceptor systems operate in a coordinated manner to
drive the synthesis of various photoprotective pigments. A
question that remains today is how this occurs mechanistically.
Although the absorption spectrum of blue light photoreceptors
often extends far into the UV, even into the UV-B region,105-107
there is little information on their function and possible
interactions with UVRS8-signalling in UV-B region of the
spectrum. Furthermore, phototropins and UVR8 can induce
similar responses such as asymmetric growth resulting in the
orientation of organs towards a UV-B source.8”

There are additional possible modes of interaction beyond
protein-protein interactions between photoreceptors and
downstream crosstalk. A current working model is based on a
common signalling component shared among photoreceptors.
One central component of light signalling is COP1 which
connects signalling pathways operating over a wide range of
wavelengths, encompassing phytochromes, cryptochromes and
UVRS8.108 109 COP1 was first characterised based on loss-of-
function mutants displaying photomorphogenic traits when
grown in darkness.!10 Subsequently, the associated protein was

8| J. Name., 2012, 00, 1-3

Photochemical & Photobiological:Sciences

found to function in signalling dependent on phytochromes, 111
cryptochromes!12 113 and UVRS8,8% 114 1150and @sopartsof s 2E3
ubiquitin ligase complex that mediates the degradation of
positive regulators of photosignalling. COP1 regulates the
breakdown of several transcription factors that promote
photomorphogenesis. These include some that are spectrally
specific: for instance; LONG HYPOCOTYL IN FAR-RED 1 (HFR1)
and LONG AFTER FAR-RED LIGHT 1 (LAF1) appear to be
associated with far-red light and thus with PhyA signalling; while
ELONGATED HYPOCOTYL 5 (HY5) and HY5-HOMOLOG (HYH) are
associated with blue light and UV-B radiation signalling, through
cryptochrome and UVR8 respectively.116 117 Furthermore, HY5
and HYH are associated with far-red light through PhyA and
PhyB respectively.118-120

Beyond their common signalling components, light signalling
pathways affect hormonal pathways, which also interact with
each other, thus regulating plant growth and architecture.% 121
For instance, the well-studied shade avoidance syndrome that
is driven by phytochromes and cryptochromes, also involves
auxins, gibberellins, brassinosteroids, strigolactones, karrikins
and ethylene as the central targets for elongation control.121-123
The principal regulators for stem extension are the
PHYTOCHROME INTERACTING FACTORS (PIFs). Both
phytochromes and cryptochromes interact with PIFs.124 125 p|F
targets include auxin biosynthesis and signalling genes, which
again suggest possible common control points with pathways
other than that of phytochromes. Recent efforts have been able
to integrate the function of UVR8 in the shade avoidance
network,8¢ showing HY5, PIFs and DELLAs to function as a
control point. PIFs are the drivers of auxin biosynthesis and
DELLAs are inhibitors of gibberellin signalling, so both have
crucial roles in all the light-regulated stem-elongation processes
described to date. However, it remains to be seen how these
pathways intertwine with those pathways that regulate
differential growth during phototropism. Phototropin-
controlled auxin transport and UVR8-regulated aspects of auxin
signalling are likely to share some components,®” but the
mechanisms by which these processes are integrated remain to
be explained. A better understanding of how UVRS8, and by
extension other photoreceptors, regulate auxin in growth
responses will help unravel how light determines plant
architecture. Furthermore, UVR8 has recently been shown to
interact directly with the BRI1-EMS-SUPPRESSOR1 (BES1) and
BES1-INTERACTING MYC-LIKE 1 (BIM1) transcription factors
involved in brassinosteroid signalling,126 and future studies will
reveal the significance of these interactions in the regulation of
extension growth by UVRS.

(g) Plant signalling and systemic responses to UV-
B radiation

Most plant responses to UV-B radiation have assessed in the
aerial parts of plants, where UVR8 has been shown to mediate
the acclimation to UV-B through photomorphogenesis and the
accumulation of phenolic compounds.”> In contrast, relatively
little is known about below-ground responses to UV-B radiation.
Plant photoreceptors, including cryptochromes, phytochromes,
and phototropins are present in most plant tissues including
root apices.3 Furthermore, roots express UVR8 and root-specific
UV-B sensing proteins (reviewed by 127 128), Studies on root-
located UVR8 have typically been done by exposing the root

This journal is © The Royal Society of Chemistry 20xx


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1039/C8PP00526E

Open Access Article. Published on 17 January 2019. Downloaded on 1/17/2019 2:35:04 PM.

