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Preface

It is a great pleasure to introduce this book on the role of ultraviolet-B radiation (UV-B) in
plant growth and development. UV-B is highly energetic radiation that can have a profound
effect on all biological systems, and terrestrial plants being sessile are consistently exposed
to this radiation. UV-B is absorbed by a wide range of compounds, including DNA, proteins
and lipids and can potentially lead to damage to these critical molecules, such as the for-
mation of dimeric lesions in DNA. Consequently, UV-B radiation was historically con-
sidered to be purely damaging and with the discovery of the ozone hole over the Antarctic
in the early 1980s, UV-B was seen as a major threat to the biosphere. Research was focused
on harmful aspects of UV-B and unfortunately, unrealistic UV-B environments were used
to study the responses. Recently however, the understanding of how UV-B affects plants
has changed dramatically, from both ecological and molecular perspectives.

For this book, I have brought together the undoubted world authorities on UV-B plant
research. The book covers a range of topics involving UV-B effects on plants from: the UV-B
environment and ecosystem impact; UV-B changes in plant physiology and secondary me-
tabolism; the biochemistry and molecular biology of UV-B responses; isolation and charac-
terisation of the UV-B photoreceptor; signal transduction and finally the application of
UV-B in agriculture and horticulture. Through these chapters a number of aspects emerge.
The first aspect is how the understanding of UV-B responses has evolved from essentially
just being considered damaging, to a more substantive regulatory role in photomorphogen-
esis. The second aspect is the important breakthrough that has taken place to characterize
a UV-B photoreceptor and the molecular mechanism of action. This major scientific discov-
ery came in 2011 with the identification of a putative UV-B photoreceptor, UVR8. Import-
antly all this new knowledge has allowed a rethink of the potential to use UV-B in a more
positive way to manipulate horticultural and agricultural plants.

From a personal perspective the study of UV-B responses has been a large part of my
career. I have always been involved in ‘light and plant development’ research. However, in
1990 I was invited to work on molecular aspects of UV-B responses in the laboratory of
Professor Jan Anderson in Canberra, Australia. I was fortunate to be working with Ake
Strid, Fred Chow and other great colleagues. This period etched deeply my interest in all
aspects of UV-B research and now through my UV-B colleagues I have been able to invite this
eminent assembly of authors to write the chapters in this book. Although there is still a lot

vii



viii Preface

more to learn about the responses of plants to UV-B, I am certain the information in this
book will provide a foundation of knowledge for many years to come.

I would like to acknowledge and thank all the authors for their time and effort to pro-
duce an excellent portfolio of authoritative and comprehensive reviews. In a time of con-
stant work pressure with a variety of demands, I am very appreciative of their willingness
to provide their knowledge and expertise to this book. It is very telling that within one
week of my invitation, all the authors had responded positively, the overwhelming message
was ‘T have to be part of this project’. I think that says it all!

Thanks to all my colleagues in the UV-B field, particularly Marcel Jansen, Jason Wargent
and Rainer Hoffman. I would especially like to thank Professor Ake Strid for his friendship
to myself and family, and academic support since our time in Canberra together. Thanks
also to David Hemming and all the staff at CABI who have been very supportive in the
preparation of the book.

Finally, I would like to dedicate my contribution in this book to Gillian Barbara Jordan
who passed away on the 25th of December 2012. Gill was the ‘love of my life’ for 35 years
and supported my career aspirations throughout.

Brian Jordan

Professor of Plant Biotechnology
Lincoln University

New Zealand

February 2017
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T Towards an Understanding of the
Implications of Changing Stratospheric
Ozone, Climate and UV Radiation

Janet F. Bornman*
Curtin University, Perth, Australia

Introduction
Changing profiles of ultraviolet radiation

The stratospheric ozone layer, located c. 10
to 50 km above the Earth’s surface (Fig. 1.1),
makes up approximately 90% of the world’s
ozone. The remaining ozone is located in the
troposphere closest to Earth. Although ozone
is an effective filter against transmission of
ultraviolet (UV) radiation to the Earth’s sur-
face, even a small amount of the short wave-
lengths can have environmental effects. UV
radiation is conventionally defined as UV-C
(< 280 nm), UV-B (280-315 nm) and UV-A
(315—400 nm). About 97-99% of UV radi-
ation in the wavelength range of 200—300 nm
is absorbed by ozone with little or no filtering
effect on UV-A radiation (NASA, 2016). Thus,
as the UV radiation passes through the atmos-
phere to Earth, all UV-C radiation and most
of the UV-B radiation is absorbed. Other fac-
tors influencing the amounts of UV radiation
reaching the Earth’s surface include altitude,
latitude, sun angle, clouds, aerosols, ground
reflectivity, depth and quality of water bod-
ies, as well as climate-induced changes.
More than 40 years ago scientists con-
templated the likely cause of a decreasing

*Corresponding author: Janet.Bornman@Curtin.edu.au

stratospheric ozone layer (Molina and Ro-
land, 1974) and the consequent threat of in-
creased amounts of UV radiation. Thirty-two
years ago, the Antarctic ‘ozone hole’ was
discovered (Farman et al., 1985). Research
has since shown that substances used in
many applications such as air conditioners,
fire extinguishers, refrigerators, foams, aero-
sol sprays and agricultural fumigants as well
as certain solvents, were ozone-depleting
substances (ODS). Most were also contribu-
tors to the warming greenhouse effect. These
ODS include chlorofluorocarbons, methyl
bromide, methyl chloroform, halons, hydro-
chlorofluorocarbons, and carbon tetrachlor-
ide. Subsequently, several of the substances
used as substitutes for the ODS have also
been found to add to global warming. The
Montreal Protocol and its Amendments
have successfully controlled further produc-
tion of the ODS, preventing catastrophic ex-
posures to UV radiation (Newman et al.,
2009; Newman and McKenzie, 2011; Chip-
perfield et al., 2015; United Nations Envir-
onment Programme Environmental Effects
Assessment Panel, 2016). These evolving
events and human activities demonstrate
the intricate interrelationship of ozone dy-
namics, UV radiation and climate change,

© CAB International 2017. UV-B Radiation and Plant Life (ed. B. Jordan) 1
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Fig. 1.1. Diagrammatic sketch of the stratosphere
and its boundaries.

which in turn affect the environment and
life on Earth in complex ways.

Environmental and health implications

Projections involving the dynamics of UV
radiation, climate and ozone have import-
ant implications for the environment and
human health. In areas with reduced UV ra-
diation, vitamin D levels may drop below
the recommended concentrations, and the
positive effects of the UV radiation on cer-
tain autoimmune diseases, cancers and in-
fections (Lucas et al., 2015) may become
lessened. However, behavioural patterns to-
wards sun exposure among diverse popula-
tion groups will largely determine the
amount of UV radiation and levels of vita-
min D acquired. At the same time, reduced
levels of UV radiation would mean de-
creased incidences of skin cancers and cata-
racts. In natural ecosystems and agricultural
systems, low exposure to UV radiation may
favour pathogens and herbivores as a conse-
quence of decreased levels of UV-induced
phenolic compounds, which would other-
wise function as deterrents against attack.

Depending on the amount of UV radiation
received, crop quality may be affected due to
changes in the amounts and profiles of plant
phenolics (many of which are effective anti-
oxidants), nutritional composition, general
plant fitness and morphology (Wargent and
Jordan, 2013; Bornman et al., 2015; Robson
et al., 2015). These patterns of change also
offer opportunities in crop management
(Raviv and Antignus, 2004; Paul et al., 2005;
Wargent and Jordan, 2013).

Complexities of Ozone Dynamics,
UV Radiation and Climate Change

Shaping of the current and future
environment

Annual ozone depletions are still occurring
in the polar regions, especially in Antarc-
tica because of the long atmospheric life-
times (close to 100 years) of some of the
ODS such as chlorofluorocarbons (CFCs;
‘freons’) and halons containing chlorine
and bromine. Substantially smaller ozone
depletions occur also at mid-latitudes, with
periodic large depletions due to volcanic
eruptions and the resultant sulphate emis-
sions, which enhance activation of chlorine
that in turn catalyses the loss of ozone. Over
the tropics, the stratospheric ozone layer is
always naturally thinner than in other re-
gions, and variations in the concentration of
the ozone layer here are so far small.

There now appear to be indications of
initial recovery (Fig. 1.2) of the stratospheric
ozone layer (Solomon et al., 2016) as a con-
sequence of the regulations put in place by
the Montreal Protocol and its Amendments.
However, predicting future changes in the
ozone layer is difficult because of the con-
founding influence of rapid climate change.
The Montreal Protocol has been instrumen-
tal in stimulating research and production
of substitutes for many of the ODS. Among
these substitutes are the typical hydro-
fluorocarbons (HFCs), which are used in re-
frigeration and air conditioning. However,
HFCs have a large global warming potential
and long atmospheric lifetimes (Hurwitz
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Fig. 1.2. Progression of the ozone ‘hole’ area in millions of sq. km. The shaded area during August depicts
decreasing uncertainty in the size of the ozone ‘hole’ as the polar region becomes sunlit. (NASA Ozone

Hole Watch.)

etal., 2016). For example, HFC-23 has a life-
time of c¢. 228 years, and a global warming
potential thousands of times greater than
carbon dioxide (Chipperfield, 2015). Des-
pite their potential to contribute to global
warming, HFCs did not come under the
Montreal Protocol since they have a negli-
gible effect on the ozone layer. However, be-
cause they were produced as a result of the
agreements to phase out the major ODS
under the Protocol, much effort finally cul-
minated in a decision by 197 countries in
Kigali, Rwanda (Kigali Amendment, 2016)
to phase out the use of HFCs. This is ex-
pected to have profound and positive ef-
fects on mitigating climate warming.

Ozone itself absorbs heat and, therefore,
decreases or increases in ozone concentra-
tion can have a cooling or warming effect.
This effect also depends on altitude. Since
ozone absorbs heat at relatively low altitudes,
it cools the lower stratosphere over Antarctica
(Thompson and Solomon 2002; Hartmann
et al., 2013; Bais et al., 2015), contributing fa-
vourable conditions for the formation of polar
stratospheric clouds that form a catalytic ice
crystal surface for ozone-depleting chlorine
free radicals.

As the environment changes, so too will
the levels of exposure to UV radiation and
the ecosystem’s responses to the interactive

effects of multiple climate factors (Bornman
et al., 2015; Robinson and Erickson, 2015),
including temperature, water availability
and soil nutrients. Thus the effects of ozone
depletion on climate change — and impacts
of climate change events less directly de-
pendent on ozone dynamics — will very
probably continue to further modify the
amount of UV radiation reaching the Earth.
Some of these UV-modifying conditions due
to climate change include variations in
cloud cover, UV-absorbing tropospheric
gases, and changes in reflectivity from melt-
ing snow and ice as temperatures increase
(Bais et al., 2015). In regions outside the
polar areas, cooling of the middle and upper
stratosphere from increasing amounts of
greenhouse gases is predicted to decrease
the catalytic destruction of ozone and re-
duce levels of UV radiation outside the trop-
ics (Eyring et al., 2007; Shepherd, 2008;
Waugh, et al., 2009; Bais et al., 2015). How-
ever, this may be partly offset by the highly
reactive nitrogen oxides (NO,) from nitrous
oxide (N,O) that catalyse the destruction of
the upper stratospheric ozone. Emissions of
N,O come from biomass burning, industry,
agriculture and also natural sources (e.g. soils)
but human activity is set to account for sub-
stantially increased emissions by the middle
of the 21st century unless mitigating actions
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are taken (Ravishankara et al., 2009; David-
son and Kanter, 2014; Revell et al., 2015). In
contrast to regions outside the tropics, UV
radiation in the tropics is likely to increase
slightly because of large-scale circulation
changes in the upper atmosphere brought
about by the increase in greenhouse gases
(Butchart, 2014; Bais et al., 2015).

Ozone affects climate and vice versa

There is further emerging evidence of the
way in which stratospheric ozone is influ-
encing climate change and vice versa
(Thompson and Solomon, 2002; Shepherd,
2008; Nowack et al., 2015; Iglesias-Suarez
et al., 2016), and how these two factors
modify the amount of UV radiation received
by ecosystems, humans and other animals
(Williamson et al., 2014). Thus several con-
sequences of current and future climate
change are becoming apparent through both
observation and modelling. One such ex-
ample is the effect on climate by ozone de-
pletion in the Southern hemisphere
(Thompson et al., 2011; Turner et al., 2014;
Bais et al., 2015). It is predicted that the
cooling of the lower stratosphere will inten-
sify, and that stronger winds (Li et al., 2016;
Gent, 2016) will increase the meridional
overturning — a circulation system of deep
ocean and surface currents resulting in the
transport and storage of large quantities of
water, heat and carbon — thus playing a
major role in climate change and in modify-
ing the environment.

Ozone level variation and increasing
climate change are highly dynamic pro-
cesses, and consequently there is some un-
certainty in the way in which they will play
out as the Earth’s climate evolves and as re-
search unravels more interacting factors.
Global climate is perturbed by stratospheric
ozone through temperature changes from
radiative forcings (Myhre et al., 2013) and
also by changes in tropospheric and strato-
spheric circulations (WMO, 2015). Radiative
forcing refers to the changes in the radiative
or energy balance from differences between
incoming solar radiation and outgoing in-
frared radiation, which can modify climatic

conditions. Since ozone is itself a green-
house gas, where increases occur, there is a
warming effect (positive radiative forcing),
and consequently a depletion in ozone gen-
erally results in a cooling effect (negative
radiative forcing). Therefore, after 2050,
projected climate change will probably be-
come the dominant driver of future strato-
spheric ozone dynamics, affecting also the
UV radiation environment, as the amounts
of ozone depleting substances gradually
decrease (Eyring et al., 2007; IPCC, 2013).

Ecological consequences
of ozone depletion

Only recently has attention turned to con-
sidering the consequences for ecosystems
of the impact of the dynamics of ozone de-
pletion per se on climate change (Villalba et
al., 2012; Bornman et al., 2015; Gutt et al.,
2015; Robinson and Erickson, 2015). There
are already indications that the complex
events arising from ozone depletion are al-
tering ecosystems in the Southern hemi-
sphere through changes in precipitation,
wind circulation patterns and wind speed,
leading in some instances to increased arid-
ity, thereby impacting plant habitats (Clarke
et al., 2012) and altering growth response
of, for example, forest ecosystems (Villalba
et al., 2012).

Nitrous oxide and the future

One of the intriguing conundrums is the
idea that future environmental change may
require consideration of some policy inter-
vention with respect to the ozone-depleting
nitrous oxide (N,O) (Butler et al., 2016), to
prevent what has been termed ‘super recov-
ery’ of stratospheric ozone. If CO, and me-
thane (CH,) levels continue to increase, they
will contribute to ozone recovery due to the
temperature effects in the stratosphere of
these greenhouse gases (GHGs). On the
other hand, curbing CO, and CH, would
also have obvious beneficial environmental
effects with respect to global warming.
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However, if N,O is reduced against a back-
ground of rising CO, and CH,, stratospheric
ozone is projected to increase beyond its
historical values — i.e. the so-called super
recovery (Portmann and Solomon, 2007;
Iglesias-Suarez et al., 2016; Maycock, 2016).
As a consequence, a reduction in UV radi-
ation exceeding pre-1980s values would in-
tuitively be a positive outcome for some
human diseases such as skin cancer and
cataracts, but may be detrimental for other
diseases, e.g. where UV-induced vitamin D is
involved, as well as for other health condi-
tions benefitting from appropriate exposure to
UV radiation (Lucas et al., 2015). Ecosystems
and plant development would be affected by
a lowered UV radiation regime which would
probably also decrease plant tolerance to
pathogen and insect attack (see below: UV
radiation: environmental stress or regula-
tory factor?).

A significant reduction in UV radiation
reaching Earth as a result of ozone super re-
covery also has implications for the chem-
ical composition of the atmosphere, since it
would result in reduced action by UV radi-
ation in ‘cleaning’ or oxidising the tropo-
sphere through the generation of hydroxyl
radicals (-OH) (Levy, 1971; Madronich et al.,
2015). These radicals control atmospheric
lifetimes of many pollutants such as nitro-
gen oxides, methane, halocarbons, and sul-
phur dioxide (Madronich et al., 2015),
which have consequences for -climate
change, ozone concentration and possible
further reductions in UV radiation reaching
the Earth’s surface. Some of these effects
may be partly counterbalanced by global
measures to reduce air pollutants (McKen-
zie et al.,, 2011; Watanabe et al., 2011),
which would result in higher levels of UV
radiation reaching the Earth’s surface. Thus,
trends in air quality, important for ecosys-
tems and health, will be modulated by UV
radiation. Post-2050, it is likely that we will
see CO, and N,O becoming progressively
important in determining the future of the
ozone layer (Stolarski et al., 2015) and the
UV radiation environment. It is therefore
becoming very clear that increasing climate
change will influence the recovery of strato-
spheric ozone and modulate the penetration

of UV radiation to the Earth’s surface. It is
also becoming apparent that apart from the
effects of ozone on climate, and vice versa,
climate changes can modify exposure to UV
radiation, independently of ozone. By way
of human adaptation strategies and oppor-
tunism, these rapidly changing environ-
mental conditions can also be exploited for
practical purposes, as reviewed by Wargent
and Jordan (2013), to improve the nutri-
tional quality of agricultural crops through
UV-induced enhancement of antioxidants
and other health-promoting compounds
(see above).

UV Radiation: Environmental Stress
or Regulatory Factor?

Early on, it was recognised that UV radi-
ation was part of the environmental cue for
plants and fungi that shaped their morph-
ology (Kumagai, 1988; Ensminger, 1993;
Kim et al., 1998; Paul and Gwynn-Jones,
2003), growth and biochemistry (Klein,
1978). Early work also raised the question
whether UV-B radiation posed a threat to
photosynthesis. The finding was that inhib-
ition was generally only seen at high UV-B
irradiances and that even these could be
compensated for by acclimation mechan-
isms (Allen et al.,, 1998). However, in the
wake of increasing evidence of ozone deple-
tion, most of the research quickly centred
around damage, giving in many instances an
unbalanced interpretation due to unrealistic
experimental conditions of UV radiation
and visible light (Searles et al., 2001). This
trend has slowly reversed and consequently
our understanding has broadened regarding
the diversity of response in an increasingly
complex and rapidly changing environment
(assessed in Ballaré et al., 2011; Jansen and
Bornman, 2012; Williamson et al., 2014;
Bornman et al., 2015). It has also highlighted
the need for a strong interdisciplinary ap-
proach in order to gain a comprehensive,
whole-systems perspective of the plant en-
vironment. Similarly, evaluation of the role
of UV radiation at plant and ecosystem
levels, under multi-environmental condi-
tions (e.g. water availability, temperature,
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CO,, and soil nutrients (assessed in Caldwell
et al., 2007; Ballaré et al., 2011; Bornman et al.,
2015)) is important for obtaining realistic
outcomes and determining potential inter-
acting effects.

Increasingly, more information on the
regulatory and acclimatory role of UV radi-
ation has been facilitated by molecular
studies that have demonstrated some of the
mechanisms underlying plant genetic, bio-
chemical, physiological and morphological
modifications. These mechanistic studies
have included investigation of the way in
which UV-B radiation is perceived by the
plant through the UV-B photoreceptor, UV
RESISTANCE LOCUS8 (UVR8), which me-
diates photomorphogenic response to UV-B
radiation (Jenkins, 2009, 2014).

Research on some of the indirect re-
sponses to UV radiation, in particular, UV-B
radiation, of individual plants and terres-
trial ecosystems has also contributed to the
shift in focus from UV radiation as mainly a
stress issue to one of a modifying or regula-
tory factor. The indirect effects are often
manifested by a response not directly in-
duced by a current stressor, but through a
series of interactions (Paul and Gwynn-Jones,
2003; Miller and TerHorst, 2012). Typical in-
direct effects are exemplified by changes in
plant chemistry leading to plant tolerance
against pathogens and herbivores due to
UV-induced plant polyphenolics (Ballaré
et al., 2011; Ferreyra et al., 2012) at toxic
concentrations or at levels that deter patho-
gen or herbivore attack. These polyphenolics,
e.g. flavonoids, function as chemical defence
compounds and also contribute to antioxi-
dant activity. Other indirect modifications

by UV radiation occur below the soil sur-
face, although penetration by UV is min-
imal. Rather, the response appears to be
mainly mediated through flavonoids in
plant root exudates as a result of exposure to
UV radiation of the above-ground plant
parts (Zaller et al., 2002; Avery et al., 2003;
Caldwell et al.,, 2007; Cesco et al., 2010;
Bornman et al., 2015).

Although the research emphasis on
damaging effects of UV radiation on plants
and ecosystems has lessened, potential dele-
terious effects can still occur under certain
environmental situations. These effects are
largely dependent on genotype, co-occurring
stress factors, regional location, season and
duration of the stress(es). Importantly, in
light of the projected changes in the UV radi-
ation environment (as a consequence of the
diverse interactive effects of changes in
ozone and climate, compounded by human
activities) detrimental modifications may in-
crease if plant defence systems become less
effective under harsh conditions (Williamson
et al., 2014).

Conclusions

Thus, although stratospheric ozone levels
are projected to recover or super-recover, fu-
ture exposure to UV radiation will be
strongly influenced by the interactive pro-
cesses involving ozone dynamics and cli-
mate change, either singly or together. With
the projected increase and complexity of
climate change, ozone dynamics and land-
use changes, research on the effects of UV
radiation will continue to be relevant.
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Introduction

The accuracy needed in the quantification
of exposure for research on the effects of
UV-B radiation is similar to that required for
visible radiation, but it requires much more
effort to achieve (Aphalo, 2016). When
measuring the UV-B component of solar ra-
diation at ground level, the main difficulty is
that this component is only a very small
fraction of the global irradiance. Based on a
standardized 1.5-air-mass global radiation
spectrum for middle latitudes (ASTM G173),
0.015% of photons are in the UV-B region.
Even if we use photosynthetically active ra-
diation PAR (400-700 nm) instead of global
radiation (280—4000 nm) as a reference, less
than 0.1% of photons are in the UV-B region
(computed with the R for photobiology suite
of packages, see Aphalo et al., 2016). If we
consider the spread across the whole day or
wintertime, the contribution of UV-B is even
smaller. On the other hand, UV-B radiation
is very effective in eliciting responses in or-
ganisms. Taking both things together, an
error in the quantification of UV-B irradi-
ance that is extremely small compared to
global or PAR photon irradiance can be bio-
logically highly relevant. Even under a clear

*Corresponding author: pedro.aphalo@helsinki.fi

sky at noon in summer, when UV-B irradiance
is at its maximum, a measurement error
equivalent to erroneously detecting only
0.05% of the PAR photons impinging on a
UV-B sensor as UV-B photons can lead to an
overestimation of UV-B irradiance by 20% or
more. In this chapter I highlight the difficul-
ties inherent in the quantification of UV-B
radiation and discuss practical ways of ob-
taining reliable estimates of UV-B irradiance
and exposure in spite of these difficulties.
I keep the presentation simple and avoid com-
plicated maths and physics. A deeper and
more detailed discussion of these issues as
well as those related to other aspects of
research on the effects of UV radiation on
plants is available in the publication Beyond
the Visible: A Handbook of Best Practice in
Plant UV Photobiology (Aphalo et al., 2012a;
Bjorn et al., 2012).

I analyse the quantification of UV-B ex-
posure and irradiance as a process that in-
cludes all the different steps affecting the final
estimate. This is similar to approaches used
in metrology; however, I discuss the uncer-
tainties introduced at each step in the quanti-
fication process qualitatively, as the exact size
of errors introduced at each step varies. The
sections below discuss the different sources

10 © CAB International 2017. UV-B Radiation and Plant Life (ed. B. Jordan)
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of errors and uncertainties and describe the
typical data flow involved in the quantifica-
tion of radiation.

The Definition of UV-B

According to ISO and CIE standards, ultra-
violet-B radiation is the region of the spec-
trum between 280 nm and 315 nm (Bjorn,
2015). Other definitions are sometimes
used, such as those having 320 nm as the
boundary between UV-A and UV-B regions
(Zeman, 2016). For the quantification of
UV-B radiation in sunlight, this difference
of only 5 nm makes a huge difference in the
‘UV-B’ irradiance estimate. The use of 320
nm as the boundary can yield a value that is
more than twice that obtained with the
standard definition, and this discrepancy
depends on solar elevation. Consequently,
stating ‘UV-B radiation’ alone is ambiguous
and introduces uncertainty. To avoid this
problem, whenever feasible, the ISO defin-
ition should be used and its usage stated
when describing methods. When the only
calibration available for a broadband instru-
ment is based on a non-standard definition
of the UV-B spectral band, the definition
used should be clearly indicated and the
implications with respect to comparison to
other studies discussed.

Spectral Irradiance versus
UV-B Irradiance

There are good practical reasons to use
spectroradiometers in preference to broad-
band sensors. A very important one is that,
for a spectrometer, a single calibration is
valid for measuring any light source; broad-
band UV sensors require a separate calibra-
tion for each light source to be measured.
The exception are thermopile-based pyra-
nometers when measuring global radiation
in energy-based units.

In the case of broadband UV-B sensors,
calibration factors for sunlight and fluores-
cent UV-B lamps can differ by a factor of
two or more. Ignoring the need for separate

calibrations causes huge errors that are dif-
ficult to detect unless methods are described
in enough detail with respect to the type,
number and distance to lamps, plus any fil-
tering.

It is regrettable that many suppliers of
broadband UV sensors do not highlight this
requirement in their brochures and user
guides. One positive exception is Irradian
Ltd (Tranent, Scotland, UK; formerly
Macam), a company that sells readout de-
vices that can be programmed with up to
five different calibration constants. With
these UV radiometers, it is easy to choose
the calibration used based on the type of
lamp or light source being measured at the
time of measurement. The several different
types of calibrations available are also
clearly explained in the documentation.

Any broadband UV sensor can be cali-
brated to match different light sources by
comparison to a properly calibrated spect-
roradiometer with a stray-light specification
good enough for reliable measurement of
the light source in question. In the case of
the study of long-term trends or geograph-
ical variation in UV-B radiation, intercom-
parisons of instruments may be needed to
obtain reliable data (Leszczynski et al.,
1998; Huelsen et al., 2008).

Factors that affect the validity of a cali-
bration are various: in the short term, diffe-
rence in sensor temperature between the
calibration condition and the measurement
condition can be an important source of
errors. This is especially relevant for some
traditional types of UV-B broadband sensors
based on fluorescent pigments, for which
only types with thermostatic heating can be
used reliably in the field. Some sensors do
have built-in temperature sensors allowing
the correction of readings within a more re-
stricted range of temperatures. Readings
from semiconductor-based sensors, e.g.
based on silicon photodiodes and SiC de-
vices, are much less affected by temperature
changes.

Spectrometer readings can also be af-
fected by temperature changes, unless the
detector itself or the whole device is cooled
to a constant temperature. The main effect
of increased spectrometer temperature is an
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increase in dark noise, which can be to
some extent corrected by frequent dark
readings and averaging of multiple meas-
urements. Another effect of changes in tem-
perature on array spectrometers is a shift of
the wavelength calibration, an effect that
depends on individual instrument design.

Several reports from the World Me-
teorological Organization give recommenda-
tions for the use of different types of in-
struments in the quantification of UV-B
radiation (Seckmeyer et al., 2001, 2005,
2010a, b).

Signal and Noise

Different types of errors can affect the base-
line reading of a light sensor: drift of the
sensor signal in darkness as a result of elec-
trical noise and/or thermal radiation, and
stray light, which can be thought as light
that has strayed from its path due to optical
imperfections like reflections on the inside
of a spectrometer, or ‘leakage’ of unwanted
wavelengths by the optical filters used in
broadband sensors. The dark signal is rela-
tively easy to correct, as it can be measured
by blocking radiation from reaching the
sensor. Stray light is more difficult to meas-
ure because it cannot be easily separated
from the radiation to be measured. Further-
more, its contribution to the instrument
reading can depend on the spectrum of the
light source being measured. Problems with
filters can be characterized by measuring
the sensor response to monochromatic light
using a spectrograph, and comparing read-
ings to those of a thermopile. Some broad-
band UV sensors are based on light detec-
tion devices that are inherently ‘blind’ to
visible radiation, such as silicon carbide
(SiC) devices, and are immune to errors
caused by strong visible light. The prin-
ciples of operation of broadband sensors are
discussed by Bjorn et al. (2012), as well as
of dosimeters which we do not discuss here.

To be able to reject enough visible light
when measuring UV-B radiation in sun-
light, so as to achieve a usable estimate, say
an overestimation of not more than 10%,
we need a sensor with a sensitivity at least

four orders of magnitude higher in the UV-B
band than in the visible and infrared re-
gions. This is enough only when the sun
elevation is high. To achieve precise esti-
mates when the sun is lower in the sky, four
orders of magnitude may be too little. Single
monochromator spectrometers achieve a
stray light level that is only approximately
three orders of magnitude, making them un-
suitable for measuring UV-B radiation in
sunlight. It should be remembered that all
spectrometers using array detectors have
to be by necessity built with a single mono-
chromator in the light pass. Unless very
special measuring protocols that include
the measurement and subtraction of the stray
light are used, array spectrometers should
never be used to measure the UV-B compo-
nent of sunlight (Ylianttila et al., 2005;
Kreuter and Blumthaler, 2009). Of course,
when measuring artificial light sources, in
the absence of strong visible radiation, these
instruments are perfectly capable of giving
reliable estimates of UV-B irradiance. For
measuring UV-B radiation in sunlight, or
of supplementation of sunlight with UV-B
lamps, a double monochromator scanning
spectroradiometer is needed. In the case of
supplementation, a workaround is to meas-
ure the lamp output in the absence of sun-
light, e.g. by blocking sunlight or at night.
If this approach is used, one must be careful
not to expose the target plants to UV-B radi-
ation in the absence of ‘normal’ levels of vis-
ible radiation.

Workflow for UV-B Quantification
through Measurement

A crucial step is the calibration of the instru-
ments to be used. How frequently an instru-
ment needs to be calibrated depends on
how fast its responsivity changes in time
and the maximum allowable error size we
set. In addition to steady drift, calibration
of instruments can change as a result of
non-catastrophic malfunctions. When faced
with such a malfunction, all data acquired
between a good and a bad calibration has
to be discarded, adding another reason
to prefer frequent recalibration, or at least



Quantification of UV Radiation 13

checking by comparison to another instru-
ment or detector. One needs to consider the
cost of repeating the measurements, some-
times requiring whole experiments to be
redone when deciding on the frequency of
recalibration. Another consideration is the
harshness of the environment under which
the instrument is used, as for example, pro-
longed exposure of broadband sensors to
strong UV-B or UV-C radiation can cause de-
terioration of optical filters and in some
cases the detectors themselves, leading to
changes in overall sensitivity and even
spectral response characteristics. A reason-
able rule of thumb is to recalibrate instru-
ments used for measuring UV-B radiation at
least once per year. It is also important to
keep in mind that calibration in most cases
is done against standard lamps or calibrated
instruments that are not primary standards.
In other words, the calibration is usually
transferred several times before calibration
of a user’s instrument. As a consequence of
this, errors accumulate, and calibrations
of UV-B instruments, even if done with
utmost care and the best equipment, are
subject to considerable errors. In practice

(a) (b)

Acquire Process
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accumulated calibration uncertainties can
be as large as +10%.

Once we have suitably calibrated instru-
ments, UV-B quantification involves several
steps as presented in Fig. 2.1. Depending on
the instrument and software used for data
acquisition the first few steps of the work-
flow (dashed boxes) will be applied auto-
matically, but it is important for the user to
understand what is happening behind the
scenes as the validity of the acquired data
depends on these steps.

Acquisition of a raw reading from a de-
tector (column (a) in Fig. 2.1) is the first step
in any radiation measurement. The acquisi-
tion step depends on the type of detector
(e.g. reading of counts in the case of digital
detectors or measurement of an analogue
current or voltage in the case of analogue de-
tectors). The most basic test is to check that
the detector is not saturated, i.e. that the
acquired signal is not clipped and that the
reading is being obtained using an integra-
tion time or sensitivity setting that provides
enough resolution. Frequently, CCD and
CMOS arrays, have a few malfunctioning
pixels, e.g. ‘hot’, ‘cold’ and ‘dead’ pixels that

(c) (d)

. Analysis
Operations on . .
multiple spectra (il senes,
) model fitting)

/|

Summaries
(weighting,
integration, colour) |

I

Data acquisition ! dependent correc-
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! Raw spectral data EDA (plotting)
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A

Spectral data

Summary data

Fig. 2.1. Data flow for the quantification of radiation by spectroscopy. Four main steps (a)—(d) can be
distinguished, in the flow of spectral data from acquisition to their use in the interpretation of experimental

results. Based on Aphalo et al. (2016).
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produce bad data that needs to be culled
before further calculations.

The second step (column (b) in Fig. 2.1)
is the conversion of the raw readings into
values expressed in physical units of radi-
ation — in other words first correcting for the
dark signal, and possible non-linearity of
sensor response, and then multiplying by a
calibration constant. In the case of an array
spectrometer, these calculations need to be
done individually for each pixel in the array
detector, and a wavelength value matched to
each pixel in the array. In other words, the
calibration of an array spectrometer is re-
corded as a vector of up to a few thousands
calibration multipliers, plus coefficients of
a function relating pixel positions in the
detector array to wavelengths. In this step
we also include the very important process
of data ‘sanity’ checks. It is quite easy, with
experience or by searching the literature, to
estimate what irradiance to expect from a
certain setup of filters and/or lamps and
compare these values to what one has meas-
ured. The overall shape of the emission spec-
trum of a source can be also checked in this
way. This step, if done carefully, will guaran-
tee that no gross errors in quantification re-
main undetected and end up being reported.

The third step (column (c) in Fig. 2.1)
consists in summarizing spectral data as to-
tals by region of the spectrum, either not
weighted or weighted with a biological
spectral weighting function (BSWF). In
many cases each of these observations may
be the average of several instrument read-
ings, used to reduce uncertainties caused by
instrument instability. Radiation conditions
will vary in time and space, even in con-
trolled environments, so even after having
taken care of uncertainties related to instru-
mentation, the variation inherent to the
plants exposure or growing conditions
needs to be quantified, leading to an add-
itional step of data analysis.

The fourth step (column (d) in Fig. 2.1)
consists mostly of the statistical analysis of
the data obtained by replicated measure-
ments in time and/or space. For example, in
a controlled environment we usually need
to map the spatial variation in irradiance; or
in a canopy we may be interested in the

change in irradiance and spectral compos-
ition with depth in the canopy. This type of
measurement is frequently needed even
when variation in the radiation environment
isnot the subject under study. As an example,
Fig. 2.2 shows a map of solar UV-B attenuation
under a polyester filter.

Geometry Considerations

The first consideration is the heterogeneity
due to light sources, and after that, the hete-
reogeneity dependent on plant morphology
and optical properties. When the light source
is the sun, the relatively small yearly vari-
ation in the Sun—Earth distance, has only a
minor effect on solar irradiance at ground
level. In contrast, the solar elevation angle
determines the length of the path of solar
radiation through the atmosphere. The effect
of solar elevation is the main cause of the
well-known daily and yearly time courses
of solar UV-B irradiance. When we consider
artificial light sources located usually some
tens of centimetres from the top of the plants,
the varying distance to the light source as
plants grow can significantly affect irradiance
at the top of the plants. For a point source,
like a single light bulb, irradiance will vary
proportionally to the square of the distance
because the radiation beam ‘spreads’ in two
dimensions. With tubular lamps and arrays
of many small light sources like LEDs, when
located in an enclosed space with reflect-
ive walls, the decay with distance will be
less abrupt but still important. In practice,
this means that either (i) the distance be-
tween lamps and the top of the plants must
be maintained approximately constant all
the way through an experiment, or (ii) that
the irradiance or spectral irradiance must be
repeatedly measured throughout an experi-
ment’s duration. The biggest problems are
in those cases when the radiation treatment
affects the height of the plant(s), and this
change in height in turn affects the radi-
ation treatment. Another case is when the
different genotypes being compared grow to
different heights. Outdoors, the variations
in growth do not affect the irradiance the
plants are exposed to, as long as they grow
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Fig. 2.2. A UV-B relative irradiance map under a 1 x 0.8 m polyester filter set outdoors. Measured at noon,
under clear sky conditions, at 0.4 m below the filter. (Based on Fig. 2.31C from Aphalo et al. (2012b) (data
of T. Matthew Robson, Saara Hartikainen and Oriane Loiseau).)

in a pure canopy. In a controlled environ-
ment, however, such variable growth could
drastically affect the levels of exposure.
When quantifying the radiation received
by a plant, we need to consider its three-
dimensional structure. The morphology of
plants, including positions of organs, affects
the irradiance at the surface of these organs.
There are two aspects to this question: (i)
shading and (ii) the angle between the radi-
ation beam and the plant surface. Inside the
canopy these two effects are interlinked.
Surfaces perpendicular to the radiation
beam will be exposed to higher irradiances
than those surfaces displayed at a shallower
angle, so heliotropism and other nastic move-
ments affect the UV-B irradiance received
(Bawhey et al., 2003). Unless plants are very
small, of the same height and growing apart
from each other, and display leaves at similar
angles, the irradiance and spectrum impin-
ging on different plants and on different parts
of the shoot will vary also as a consequence
of shading, or radiation attenuation, and/or
reflection by other organs of the same and
neighbouring plants. When interpreting re-
sults for genotypes of different morphology,

or when using treatments that affect morph-
ology, the differences in the effective UV-B
exposure on the organs of plants with differ-
ent morphologies must be taken into account.
Some, but not all, of these shading and re-
flection dependent effects can be decreased
by having ample spacing between individual
plants.

We should also be aware of obstacles in
the path of radiation. Obstacles such as beams
supporting the roof of a greenhouse, or frames
supporting lamps or filters affect the UV and
visible radiation field the plants are exposed
to. They cause shaded patches whose pos-
ition depends on the position of the obstacle
relative to the plants and on the position of
the sun. Obstacles, like walls, or even more
frequently the instrument operator, can func-
tion either as reflectors or shades depending
on their position. Interference by operators
should be avoided, and that of obstacles per-
manently positioned near the plants quanti-
fied when it cannot be avoided. Measurements
should capture temporal and spatial variation,
and in many cases this requires measurements
at different solar elevations and under both
clear sky and overcast conditions. A corollary
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to this is that filter and lamp frames should
be identical, and located at exactly the same
distance from plants in all the treatments
being compared, i.e. irradiance should never
be adjusted by having different distances be-
tween lamp frames and plants in different
treatments (Flint et al., 2009).

The Spectrum of UV-B Light Sources

Ideally when experimentally studying the
effect of UV-B radiation one should use a
source emitting radiation only in this region
of the spectrum. Such sources exist but are
for most research projects prohibitively ex-
pensive or only able to illuminate a space
that is too small. UV lasers, even tuneable
UV lasers, are available, but expensive, and
of relatively low power and consequently
can only illuminate a small area. LEDs emit-
ting UV-B are also available, but have low
output, are very inefficient compared to
LEDs emitting at longer wavelengths, rela-
tively short-lived and very expensive. Once
again, they are useful for illuminating at
most a few plants for a relatively short
period of time. The third possibility is the
use of spectrographs, based on a Xenon-arc
lamp and a monochromator. They are ex-
pensive and have relatively high running
costs, and in most cases illuminate a rather
small area but have good wavelength reso-
lution and permit simultaneous irradiation
of different samples, each exposed to a dif-
ferent narrow range of wavelengths.

In research with plants, the most fre-
quently used UV-B radiation sources are low
pressure mercury lamps with special ‘phos-
phors’ as coating of the ampoule. They differ
from household fluorescent tubes and lamps
in the composition of the ‘phosphor’. Not-
withstanding the trade names under which
they are sold, only a fraction of the total ra-
diation emitted by these lamps is in the
UV-B region of the spectrum. This adds sev-
eral complications to the interpretation of
experimental results unless all the required
control treatments are included in an ex-
periment. Dark controls are not useful, as
they just reveal the effect of lamps as a
whole, rather than what we are usually

interested in: the effect of the UV-B portion
of the radiation emitted. Adding a second
type of control, with lamps optically filtered
to block UV-B wavelengths but pass longer
wavelengths, allows us to separate the effect
of UV-B from all other lamp effects bulked
together. To separate the effects of different
portions of the emitted radiation, further
types of filters could be used. Finally, a filter
blocking all emitted UV and visible radi-
ation would allow us to observe other pos-
sible effects of energized lamps, like those of
electrical fields and thermal radiation.

An example of the dangers of using dark
controls is the apparent enhancement of
seed germination by UV-B radiation, that in
the example given in Fig. 2.3 could be al-
most fully explained by the small amount of
orange radiation emitted by UV-B lamps.
This example highlights that even photon
fluences that may be difficult to measure or
would seem biologically irrelevant can,
under some conditions, be confounded with
effects of UV-B radiation unless adequate
controls are included in experiments.