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

Photochemical& Photobiological Sciences

system to direct light in experiments that create conditions
from which it is difficult to draw inferences about responses in
natural environments. Even though plant below-ground
responses to UV radiation remain poorly understood, recent
research suggests a role for UVR8 in root responses to UV-B
radiation.12® Multiple routes for UV-responses in roots are
thought possible, such as shoot-to-root transmission of mobile
signalling messengers (like phytohormones, sucrose, RNAs and

Future work needs to critically analyse UV-mediated
local and systemic signalling, including the interactions
between above- and below-ground UV responses,

which remain poorly understood.

proteins)13% or even direct sensing of light which may be
channelled through plant stems over short distances into root
tissue near the soil surface.l3l: 132 These exciting findings
highlight an opportunity to establish new research directions
studying the interaction between above- and below-ground UV
signalling within the plant.

Below-ground responses to UV-B radiation could have
meaningful consequences for below-ground ecosystems. For
instance, a drought-sensitive mutant of Arabidopsis which also
overexpressed UVR8 was able to partially ameliorate the effects
of water and salt stress in the presence of UV-B radiation The
underlying mechanism involved reduced cell expansion
resulting in a compact morphology with diminished water
loss.133 This suggests that UVRS8 in roots may be implicated in
drought and salinity tolerance. Furthermore, ROS generated by
UV-B radiation may play a role in negative phototropism by
roots.??® UV-B signalling in roots can potentially also control
plant phenotype, and specifically the relative allocation of
biomass to roots.13* Changes in the quantity and quality of root
exudates!3> have been reported as a consequence of UV-B
radiation exposure, and root exudates regulate the species
composition and function of microbial communities living in
close association with roots.13¢ Thus, below ground UV-B
responses need to be studied in more detail to elucidate
potential consequences for root, rhizosphere and ecosystem
function.

(h) The varying spectrum of sunlight and
photoreceptor function

As described above, interactions between signalling pathways
allow the responses mediated by different photoreceptors to be
both fine-tuned and coordinated. Researchers often try to
understand photomorphogenesis based on the study of
individual photoreceptors or regions of the spectrum, thus
ignoring interactive effects. In reality, photomorphogenesis
depends on the whole spectrum that plants are exposed to
through the day.191.92 Thus, changes in the spectral composition
of sunlight during the course of the day, and the gradual
increase and decrease of irradiance at the start and the end of
the day, are likely to have a strong influence on the responses
elicited. As plants have evolved under such diurnal changes in
illumination, it is to be expected that they have adapted to
tolerate exposure to UV radiation and to make use of

This journal is © The Royal Society of Chemistry 20xx

environmental UV cues as sources of information under, these
diurnally changing conditions. DOI: 10.1039/C8PP00526E
Photoreceptors have broad absorption spectra, meaning that it
is not necessarily functionally significant that the maximum
spectral absorbance of UVR8 in vitro is at 280 nm,’” in fact a
shorter wavelength than any present in the solar spectrum at
ground level. The breadth of the UVR8 absorption spectrum
extends through the UV-B region and into the UV-A, allowing
photons of these wavelength to drive excitation to varying
extents. What a given photoreceptor senses depends both on
its inherent optical properties and on the spectrum of the
radiation it is exposed to. This raises multiple questions, some
more easily tractable than others: (1) what spectral photon
irradiance are photoreceptor molecules exposed to within the
plant? The spectrum of radiation inside the leaf will be different
from that of the incident radiation on its surface (as described
in section c). (2) How does the absorption spectrum in-planta
differ from that measured in vitro? The absorption spectra of
molecules depend to some extent on the properties of the
medium with which they are in contact, the solvent in the case
of in-vitro measurements, and the cell structures and cytoplasm
in-vivo. (3) What action spectrum can be expected as the result
of combining our knowledge of points (1) and (2)?