A problem extensively discussed in the
literature is that of simulating the effect
of stratospheric ozone depletion on UV-B
exposure by means of lamps that cannot re-
produce the change in spectrum that actual
ozone depletion causes (Caldwell et al.,
1986; McLeod, 1997). This has led to the
extensive use of different BSWFs in an at-
tempt to adapt lamp-based UV-B treatments
to mimic the predicted increase in solar
UV-B radiation triggered by stratospheric
ozone depletion. One can think of BSWFs
as ‘transfer functions’ for predicting effects
or expressing treatments in terms of differ-
ent conditions that are difficult to achieve
experimentally. Conceptually they are simi-
lar to quantities used to quantify illumin-
ation using the spectral response of the
human eye as BSWF, or PAR using a rather
arbitrary BSWF that nonetheless ‘works
well” across many different plant species.
The use of BSWFs in UV-B research has
become less important as the focus has
shifted to other areas more closely related to
photoperception and ecological roles under
‘normal’ conditions and away from the effects
of ozone depletion.
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Fig. 2.3. Germination of seeds of silver birch (Betula pendula) exposed to radiation from UV-B lamps. Seeds
were irradiated in plastic petri dishes with lids transmitting approximately 70% of the UV-B radiation from
Q-Panel UVB313 lamps filtered with cellulose acetate plus yellow, polycarbonate or polyester as long-pass
filters blocking all UV and blue radiation, all UV radiation and UV-B radiation, respectively. The dark controls
were located on the same bench of the dark room, beside the irradiated ones, but wrapped in several layers
of black polythene film. Irradiation time was 12 h, and seeds were not exposed to other light except very
briefly to a very weak green safelight. (Unpublished data of Xavier Anguera and Pedro J. Aphalo.)

Simulation of the Solar Spectrum
for Estimation of UV-B Exposure

The accuracy of simulations of the solar
spectrum at ground level can be surprisingly
good, in some cases better than actual meas-
urements with ordinary broadband sensors
(Lindfors et al., 2007, 2009). This good ac-
curacy depends, however, on the availabil-
ity of good estimates of cloudiness. Such
good estimates can be obtained from hourly
global radiation data at ground level, which
is frequently available from meteorological
stations. Cloudiness is affected by topog-
raphy and the presence of large bodies of
water, so global radiation data should be ac-
quired at a nearby location with a topography
similar to that of the site of interest. Espe-
cially under difficult measuring conditions,
low solar elevations, or extreme temperature,

simulations based on local global radiation
measurements can outperform routine meas-
urements with normal broadband instru-
ments. The other big advantage is that if local
global radiation data is available together with
a regional estimate of stratospheric ozone
concentration, the simulations can be used
to estimate exposure to UV-B (or any other
region of the solar spectrum) retrospectively.
Estimates based purely on satellite data are
not usually as good because the cloud im-
aging data from orbiting satellites is sparser
over time because it is available once per sat-
ellite overpass rather than, at least in theory,
continuously for a stationary ground based
sensor. The radiation transfer model most
frequently used for ultraviolet radiation esti-
mation is currently libRadtran (Emde et al.,
2016). The core program of the libRadtran
package is the radiative transfer tool uvspec.
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Uvspec was originally designed to calculate
spectral irradiance and actinic flux in the
ultraviolet and visible parts of the spectrum,
where the name uvspec stems from. Over the
years, uvspec has undergone numerous revi-
sions that added extensions and led to many
improvements. The current version of uvspec
covers the full solar spectrum (UV, visible
and infrared regions) from 120 nm to 100 pm.
Sasha Madronich’s TUV model is also fre-
quently used.

For this type of estimate (i.e. UV-B)
libRadtran is especially suitable. While
TUV can also provide good estimates in the
ultraviolet region, the range of wavelengths
covered is smaller. Although TUV simulates
in more detail the atmospheric chemistry,
when interested only in the solar spectrum
at ground level, being able to simulate a
broader range of wavelengths can make the
use of libRadtran preferable.

Software for Calculations

When quantifying UV-B radiation, many
biologists find that the biggest stumbling
blocks are related to processing and summar-
izing of spectral data, including the computa-
tion of meaningful summaries. In addition,
when doing data sanity checks, or planning
experiments, access to suitable example data
to use for comparisons can be limited.

A suite of R packages has been devel-
oped (Aphalo, 2015; Aphalo et al., 2016)
with two aims in mind. One aim is to pro-
vide tools for teaching and learning about
VIS and UV radiation physics and photo-
biology. The other aim is to make it easier
for researchers in the field of photobiology
to do calculations required for the descrip-
tion of irradiation conditions and for simu-
lations useful for data validation and/or when
designing experiments. The suite is a col-
lection of classes, methods and functions,
accompanied by data sets. In particular, the
large sets of example data will make it easy
to carry out sanity checks of newly acquired
and/or already published data.

Given the expected audience of both stu-
dents and biologists, rather than data analysts,

or experienced programmers, we have aimed
at designing a consistent and easy to under-
stand paradigm for the analysis of spectral
data. The design is based on my own experi-
ence as a user, and on feedback from our stu-
dents and ‘early adopters’.

Most elements of the framework are
used by all packages in the suite:

e Spectral objects are containers for dif-
ferent types of spectral data, data which
is referenced to wavelength. These data
normally originate in measurements
with spectrometers or simulations with
models.

¢ Containers for spectral objects are used
to store collections of spectral objects,
such as time series of spectral objects or
spectral images, or other sets of related
spectral data.

e  Waveband objects are containers of in-
structions for the quantification of spec-
tral data. In addition to the everyday
definition as a range of wavelengths, we
include the spectral weighting functions
used in the calculation of what are fre-
quently called weighted or effective
exposures and doses.

e Maths operators and functions for oper-
ations on spectral objects are used to
combine and/or transform spectral data,
and in some cases to apply weights defined
by wavebands. They handle possible mis-
matches in the wavelength values between
the operands or arguments automatically
by interpolation.

e  Apply methods are used to apply func-
tions to each individual spectrum stored
in collections of spectra. They replace
explicit iteration loops such as for-loops
with faster code with a more convenient
syntax.

e Summary methods and functions are
defined for calculation of summary
quantities such as irradiance and trans-
mittance. Different summary functions
return different quantities through inte-
gration over wavelengths and take as
arguments spectra and wavebands.

e Plot methods for spectral objects sim-
plify the construction of specialized
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plots of spectral data. As data is stored
in spectral objects using known units
and these objects contain also meta-
data, these methods can automatically
construct plots with suitable axis labels
and other annotations.

e Foreign data exchange functions can be
used for importing data output by di-
verse measuring instruments including
various spectrometers and data loggers.
Other functions allow two-way exchange
of data with other R packages or classes
defined in base R.

By using an object-oriented design, methods
of the same name can be defined for objects of
different classes, some of them already im-
plemented for other classes in R itself. This
reduces the number of names a user needs
to remember. For example, there are many
implementations of methods plot and print,
but the user needs only one name for each of
these operations. The order and naming of
arguments is consistent throughout the suite,
and also consistent with base R methods and
functions whenever possible.

Here is an example using packages
photobiology and photobiologyWavebands:

q_irrad(sun.spct, UVB())

Example data of the spectral irradiance of
sunlight is used as the first argument (sun.spct)
to summary function ‘q_irrad()’ so as to obtain
the summary quantity photon (=quantum)
irradiance. If we supply as a second argu-
ment a waveband defining the wavelength
range for UV-B, we obtain UV-B photon ir-
radiance with no weighting function applied.

e_irrad(sun.spct, UVB())

By substituting ‘e_irrad’ for ‘q_irrad’ in the
code above, we obtain the summary quan-
tity energy irradiance instead of photon
irradiance.

e_irrad(sun.spct, CIE())

The same example data of the spectral
irradiance of sunlight (sun.spct) is used
as the first argument to summary function

‘e_irrad()’. Here the second argument, ‘CIE()’,
is a waveband object defining the BSWF
corresponding to the definition of the ery-
themal action spectrum from the 1998 CIE
(International Commission on Illumination)
Standard. The code now gives us the bio-
logically effective UV irradiance according
to the standard set out by the CIE.

e_irrad(sun.spct * polyester.spct, CIE())

By means of the multiplication operator ‘*’
we effect the convolution of data of spectral
irradiance for sunlight (sun.spct) with data
of spectral transmittance for a polyester film
(polyester.spct), obtaining an approximation
of the spectral irradiance of filtered sunlight.
This intermediate result is then used as the
first argument to summary function ‘e_irrad()’.
As we again supply as the second argument
a waveband object defining the CIE98 BSWF,
we obtain the biologically effective UV
irradiance according to CIE for sunlight fil-
tered by a polyester film. Of course, instead
of using example data included in the suite,
the user can use any measured spectral
irradiance and spectral transmittance data of
interest.

plot(sun.spct)

Generates a fully formatted and annotated
plot of the solar spectrum.

plot(polyester.spct)

Generates a fully formatted and annotated
plot of the spectral transmittance of a poly-
ester film.

plot(sun.spct * polyester.spct)

Generates a fully formatted and annotated
plot of the solar spectrum filtered by a film
of polyester.

plot(sun.spct, range = c(290:410))

Generates a fully formatted and annotated
plot of the solar spectrum, for wavelengths in
the range 290—410 nm.
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plot(sun.spct * CIE(), range = ¢(290:410))

Generates a fully formatted and annotated
plot of biologically effective spectral irradi-
ance according to the CIE98 BSWF, for
wavelengths in the range 290410 nm.

These are only a few simple examples.
The suite defines and uses eight different
classes of spectral objects for different types
of spectral data, and corresponding classes
for collections of these spectral objects. All
mathematical operators and functions in
base R are also defined for objects of these
classes, as well as plot, print, and numerous
summary methods. In the case of plotting,
not only plot methods are defined, but sev-
eral extensions to package ‘ggplot2’ are also
implemented so as to facilitate the plotting
of spectral data with full control of the re-
sulting plot by users.

Up to date information on the suite is
available at http://www.r4photobiology.info.
A handbook of photobiological calculations
with R is under preparation, with a draft al-
ready available at http://www.leanpub.com/
r4photobiology/.

Checklists

This chapter concludes with a summary of
the main points discussed in the form of
two checklists that can be used as a guide
when quantifying UV-B radiation with
broadband sensors and spectrometers.

Checklist for broadband sensors

1. Is the sensor suitable for the measure-
ment attempted? Suitable range of irradi-
ance sensitivity, good-enough suppression
of extraneous wavelengths, insensitive or
corrected for the environmental variation
expected (e.g. temperature), robust with re-
spect to expected disturbances (e.g. rain).

2. Is a valid calibration available? The sen-
sor has been calibrated under the light
source to be measured. The calibration is
recent enough to be valid. The calibration
has been done at a similar temperature, or if

not, the effect of the difference in tempera-
ture can be corrected for.

3. Sanity check at time of measurement.
The sensor is in the intended position, usu-
ally perfectly horizontal. There are no extra-
neous reflections or shading caused by the
measurement procedure or operator. Dark
reading is equal to zero or if not, recorded
for later correction of readings. Highest
reading is not off scale.

4. Sanity check of processed data. The
(photon/energy) irradiance values are simi-
lar to what could be expected for the light
source being measured.

5. Do the readings provide all the informa-
tion needed? Temporal and spatial variation.
Enough replication for reliable estimates.

6. Are obtained summary quantities sufficient
for the correct interpretation of observed plant
responses?

Checklist for spectrometers

1. Is the spectrometer suitable for the meas-
urement attempted? Stray light level low
enough for meaningful spectral readings in
the UV-B region. Suitable range of spectral
irradiance sensitivity in the wavelength
range of interest. Good-enough spectral
resolution. Insensitive or corrected for the
environmental variation expected (e.g. tem-
perature), robust with respect to expected
disturbances (e.g. handling).

2. Is a valid calibration available? The cali-
bration is recent enough to be valid. The
calibration has been done at a similar tem-
perature, or if not, the effect of the difference
in temperature can be corrected for.

3. Sanity check at time of measurement. The
cosine diffuser used as entrance optics is in
the intended position, usually perfectly hori-
zontal. There are no extraneous reflections or
shading caused by the measurement proced-
ure or operator. Dark reading is equal to zero
or if not, recorded to later correction of read-
ings. Highest reading does not cause clip-
ping of the spectrum near or in a region of
interest.

4. Sanity check of processed data. The shape
of the spectrum matches expectations for
the source being measured. The (photon/
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energy) irradiance values are similar to what
could be expected for the light source being
measured.

5. Do the readings provide all the informa-
tion needed? Temporal and spatial variation.
Enough replication for reliable estimates.

6. Are obtained summary quantities suffi-
cient for the correct interpretation of ob-
served plant responses?
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Introduction

Understanding the effects of ultraviolet
(UV) radiation in terrestrial ecosystems
has been a very active area of research in
photobiology. This topic has stimulated
extensive cooperation between scientists
working in a broad cross-section of discip-
lines, from photochemistry to physiology
and molecular biology, and to ecology and
environmental sciences. Historically, UV
research has gone through several phases,
with shifting scientific foci and visibility.
A major initial driver of UV research was
associated with the prediction of strong
negative effects of environmental pollu-
tants on the integrity of the ozone layer
(Molina and Rowland, 1974) and the dis-
covery of the Antarctic ozone hole (Farman
et al.,, 1985), which led to heightened
concerns about increasing UV levels that
might have catastrophic consequences for
life on Earth. Consequently, most of the
initial efforts were focused on understand-
ing the biological effects of the UV-B com-
ponent of solar radiation, particularly
damaging effects that could affect human
health and compromise the productivity

of managed ecosystems (UNEP, 1994;
Caldwell et al.,, 1995). Because ozone
depletion was particularly severe in polar
regions (Solomon, 1990; Madronich et al.,
1995), the majority of the empirical stud-
ies were carried out in high-latitude eco-
systems (Smith et al., 1992; Johanson
et al., 1995; Ballaré et al., 2001). During
the course of those experiments, evidence
began to emerge for important roles of
UV-B radiation in the regulation of plant
function and ecosystem-level processes
(Rozema et al., 1997b; Caldwell et al., 2003).
These observations, along with the prospect
of a recovery of the ozone layer following
the implementation of the Montreal Proto-
col (McKenzie et al., 2011; Solomon et al.,
2016), led to a shift in research emphasis
from damage to regulation of biological pro-
cesses. In plant biology, the characterization
of a specific UV-B photoreceptor opened the
way to mechanistic studies aimed at under-
standing the molecular basis of plant re-
sponses to UV-B radiation. At the ecosystem
level, it became obvious that other wave-
lengths of the solar spectrum, not affected by
ozone depletion but clearly sensitive to glo-
bal change, could also play important roles
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as regulators of ecosystem processes and
biogeochemical cycles (Ballaré et al., 2011;
Williamson et al., 2014). In this chapter, we
discuss these changing perspectives and
highlight some open questions in the field
of UV effects on terrestrial ecosystems.

Plant Growth and Function

Predicting the consequences of ozone
depletion

Highly energetic UV-B quanta can have
deleterious effects on living organisms.
DNA, proteins, lipids and other key macro-
molecules can interact with UV-B quanta,
leading to the formation of non-functional
photoproducts. The action spectra for these
interactions usually show a sharp rise in
quantum effectiveness in the UV-B region
(Caldwell, 1971; Setlow, 1974; Caldwell and
Flint, 1997).

The ozone layer absorbs nearly all of
the UV-C and most of the UV-B in the terres-
trial atmosphere. Therefore, predictions of a
significant decrease in ozone levels caused
by anthropogenic sources and the discovery
of significant ozone depletion over Antarc-
tica in the mid-1980s (Solomon, 1999) led
to strong concerns about potential impacts
of increased doses of UV-B radiation on or-
ganisms, including plants. As a result, sev-
eral research programmes were launched in
different parts of the globe to investigate the
effects of UV-B radiation on photosynthesis
and plant growth (Caldwell et al., 1995).

Plant acclimation and resistance to solar UV

Given the prospect of increased UV-B expos-
ure, it is understandable that early efforts
were centred on the detection and evalu-
ation of damaging effects of UV-B radiation,
in particular the consequences for agricul-
tural productivity. Most of the initial studies
demonstrated deleterious effects of UV-B on
DNA integrity, photosystem II stability, gas
exchange, and plant growth (reviewed in

Tevini and Teramura, 1989; Strid et al., 1994;
Teramura and Sullivan, 1994). Many of those
pioneering studies may have suffered from a
lack of realism in the simulation of potential
scenarios of ozone depletion, usually em-
ploying very high doses of UV-B radiation,
and unbalanced levels of UV-B relative to
visible radiation (Caldwell and Flint, 1997).
Those unrealistic conditions may have con-
tributed to exaggerate the negative effects of
UV-B on plants (Aphalo et al., 2012).

When more realistic irradiation condi-
tions were applied, along with improved UV
dosimetry, it was found that, to a large ex-
tent, plants are able to acclimate to variations
in UV-B levels and that certain processes,
such as photosynthesis, are largely unaffected
by natural or moderately enhanced doses of
UV-B radiation (Fiscus and Booker, 1995).
The fact that terrestrial plants are well
equipped to deal with UV-B radiation should
not be surprising, given that, as sessile photo-
synthetic organisms, plants are normally ex-
posed to large variations in solar irradiance,
which includes large variations in the UV-B
component.

Plant acclimation to UV-B radiation has
several components, with the first layer of
protection being filtration. Plants produce
different types of epidermal sunscreens,
which block UV-B quanta before they reach
sensitive cellular targets (Caldwell et al.,
1983; Braun and Tevini, 1993). Of these sun-
screens, phenolic compounds are probably
the most important, and the ones that have
been studied in greatest detail (Li et al,
1993; Landry et al., 1995; Reuber et al,
1996). Colourless flavonoids and phenylpro-
panoids accumulate in the vacuoles of epi-
dermal cells and form a very effective filter,
which blocks UV-B radiation without sig-
nificantly affecting the penetration of photo-
synthetically active radiation (PAR) (Bilger
et al., 1997; Barnes et al., 2000; Burchard
et al., 2000; Mazza et al., 2000). Accumula-
tion of phenolic sunscreens is often accom-
panied by developmental responses that
contribute to increase their efficiency in pro-
tecting against UV-B. One of these responses
is increased leaf thickness, which concomi-
tantly reduces the penetration of UV-B to the
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inner layers of photosynthetic cells (Cen
and Bornman, 1993). Another response is
the inhibition of hypocotyl elongation in re-
sponse to UV-B perceived by the apical
hook, which retards the emergence of seed-
lings of certain species from the soil, thereby
allowing time for accumulation of phenolic
sunscreens before the cotyledons are exposed
to solar radiation (Ballaré et al., 1995b; Bal-
laré et al., 1996). Sunscreen levels have also
been shown to fluctuate on a daily basis,
providing maximum protection around mid-
day (Veit et al., 1996; Barnes et al., 2016a;
Barnes et al., 2016b).

A second layer of protection usually in-
volves the accumulation of enzymatic and
non-enzymatic antioxidants that scavenge
toxic-free radicals generated in response to
interactions of UV-B quanta with several
molecules (Willekens et al., 1994; Malanga
and Puntarulo, 1995; Rao et al., 1996; Take-
uchi et al., 1996). Although the majority of
the experiments quantifying antioxidant
responses have been carried out under very
unbalanced light conditions (i.e. UV-B levels
applied against very low levels of PAR),
there is evidence from field studies demon-
strating strong enzymatic and non-enzymatic
antioxidant responses to solar UV-B radiation,
which contribute to minimize oxidative stress
under field conditions (Mazza et al., 1999;
Giordano et al., 2004).

A critical additional layer of defence
involves repair of UV-B-induced cellular
damage. DNA repair has been studied in
considerable detail in terrestrial plants. The
main mechanism of DNA repair is based on
the action of photolyases (photorepair),
which effectively remove cyclobutane pyr-
imidine dimers (CPDs) and pyrimidine (6-4)
pyrimidinone dimers (6-4 photoproducts)
(reviewed in Britt, 2004). Natural levels of
UV-B cause measurable increases in the
abundance of CPDs at midday (Stapleton
et al., 1997; Mazza et al., 1999); however,
CPD repair appears to be fast (Rousseaux
et al., 1999). Peak levels of CPDs at noon in-
crease with UV-B irradiance in the field
(Rousseaux et al., 1999; Mazza et al., 2000),
suggesting that DNA damage could be one
of the mechanisms by which solar UV-B

radiation inhibits leaf growth in terrestrial
plants (Giordano et al., 2004).

The Montreal Protocol, signed in 1989,
was a highly successful international agree-
ment, which led to significant reductions in
the emissions of ozone-depleting substances
and a drastic reduction in the rate of ozone
destruction. Current projections suggest that
the ozone layer could recover to historical
levels during the next four decades (Bais
et al., 2015). Given that ozone depletion was
rapidly detected and effectively attenuated
by the regulations of the Montreal Protocol,
the changes in stratospheric ozone were rela-
tively small, outside of polar regions (Her-
man, 2010). These small changes, coupled
with the fact that plants tend to be relatively
resistant to variations in UV-B, has led to the
conclusion that the negative effects of ozone
depletion between 1980 and 2010 on plant
biomass were probably modest, even in those
areas where ozone depletion was maximum
(i.e. high latitudes in the Southern Hemi-
sphere) (Ballaré et al., 2011).

UV-B as a signal for plants

Although the main focus of the initial re-
search on UV-B responses was clearly the po-
tential for damaging effects, it soon became
obvious that UV-B radiation was also an im-
portant regulator of plant function. One of
the first processes found to be regulated by
UV-B was the accumulation of phenolic sun-
screens that play a role in UV-B photoprotec-
tion. In addition, growth-related responses to
UV-B revealed action spectra that were not
easily explained solely on the basis of cellu-
lar damage (discussed in Stapleton, 1992;
Ballaré et al., 1995a). This body of accumu-
lating evidence led support to the idea that
plants have mechanisms to specifically per-
ceive the UV-B component of solar radiation
and activate adaptive physiological re-
sponses. Growth inhibition and increased
accumulation of leaf phenolics could be seen
as complementary parts of a protection
mechanism activated in the plant in response
to increased levels of UV-B radiation.
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An interesting spin-off from the early
work on plant responses to solar UV-B was
the realization that some of the changes in
plant chemistry elicited by natural levels of
solar UV-B radiation involved compounds
known to be important for plant interactions
with other organisms. The list included phe-
nylpropanoid compounds (Izaguirre et al.,
2007), isoflavonoids (Zavala et al., 2015),
conjugated polyamines (Demkura et al.,
2010); cuticular waxes (Kuhlmann and Miil-
ler, 2010), proteinase inhibitors (Stratmann
et al., 2000; Izaguirre et al., 2003) and jasmo-
nates (Dinh et al., 2013), among others. In
parallel with these findings, field studies
demonstrated that, in many cases, manipu-
lations of solar UV-B radiation resulted in
large changes in the levels of invertebrate
herbivory and plant interactions with micro-
organisms (reviewed in Caldwell et al.,
2003; Ballaré et al., 2011).

Negative effects of solar UV-B radiation
on herbivory levels are particularly well
documented, and appear to be proportionally
much larger than the effects of UV-B inhibit-
ing plant growth (Ballaré et al., 2011). Some
insects can perceive solar UV-B radiation
(Mazza et al., 2002), but many of the negative
effects of UV-B on levels of insect herbivory
are thought to be indirect (i.e. mediated by
changes in host plant traits) (Ballaré et al.,
2012). Shade-intolerant plants often down-
regulate their defences against pathogens and
pests in those leaves that are exposed to
shade or shade signals (such as a low red to
far-red ratios, R:FR) (Izaguirre et al., 2006;
Moreno et al., 2009; de Wit et al., 2013), pre-
sumably to save resources that could be in-
vested in growth responses to avoid shade. A
plausible interpretation of the positive effects
of solar UV-B on plant defences is that plants
‘interpret’” UV-B as a signal of full sunlight
(i.e. no shade) (Mazza and Ballaré, 2015). Ac-
cording to this interpretation, plants growing
in patchy canopies use solar UV-B as a ‘gap’
signal, to adaptively regulate their growth and
defence phenotypes. The interplay between
shade signals (such as low R:FR perceived
by phytochromes) and gap signals (such as
high UV-B) will optimize the allocation of
resources between growth and defence
(reviewed in Ballaré, 2014).

Discovery of a UV-B photoreceptor
in Arabidopsis

Plant responses to solar UV-B are highly
specific. The definition of ‘specific’, in this
context, takes into account the fact that solar
UV-B represents less than 1% of the total
shortwave photons received at the ground
surface. Therefore, if changes in UV-B
within this range result in a plant response,
it must be assumed that the plant has a very
specific sensory system to detect these
changes (i.e. a sensory system that is not ac-
tivated by other wavelengths of the solar
spectrum) (discussed in Demkura et al.,
2010). Nucleic acids and aromatic amino
acids absorb strongly in the UV-B region
and could therefore act as potential compo-
nents of UV-B sensors (Walker, 1984; Kim
et al., 1992). The cloning (Kliebenstein
et al., 2002) and functional characterization
of UV RESISTANCE LOCUS 8 (UVRS8) (Rizz-
ini et al., 2011; Christie et al., 2012; Wu
et al., 2012) represented an important step
in UV photobiology, defining the first spe-
cific UV-B photoreceptor. UVRS is a seven-
bladed p-propeller protein that forms a
homodimer held together by interactions
between charged tryptophans. After UV-B
absorption, the UVR8 homodimer converts
to monomers that enter the nucleus ultim-
ately leading to transcriptional regulation
of target genes (Brown and Jenkins, 2008;
Favory et al., 2009; Rizzini et al., 2011). The
amount of UVR8 monomer is thought to
be a measure of the UV-B levels perceived
by the plant (Findlay and Jenkins, 2016).
The central components of the UVR8 photo-
cycle, including the CONSTITUTIVELY
PHOTOMORPHOGENIC 1 (COP1) E3 ubi-
quitin ligase and the REPRESSOR OF UV-B
PHOTOMORPHOGENESIS (RUP) 1 and 2
proteins, have been elucidated (Heijde and
Ulm, 2012; Jenkins, 2014). Interaction of
UVR8 with COP1 stabilizes the ELONGATED
HYPOCOTYL 5 (HY5) transcription factor
and enhances the association of HY5 with
target promoters, thereby activating transcrip-
tion of many UV-B-responsive genes (Heijde
and Ulm, 2012; Jenkins, 2014). Many of these
target genes are associated with UV-B pro-
tection and UV-B damage repair; therefore,
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a major role of UVR8 in UV protection is
inferred (Kliebenstein et al., 2002; Brown
etal., 2005; Favory et al., 2009). In fact, uvr8
is hypersensitive to prolonged exposure to
UV-B radiation (Kliebenstein et al., 2002),
or to treatments in which UV-B is adminis-
trated against a background of low PAR, or
using very high UV-B doses.

The role of UVR8 under natural condi-
tions remains to be established. Using real-
istic UV-B treatments, Demkura and Ballaré
(2012) inferred that UVR8 could play a role
regulating plant defence against fungal
pathogens, and there is evidence from
limited field studies that uvr8 mutants are
somewhat more sensitive to natural levels
of solar radiation than wild-type plants
(Morales et al., 2013). However, additional
information from field studies, measuring
fitness components, is needed to establish
the adaptive importance of UVR8-mediated
UV-B perception. It is worth noting that
some growth (Casadevall et al., 2013) and
defence responses (Mazza and Ballaré,
2015) to UV-B radiation appear to be acti-
vated in a UVR8-independent manner. The
logical enthusiasm associated with the dis-
covery of a specialized UV-B receptor should
not obscure the fact that UV-B photons have
multiple targets in plant cells, including
DNA, where they cause UV-B specific
photoproducts. CPDs, for example, which
are specifically induced by UV-B, are
known to activate transcription and cellu-
lar responses in mammalian cells (Boros
et al., 2015). Measurable levels of CPDs
are induced by natural UV-B irradiances
(Ballaré et al., 1996; Stapleton et al., 1997;
Mazza et al., 1999), and for some responses,
such as leaf growth inhibition, there is a
good correlation with DNA damage (Gior-
dano et al., 2004). More work should be
carried out to establish the molecular
mechanisms underlying adaptive plant re-
sponses under natural field conditions.
Care should be taken not to repeat the ini-
tial errors of UV-B dosimetry and spectral
balance that were common in the pioneering
experiments aimed to evaluate the biological
effects of increased UV-B radiation caused
by stratospheric ozone depletion (Aphalo
et al., 2012).

Ecosystem Processes

UV-B radiation and litter decomposition
with stratospheric ozone depletion

Ecological interest in understanding the ef-
fects of UV radiation on litter decompos-
ition and biogeochemical cycles began with
the recognition of stratospheric ozone de-
pletion and the potentially damaging effects
of UV-B on a range of ecosystem processes
beyond photosynthesis and plant growth
(Caldwell and Flint, 1994; Rozema et al.,
1997b; Ballaré et al., 2001). At the time, the
prevailing hypotheses were that exposure to
elevated UV-B levels could affect plant litter
decomposition in two ways, both nega-
tively: i) through alteration of litter quality
via chemical changes in green leaves (par-
ticularly phenolic compounds, lignin and
other photoprotective compounds); and ii)
through damage to soil biota on litter and
soil surfaces such as bacteria, thus imped-
ing litter decomposition, soil organic matter
formation and nutrient mineralization.

There was general support for the first
hypothesis in initial studies from both
supplementation and attenuation experi-
ments in a range of ecosystems. Enhanced
UV-B radiation during growth typically re-
duced overall litter quality (e.g. Gehrke
et al., 1995; Rozema et al., 1997a; Pancotto
et al., 2003; Pancotto et al., 2005), al-
though this was not universally observed,
particularly under conditions of realistic
changes in UV-B radiation simulating
stratospheric ozone depletion (Newsham
et al., 1999; Cybulski III et al., 2000; Hoo-
rens et al., 2004). Increases in phenolic
compounds or lignin in litter were identi-
fied as the major factors contributing to re-
duced litter quality in these experiments,
which in some cases coincided with reduc-
tions in litter decomposition.

The second hypothesis focused on the
potential damage to microbial populations
on leaf litter exposed to elevated levels of
UV-B radiation (Sinha and Héider, 2002). In
practice, reduction in litter decomposition
was attributed to changes in microbial com-
munity activity, as it was very difficult to
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demonstrate direct damage to microbial
populations under field conditions. Some
disputed evidence for a strong influence of
UV-B radiation on microbial community ef-
ficiency was shown in a laboratory experi-
ment (Johnson et al., 2002; Stark and Hart,
2003), but overall, effects on both litter de-
composition and microbial community
composition were modest or undetectable
(Searles et al., 2001; Robson et al., 2004). In
cases where significant compositional
changes in litter biota were detected, fungal
species appeared to be more sensitive to
UV-B exposure than bacteria (Gehrke et al.,
1995; Pancotto et al., 2003; Robson et al.,
2004). The difficulty in interpreting many
of these studies, however, stems from the
continuing challenge for soil ecologists to
link microbial community composition to
function (Schimel and Schaeffer, 2012), due
to the fact that changes in microbial com-
munity do not necessarily translate to
changes in ecosystem processes such as car-
bon respiration or nutrient turnover. The
few studies that evaluated methane or car-
bon flux from microbial activity demon-
strated reduced (Gehrke et al., 1995; Niemi
et al., 2002; Pancotto et al., 2003), or neutral
(Rinnan et al., 2003) responses, without a
strong case for significant UV-B effects on
gas efflux from the terrestrial environment.
There is some evidence that these changes
may be more important in the long term, as
increased microbial enzymatic activity and
reduced C respiration were observed in
Vaccinum heathland only after two decades
of exposure to elevated UV-B radiation
(Jones et al., 2015).

Interestingly, at this time it was also
noted that lignin concentrations were re-
duced in litter exposed to UV-B radiation
(Gehrke et al., 1995); it was suggested that
photochemical mineralization may be re-
sponsible for these changes in litter quality
(Moorhead and Callaghan, 1994). However,
the general conclusion from these studies as-
sociated with stratospheric ozone depletion
was that direct photochemical breakdown of
terrestrial litter was unimportant or made
only a minor contribution to the decompos-
ition process and thus carbon release from
terrestrial ecosystems (Moody et al., 2001).

This was somewhat misleading due to the
fact that the vast majority of these studies
had been conducted at high latitudes where
background levels of UV-B were constitu-
tively low. In addition, the lack of direct
photodegradative effects was in direct con-
trast to several important studies from
aquatic and marine ecosystems, which indi-
cated a key role for UV radiation affecting
the biotic availability of dissolved organic
matter (Kieber et al.,, 1989; Keiber et al.,
1990; Amon and Benner, 1996). Given the
lukewarm response of many ecosystem pro-
cesses to the alterations of UV-B irradiance,
it would take another decade for our atten-
tion to return to the importance of solar UV
radiation on carbon turnover in terrestrial
ecosystems.

Photochemical degradation of terrestrial
plant litter

The curious lack of correlation between cli-
matic parameters and litter decomposition
in arid and semiarid ecosystems puzzled
ecologists for some time (Austin, 2011),
given that litter quality and climate (particu-
larly actual evapotranspiration) were con-
sidered to be the most fundamental controls
on carbon turnover in terrestrial ecosystems
(Meentemeyer, 1978). Nevertheless, enigmatic
studies demonstrated a higher than predicted
decomposition in sites of very low rainfall
(e.g.Whitford et al., 1981; Moorhead and
Reynolds, 1989), as well as little correlation
with mean annual precipitation (Vanderbilt
et al., 2008) or water availability (Austin
et al., 2009).

While direct photochemical transform-
ation resulted in volatile C emissions from
degrading plant litter (Tarr et al., 1995;
Schade et al., 1999), the connection between
photodegradation and carbon turnover in
terrestrial ecosystems had not been recog-
nized. The identification of a dominant con-
trol of direct photochemical mineralization
of aboveground plant litter in a semiarid ter-
restrial ecosystem (Austin and Vivanco,
2006) was a step forward in our understand-
ing of this control on carbon turnover. This
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study demonstrated that photodegradation
(conversion of organic compounds to car-
bon dioxide (CO,) and other volatile C emis-
sions with exposure to solar radiation) due
to UV-B and solar radiation exposure was
independent of biotic activity in the Patago-
nian steppe. Attenuation of UV-B radiation
reduced litter mass loss by 33%, while
blocking total solar radiation reduced litter
decomposition by two-thirds, independ-
ently of the presence of soil biota (Austin
and Vivanco, 2006). This study brought to
centre stage the potential importance of
UV-B and solar radiation as a control on car-
bon turnover in terrestrial ecosystems. As a
result, there was a resurgence of interest in
understanding how solar radiation affected
rates of mass loss and carbon turnover (re-
viewed in Austin, 2011; King et al., 2012;
Barnes et al., 2015). In addition, the incorp-
oration of photodegradation in our concep-
tual framework of carbon turnover in arid
lands helped to explain the rapid turnover
of plant litter in these biotically impover-
ished ecosystems. A flurry of new studies
focused on the direct production of carbon
gases from exposure to solar radiation in the
absence of biotic activity (Brandt et al.,
2009; Rutledge et al., 2010; Lee et al., 2012),
which yielded important quantitative infor-
mation on the rates of carbon efflux to the
atmosphere. These studies suggested that at
the ecosystem scale, carbon loss from pho-
todegradation in semiarid ecoystems with
marked seasonality could be on par with
microbial respiration, although in general,
fluxes from photodegradation were smaller
than CO, microbial fluxes in most terrestrial
ecosystems. Other studies demonstrated sig-
nificant effects of UV-B and solar radiation
on litter decomposition in semiarid zones,
which were often equally or more import-
ant than changes in water availability or
precipitation regime (Brandt et al., 2007;
Day et al., 2007; Henry et al., 2008; Austin
et al., 2009; Brandt et al., 2010; Rutledge
et al., 2010; Lin and King, 2014; Baker and
Allison, 2015). At the same time, several
studies demonstrated little or no direct UV-B
(or UV) effects on aboveground litter de-
composition (e.g. Smith et al, 2010;
Uselman et al., 2011; Barnes et al., 2012;

Lambie et al., 2014), which was in agreement
with the results of a meta-analysis of UV-B
effects (Song et al., 2013). The lack of dem-
onstration of UV-B effects may stem from
our previous focus on UV-B radiation due to
stratospheric ozone depletion, which con-
ditioned many of the experiments in terres-
trial ecosystems to concentrate exclusively
on the role of the UV-B component in high
latitude ecosystems, rather than on the range
of wavelengths that make up the solar spec-
trum and are potentially important for pho-
todegradation (Austin and Ballaré, 2010).
Given the increasing evidence of the import-
ance of other (non UV-B) wavelengths of ra-
diation in biogeochemical cycling, there
clearly needs to be more focus in current
and future experiments to emulate the real
range of variation in solar radiation in ter-
restrial ecosystems (Williamson et al., 2014).

Photopriming and terrestrial ecosystems

One of the most exciting new developments
in our understanding of the role of solar ra-
diation on biogeochemical cycles in terres-
trial ecosystems has come from the further
recognition of the indirect role of solar radi-
ation (including UV-B) on the biotic compo-
nent of litter decomposition. In contrast to
modest negative effects that were previ-
ously observed for litter decomposition at
high latitudes, the indirect effects of photo-
degradation are largely positive. Stimulation
of litter decomposition and carbon turnover
has been observed in various semiarid ter-
restrial ecosystems (Baker and Allison,
2015; Day et al., 2015; Gaxiola and Armesto,
2015; Lin et al., 2015b). In addition, soil res-
piration with pulsed rain events increased
dramatically due to antecedent exposure of
aboveground litter to solar radiation (Ma
et al., 2012). Several studies have shown
that litter exposed to solar radiation subse-
quently decayed more rapidly (Henry et al.,
2008; Gallo et al., 2009; Foereid et al., 2010),
particularly if the litter was in strong con-
tact with surface soil (Barnes et al., 2012;
Hewins et al., 2013). These new studies rep-
resent a shift in our understanding of the
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role of solar radiation affecting carbon turn-
over for two reasons: first is that there has
been a bias over time to assume harmful or
negative effects of UV radiation on biotical-
ly-mediated processes; and second, that
UV-B is the only part of the solar spectrum
that varies and is potentially important in
affecting ecosystem processes such as car-
bon turnover.

A very recent, broad-scale study of the
effects of solar radiation through photodeg-
radation of terrestrial leaf litter suggests a
mechanism for the stimulation of biotically-
mediated decomposition (Fig. 3.1; Austin
et al., 2016).

Across a wide range of woody and herb-
aceous terrestrial plant species, previous ex-
posure to UV and particularly blue-green

(BG) solar radiation significantly increased
rates of organic matter decomposition, with
a 30% increase for exposure to full solar ra-
diation (UV+BG light). The mechanistic ex-
planation for this stimulation of biotic de-
composition lies in the accessibility of the
plant cell wall polysaccharides in decompos-
ing plant litter. The first step in this observed
priming of litter decomposition appears to
come from the fact that exposure to solar
radiation results in a photodegradation of
lignin (Day et al., 2007; Austin and Ballaré,
2010). This photodegradation has been docu-
mented using NMR spectroscopy (Lin et al.,
2015a), and is due to the absorbance of solar
radiation by lignin in a broad range of wave-
lengths of the solar spectrum (Austin and
Ballaré, 2010). This degradation of lignin in
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Fig. 3.1. Conceptual model of positive effects of solar radiation on lignin degradation and microbial

decomposition in terrestrial ecosystems. Boxes indicate carbon pools, solid arrows indicate fluxes of carbon
between pools. In the proposed mechanism, shown, the UV and blue-green (BG) photons in sunlight cause
lignin photodegradation and the formation of photoproducts, some of which are released to the atmosphere
(volatile compounds) and others (non-volatile compounds) are retained in litter. Cellulose and
hemicelluloses, the most abundant cell wall polysaccharides (CWPs) and major components of plant litter,
can also be directly photodegraded by UV photons, which contribute to the losses of volatile carbon to the
atmosphere (Schade et al., 1999). The biotic decomposition of CWPs is catalysed by microbial cellulases.
Because cellulase activity and cellulase access to its substrate (Gressel, 2008) are both inhibited by lignin,
photodegradation of the lignin component of plant litter facilitates saccharification (i.e. cellulase
degradation of plant CWPs). In addition, some lignin photodegradation products (such as quinones) might
have inhibitory effects on decomposer microorganisms (Mdiller et al., 2003; Bais et al., 2006).
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the secondary cell walls liberates cell wall
polysaccharides from the lignocellulolytic
linkages, thereby enabling increased access
for microbial degradation (Austin et al.,
2016). This mechanistic insight suggests
that photopriming of plant litter may be a
widespread and general phenomenon in ter-
restrial ecosystems that are subject to expos-
ure to solar radiation during some part of the
year. A recent meta-analysis of the effects of
UV radiation on litter decomposition is con-
sistent with the idea that UV exposure in-
creases biodegradability of senescent plant
material (Wang et al., 2015), a point which
has perhaps been underappreciated until
now. An emerging perspective from these
studies is that photodegradation and its
interaction with soil biota could function as
a primary regulator of litter decomposition,
carbon storage and nutrient turnover in a
broad range of terrestrial ecosystems.

Climate change, biogeochemical cycles and
UV-B radiation in terrestrial ecosystems

We have travelled a long way in our under-
standing of the complexities of the controls
of UV-B radiation on plant growth and eco-
system processes. An emerging perspective
from the enormous effort and energy in
understanding the effects of UV-B radiation
in terrestrial ecosystems is clear: we can
now recognize that in addition to the poten-
tially negative effects of UV-B on terrestrial
biota, UV-B can also control ecosystem pro-
cesses through its natural variation and
changes due to human activity or climate
change. The focus on negative impacts of
UV radiation needs to be recast in the light
of the multiple mechanistic insights that
have been highlighted in recent years due to
our broadened understanding of the role of
UV-B as a regulator of plant function and
ecosystem processes. At the same time, we
must not overestimate the depth of our mech-
anistic understanding of the regulation of
processes with variation in UV-B radiation.
The relative importance of different photosen-
sory pathways (i.e. UVR8-, DNA-dependent,
etc.) for the perception of ‘natural’ levels of
UV-B radiation remains to be established.