Currently the best we can do, to predict the relative numbers of
photons of different wavelengths absorbed in-vivo by a
photoreceptor, is to combine the spectrum of the radiation a
plant or leaf is exposed to with its spectral absorbance
measured in-vitro for a photoreceptor. This is far from ideal and
can provide only a rough approximation to what actually
happens within the leaf. For instance, the absorption maximum
of UVR8 at 280 nm in vitro tells very little about its function in
plants growing in sunlight. The only published absorption
spectrum for UVR8 covers the UV-C and UV-B regions, and
extends less than 20 nm into the UV-A region.”” The convolution
of this spectrum with a typical spectrum for sunlight at ground
level shows that the maximum predicted rate of photon
absorption (photons m2s2nm1)is at or near the UV-A extreme
of the available data for UVR8. We can conclude from this that
UVRS is likely to play an important role in UV-A perception in
sunlight.

It is well known that the daily course of incident solar UV-B
irradiance differs from that of PAR. The role of the balance
between UV-B and UV-A, blue and PAR exposure on tolerance
of UV-B is also well documented but mechanisms not yet fully
understood.37 Using simulations for Helsinki, we see that with
increasing solar elevation the UV-B:PAR photon ratio increases
reaching on average 0.18% at the sun’s maximal elevation (solar

Currently the best we can do, to predict the relative numbers of
photons of different wavelength absorbed in-vivo by a
photoreceptor, is to combine the spectrum of the radiation a
plant is exposed to with the spectral absorbance measured in-
vitro for a photoreceptor. This is far from ideal and can provide
only a rough approximation to what actually happens within the
leaf.

noon) compared with very low values (< 0.02%) at low solar
elevations (i.e., dawn and dusk; Fig. 2A). While some plants have
a diurnal rhythm in epidermal transmittance which moderates
UV-B exposure,1® we know little about how diurnal variation in
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UV-B:PAR ratio affects both plant tolerance to UV-B exposure
and regulatory responses dependent on UV-B perception
leading to regulation. Plant-UV-B experiments in controlled
environments often use unrealistically high UV-B:PAR ratios
making it difficult to infer how UV-B responses might be
modulated diurnally outdoors. For example, if we assume 0.2%
as a reasonable value for UV-B:PAR (Fig. 2A), then experiments
using a UV-B photon irradiance of 3 umol m-2s-1 would require
a PAR photon irradiance of 1800 umol m2s1 to achieve this
ratio. Few growth rooms can provide such a high PAR irradiance.
A more commonly reported PAR irradiance of 200 umol m2s1
will give a UV-B:PAR ratio of 1.5% when used in combination
with 3 pumol m2s1 of UV-B radiation. This ratio is 7.5 times
more than the maximum UV-B:PAR ratio outdoors in Helsinki at
solar noon in mid-summer.2 Conversely, a PAR irradiance, of
200 pmol m2s1 would accurately reflect the irradiance under a
clear sky at a solar elevation angle of just 10 degrees in Helsinki.
However, under these conditions UV-B radiation is only is
0.025% of PAR (Fig. 2B). This illustrates that despite efforts to
improve the design of experiments, many experiments continue
to be based on unrealistic UV-B treatments, even when the UV-
B irradiance treatments used are no higher than the maximal
UV-B irradiances outdoors.
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Figure 2 A. Photon ratio between the UV-B and PAR components
of sunlight, and B. PAR photon irradiance, both as a function of solar
elevation (degrees above the horizon). Contours represent the
density of data points, computed from 11 768 hourly solar spectra
for Helsinki, Finland, 1st May - 30t September 2013-2017 (Anders
Lindfors and Pedro J Aphalo, unpublished simulated spectral data
and its analysis respectively).
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In experiments using filters to modify the solar spectrum and/or
using supplemental UV-B radiation witlbonadutsedssysients,
the shape of the daily course of illumination will track that of
natural sunlight, allowing for a proportional enrichment UV-B
radiation at midday and depletion at the beginning and end of
the day.13® On the other hand, most experiments done in
controlled environments use a daily course of UV-B exposure
that will drastically differ from that in sunlight and even from
that in other controlled environment experiments.
Consequently, it should come as no surprise that results
obtained in indoor systems are not necessarily environmentally
relevant and can be difficult to interpret, even though such
studies are vitally important for elucidation of response
mechanisms. Furthermore, the daily course of the changes in
solar radiation is often paralleled by diurnal patterns in other
environmental variables such as temperature. Thus, when
designing future experiments on regulation and acclimation, it
is vital to consider the environmental context, as this may mask
changes in the features of interest and/or make interpretation
impossible, especially where the experimental context differs
from that of a natural or agricultural environment.