Future work must connect the important
advances in our molecular understanding of
UVRS8’s function with the suite of physio-
logical responses that plants display under
natural conditions. We can take a valuable
lesson from the pioneering work aimed at
understanding stratospheric ozone deple-
tion in terrestrial ecosystems and take care
not to repeat the initial errors of UV-B dos-
imetry and spectral balance that were com-
mon in those initial experiments from some
decades ago.

This review highlights the need to ex-
tend our understanding of the effects of
solar UV radiation beyond the wavelengths
associated only with the UV-B fraction. The
recent demonstration of the importance of
UV-A and short-wave visible wavelengths
of solar radiation in affecting carbon turn-
over suggests that human activity and cli-
mate change may have large and persistent
effects on ecosystem functioning in ways
that go far beyond stratospheric ozone de-
pletion. For example, the relative importance
of photodegradation is likely to increase
under conditions of increased aridity, in par-
ticular in Mediterranean ecosystems. Car-
bon turnover was dramatically reduced with
lower solar radiation exposure due to shad-
ing from increased vegetation cover from af-
forestation, and due to the combination of
UV attenuation and land-use change (Throop
and Archer, 2007; Bosco et al., 2016). These
results suggest that land-use change as it
affects vegetative cover and thus solar radi-
ation exposure may be a principal driver
of changes in carbon turnover in human-
modified ecosystems. This broader perspec-
tive on the role of solar radiation affecting
plant function, trophic interactions (e.g.
plant—insect interactions) and biogeochem-
ical cycling should be taken into account in
modelling predictions of the responses of
terrestrial ecosystems to climate change and
human impact (Williamson et al., 2014).
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Introduction — The New View on
Secondary Plant Metabolites

In the current scientific literature, second-
ary plant metabolites are discussed in two
key respects: (i) their relevance for the
plant’s fitness as regards its interactions
with the environment, and (ii) their protect-
ive role for human health via plant-based
nutrition. In this regard, several epidemio-
logical studies have shown an inverse asso-
ciation between vegetable consumption and
the incidence of chronic diseases such as
different types of cancer, diabetes and car-
diovascular disease. Moreover, secondary
plant metabolites have been demonstrated
to be the bioactive compounds accountable
for this observed protective effect in sev-
eral cellular and biochemical in vitro
investigations as well as in in vivo ex-
periments and human intervention studies
(e.g. Watzl and Leitzmann, 2005; Verkerk
et al., 2009).

As regards plant interactions with the
environment, secondary plant metabolites
can act as pollination attractants, antioxi-
dants or signalling molecules, as well as
protective compounds against pathogens

*Corresponding author: schreiner@igzev.de

and herbivorous insects or various abiotic
stresses such as radiation impact. In par-
ticular, they prevent solar UV-B stress,
which has been shown to increase due to
stratospheric ozone depletion (e.g. Rozema
et al., 1999). Recently, however, in contrast
to former investigations that highlighted the
impact of elevated UV-B radiation on plant
physiological and metabolic responses, a
paradigm shift has occurred. The regulatory
properties of lower, but also ecologically
relevant, UV-B levels have been demon-
strated (Jansen, 2012), revealing the UV-B-
induced triggering of distinct changes in
plants’ secondary metabolisms (e.g. sum-
marized in the review by Schreiner et al.,
2012). Subsequently, secondary plant me-
tabolites are accumulated in planta in an
extremely structure-specific manner and
lead to compositional changes that result in
vegetables and fruit enriched with
health-promoting secondary plant metabol-
ites. Such vegetables and fruit can either
serve as fresh products or be used as raw
material for functional foods and supple-
ments. Thus, this chapter focuses on
pre-harvest UV-B effects on selected sec-
ondary plant metabolites in edible plants.
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Structure-specific Plant Responses
to UV-B Exposure

UV-B-induced accumulation of certain sec-
ondary plant metabolites (Fig. 4.1) is not only
greatly affected by the time of exposure and
the dose of UV-B but also by other environ-
mental factors such as photosynthetic photon
flux density (PPFD), far-red radiation, atmos-
pheric CO, concentration, and temperature,
as well as by the genotype (Schreiner et al.,
2012). In addition, several biosynthetic path-
ways might be in competition with each
other, thereby resulting in a trade-off between
primary and secondary plant metabolites.
This occurs when there is limited access to
resources, e.g. water, nutrients, radiation or
even metabolic precursors, and when a plant
has to deal with various concurrent biotic
and abiotic interactions in its environment
(van Dam, 2009). With regard to UV-B expos-
ure, a plant’s short-term response is reflected
by an increase of primary metabolites, which
may act as precursors of UV-B-absorbing sec-
ondary metabolites that are synthesized later
(Kusano et al., 2011). Such a UV-B-induced
response on the metabolite level in planta re-
sults in various temporary secondary metab-
olite profiles.
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Phenolic Compounds

Phenolic compounds, especially flavon-
oids, in plants are diverse (Fig. 4.1) and nat-
urally occur as flavonoid glycosides that,
based on aglycones, can be divided into fla-
vanols, flavanones, flavones, flavonols, an-
thocyanidines and isoflavonoids. In fact,
more than 6500 flavonoid structures are
known due to hydroxylation, glycosylation,
acylation and/or methoxylation (Scalbert
and Williamson, 2000; Heim et al., 2002;
Huang et al., 2004; Edreva, 2005; Ferreres
et al., 2009; Calderon-Montano et al., 2011;
Mierziak et al., 2014). Of note is that key fla-
vonoid biosynthesis genes are regulated by
UV-B exposure and dosage (Tilbrook et al.,
2013) and that flavonoids accumulate in a
range of cellular compartments, including
cell walls, vacuoles, chloroplasts and the
nucleus, as well as in trichomes (Agati and
Tattini, 2010). Moreover, intracellular accu-
mulation at sites of reactive oxygen species
(ROS) production (e.g. chloroplasts) high-
lights the important antioxidant proper-
ties of this class of metabolites (Hernandez
et al., 2009). Finally, flavonoid compounds
have received considerable attention be-
cause of their potential health-promoting

(e)
Catharanthine (alkaloid)

Quercetin-3-O-sinapoyltriglucoside-
7-O-sinapoyldiglucoside (flavonoid)

Fig. 4.1. Examples of the structures of different secondary plant metabolites: (a) glucosinolates, (b) carotenoids,

(c) flavonoids, (d) betalaines, (e) alkaloids.
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benefits to humans, e.g. anti-oxidative, anti-
inflammatory and anti-cancerogenic proper-
ties (Pan et al., 2010).

Ambient and increased UV-B radiation
is able to modify the flavonoid profile of dif-
ferent plant species. The effect of UV-B is
modified by UV-B dose, the structure of the
flavonoids and other phenolics, as well as
environmental factors such as PPFD and
temperature. The exclusion of UV-B radi-
ation is known to result in lower concentra-
tions of UV-absorbing compounds in faba
bean (Vicia faba) leaves (Barnes et al., 2013)
and a decrease in quercetin and kaempferol
glycosides in vine leaves (Vitis vinifera)
(Kolb et al., 2001). In the model plant Arabi-
opsis thaliana, Morales et al. (2013) also
found that mainly quercetin glycosides are
decreased by the exclusion of UV-B radi-
ation, but that kaempferol glycosides are
less affected. However, the response of fla-
vonoids is species specific. For example,
mustard (Sinapis alba) decreases its flavon-
oid concentration as a response to lower
UV-B doses, whereas nasturtium (Nastur-
tium officinale) shows no change in its fla-
vonoid concentration even when UV-B is
excluded (Reifenrath and Mueller, 2007).
Experiments have also shown that the in-
tensity, the duration and repetition of UV-B
treatment can affect the total phenolic con-
tent. For example, in lettuce (Lactuca sati-
va), the total phenolic content increased
after repeated doses of UV-B; this was
linked to phenylalanine ammonia lyase ac-
tivity (Lee et al., 2014b). Moreover, UV-B
exposure results in changes in the phenolic
compound profile. Specifically, lettuce
grown under higher UV-B doses had higher
concentrations of total phenolics, anthocya-
nins and phenolic acids (Ordidge et al.,
2010). Furthermore, in Lollo Rosso lettuce
(Lactuca sativa var. crispa), a strong nega-
tive correlation of the wavelengths (in UV-A
and UV-B range) and the concentration of
total phenolics and anthocyanins was dem-
onstrated (Tsormpatsidis et al., 2008). Fi-
nally, in Lollo Rosso lettuce grown under
UV-transmitting plastic films, increased
concentrations of flavonoids and a higher
antioxidant activity were found compared
to greenhouse-grown plants (Garcia-Macias

et al., 2007). Recent studies (see Table 4.1)
underline the structure-dependent response
of flavonoids and other phenolics to UV-B
radiation. For flavonoid glycosides, there
are structural characteristics regarding the
aglycone, the glycosylated sugars as well as
the acylated phenolic and organic acids.

The type of aglycone or the flavonoid
class has a great impact on the response to
environmental conditions including UV-B.
Levels of quercetin and ortho-dihydroxylat-
ed flavonoids are often enhanced, while
kaempferol and ortho-monohydroxylated
flavonoids remain unaffected by UV-B radi-
ation or higher intensities of solar radiation
(Reifenrath and Mueller, 2007; Winter and
Rostas, 2008). UV-B radiation is also known
to lead to an enhanced quercetin to kaemp-
ferol ratio in the model plant Arabidopsis
thaliana as well as in vegetables (Zhang
et al., 2003; Reifenrath and Mueller, 2007;
Winter and Rostas, 2008; Goetz et al., 2010).
Quercetin glycosides have a higher antioxi-
dative activity than their corresponding
kaempferol glycosides (Zietz et al., 2010)
and are produced in greater quantities in re-
sponse to UV-B radiation in various edible
species and A. thaliana (Jansen et al., 2008;
Goetz et al., 2010; Hectors et al., 2012; Hec-
tors et al., 2014). In addition, levels of an-
thocyanins and catechins increased with
higher UV-B doses corresponding to the gene
expression in grapes and A. thaliana (Com-
inelli et al., 2008; Zhang et al., 2013). In
broccoli (Brassica oleracea var. italica) and
canola (Brassica napus), quercetin and its
glycosides as well as kaempferol and most
kaempferol glycosides were also shown to be
present in greater quantities after additional
UV-B radiation (Olsson et al., 1998; Kuhl-
mann and Mueller, 2009). In kale (Brassica
oleracea var. sabellica), after a single dose
of UV-B radiation, quercetin glycoside quan-
tities decreased, whereas the formation of
kaempferol glycosides in response to UV-B
was influenced by the number of sugar moi-
eties and acylated hydroxycinnamic acid
residues (Neugart et al., 2012).

In a second experiment investigating the
interaction of moderate UV-B radiation and
temperature on structurally different phenolic
compounds in kale, levels of monoacylated
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Table 4.1. Examples of studies investigating the effect of UV-B on phenolic compounds.

UV-B-induced changes in phenolic

Species UV-B level/range compounds Reference
Canola 13 kkm2d”! quercetin glycosides 4 Olsson et al. (1998)
(Brassica napus) UV-B,, kaempferol glycosides T {

Grape
(Vitis vinifera)

Kale
(Brassica oleracea
var. sabellica)
Nasturtium
(Nasturtium
officinale), mustard
(Sinapis alba)
Lollo Rosso lettuce
(Lactuca sativa var.
crispa)

Lollo Rosso lettuce
(Lactuca sativa var.
crispa)
Soybean
(Clycine max)

Various herbs, e.g.
basil, rosemary

Arabidopsis thaliana

Arabidopsis thaliana

Tomato
(Solanum
lycopersicum)

Broccoli
(Brassica oleracea
var. italica)

UV-B cut off filters
(polyester film)

24 W m

1.12 W m? (UV-B
280-315 nm)

UV-B cut off filters
(polythene film)

UV-B cut off filters
(polythene film)

UV-B cut off filters
(polyester film)

various UV-B doses

3 pmol m2 s

0-12 pmol m2 s

UV-B cut off filters
(polythene film)

UV-B cut off filters
(teflon film)

(depending on glycosylation and
acylation pattern)
caffeic acid derivative T
coumaric acid derivative -
quercetin glycosides 1
kaempferol glycosides 4
quercetin T
kaempferol T
quercetin/kaempferol ratio T
quercetin glycosides T
kaempferol glycosides T
hydroxycinnamic acids -

total phenolics 4

anthocyanins 4

luteolin ¥

quercetin 4

total phenolics 4

total flavonoids ¥

total anthocyanins 4

quercetin glycosides ¥

kaempferol glycosides -

isorhamnetin glycosides 1 4

isorhamnetin glycosides 3 -

flavonoids T

poly-hydroxylated increase higher
than mono-hydroxylated

CHS T

F3H 7T

DFR hardly detectable

LDOX hardly detectable

anthocynins T

HY5 T (dose-dependent)

HYH T (dose-dependent)

CHS T (dose-dependent)

naringenin-chalcone 4

quercetin T - (cultivar-dependent)

rutin 4 T (cultivar-dependent)

quercetin-3-pentosyl-rutinoside —
71 (cultivar-dependent)

CHS T - (cultivar-dependent)

CHI {1 (cultivar-dependent)

F3H T 1 (cultivar-dependent)

F3'HTT (cultivar-dependent)

FLS 4 (cultivar-dependent)

total flavonoids and
hydroxycinnamic acids 4

Kolb et al. (2001)

Zhang et al. (2003)

Reifenrath and
Mueller (2007)

Garcia-Macias et al.
(2007)

Tsormpatsidis et al.
(2008)

Winter and Rostas
(2008)

Jansen et al. (2008)

Cominelli et al.
(2008)

Brown and Jenkins
(2008)

Giuntini et al.
(2008)

Kuhlmann and
Mueller (2009)

(Continued)
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Table 4.1. Continued.

UV-B-induced changes in phenolic

Species UV-B level/range compounds Reference
Lettuce UV-B cut off filters  total phenolics 4 Ordidge et al.
(Lactuca sativa) (polythen film) anthocyanins 4 (2010)

Arabidopsis thaliana

Pak choi
(Brassica rapa ssp.
chinensis)
Peppermint
(Mentha x piperita)

Arabidopsis thaliana

Kale
(Brassica oleracea
var. sabellica)

Faba bean
(Vicia faba)
Arabidopsis thaliana

Grape
(Vitis vinifera)

Lettuce
(Lactuca sativa)
Arabidopsis thaliana

Kale
(Brassica oleracea
var. sabellica)

UV-B cut off filters
(glass film)
0.35 W m??

7.1 K m2d
UV-B,,

0.56 k) m2d”’
280-315 nm

0.22-0.88 k) m2 d!
UV-B,, (single
dose)

UV-B cut off filters
(polyester film)
UV-B cut off filters
(polyester film)

1.8k m2d”’

4.2 W m=2 (UV-B
306 nm)

0.59 k) m2d"!
280-315 nm

0.25-1.25 kj m2 d-'
UV-B,,

luteolin 4
quercetin 4
quercetin glycosides 4

epidermal absorption 375 T

kaempferol glycosides T

malates of hydroxycinnamic acids

eriocitrin T

hesperidin T

kaempferol 7-O-rutinoside T

narirutin 4

4’-metOkaempferol 7-O-rutinoside ¥

quercetin glycosides T

kaempferol glycosides T (depending
on glycosylation pattern)

quercetin glycosides 4

kaempferol glycosides T {
(depending on glycosylation and
acylation pattern)

UV-absorbing compounds 4

quercetin glycosides 4

kaempferol glycosides -

LART T in 3-week old berries

LAR2Z - in 3-week old berries

ANR T in 3-week old berries

flavan-3-ols 1 in 3-week old berries
after 1 h and then decrease again

total phenolics T after 3 d

PALT after 4 d

quercetin glycosides T

kaempferol glycosides T (depending
on glycosylation pattern)

quercetin glycosides T

kaempferol glycosides T4
(depending on glycosylation and
acylation pattern)

Goetz et al. (2010)

Harbaum-Piayda
etal. (2010)

Dolzhenko et al.
(2010)

Hectors et al. (2012)

Neugart et al.
(2012)

Barnes et al. (2013)

Morales et al.

(2013)
Zhang et al. (2013)

Lee et al. (2014b)

Hectors et al. (2014)

Neugart et al.
(2014)

ANR, anthocyanidin reductase; CHI, chalcone isomerase; CHS, chalcone synthase; DFR, dihydroflavonol 4-reductase; FLS,
flavonol synthase; F3H, flavanone 3-hydroxylase; F3’H, flavanol 3-hydroxylase; HYH, HY5-homologue; HY5, elongated
hypocotyl 5; LAR, leucoanthocyanidin reductase; LDOX, leucoanthocyanidin dioxygenase; also called anthocyanidin
synthase/(ANS); PAL, Phenylalanine ammonia-lyase; UV-B,, biologically effective UV-B

quercetin glycosides were increased by
higher UV-B doses and temperature (Neugart
et al., 2014). Concomitantly, enhanced
mRNA expression of flavonol 3’-hydroxylase
was found under the same conditions. The
response of acylated kaempferol glycosides
was more diverse and dependent on the

hydroxycinnamic acid residue and the
number of glucose moieties in the 7-O pos-
ition. In peppermint (Mentha x piperita), the
concentration of narirutin was decreased by
higher UV-B doses, whereas quantities of the
related compounds eriocitrin and hesperidin
were increased (Dolzhenko et al.,, 2010).
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Finally, naringenin chalcone concentra-
tion decreased in the peel of tomato (Sola-
num lycopersicum) fruits exposed to higher
UV-B doses (Giuntini et al., 2008).

Recent data have also started to reveal
UV-B-specific effects on flavonoid glycosyla-
tion patterns. The flavonoid glycosylation
pattern is markedly influenced by higher
UV-B doses as shown for kaempferol glyco-
sides in kale (Neugart et al., 2012). While
monoacylated kaempferol tetraglucosides
decreased following exposure to a single dose
of UV-B, the monoacylated kaempferol di-
glucoside levels increased. Subsequent UV-B
doses on kale resulted in different responses
of acylated kaempferol glycosides that de-
pended on the number of glucose moieties
in the 7-O position (Neugart et al., 2014).
Moreover, the monoacylated kaempferol di-
glucosides were shown to be affected by an
interaction of UV-B and temperature; this
effect was not found for kaempferol tetragly-
cosides independent of the acylated hydrox-
ycinnamic acid. Furthermore, after higher
UV-B doses in A. thaliana, di- and triglyco-
sides accumulate with a preponderance of
7-rhamnosylated flavonols (Hectors et al.,
2014). The accumulation of specific flavon-
oid glycosides appears to be an intrinsic part
of the UV-B response, with the gene expres-
sion of several UDP-glucosyltransferases being
directly controlled by UV-B (Brown and Jen-
kins, 2008). Rather paradoxically, glycosyla-
tion decreases the antioxidant activity of
flavonoids as well as affecting their accumu-
lation, stability and solubility (Gachon et al.,
2005; Bowles et al., 2006).

The response to UV-B of flavonoid
glycosides is dependent on the type of phen-
olic acid that is acylated to the flavonol
glycoside (mainly hydroxycinnamic acids).
In pak choi (Brassica rapa ssp. chinensis),
total flavonoid levels increased with exposure
to additional UV-B, but kaempferol glyco-
sides acylated with ferulic, hydroxyferulic or
sinapic acid did not respond to UV-B expos-
ure at 22°C (Harbaum-Piayda et al., 2010). In
kale, the structures of the hydroxycinnamic
acids themselves have an impact on the re-
sponse to UV-B (Neugart et al., 2014). While
thelevels of caffeic-acid- and hydroxyferulic-
acid-monoacylated kaempferol triglycosides

(containing a catechol structure) were increased
with exposure to higher UV-B radiation, the
ferulic- and sinapic-acid-monoacylated kaemp-
ferol triglycosides (no catechol structure)
were not affected. In canola (Brassica napus),
the levels of quercetin glycosides were en-
hanced when exposed to higher UV-B levels,
while the kaempferol glycosides displayed
additional changes dependent on their acyl-
ation pattern (Olsson et al, 1998). Further-
more, in response to additional exposure to
higher UV-B doses, the levels of non-acylated
kaempferol-3-O-sophoroside-7-O-p-glucoside
increased, while the sinapic-acid-monoacylated
kaempferol glycoside did not respond (Olsson
etal., 1998).

Phenolic acids are also known to respond
to UV-B radiation in a structure-dependent
manner. In tomato fruit, the levels of caffeic
acid, ferulic acid and p-coumaric acid were
higher in plants exposed to higher UV-B doses
compared to plants that were not (Giuntini
et al., 2008). However, in pak choi, Harbaum-
Piayda et al. (2010) demonstrated that
caffeoylmalate, hydroxyferuloylmalate, cou-
maroylmalate, feruloylmalate and sinapoyl-
malate were not affected by higher UV-B
radiation at higher temperatures (22°C). The
hydroxycinnamic acid derivatives of kale
(caffeoylquinic acid, disinapoyl-gentiobiose
and sinapoyl-feruloyl-gentiobiose) were hardly
affected by subsequent doses of UV-B radi-
ation (Neugart et al., 2014). In contrast, a sin-
gle UV-B dose led to a slight decrease of
caffeoylquinic acid as well as an increase of
disinapoyl-gentiobiose and sinapoyl-feruloyl-
gentiobiose (Neugart et al., 2012). Of note is
that hydroxycinnamic acids were previously
shown to act as scavengers to reactive oxygen
species (ROS) induced by UV-B radiation
(Edreva, 2005).

(Apo)Carotenoids, Abscisic Acid
and Other Terpenoids

Plants contain various isoprenoid com-
pounds that are composed of C5 units of ‘ac-
tive isoprene’ (Fig. 4.1). These include the
important classes of monoterpenes, sesqui-
terpenes, diterpenoids and tetraterpenes,
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containing C10, C15, C20 and C40 carbons,
respectively.

Carotenoids are tetraterpenoids, which
are photosynthetic pigments and partici-
pate in light harvesting and photoprotec-
tion. Moreover, they are potent scavengers
of free radicals including ROS. Carote-
noid-derived compounds, such as abscisic
acid (ABA), are involved in the biotic stress
response as well as growth regulation. The
phytohormone ABA influences almost all
aspects of plant growth and development
and also affects plant stress responses
(Zeevaart and Creelman, 1988; Seo and Ko-
shiba, 2002; North et al., 2007). Recently,
short-chain carotenoid breakdown products
have also been shown to be involved in
plant stress responses (Havaux, 2014). How-
ever, whether these pathways are activated
in response to UV radiation still needs to be
investigated.

The interest in carotenoids and human
health goes back to the time when the link
between carotenoids and vitamin A was
elucidated (summarized in Semba, 2012).
Since then, carotenoids have had an in-
creasingly important role in the human diet.
Today, it is clear that carotenoids and de-
rived compounds have other important
functions, such as antioxidants, pigments in
the human eye or immunomodulatory com-
pounds (summarized in Britton et al., 2009).

In higher plants, carotenoids can be
synthesized under dark conditions, but their
synthesis is controlled by blue light and UV
receptors (Solovchenko and Merzlyak,
2008). UV-B receptors have mainly been
characterized in model plants (Rizzini et al.,
2011). However, their function still remains
to be elucidated in horticultural crops. In
addition, the impact of UV-B on carotenoid
metabolism has been poorly investigated to
date, especially on a mechanistic level.
However, it appears that ABA-responsive
pathways are upregulated by UV-B exposure
(Tossi et al., 2009; Berli et al., 2010).

UV-B radiation can trigger increases in
the levels of carotenes and xanthophylls
(Table 4.2). The response depends strongly
on species and/or cultivar and is also time
dependent. The carotenoid biosynthesis
pathway is upregulated under UV exposure,

but downregulated under chronic UV-B ex-
posure in A. thaliana (Jansen et al., 2008). In
bunching onion (Allium fistulosum), only a
few cultivars were sensitive to UV-B treat-
ment (Abney et al., 2013); whereas in tomato
fruit, UV-B exposure led to an increase in ca-
rotenoids (Becatti et al.,, 2009; Calvenzani
et al., 2010; Lazzeri et al., 2012). Similarly, in
tomato fruit after UV-B exposure, the level of
lycopene, the most efficient oxygen quencher
(Di Mascio et al., 1989), as well as the levels
of colourless precursors phytoene and phyto-
fluene increased. It is interesting to note that
changes seem to be affected by the presence
or absence of other UV-shielding compounds
such as anthocyanins. In green lettuce, an in-
crease in total carotenoids in general and lu-
tein and zeaxanthin in particular was
observed after UV-B exposure; however, in
the red lettuce variety, an opposite trend was
found (Caldwell and Britz, 2006).

Finally, mono-, di- and sesquiterpenoids
also belong to the class of terpenoids. Volatile
terpenoids are emitted in response to biotic
and abiotic stress and changes are also ob-
served after UV-B treatment (Table 4.2). For
example, after UV-B exposure, there are
increases in carnosic acid (diterpenoid) in
rosemary (Rosmarinus officinalis) (Luis
et al.,, 2007), mono- and sesquiterpenes in
peppermint (Dolzhenko et al., 2010), and
artemisinin in sweet wormwood (Artemisia
annua).

Glucosinolates

To date, about 130 glucosinolates are known
(Clarke, 2010; Agerbirk and Olsen, 2012) and
almost all are found in the order Brassicales.
Glucosinolates are p-p-thioglucoside-N-
hydroxysulfates and have a variable side
chain (Fig. 4.1). Due to the positive biofunc-
tional effects of their breakdown products
in the plant-insect interaction (Mewis
et al., 2005; Halkier and Gershenzon, 2006)
as well as in humans (Mithen, 2001; Shap-
iro et al., 2006; Verkerk et al., 2009), this
class of secondary plant metabolites has
been the subject of much intensive research.

However, with respect to the effects of
UV-B radiation, glucosinolates have not been
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Table 4.2. Examples of studies investigating the effect of UV-B on (apo)carotenoids, ABA and other terpenoids.

Species UV-B level/range

UV-B-induced changes in
(apo)carotenoids, ABA and

other terpenoids Reference

Grape UV-B cut off filters
(Vitis vinifera cv. Riesling)
Leaf lettuce

(Lactuca sativa)

not specified

Rosemary 5.4 and 31kl m2d”’
(Rosmarinus officinalis cv.
Sissinghurst English)
Tomato
(Solanum lycopersicum

cv. Ailsa Craig)

UV-B absorber
benzophenone

Maize 33Wm2UV-Bfor3h
(Zea mays)
Grape solar UV-B radiation was
(Vitis vinifera cv. supplemented by 15
Malbec) uW cm? over 5 h,

arrow spectrum of

310-315 nm and a

maximum at 311 nm
Sweet wormwood 42 klm?2 d?!

(Artemisia annua)

Canola 18, 25, 40 uyW cm2 d
(Brassica napus)
Tomato UV-B absorber
(Solanum lycopersicum benzophenone
cv. Money Maker)
Peppermint 7.1k m2d?

(Mentha X piperita)

2 and 4 k) UV-B m2 d™'
for7 d

Sweet basil
(Ocimum basilicum
cv. cinnamon)

7.0 pmol m2 !
(2.68 W m2); 313 nm

Bunching onion
(Allium fistulosum)
Winter cherry 3.6 kK m2d”’
(Withania somnifera)
Grape
(Vitis vinifera cv.
Malbec)

UV-B cut off filters

more rapid degradation of Schultz et al. (1998)
zeaxanthin

response cultivar-dependent:

green lettuce: carotenoids T,
e.g., neoxanthin T, lutein 7

red lettuce: carotenoids ¥,
e.g., neoxanthin {, lutein {

carnosic acid T

Caldwell and Britz
(2006)

Luis et al. (2007)

total carotenoids T, phytoene T, Becatti et al. (2009)

phytofluene T, lutein T,

lycopene T
ABAT Tossi et al. (2009)
ABAT Berli et al. (2010)

artemisinin T

carotenoids T Tohidi-Moghadam
et al. (2012)

Lazzeri et al. (2012),
Calvenzani et al.

flesh: phytoene T,
phytofluene T, lycopene T

peel: lycopene T (2010)
e.g., limonene T, linalool T, Dolzhenko et al.
B-caryophyllene T, (2010)

germacrene D T

young basil, no changes in
carotenoids

flowering stage,

carotenoids

response cultivar-dependent:

sensitive cv Feast: lutein T,
zeaxanthin T, neoxanthin T

leaf: lycopene T,
B-carotene T

a-pinene 1, 3-carene T,
terpinoleneT, nerolidol T,
phytol T, squalene T

Sakalauskaité et al.
(2013)

Abney et al. (2013)

Takshak and
Agrawal (2014)
Alonso et al. (2015)

a significant focus of research because they
do not have UV-shielding or ROS scavenging
effects like phenolic compounds (see above).
Thus, literature on the effects of UV-B on glu-
cosinolate content and composition in the

context of a pre-harvest treatment is currently
scarce (see Table 4.3).

The UV-B-induced glucosinolate content
has been reported to have species-specific
differences — although the studies in the
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Table 4.3. Examples of studies investigating the effect of UV-B on glucosinolates (GS).

Species UV-B level/range

UV-B-induced changes in

glucosinolates Reference

3.0) m?2s! for 30 sec to
40 min

Ethiopian kale
(Brassica carinata)

Nasturtium 1.12 W m? (UV-B 280-315
(Nasturtium officinale), nm)

mustard
(Sinapis alba)

Saltwater cresses 2 lamps each with 13 W

(Thellungiella (UV 368 nm) for 60 min;
halophila, or 1 lamp 30 W (254 nm)
T. salsuginea) for 60 min
Arabidopsis thaliana 1.55W m>

Broccoli sprouts
(Brassica oleracea var.
italica)
Canola
(Brassica napus)

18, 25, 40 pW cm2 d-

0.6-1.0 k) m2d" (240 min)

total GS with strong Barro et al. (2003)
variability: reduction by
53% or increase up to
123%

total GS T, 2-phenylethyl
GS T, 4-methoxyindole-
3-ylmethyl GS 1
(Nasturtium officinale)

aromatic GS T (Sinapis alba)

4-methylsulphinylbutyl GS T

Reifenrath and
Muller (2007)

Pedras and Zheng
(2010)

total GS 4, indole GS 4 Wang et al. (2011)

4-methylsulfinylbutyl GS T, Mewis et al.
4-methoxyindole-3- (2012)
ylmethyl GS T

total GS T Tohidi-Moghadam

et al. (2012)

current literature do not report consistent
results. For example, Wang et al. (2011)
published a decrease of total glucosinolate
content in A. thaliana, whereas Tohidi-
Moghadam et al. (2012) as well as Reifen-
rath and Mueller (2007) found increased
total glucosinolate contents in canola as
well as nasturtium and mustard, respect-
ively. However, these differences might be
due to different doses of UV-B radiation. For
example, in Ethiopian kale (Brassica cari-
nata), Barro et al. (2003) found a range of
responses, from a decrease of total glucosi-
nolate content by 53% up to an increase of
123% depending on the duration of expos-
ure to UV-B radiation (from 30 s to 40 min).

However, some structure-specific simi-
larities of individual glucosinolates have
been reported. In particular, an increase of
4-methoxyindole-3-ylmethyl glucosinolate
concentration was determined in broccoli
and nasturtium (Reifenrath and Mueller, 2007;
Mewis et al., 2012). These results were sup-
ported by corresponding gene expression
studies. Immediately after UV-B application
and consecutive stimulation of a signal trans-
duction network by upregulation of genes as-
sociated with salicylate and jasmonic acid

signalling (PR-1, PR-2, PR-4, BG3), a transient
expression of the transcription factor MYB51
as a regulator of genes of the indole glucosi-
nolate biosynthesis is induced. Moreover,
temporal delayed genes encoding the CYP
monooxygenases (CYP81F2/F3) were upregu-
lated resulting in higher levels of 4-hydrox-
yindole-3-ylmethyl glucosinolate as precursor
of the UV-B-induced 4-methoxyindole-3-
ylmethyl glucosinolate (Mewis et al., 2012).
Interestingly, another gene expression study
found that CYP79B2 is downregulated (Hec-
tors et al., 2007). CYP79B2 encodes an en-
zyme involved in the early steps of indole
glucosinolate biosynthesis promoting the
conversion of tryptophan to indole-3-acetal-
doxime, which could be used for indole glu-
cosinolate or tryptophan-dependent auxin
synthesis. The same study also reveals the
downregulated expression of other genes
involved in glucosinolate biosynthesis, e.g.
2-oxoglutarate-dependent dioxygenase, which
is involved in the biosynthesis of aliphatic
glucosinolates (Hectors et al., 2007). In add-
ition, the expression of FMO GS-OX5 was
seen to increase remarkably. The translated
product of FMO GS-OX_ is involved specific-
ally in the conversion of methylthioalkyl
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glucosinolate into methylsulfinylalkyl glu-
cosinolate. This is accompanied with an
upregulation of MAM1 (methyl-thioalkyl-
malatsynthase), a gene which is responsible
for the formation of short-chain C3 and C4
glucosinolates, such as 3-methylsulfinylpropyl
and 4-methylsulfinylbutyl glucosinolate. Com-
paring the different UV studies (Table 4.3), a
short-term application of UV-B results in
an induction of transcription factors for ali-
phatic (MYB76) and indole (MYB51) gluco-
sinolate biosynthesis as well as increased
metabolite levels (higher 4-methylsulfinyl,
indole-3-ylmethyl and 4-methoxyindole-3-
ylmethyl glucosinolate). The highest
4-methoxyindole-3-ylmethyl glucosinolate
levels were determined six days after treat-
ment with UV (254 nm) for 60 min (Pedras
and Zheng, 2010).

Glucosinolate Breakdown Products

Upon hydrolysis of glucosinolates, bioactive
and volatile degradation products, such as
nitriles, epithionitriles or isothiocyanates, can
be released. As isothiocyanates are electro-
philic compounds, they have several proper-
ties beneficial to health, such as antimicrobial
(Fahey et al., 2002), anti-inflammatory (Cho
et al., 2013), anti-thrombotic (Ku and Bae,
2014), as well as chemo-preventive (Singh
and Singh, 2012; Veeranki et al., 2015)
effects. Therefore, consumption of Brassica
vegetables is linked with a decreased risk for
several types of cancer (Voorrips et al., 2000;
Terry et al., 2001; Tang et al., 2010; Wu et al.,
2012).

The hydrolysis process of glucosinolates
is quite complex and many factors affect the
degradation. When plant cells are dis-
rupted, myrosinase, a B-p-thioglucosidase,
and glucosinolates come into contact.
p-glucose is released and an instable aglucon
(thiohydroximate-O-sulfonate) is formed. The
rate-limiting step, the release of the glucose
molecule from the active site of myrosinase,
can be promoted by L-ascorbic acid (vitamin C),
which is a cofactor for myrosinase (Bur-
meister et al., 2000), and the aglucon then
rearranges spontaneously via a Lossen re-
arrangement to form the isothiocyanate or

nitriles (Uda et al.,, 1986; Wittstock and
Burow, 2010). Some species of the order
Brassicales contain additional proteins, e.g.
the Fe?* dependent epithiospecifier proteins
(ESPs). These proteins modify the degrad-
ation of the aglucon, and if an alkenyl gluco-
sinolate is present, epithionitriles are
released. Moreover, ESPs also favour the for-
mation of nitriles from other (non-alkenyl)
glucosinolates (Wittstock and Burow, 2010;
Kissen et al.,, 2012). Furthermore, in A.
thaliana, in addition to the ESPs, there are
also nitrile specifier proteins (NSPs) that
catalyse the release of nitriles from the aglu-
con; these NSPs are also Fe** dependent.
Also in A. thaliana, the epithiospecifier
modifier protein (ESM) blocks epithionitrile
and nitrile formation and promotes isothio-
cyanate formation (Zhang et al., 2006; Burow
et al., 2009; Kissen and Bones, 2009). Many
Brassica vegetables, among them cabbage
and broccoli, contain ESPs. Therefore, epith-
ionitriles and nitriles, instead of health-
promoting isothiocyanates, can be the main
hydrolysis products (Matusheski et al., 2006;
Hanschen et al., 2015, Kupke et al., 2016).

To our knowledge, no studies have
been published on the effect of UV-B radi-
ation on the breakdown of glucosinolates.
Recently, however, in an experiment on UV
exclusion during growth of pak choi, our
group found that UV-B treatment affects
glucosinolate breakdown products (Han-
schen et al., unpublished data). Moreover,
while reduction of UV-B had no effect on
isothiocyanates or epithionitriles, nitrile
concentrations increased under reduced
(0.017 k] m~ d') and low (0.002 k] m~2 d)
UV-B treatments compared to normal UV-B
treatment (0.059 k] m™? d') (Heinze et al.,
unpublished results; see Table 4.4).

In the current scientific literature (for
examples, see Table 4.4), there are some re-
ports that indicate that the hydrolysis of
glucosinolates is affected by UV-B treat-
ment. For example, ESP transcript levels
were shown to decrease about twofold in
broccoli sprouts treated with moderate
UV-B doses (0.6 k] m=? d') (Mewis et al.,
2012) and that this decrease in ESP activity
would be followed with an increase in iso-
thiocyanate formation. Further, effects of



UV-B-induced Changes in Secondary Plant Metabolites

49

Table 4.4. Examples of studies investigating the effect of UV-B on glucosinolate breakdown products.

Species UV-B level/range

UV-B-induced
changes in glucosi-
nolate breakdown

products Reference

Arabidopsis thaliana Col-0
Broccoli sprouts
(Brassica oleracea var. italica)

0.6 k) m2d (240

Broccoli 2.2-16.4 k) m2 d!
(Brassica oleracea var. italica)
Pak choi 0.002-0.059 k) m2 d~'

(Brassica rapa ssp. chinensis)

1.152 k) m2 (480 min)

min, single dose)

Gao and Zhang (2008)
Mewis et al. (2012)

t-ascorbic acid T
ESP transcripts 4
t-ascorbic acid T Topcu et al. (2015)

Heinze et al.
(unpublished results)

nitriles 4

UV-B radiation on antioxidative r-ascorbic
acid have also been reported. In A. thaliana
wild-type Col-0, a more than 2.6-fold in-
crease of L-ascorbic acid was found after ex-
posure to 0.04 ] m~ for 8h (1.152 k] m™ d')
(Gao and Zhang, 2008). Moreover, in broc-
coli, after repeated applications of moderate
to high doses (2.2, 8.8 and 16.4 k] m™? d?) of
UV-B, a dose-dependent increase in r-ascorbic
acid was observed (Topcu et al., 2015). Finally,
as vitamin C is a cofactor for the myrosinase,
its activity can increase with higher r-ascor-
bic acid concentration. If ESPs or NSPs are
therefore present, the higher myrosinase ac-
tivity should favour isothiocyanate forma-
tion instead of epithionitrile or nitrile release
(Burow et al., 2006).

Sulfides

Allium vegetables, such as onions (Allium
cepa), leeks (Allium ampeloprasum) or garlic
(Allium sativum), contain S-alk(en)yl-L-
cysteine sulfoxides, which are precursors to
volatile flavour compounds that deter herbi-
vores. If plant cells are disrupted, the Allium
alliinase or the cystathionine p-lyase of Bras-
sica species (Tocmo ef al., 2015) hydrolyses
the sulfoxides, releasing reactive sulfenic
acids that condense to thiosulfinates. More-
over, in onions, the 1-propenylsulfenic acid is
enzymatically transformed to 1-propanethial-
S-oxide, which confers the lachrymatory na-
ture of onions. Thiosulfinates themselves are
unstable and decompose to form a variety
of dialk(en)ylsulfides, -disulfides, -trisulfides,

cyclic sulfides or mercaptanes (Block, 1992).
These organosulfurs are responsible for the
typical flavour of these vegetables. Further,
the unsaturated organopolysulfides, such as
diallyl- and diallyldisulfide, derived from
the alliin-rich garlic, are linked with anti-
microbial, cardioprotective as well as can-
cer preventive effects (Rose et al., 2005).
However, high S-methyl-i-cysteine sulfox-
ide content as found in brassicas is associ-
ated with decreased growth rates and
haemolytic anaemia due to livestock feed-
ing on Brassica species (Stoewsand, 1995).
To the best of our knowledge, there are cur-
rently no reports on the effect of UV-B radi-
ation on the formation of these compounds.

Alkaloids

Alkaloids are a group of low molecular weight
nitrogen-containing compounds (Fig. 4.1) that
are of interest due to their physiological and
medicinal properties. This group of secondary
metabolites is classified by either their origin
or their molecular precursor, e.g. pyridine
(nicotine), tropane (cocaine), isoquinone (co-
deine) and purine (caffeine). Alkaloids are
mostly linked to poisonous properties, but
some species, e.g. Madagascar periwinkle (Ca-
tharanthus roseus), were cultivated due to the
medicinal properties of their alkaloids such as
vinblastine and vincristine. Such alkaloids act
as chemotherapeutic agents in leukaemia and
lymphoma patients (Binder et al., 2009).
Alkaloids such as caffeine are known
better as UV-B-absorbing compounds and
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Table 4.5. Examples of studies investigating the effect of UV-B on alkaloids.