(i) Does UV-B radiation have a role in regulating
circadian clocks and phenology?

The relatively large seasonal changes in UV-B irradiance
compared with those in other regions of the spectrum (Fig 2)
can potentially hold information that could be used as a
phenological cue by plants. Known relationships between UVR8
and the shade avoidance syndrome&® might suggest a role for
UV-B radiation in the timing of leaf developmental phases.
Identifying consistent shifts in the timing of phenological events
in response to UV-B radiation will help us to interpret if and how
plants are utilising changing patterns of UV-B in nature, and to
define a role of UV-B radiation distinct from that of other parts
of the spectrum. However, most ecological studies to date have
reported only weak and inconsistent patterns of delay or
advance in phenology caused by UV-B radiation (reviewed for
flowering13? and tree phenology!49).

Most research into mechanisms underlying the role of spectral
cues in phenological processes has focused on the regulation of
flowering time. It has been proposed that downstream
expression of HY5 and HYH, regulated by UVR8, may mediate
the regulation of POLYCOMB REPRESSIVE COMPLEX 2 (PRC2),
and ultimately FLOWERING LOCUS T (FT).1#! This hypothesis
could be tested by following the flowering response of hy5 and
hyh mutants to UV-B radiation. However, any UV-B-mediated
delay of flowering time needs to be considered in the context
of multiple photoreceptors responding to received spectral
irradiance as a whole. In this respect, HY5 and COP1 may form
a central node for light-signal integration via cryptochromes,
phytochromes and UVR8 in Arabidopsis.’*2 UVR8 is also
implicated in the photoperiodic control of flowering in
Arabidopsis, whereby a mutation in RUP2 removes the long-day
control of flowering in the presence of UV-B radiation.143
Phenological research can be placed in a broader context
through its study in a diverse range of plant species.1** In
particular, a better understanding of the mechanisms
underpinning seasonal phenological events can be gained
through experiments with mutant tree species. For instance,
phenological cycles over several years could be studied in a

This journal is © The Royal Society of Chemistry 20xx
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mutant of Betula platyphylla over-expressing the UVR8
homologue BpUVRS88?, which responds to UV-B radiation and is
involved in abscisic acid (ABA) signalling. Research into tree
phenology, exemplifies how molecular-genetic research can be
successfully scaled-up to ecologically relevant processes across
different plant populations and species (reviewed in 145). In
Populus tremuloides, FT regulates bud burst and bud set as well
as flowering, and genome sequences homologous to
Arabidopsis UVR8 have been identified.14¢ In a field experiment
with Populus tremula, UVR8-mediated ABA-signalling with FT
allowed UV-B radiation to advance bud set.14”

Autumn leaf senescence and bud-set phenology are relatively
neglected subjects of climate change research4?. In addition to
its effect on bud set, UV-B radiation has also been shown to
advance autumnal leaf senescence in Fagus sylvatica.'*© Not
only does early autumn leaf senescence have the potential to
create asynchrony with other organisms such as herbivores, but
it also impacts global carbon assimilation and leaf-litter
decomposition. Key questions remain unanswered regarding
phenological responses to UV-B radiation, including how great
a contribution is made by patterns of UV-B radiation in
comparison to other environmental variables such as
temperature and photoperiod? Furthermore, the question
arises, why does UV-B radiation advance bud burst and
flowering in some plant species, but delay phenology in
others?15L 152 |s jt possible that different species have evolved
to respond differently to UV cues? Phenology is potentially
critical for survival and fitness of plants, so answering these
questions is important for understanding the interactions of UV-
B and climate change parameters.

&
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Figure 3. A schematic showing how plant phenological responses

to UV-B radiation could up-scale through levels of organisation.

Evidence for a coherent framework scaling through these levels is

given in 86 141, 144, 146-148 and those questions which remain to be
resolved are in italics.

How does UV affecf growing season
ltength in different plant species? \/

(j) From model studies to the real world

In previous sections we have highlighted new discoveries and
breakthroughs in research into the response of plants to UV-B
radiation at the molecular, biochemical, cellular and
physiological scales. However, there are no clear channels for
this knowledge to be extrapolated from model species to other
species, from controlled experimental conditions to complex
field environments, and from single plants to higher
organisational levels (populations and communities). Exposure

This journal is © The Royal Society of Chemistry 20xx

to UV-B radiation in natural environments is typically highly
dynamic, governed by strong temporal fluctuationsdetzity med
seasonal) and geographic gradients (with elevation and
latitude) in UV-B irradiance. However, the overwhelming
majority of studies underpinning our knowledge of UV-B
radiation have used stable irradiance treatments, or unnatural
UV-spectra and/or artificial exposure kinetics whereby plants
which were grown without any UV-B are subsequently
challenged with such radiation. This makes extrapolation of
findings to environmentally relevant conditions complicated
and potentially unreliable. A particularly problematic gap in our
understanding of plant UV-responses is our uncertainty as to
how results obtained using “low PAR” growth chambers, can be
realistically scaled up to highly dynamic, high PAR outdoor
environments. Ecological trait-based experiments to examine
the role that UV plays under natural conditions may provide a
mechanistic link between UV-B radiation and plant traits. This
approach involves assessment of how plant traits, or suites of
traits reflecting an ecological strategy, tend to respond within
the established limits of their plasticity in a given environment.
For instance, an experiment could test the responses of several
different populations or species that segregate along a
continuum of conceptual “trait space” (in one, two or multiple
dimensions), when subject to a gradient of ecologically relevant
UV-B exposure. However, to date such experiments are still
largely lacking.

In the natural world, the effects of highly variable solar UV
irradiances are further modified by other environmental
parameters. This is particularly evident from long-term UV-B
supplementation or filtration experiments, where plant
communities and ecosystems have been found to respond
inconsistently to solar UV-B radiation over multiple years (e.g.
153-155)  Likewise, UV-absorbing compounds in the leaves of
trees and crop plants routinely co-vary with UV irradiance and
other environment variables over the course of their
development or with seasonal environmental variation156-158,
Even on a much shorter timescale, plants may modulate their
epidermal UV transmittance through the day, as a strategy to
reduce UV exposure in the leaf mesophyll at midday when
irradiance is at its highest.13® At present, the controls on
temporal variation in plant UV-responses are poorly
understood, further hampering scaling between the laboratory
and environmentally-relevant conditions.

There are no clear channels for the knowledge of basic plant
UV-responses to be extrapolated from model species to others,
from controlled experimental conditions to complex
environments, and from single plants to higher organisational
levels (communities and populations).

Plants are able to perceive many aspects of their environment, from
changes in resource availability to the presence of other organisms,
competitors and pathogens. Moreover, plants have the capability to
communicate with each other and other organisms.160-162 Ap
whether UV
communication. Plant-plant communication has been best detailed

important  question s affects  plant-plant
in the case of herbivory, when the emission of VOCs is enhanced.

Interestingly, UV-B and UV-A radiation have also been reported to
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enhance VOC emission.163 Moreover, UV-B radiation is required for
the production of specific floral volatiles needed to attract
pollinators in some orchid species.’®* 165 The mechanism (and
consequences) of this response remain to be established, however it
is possible that the response is mediated by ROS, produced in
response to UV-B radiation, in a scenario analogous to herbivory
damage.%6 This outcome would also be consistent with reports of
UV-B-enhanced plant defence against herbivory operating via
UVR8.167-163 |f verified, it is conceivable that plants could use this
mechanism to systemically transmit information about their UV
environment.

(k) Applications of UV in commercial plant
production and crop breeding

Ongoing climate change is leading to changes in temperature,
drought prevalence and UV-B radiation that consequently affect
plant growth and development.170. 171 These climatic shifts
constitute a threat to global food security, requiring growers to
adjust their crop selection and plant breeders to tailor cultivars
suited to new climates. Selection for traits that include
resistance to high UV radiation, or the cross-protection
produced by a strong response to UV-B radiation, is required for
those environments where climate change is altering weather
patterns to produce drier sunnier conditions, e.g. in the Andean
Altiplano and parts of the Mediterranean region. Plant
biotechnology provides well proven approaches to improve
breeding programmes and the selection of cultivars for
commercial production: for instance using quantitative trait loci
(QTL) mapping for genetic markers conferring shared resistance
to drought and UV-B radiation is a promising approach for
maize.’2 Innovative approaches to crop transformation, such
as CRISPR/Cas9 combined with rapid nucleotide sequencing
techniques, further facilitate targeted breeding, but require
identification of specific target loci.