UV-B-induced changes

Species UV-B level/range in alkaloids Reference
Madagascar periwinkle cell ~ Supplementary UV-B catharanthine T Ramani and
culture (Catharanthus dose Chelliah (2007)

roseus)

Madagascar periwinkle root
culture (Catharanthus
roseus)

dose (0-20 min)

0-1.25W m=d' UV-B

lochnericine, serpentine,  Binder et al. (2009)
ajmalicine T;

hérhammericine ¢

are able to inhibit UV-B-induced damage
(Ahsan et al., 2007; Koo et al., 2007; Kerzen-
dorfer and O’Driscoll, 2009). Unfortunately,
only a few studies (see Table 4.5) have in-
vestigated the pre-harvest response of alkal-
oids in edible plants under UV-B treatment.
As an example, one study reported that
UV-B radiation induced the signalling path-
way of alkaloid biosynthesis genes, thereby
leading to increased synthesis of catharan-
thine in cell cultures of Madagascar periwin-
kle (Ramani and Chelliah, 2007). In a further
example, Binder et al. (2009) reported an in-
crease in lochnericine, serpentine, ajmali-
cine and decreased levels of h6rhammericine
in the hairy roots of that plant after treatment
with high levels of UV-B (90 W m™, up to
20 min) (Binder et al., 2009). It is noteworthy
that the biosynthesis of indole alkaloids
could be induced by UV-B treatment. Trypto-
phan decarboxylase, a key enzyme catalys-
ing the first step of the biosynthesis, is
induced by UV-B (Ouwerkerk et al., 1999), as
is strictosidine synthase (Ramani and Chelli-
ah, 2007). Both enzymes are required for the
synthesis of indole alkaloids.

Solanaceous vegetables like potato
(Solanum tuberosum), aubergine (Solanum
melongena) and tomato (Solanum lycoper-
sicum) also contain alkaloids that are light
sensitive. To the best of our knowledge, no
research has been performed to investigate
the response of these alkaloids to UV-B
exposure.

Betalains

Betalains are nitrogen-containing tyros-
ine-derived compounds (Jain and Gould,

2015; Fig. 4.1) and can be divided into red
betacyanins and yellow/orange betaxanthins
(Tanaka et al., 2008; Jain and Gould, 2015).
They are present in species of the order Cary-
ophyllales such as swiss chard (Beta vul-
garis var. flavescens), beetroot (Beta vulgaris
ssp. vulgaris), amaranth (Amaranthus) and
spinach (Spinacia oleracea) (Stintzing and
Carle, 2004). Exposure to light increases the
biosynthesis of betalains in amaranth and
portulaca (Portulaca grandifolia) (Woodhead
and Swain, 1974; Kishima et al., 1991). Beta-
cyanins and betaxanthins concentrations in
beetroot are higher in field-grown cultivars
(+UV-B) compared to greenhouse-grown cul-
tivars (<UV-B) (Lee et al., 2014a). However,
the response of betalains to UV-B exposure is
structure-specific. For example, vulgaxan-
thine was increased in both the cvs. Bulls
Blood and Burpee’s Golden Globe, whereas
betanin was only increased in cv. Bulls
Blood and not in cv. Burpee’s Golden Globe
(Lee et al., 2014a; Table 4.6). To the best of
our knowledge, no specific treatments with
UV-B have been investigated in relation to
betalain biosynthesis.

Future View

A plant’s exposure to different UV-B dosages
will directly affect which UV-B signalling
pathways will be activated (e.g. Jenkins,
2009, Mewis et al., 2012) as well as which
genes will be upregulated (Lang-Mladek
et al., 2012). These UV-B dosage-mediated
variations in UV-B signalling pathways and
gene expression suggest that the exposure to
different UV-B spectra and UV-B wave-
lengths might induce a differentiated plant
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Table 4.6. Examples of studies investigating the effect of UV-B on betalains.

Species UV-B level/range UV-B-induced changes in betalains ~ Reference
Beetroot greenhouse (-UV-B)  total betacyanins 1 Lee et al. (2014a)
(Beta vulgaris ssp. vs. field (+UV-B)  total betaxanthins T
vulgaris) vulgaxanthine T

betanin T (cultivar-dependent)

response in its secondary metabolism. To
date, mainly UV-B radiation sources with a
broad emission spectrum peaking between
280 and 360 nm have been used within the
UV-B studies. However, the use of a broad
emission spectrum does not allow us to ob-
tain a differentiated plant response to UV-B
radiation of a certain wavelength. Further-
more, undesired crosstalk or even harmful
stress from UV radiation of different wave-
lengths on certain secondary plant metabol-
ites or other plant properties is possible
(Schreiner et al., 2014).
Semiconductor-based UV-B light-emitting
diodes (LEDs) are an interesting alternative
to the fluorescent lamps that are commonly
used as a UV-B light source. The emission
spectrum of UV-B LEDs is fairly narrow with
full width at half maximum of less than 10
nm. Furthermore, the peak emission wave-
length can be tailored to ideally match the
effective spectrum for triggering the second-
ary plant metabolism. Moreover, UV-B LEDs
do not exhibit any additional and unwanted
side emission peaks that may damage the
plants (Schreiner et al., 2016). Thus, UV-B
LEDs will open up a new field of UV-B ap-
plications in which a more tailor-made and

accurate radiation treatment for targeted
triggering of specific secondary plant me-
tabolites can be applied.

It will also be of great importance to elu-
cidate time-dependent changes, e.g. the ca-
rotenoid biosynthesis pathway is known to
be upregulated under UV-B exposure, but
downregulated under chronic UV-B expos-
ure (Jansen et al., 2008). Furthermore, a bet-
ter understanding of rapid and adaptive
response reactions of plants to UV-B expos-
ure can be obtained by metabolic studies.
For example, in A. thaliana, a short-term re-
sponse was obtained at the level of primary
metabolites meaning that cells were subse-
quently better equipped to produce UV-B-
absorbing secondary metabolites (Kusano
et al., 2011). In maize, a broader systemic
approach using transcriptome, proteome
and metabolome data has been used to elu-
cidate short-term effects of UV-B signalling
(Casati et al., 2011). However, there is cur-
rently a clear lack of a systems biology ap-
proach for horticultural species after UV-B
treatment. The future application of differ-
ent omics technologies should therefore
make a major contribution to improving our
basic knowledge of UV-B induced responses.
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No two trees are the same to Raven.
No two branches are the same to Wren.
If what a tree of a bush does is lost on you,
You are surely lost. Stand still. The forest
knows.

(David Wagoner, ‘Lost’, 1999)

Introduction

David Wagoner (1999) wrote in his poem
‘Lost’ about the variation in architecture
that is so characteristic of plants. The poem
also refers to ‘knowledge’ — information that
is shared between organisms present in the
forest environment, information that is im-
portant to all. Notwithstanding the poetic
interpretation, these lines are in many ways
an accurate statement on the high degree
of variation in plant architecture and the
important ecological consequences of vari-
ation for the plant as well as the entire eco-
system. The intraspecific plasticity in plant
architecture is controlled by endogenous
growth processes and external environmental
influences (Barthélémy and Caraglio, 2007).
Morphological processes that determine

*Corresponding author: m.jansen@ucc.ie

plant architecture include primary growth
(organogenesis and elongation), branching,
morphological differentiation of axes, and
positioning of reproductive structures
(Barthélémy and Caraglio, 2007). Thus, plant
architecture is dependent on the arrangement
of what are, in essence, modular structures in
a particular pattern.

Environmental parameters can impact
on plant architecture by altering the arrange-
ment of organs in a 3D structure, the identity
of organs formed, and/or the morphology
of organs. These responses to environmental
cues are vital for optimizing growth under
different conditions. Temperature, radiation
and nutrient supply are known to modulate
organ identity, branching and phenology
(Costes et al., 2013). The role of solar radiation
is complex as light constitutes both energy
and information. Optimal intensities of
Photosynthetically Active Radiation (PAR)
alter growth and overall plant architecture
through the improved supply of photosyn-
thates, while specific wavelengths control
architecture via photoreceptors that perceive
the informational content of light. Photo-
receptors can trigger responses to minor
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changes in the direction, duration, dose
and wavelength of light, and this underlies
processes such as photoperiodicity, photo-
tropisms and photomorphogenesis. The best-
documented examples of light-mediated
changes in plant architecture are those facili-
tated by phytochrome (red/far-red responses
including shade-avoidance), cryptochrome
(blue light responses including hypocotyl
elongation) and phototropin (blue light re-
sponses including effects on tropisms and
leaf architecture) (Maglich et al., 2010; Gal-
vdo and Fankhauser, 2015). In recent years,
effects of ultraviolet-B (UV-B; 280-315 nm)
radiation on plant architecture have also
drawn the attention of the scientific commu-
nity (Robson et al., 2015b) with research
focused on mechanistic, ecological and com-
mercial aspects. Here we review the concept
of the UV-B phenotype, describing UV-B-
induced morphological changes, analysing
underlying regulatory pathways and explor-
ing the functional importance.

The UV-B Phenotype

Reports on UV-mediated changes in plant
architecture have been around for a consid-
erable period. More than 60 years ago, Brod-
fithrer (1955) reported that solar UV radiation
altered the architecture of the Arabidopsis
thaliana inflorescence. Teramura (1983) con-
cluded that ‘Ultraviolet-B radiation has been
shown to affect anatomical and morpho-
logical plant characteristics’. Since the pub-
lication of these early reports, many studies
have shown that UV-B radiation can alter
plant architecture (reviewed by Jansen, 2002;
Robson et al., 2015b). Generally, the term
‘UV-B phenotype’ refers to a more compact
plant. At the organismal level, the most com-
mon UV-B responses are decreases in leaf
area and/or increases in thickness, together
with changes in leaf shape, shorter petioles
and, in some cases, leaf curling (Wargent et al.,
2009; Hectors et al., 2010; Klem et al., 2012,
Robson and Aphalo, 2012). A few studies have
also reported UV effects on root development,
and especially an increase in root—shoot ratio

(Robson et al., 2015b). In parallel with UV-B-
induced decreases in leaf size, leaf venation
also changes, with a notable decrease in the
width of the mid-rib of soybean (Glycine
max) leaves (Fatima et al., 2016). Typically,
stems will remain shorter as detailed for
various species (Barnes et al., 1990; Hofmann
and Campbell, 2011; Germ et al., 2013).
Although the length of the main stem may
decrease in UV-B-acclimated plants, overall
stem length does not necessarily decrease
due to enhanced axillary branching and/or
tillering (cf. Jansen, 2002). For example, Tax-
us chinensis exposed to supplemental UV-B
under growth room conditions displays an
almost sixfold increase in the number of
secondary branches (Zu et al., 2010). Yet, cau-
tion is required when analysing published
data on the UV-B phenotype. UV-B exposure
conditions vary dramatically between studies,
and involve exposure to low or high UV-B
doses, to filtered UV-B radiation or mixtures
of UV-A, UV-B and UV-C radiation, and to
various UV-B:PAR ratios. Moreover, experi-
ments are performed under indoor or outdoor
conditions, and using different red:far-red
ratios. Given such variation in experimental
conditions, it is not surprising that there is
considerable variation in observed UV-B
phenotype, and that some studies fail to
report the ‘prototype’ UV-B phenotype of a
‘compact’ plant.

Despite experimental variations, the ex-
istence of a UV-B phenotype has been firmly
established. Studies with UV-B photoreceptor
(UVR8) mutants have unambiguously shown
the role of UV-B, and that of UVRS, in control-
ling plant architecture (Favory et al., 2009;
Heijde and Ulm, 2012). Indeed, UVR8 was
discovered in a screen for UV-B-induced
hypocotyl shortening (Favory et al., 2009).
The failure of UVR8 mutants to undergo UV-
induced shortening of the hypocotyl was
the first evidence linking UVRS to control of
plant architecture. UVR8-deficient mutants
do not just fail to display a shorter hypocotyl
after UV-B exposure, but their petiole length
and rosette diameter also remain relatively
large despite UV-B exposure (Hayes et al.,
2014). Yet, UVR8-deficient mutants still dis-
play ‘dwarfing’ when exposed to high UV
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doses. Therefore, not all UV-B-mediated
effects on plant architecture are mediated by
UVRS, and it must be concluded that there
is more than one UV-B-induced phenotype.

Existential Doubts

The UV-B phenotype in the natural
environment

The UV-B phenotype is routinely observed
in plants raised under supplemental UV-B in
controlled conditions. Barnes et al. (1990)
observed reductions in leaf length, leaf area,
and shoot height, as well as increases in leaf
and axillary shoot production across a col-
lection of 12 dicot and monocot species kept
in a glasshouse. Cooley et al. (2001) showed
UV-B-induced reductions in leaf area, peti-
ole length, and leaf number in a range (but
not all) of Arabidopsis thaliana accessions
exposed for 21 days to supplemental UV-B
under outdoor conditions. Yet, long-term
outdoor studies have yielded results that
are more variable. For example, Indian cress
(Tropaeolum majus) grown outdoors under
supplemental UV-B for three months, dis-
played no UV-induced alterations in spe-
cific leaf area, internode length, and petiole
length (Germ et al., 2016). In contrast, work
by the same group on common and tartary
buckwheat (Fagopyrum esculentum and
F. tataricum, respectively) grown outdoors
under supplemental UV-B revealed strong
UV-B-induced decreases in leaf area, and plant
height as well as increases in leaf thickness
(Breznik et al., 2005). It is not clear how
many studies have explored UV-B effects on
morphology under natural growth condi-
tions, as it is likely that studies that did not
observe a significant effect have not been
published. Sun et al. (2016) reported how leaf
morphological traits of Quercus guyavifolia
change along an altitudinal gradient on the
Qinghai-Tibet plateau. With increasing UV
dose, leaf length, leaf length—width ratio, and
petiole length all decreased. Although these
data appear to suggest that a UV phenotype
does occur in the natural environment, this
is not necessarily the case, as other altitude

dependant factors such as temperature and
rainfall are similarly associated with leaf
architecture, thus complicating the interpret-
ation of the data. A more extensive experi-
ment was done by Roro et al. (2016) who
combined an altitudinal gradient with the
use of UV filters. This revealed that UV
radiation decreases total leaf area, but in-
creases stem branching and specific leaf area
in pea plants (Pisum sativum). Effects on
branching and specific leaf area were particu-
larly pronounced during the dry season,
emphasising that other environmental fac-
tors moderate UV-B effects on morphology.
Nevertheless, differences in PAR transmis-
sion between the filters may also have affected
the results. Perhaps the most ecologically
relevant data on UV-induced morphological
change are those generated at Abisko Research
station in Sweden where outdoor UV-
supplementation studies lasted decades. In
an early study, leaf thickness of Vaccinium
vitis-idaea increased following two years of
UV supplementation, although co-existing
Vaccinium myrtillus and V. uliginosum both
developed thinner leaves in the same ex-
posure experiment (Johanson et al., 1995).
Tellingly, the year-on-year variation in leaf
thickness of non-UV control plants was
greater than the actual UV effect in each
particular year. After seven years of UV-B
treatment there were no discernible effects
of UV-B on leaf thickness (Semerdjieva et al.,
2003). These data underline that the UV-B
phenotype is not reliably observed under
natural conditions. Indeed, UV filtration
experiments in peatlands showed effects of
UV-B on height growth and morphology of
the shrub Empetrum rubrum, and the tree
Nothofagus antarctica in some years, but not
in others (Robson et al., 2003). It is likely
that in some years the UV-B effects on plant
architecture are masked by other environ-
mental factors, such as light, temperature,
and water availability, which are known to
exert strong effects on plant architecture. Apart
from environmental factors, there also ap-
pears to be a strong effect of plant genotype
on the UV-B phenotype. Different Arabidop-
sis accessions display distinct morphological
responses to the same UV-B treatment
(Cooley et al., 2001). Moreover, Klem et al.
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(2012) demonstrated the importance of leaf
ontogeny for UV-B responses. Thus, rather
than a simple on/off scenario, the induction
of the UV-B phenotype is a specific phenom-
enon that can be observed under specific en-
vironmental conditions in specific species
and/or ecotypes.

The UV-B phenotype as a transient
phenomenon

Plant organs display determinate or indeter-
minate growth. Leaves typically have a final
form and size, depending on environmental
conditions. In contrast, stems often exhibit
indeterminate growth. Awareness of growth
patterns is essential when assessing the
impact of an environmental factor on organ
size. Unfortunately, single time-point studies
constitute the bulk of knowledge about the
UV-B phenotype, and these studies fail to
clarify whether UV-B exposure leads to a per-
manently more dwarfed phenotype or slows
down the expansion rate to yield a transiently
smaller organism. Few studies have investi-
gated this question, but it appears that both
scenarios do occur. In silver birch (Betula
pendula), leaf elongation is delayed by sup-
plemental UV-B, but as elongation growth
continues slightly longer in the UV-B-exposed
leaves, only a transient effect on leaf size
is observed (Robson and Aphalo, 2012). In
contrast, in downy birch (Betula pubescens)
UV-B decreases the size of the fully developed
leaf (Robson and Aphalo 2012). Effects on
fully developed leaves were also described by
Johanson et al. (1995) who reported UV-
induced changes in leaf thickness in three
Vaccinium species grown outdoors, under
supplemental UV-B. Transient effects of
UV-B on leaf morphology have been studied
in some detail in Arabidopsis thaliana. Hec-
tors et al. (2010) showed that supplemental
UV-B initially mostly impeded longitudinal
growth. However, in leaves exposed for longer
periods to UV-B, the length—width ratio was
restored as a result of a stronger impediment
of elongation along the transverse axis
of the leaf. Thus, not only are some UV-B ef-
fects transient, it also appears that plants are

capable of compensatory responses that
restore the geometric balance of the leaf.
Lake et al. (2009) reported a transient effect
of supplemental UV-B on leaf elongation
in Arabidopsis. Following an initial (acute)
phase of decreased expansion, plants exposed
to chronic UV-B exposure recovered growth.
Interestingly, a permanent phenotypic effect
was observed for the Arabidopsis fah-1
mutant. This mutant is UV-sensitive as it lacks
sinapic acid due to a mutation in the enzyme
ferulate-5-hydroxylase. This observation
implies that permanent, morphological UV-B
effects are associated with stress, while tran-
sient UV effects are associated with lower
UV-B doses. Given the mixture of transient
and permanent UV-B effects, a key message is
that single time-point studies are inadequate
for analysing UV-B induced morphological
changes. Indeed, the possibility cannot be
excluded that the failure of some studies to
detect a UV-B effect on plant morphology is
due to the transient character of the UV-B
phenotype, in combination with an unfortu-
nate choice of time-point for analysis.

The dose response for induction
of the UV-B phenotype

Nearly all reports on the UV-B phenotype
are based on single-dose studies, and there-
fore fail to elucidate any dose response rela-
tionship. The few studies that investigated the
effects of different doses of UV-B on plant
architecture show that the relationship is
not necessarily linear. Brodfiihrer (1955)
revealed that increasing the UV-B dose from
2% to 33% of ambient solar UV-B resulted in
an increase in the length of the main stem of
the Arabidopsis inflorescence. Increasing the
UV-B dose from 33% to 100% of solar UV-B
did not cause a further increase in stem length,
but rather a substantial decrease in stem
length. Similarly, low UV doses increased
inflorescence branching, while high doses
inhibited the same process. Van de Staaij
et al. (1997) observed a similar (but inverse)
bell-shaped UV-B dose-response. Low doses
of UV-B decreased flower formation in Silene
vulgaris, whilst higher UV doses stimulated
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this process. An inverse, bell-shaped dose
response was also found by Qaderi et al.
(2008), who reported that low doses of UV-B
decreased the number of leaves in Silene
noctiflora, although higher UV doses in-
creased leaf numbers. At present there are
not enough dose response curves of UV-B
mediated plant morphology to draw firm con-
clusions. However, the three examples of
bell-shaped dose response curves imply the
possibility that distinct UV-B response path-
ways are triggered by low as opposed to high
UV-B doses. Consistently, UVR8-mutants fail
to display a shorter hypocotyl length when
exposed to low doses of UV-B, but display a
‘dwarfing’ response to high doses (Favory
et al., 2009).

The UV-B-induced phenotype exists, and
some of its architectural characteristics are
mediated by the UV-B photoreceptor, UVRS.
Nevertheless, reported dose-response curves,
and mixtures of transient and permanent
UV-B effects, strongly suggest the existence
of at least two different UV-B phenotypes.
Furthermore, there is evidence that UVR8-
mediated responses are modulated by
wavelengths other than UV-B, for example
due to photoreceptor interactions (Morales
et al., 2013).