There is a lack of knowledge about the potential to exploit plant
UV-responses in breeding programmes that focus on climate
change resilience.

New technologies based on the detection of changes in leaf
optical properties are being exploited by UV research>® but are
also useful in commercial plant production. The utility of such
devices has been greatest in vineyards where small difference
in flavonoids at harvest can have large effects on quality and
price of the end product, which makes detailed non-destructive
analysis of optical properties particularly worthwhile.173 To this
end, handheld devices and remote sensing of flavonoids has
allowed fine-scale spatial differentiation of berry quality.174-176
If farmers are convinced of the cost-benefits of such surveys of
pigments to guide fertiliser application, harvest time and to
assess quality, they are likely to herald a revolution in remote
optical-sensors. These can be used to feed information into
management decision-making systems on crop pigment
responses to UV-B radiation as one component of
comprehensive monitoring of the environment and crop.177.178
While plant-UV research has increasingly focused on the
regulatory responses of plants to UV-B radiation, a common
misconception remains among commercial plant producers
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that UV-B radiation has overwhelmingly damaging effects. This
suspicion represents a barrier to Othie10 applications2ef
supplemental UV-B radiation as a tool to aid commercial
growers. Nevertheless, exposure to solar UV-B radiation has
been shown to aid the development and improve the
nutritional value of fruit and vegetables.1”® Furthermore, the
application of post-harvest UV-B radiation can improve the
value of these foods through more desirable colour, aroma and
flavour, as well as higher flavonoid content.18 Research is
ongoing to test if UV-B radiation can be used to affect plant
metabolite composition to improve the nutritional value of
crops,181 which if feasible would have considerable economic
potential in the food industry. Growers could use UV-B
radiation as part of an integrated management strategy: to
enhance UV-induced plant defence that can deter pests and
inhibit pathogens or through the direct action of UV-B radiation
on these organisms 182 183 184 185) gnd to restrict stem elongation
producing compact plants for retail..18¢ 187) Development of
these applications of UV-B radiation, has the potential to
improve the economic and environmental efficiency of
commercial plant production, and provide energy savings from

judicious application of solar UV-B radiation and/or
supplemental UV lighting to replace other management
practices.

The development of UV-emitting LEDs is giving growers
unprecedented scope to manipulate the spectrum that crops are
exposed to. However, there is still a lack of data on the
wavelength dependency of many plant UV-responses

A variety of different approaches to manipulate UV-B radiation
can be used in glasshouses and controlled environments. In fully
enclosed facilities, such as those used in vertical farming, UV
radiation will need to be generated artificially. In the past, UV-
fluorescent tubes were the only option available but now
lighting fixtures using UV-emitting LEDs are starting to be
commercialised. These allow far greater control than before of
the spectral composition of radiation emitted within the UV-
region. As advances in research reveal more about the spectral
regions over which photoreceptor-mediated responses
operate, it will become feasible for commercial growers to
tailor their LED lighting to specifically match the regions of
interest, assuming that we can scale knowledge of mechanisms
to whole plant responses. Multiple types of LEDs each with
narrow emission spectra can be combined in a lighting fixture
to match a particular spectral requirement. Alternatively, a
variety of LEDs with more-comprehensive coverage of the
spectrum could be installed with the option for the grower to
select which LEDs are on and off to produce their different
desired spectra depending on the crop or time of year.

More effective use of solar UV radiation in plant production
represents an alternative approach to UV lighting in order to
exploit beneficial plant-UV regulatory responses in both
horticultural and agricultural settings. UV-transmitting cladding
materials are now widely available, including both plastic
screens and films, and glass designed to selectively transmit
part or all of the UV region of sunlight to the plants inside
polytunnels and greenhouses. 18 Although, typically more
expensive than the standard plastics or glass used, this
represents the most cost-effective way to expose crop plants

This journal is © The Royal Society of Chemistry 20xx
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grown under cover to solar UV-radiation. Eventually, the value
of using UV radiation in commercial plant production is likely to
depend on the crop and cultivar grown and the geographical
location of the facilities. A key objective for applied researchers
in UV photobiology should be the development and provision of
light recipes for specific applications of UV radiation on a case-
by-case basis to fit recommendations to particular scenarios. 188

Discussion and Conclusions

Understanding of plant UV-B responses has markedly improved
over the last few decades. The discovery of the UV-B
photoreceptor UVR8, as well as downstream signalling
elements and target genes, in combination with detailed
characterisation of physiological and metabolic plant responses
has resulted in in-depth knowledge of UV-B-induced
acclimation. These plant UV-B responses are underpinned by a
complex mixture of ancestral UV-perception and response
pathways, combined with more recent innovations in plant
secondary metabolism, cell-wall composition, and
compartmentalisation of UV-absorbing compounds. The
evolutionary conservation of plant UV-B responses implies their
functional importance. Yet, there is much to consider if we are
to understand how UVR8 functions in diverse plant species in
an ecological context. It will be important to determine whether
a given plant species has multiple UVR8 genes, whether these
are differentially expressed, the localisation of UVR8, and
functional responses, most likely involving interactions with
other pathways that may differ between species adapted to
particular environments. While studies with Arabidopsis have
highlighted numerous functions of UVR875, it is not known how
widely these functions are conserved and what additional
responses may be present in species other than Arabidopsis and
other model species. A complication is that some plant species
appear to have at least two UVR8 genes, so it is conceivable that
they may possess UVR8 proteins with different patterns of
expression and potentially different functions.

To understand spatial, temporal and environmental regulation
of plants’ UV-B responses, it is imperative that a much better
understanding is acquired about UV-exposure of plants, organs,
and cells. Currently, it is not well understood how plant
architecture, leaf structure, trichome density and wax
deposition affect local UV-regimes within a canopy or within a
plant. Even less is known about how UV-B-induced changes in
these same morphological parameters affect UV-B exposure. In
contrast, there is good evidence that UV-screening pigments in
the cuticle and epidermis can decrease UV-B penetration in
underlying tissues. Yet, although UV-B radiation has been well
documented to induce UV-screening pigments, there is also
increasing awareness of the possibility that protection against
UV-B radiation can be triggered by exposure to, for example,
visible light. Indeed, changes in the total concentrations of
secondary metabolites triggered by UV-B and UV-A radiation
are not necessarily substantial and/or significant under
environmentally relevant conditions. This in turn triggers
questions about the functional importance of UVR8 in plants
growing in natural environments. Studies in Arabidopsis show
that UVR8-mediated responses are not exclusively linked to
plant UV-B protection and affect a number of morphological
and physiological processes. It is already becoming increasingly
evident that UVR8 functions through interaction with other
signalling pathways and it is important to extend our

This journal is © The Royal Society of Chemistry 20xx

understanding of the interplay between UV-B;_ and other
signalling pathways in species adapted 1080/Cadiffesent
environments, in order to understand the full scope of the
function of UVR8 and of UV-B sensing.

There are no clear routes to extrapolate our knowledge of basic
plant UV-responses from model species to others, from
controlled experimental conditions to complex environments,
and from single plants to higher organisational levels
(communities and populations). There are often Ilarge
differences between plant UV-responses under controlled
environments and under field conditions. Furthermore, very
few links have been drawn between UV-B-induced regulation of
gene expression, whole-plant performance and predicted
fitness. Thus, while the evolutionary conservation of UVR8
implies a key role for UV-B sensing, studies of plant UV-B
responses under environmentally relevant conditions do not
necessarily back this up with evidence of significant UV-B
impacts on plants. It is anticipated that the increased use of
molecular methods in outdoor studies, in combination with
more traditional ecophysiological and growth analysis, will fill
this knowledge void. Furthermore, there is substantial scope for
indoor studies to be more environmentally relevant through the
use of appropriate light-sources.

Glasshouse and growth room studies have already shown
substantial UV-B impacts on plants, some of which are
commercially desirable, such as the increase in specific
secondary metabolites, a more stocky architecture and pest and
disease resistance. Despite such commercially interesting
impacts, slow transfer of knowledge means the potential to
exploit plant UV-responses in a horticultural setting is still
underutilised. This lack of biological knowledge contrasts with
the rapid development of UV-emitting LEDs, which are giving
growers unprecedented scope to manipulate the crops
exposure spectrum. Thus, it can be anticipated that in the next
decade there will be opportunities for highly detailed mapping
of spectral UV-responses in a wide variety of crop species. By
integrating such spectral mapping with detailed molecular
expression profiling, as well as traditional biochemical and
physiological analysis of plant growth, a comprehensive
understanding of plant UV-responses is within reach.
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