An Anatomical Perspective
of the UV-B Phenotype

A cellular perspective

The size of plant organs is determined by
interactions between genotype, physiology
and environment, through effects on cell pro-
liferation and expansion. During the prolif-
eration phase, the size of densely cytoplas-
mic cells is relatively constant, while in
the post-mitotic organ, cells start to enlarge
and this is often accompanied by increases
in ploidy (Hepworth and Lenhard, 2014).
Environmental factors can alter organ size
through impacts on cell proliferation and/or
cell expansion. However, this view is overly
simplistic, as ‘compensatory’ cell expansion
can mask decreases in cell proliferation.
Indeed, organ size is co-modulated by the
identity of the organ itself, i.e. a top-down

control function (Hepworth and Lenward,
2014). UV-B has been shown to decrease cell
proliferation and/or cell expansion. UV-B can
impede cell division through the accumula-
tion of DNA damage (primarily cyclobutane
pyrimidine dimers and pyrimidine (6-4)
pyrimidone dimers) which slows down the
G1-to-S step in the cell cycle (Jiang et al.,
2011). Oxidative stress can also impede the
cell cycle, through interactions with oxida-
tive stress checkpoints (Tsukagoshi, 2012).
The cell cycle block can facilitate DNA
repair before further replication occurs (Jiang
et al., 2011), but does not necessarily result
in smaller numbers of cells in a particular
organ, as plants can delay the transition
from cell proliferation to expansion (Hep-
worth and Lenhard, 2014). Compensatory
effects of UV-B radiation on cell expansion
have been related to increases in ploidy.
UV-B can enhance endoreduplication result-
ing in increased ploidy which, in turn, has
been associated with cellular expansion
(Radziejwoski et al., 2011).

UV-B exposure can inhibit cell prolifer-
ation (Wargent et al., 2009), expansion (Hec-
tors et al., 2010), or have a complex effect on
both processes. Both cell numbers and cell
size decreased when a UV-sensitive Arabi-
dopsis thaliana fah-1 mutant was exposed
to UV-B. The observed tenfold decrease in leaf
area was probably associated with abiotic
stress (Lake et al., 2009). In comparison, lar-
ger cells were reported on the abaxial (but
not adaxial) leaf surface when wildtype
Arabidopsis was exposed to the same UV-B
dose (Lake et al., 2009). This may represent
a compensatory response as described by
Hepworth and Lenward (2014). Wargent et al.
(2009) also reported an increase in cell size
in UV-B-exposed Arabidopsis, although this
was offset by a decrease in cell number.
Hectors et al. (2010) found that UV-B had no
measurable effect on the numbers of cells in
Arabidopsis, but cell expansion was de-
creased by UV-B along a developmentally
controlled pattern. Thus, effects on cell size
became apparent first for the distal zone,
and only later for the middle and proximal
zones of the leaf. Interpretation of these
data needs to consider differences in the
UV-B dose and exposure protocols used.
Nevertheless, the data show the variation in
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UV-induced cellular responses that can
occur in UV-B-exposed leaves.

A tissue perspective

There is a substantial knowledge gap between
UV-B effects on epidermal cells, and on plant
organs. In fact, up-scaling is complicated
because tissues within a leaf respond differ-
ently to UV-B exposure. Leaf thickness in-
creased substantially in blueberry (Vaccinium
corymbosum) cultivar Legacy exposed for 40
days to supplemental UV-B, due to increased
thickness of the mesophyll (Reyes-Diaz et al.,
2016). This observation is consistent with
data by Robson and Aphalo (2012) who re-
ported UV-B-induced increases in palisade
thickness in birch leaves, and by Nagel et al.
(1998), who reported increases in hypoder-
mal thickness of pine (Pinus ponderosa) nee-
dles. Other studies have reported increased
epidermal thickness of UV-acclimated leaves.
In lemon (Citrus limon) fruits, UV induces cell
wall thickening in the epidermis, as well as in
the underlying parenchyma and collenchyma
(Ruiz et al., 2016). Although Reyes-Diaz et al.
(2016) reported increased mesophyll thickness
in UV-B-exposed blueberry cultivar Legacy,
this was not the case for cultivar Bluegold. In
the latter cultivar, leaf thickening was associ-
ated with disorganisation of the mesophyll cells,
and the formation of substantial intercellular
cavities. Thus, under the same exposure con-
ditions one blueberry cultivar appears to dis-
play a form of acclimation, whilst another
cultivar displays stress, reinforcing the
message that there is more than one UV-B-
mediated process that mediates alterations
in plant architecture.

Underpinning Regulatory Mechanisms
UVR8-mediated control of architecture

Understanding of UVR8-mediated changes
in plant architecture has increased in recent
years. Interactions with hormonal pathways
are a key feature of UVRS8 activity. Hayes
et al., (2014) demonstrated that UVR8 slows
elongation growth through interactions with

gibberellic acid (GA) and auxin metabolism.
GA homeostasis is affected through a UV-B-
mediated increase in GA2-oxidase transcript
levels. Evidence for a drop in GA concentra-
tions is indirect, through an increase in
(elongation inhibiting) DELLA proteins. Con-
sistently, several other studies have reported
induction of genes encoding GA oxidases
(cf. Vanhaelewyn et al., 2016). Peng and Zhou
(2009) reported a decrease in actual GA
levels in soybean (Glycine max). In contrast,
Yang et al. (2004) showed that GA levels
in tomato leaves doubled following UV-B
exposure. Thus, measurements of GA levels
in UV-B-exposed plants do not yet yield a co-
herent story.

There is good evidence for a role of auxin
in UV-B-mediated morphological changes.
Auxin is a key regulator of elongation, axil-
lary branching, leaf development, and root
growth. Initially, auxins were associated with
the UV-B phenotype based on architectural
similarities between the UV-B phenotype and
auxin mutants (Jansen, 2002). Hectors et al.,
(2012) demonstrated a UV-B-mediated de-
crease in free auxin levels in young leaves of
Arabidopsis, while Yang et al. (2004) reported
an overall decrease in auxin levels in UV-B-
exposed tomato (Solanum Iycopersicum).
Hayes et al. (2014) showed UVR8-mediated
effects on auxin homeostasis using pDR5:-
GUS reporter constructs. Consistently, UV-B
acclimation involves the differential expres-
sion of a range of auxin-related genes (Favory
et al., 2009; Hectors et al., 2010, 2012; Hayes
et al., 2014; Vandenbussche et al., 2014).
Furthermore, the Arabidopsis auxin influx
mutant axr4-1, and auxin biosynthesis mu-
tant nit1-3 display relatively strong morpho-
logical responses to UV-B exposure (Hectors
et al., 2012). Thus, there is diverse evidence
for a central role of auxin in mediating UV-B-
induced morphological acclimation.

Stress-mediated control of architecture

It is unlikely that UVR8-mediated responses
comprise the only mechanism of UV-B-
mediated changes in plant morphology.
Favory et al. (2009) reported ‘dwarfing’ of
Arabidopsis UVR8-deficient plants grown in
a solar sunlight simulator. UVR8-deficient
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plants are hypersensitive to UV-B due to a
lack of protective responses (Heijde and Ulm,
2012), and it is likely that UV-B-induced
alterations in the architecture of these mu-
tants are associated with stress. The notion
of Stress Induced Morphogenic Responses
(SIMR) is based on the similarities in pheno-
type following exposure and acclimation to
different stressors (Potters et al., 2007). SIMR
comprises a redirection of growth, rather
than a cessation. The resulting phenotype can
be more dwarfed, with increasing leaf thick-
ness and/or branching. SIMRs are thought
to be associated with generic stress-related
processes such as enhanced production of
Reactive Oxygen Species (ROS) and changed
metabolism of auxin (Potters et al., 2007).
Although UV-B-induced stress is considered
to be rare in the natural environment, UV-B
is potentially damaging to plants (Jansen and
Bornman 2012). UV-B can trigger oxidative-
stress responses (cf. Hideg et al., 2013) in-
cluding the activation of mitogen-activated
protein kinase phosphatases (Besteiro and
Ulm, 2013). UV-B-mediated ROS production
has also been linked with nitric oxide (NO)
signalling (Lytvyn et al., 2016). UV-B-induced
NO has been linked with changes in micro-
tubuli organization (Krasylenko et al., 2012),
which in turn can affect morphology though
regulation of cell division, cell elongation
and initiation of lateral growth.

The generic SIMR is likely to play a key
role under oxidative stress conditions caused
by exposure to high doses of UV-B (for a dis-
cussion of high and low UV-B doses see Hideg
et al., 2013). In contrast, UVR8-mediated
morphological responses can occur under
very low UV-B fluences (Brown and Jenkins,
2008; Fig. 5.1). Yet, the two potential response
pathways are not mutually exclusive, and it
is likely that there is considerable overlap of
the two responses under the fluctuating UV
intensities that are characteristic of natural
sunlight.

UV-B acclimation and morphology

UV-B induces a broad range of biochemical
acclimation responses, some of which can
interfere with the mechanism controlling

plant growth, while others may affect growth
through incurring a fitness cost (Fig. 5.1).
UV-B-induced changes in plant architecture
and in the concentration of protective flavon-
oids are typically co-occurring phenomena
(Qi et al., 2003; Klem et al., 2012). Flavonoids
play a central role in UV-B protection due to
their antioxidant and UV-screening proper-
ties. However, flavonoid aglycones are also
regulators of polar auxin transport (Peer and
Murphy 2007). Consistently, exposure of
tobacco seedlings to exogenous flavonoids
resulted in reduced leaf expansion, increased
root length, a decrease in lateral and adven-
titious roots and an increase in free auxin in
the shoot (Mahajan et al., 2011). Arabidopsis
tt4 and ugt78d2 flavonoid mutants also dis-
play alterations in both auxin distribution
and plant morphology (Peer and Murphy
2007; Yin et al., 2014). Nevertheless, UV-B-
induced alterations in flavonoid profile
comprise specific glycosylated compounds,
accumulating in specific subcellular do-
mains. At present, it remains to be proven
that such specific alterations in UV-induced
flavonoids can, through their effect on auxin
transport, ‘fine-tune’ the plant phenotype
mediated by UVR8 and/or stress.

A Biological Function of UV-B Phenotype

Many reports on the UV-B phenotype refer
to a potential role in protecting plants from
UV-B stress. It has been hypothesised that
thicker leaves contain ‘UV-free’ zones (Jansen
2002). Yet, in most plant species little (<10%
of incident dose) UV-B reaches the mesophyll
due to UV-screening by epidermal cells
(Barnes et al., 2008). Thus, the importance
of leaf thickening for UV-B protection remains
unproven, especially as UV-B transmission
is patchy due to UV-B penetration via stoma-
tal pores and anticlinal cell walls. It has also
been argued that a lack of elongation growth
increases self-shading, and therefore de-
creases UV-B exposure. Yet, despite the ob-
vious attraction of such a concept, shading
does not necessarily equate to decreased
UV-B exposure. The diffuse fraction of global
UV-B irradiance is larger (0.57 to 0.91) than
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Fig. 5.1. UV-B and plant morphology. Low doses of UV-B can alter morphology directly via the UV-B
photoreceptor, UVR8. Alternatively, metabolites formed during UV-B acclimation can interfere with
morphology, as argued for flavonoids. A trade-off cost associated with UV acclimation has also been
postulated, but not conclusively demonstrated. High UV-B doses can affect plant morphology through a
generic Stress Induced Morphogenic Response (SIMR), as observed for many other stressors.

that of visible wavelengths (0.25 to 0.70)
(Webb and Steven, 1984) which results in
relatively strong penetration of UV-B into
canopies (Fig. 5.2). Within a forest canopy
the UV:PAR ratio in sunflecks (i.e. exposure
to direct sunlight) is slightly enhanced com-
pared to sunlight in open environments, while
in the shaded understorey the UV:PAR ratio
can reach at least five times that of sunlight
in the open (Yang et al., 1993; Brown et al.,
1994). Thus, a more dwarfed architecture
does not necessarily reduce UV-B exposure,
and may even increase the UV:PAR ratio
which is, in general, considered a determin-
ant of UV-B stress.

Thus, there is no conclusive evidence
that UV-induced alterations in morphology
contribute to UV-B protection. The observa-
tion that some UV-B effects on morphology
are transient (Lake et al., 2009; Robson and
Aphalo, 2012) implies, at best, a temporary
role in UV protection. Furthermore, the obser-
vation of bell shaped dose response curves
(Brodfiihrer, 1955; Van de Staaij et al., 1997;
Qaderi et al., 2008) triggers the question:

how can opposing morphological responses
be linked with a single, functional role? Given
the lack of an obvious association between
morphology and UV-B tolerance, the possi-
bility that (aspects of) the UV-B phenotype
have a function other than UV-protection
should be considered.

An exciting hypothesis on the role of
UV-B-induced morphological changes was
proposed by Hayes et al. (2014) who argued
that UV-B, via the UVR8 photoreceptor,
represses plant shade avoidance. Plants per-
ceive shading through phytochrome which
senses the decrease in red:far-red ratio. This
triggers elongation growth involving, amongst
others, PHYTOCHROME INTERACTING
FACTORS (PIFs) and changes in auxin distri-
bution. UV-B counters this response by trig-
gering degradation of PIF4 and PIF5, while
increasing DELLA stability (Hayes et al.,
2014). The antagonistic interaction between
UVRS8 and phytochrome responses creates
a system of ‘checks and balances’ whereby
elongation occurs under shaded conditions
(low red to far-red ratio), while UV-B perception
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Fig. 5.2. UV-B within a canopy. Canopy transmittance of solar radiation depends on vegetation characteristics
but is generally lower for direct (isotropic; open arrow) than for diffuse (anisotropic; filled arrow) light. UV-B
and PAR intensities are low under a canopy, compared to incident radiation. Yet, in shaded areas, UV-B:
PAR ratios may increase substantially due to the relatively large component of diffuse radiation enriched in
UV-B. Values in the figure were calculated from spectral photon irradiance measurements with a diode array
spectroradiometer (Ocean Optics Maya Pro2000+). Both PAR and UV-B:PAR x10* are given. Measurements
represent canopy shade, a sunfleck, and a 10 m diameter gap on the floor of an old-growth Fagus sylvatica
forest (el Hayedo de Montejo, central Spain) at solar noon (17/5/2014).

under exposed conditions impedes this pro-
cess (Hayes et al., 2014). However, this is
not necessarily the case as the UV:PAR ratio
can be strongly enriched in the understory
(Yang et al., 1993; Brown et al., 1994) (Fig. 5.2)
with the degree of enrichment depending
on vegetation structure including species-
specific leaf reflectance and absorbance
(Robson et al., 2015b). To understand the
antagonism between phytochrome and UVR8
pathways in plant shade responses, there is
a need for experimental approaches that
cover the natural range of variation in the
red/far-red and UV-B fluences (Mazza and
Ballaré, 2015).

The idea that UV-B-induced morphology
has a function different from increasing
UV-B tolerance is intriguing. In the natural
environment, exposure to high UV-B will
normally be paralleled by exposure to high

intensities of PAR, and therefore typically
high temperatures, and possibly drought.
Therefore, UV-B-induced morphological
changes might play a role in acclimation to
high levels of PAR, heat and/or drought. A
reduction in leaf area in combination with
increased leaf thickness is a typical charac-
teristic of a sun-leaf (Lichtenthaler et al.,
2007; Niinemets, 2010). A smaller but thicker
leaf is associated with a decrease in transpi-
rational water loss (Anyia and Herzog, 2004).
Consistently, recent work by Robson et al.
(2015a) demonstrated that UV-B exposure
induced drought tolerance in silver birch
(Betula pendula). In contrast, Bandurska
et al. (2013) argued that there is no direct
association between UV acclimation and
drought tolerance. Thus, while a role for
the UV-B phenotype in acclimation to vari-
ous solar and/or weather conditions is not
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proven, it is an attractive prospect that de-
serves study.

The UV-B Phenotype and Biomass
Growth

Morphological traits are good indicators of
plant performance and adaptation (Poorter
and Bongers, 2006), through effects on light
capture and photosynthetic performance.
Alterations in leaf area and/or leaf thickness
will alter light absorption, but also CO, avail-
ability, nitrogen use, heat load, transpirational
water loss and self-shading (Nunes-Nesi et al.,
2016). Thus, UV-B-induced alterations in
architecture are likely to have consequences
for growth, but few studies have explored this.
Some studies report UV-B-induced changes
in plant architecture, and concomitant de-
creased biomass accumulation (Breznik et al.,
2005; Chen et al., 2016). Yet, it is likely that
negative effects on biomass are due to paral-
lel, damaging impacts of UV-B on the cellu-
lar machinery, rather than as a fitness cost of
the new phenotype per se. In some studies,
UV-B-induced morphological changes are
not accompanied by a loss in shoot biomass
(Barnes ef al., 1990). For example, field ex-
clusion studies showed how near-ambient
UV-B caused reduced height growth but had
no effect on biomass production by the moss
Sphagnum magellanicum (Robson et al.,
2003). This may be interpreted as meaning
that UV-B-induced morphological changes
do not necessarily carry a yield penalty.
However, this is far from proven, particu-
larly as many studies are short, and there-
fore not suitable for visualising small incre-
mental differences in biomass yield. Thus,
the effect of UV-B-induced morphological
changes on plant biomass production remains
largely unknown.

Alterations in architecture can have in-
direct effects on growth. For example, the
spatial distribution of leaves will determine
the microclimate which may, in turn, affect
susceptibility for pest and pathogen attack
(Costes et al., 2013; Ben-Yakir and Fereres,
2016). The best evidence for a potential
yield penalty of the more dwarfed UV-B

phenotype is generated by studies on plant—
plant competition. UV-B-induced changes in
morphology are large enough to affect com-
petition for light capture in a canopy (Ryel
et al., 1990). Indeed, UV-B-induced alter-
ations in the competitive balance between
wheat (Triticum aestivum) and wild oat
(Avena fatua) were linked to alterations in
the relative position of leaves (Barnes et al.,
1988). Yet, it is important to be aware that
UV-B radiation can also affect plant—plant
interactions through other routes, such as a
stimulation of production and release of
allelochemicals. For example, Li et al. (2009)
found that the allelopathic potential of
Zanthoxylum bungeanum was stimulated
under enhanced UV-B radiation.

What next?

UV-B-induced changes in plant morphology
comprise a decrease in elongation growth, re-
sulting in a more compact plant displaying
decreases in petiole length, leaf area and/or
enhanced leaf thickness together with short-
er, but more branched stems. Here, we argue
that there are at least two distinct UV-B
phenotypes. One phenotype is mediated by
the UV-B photoreceptor UVR8. The second
UV-B-induced phenotype does not require
functional UVR8 and is associated with plant
stress. It is likely that both phenotypes do
occur simultaneously in the natural environ-
ment. It is also likely that this mixture of two
phenotypes is a cause of (i) contradictory in-
formation on UV-B-induced morphological
changes; (ii) complex dose response curves;
(iii) a mixture of transient and permanent
morphological changes; and (iv) distinct
effects on cell and organismal development.
To distinguish the two UV-B phenotypes,
detailed dose-response curves and action
spectra need to be developed. In turn, these
can be used to identify molecular, physio-
logical and/or biochemical markers represen-
tative of distinct phenotypes. Only when this
has been achieved, is there a realistic chance
to explore the functional role of the UV-B
phenotypes and to identify regulatory inter-
actions with other environmental parameters
which co-modulate plant morphology.
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Introduction

The terrestrial solar ultraviolet (UV: ~290—400
nm) radiation regime experienced by plants
in nature varies across multiple timescales
(interannual, seasonal and diurnal). Long-
term (year-to-year) variability in UV irradi-
ance at the Earth’s surface in modern times
is driven largely by changes in stratospheric
ozone, which influences the attenuation of
ultraviolet-B radiation (UV-B: 280-315 nm)
and climate change, which can alter both
UV-B and ultraviolet-A radiation (UV-A: 315—
400 nm) via changes in cloud cover, aerosols
and tropospheric ozone (Bais et al., 2015; see
also Chapter 1, this volume). Variation in
incident UV over shorter timeframes (seasonal
and diurnal) results primarily from the nat-
ural rhythms in prevailing solar angles that
occur over a year or day, though intraseason-
al fluctuations in ozone can play a significant
role in certain regions (Madronich et al., 2011;
Bais et al., 2015). Natural cycles in UV ir-
radiance are routinely disrupted by changes
in atmospheric conditions and vegetative
cover (e.g. phenological patterns in canopy
development). These cycles themselves can

*Corresponding author: pwbarnes@loyno.edu

exhibit some degree of seasonal and diurnal
periodicities, as shown in Fig. 6.1.

In detail, Fig. 6.1a shows integrated daily
plant effective UV-B over three years at a
Sonoran Desert location in southern Arizona,
with the pronounced annual summer mon-
soon periods noted. Fig. 6.1b gives the daily
plant effective UV-B at Pullman, Washing-
ton, over a period in early spring of heavy
clouds followed by clear skies (April-early
May 2014) when new leaves are emerging in
many native plant species, while Fig. 6.1c
shows diurnal patterns of plant effective
UV-B (30 min means) under clear and cloudy
sky conditions in the Arizona Sonoran Desert
in July 2015. Thus, Figs. 6.1b and 6.1¢ dem-
onstrate that rapid fluctuations in solar UV
can also occur via changes in cloud cover,
which can either increase or decrease UV
irradiance depending on the position and
type of clouds in relation to the solar disc
(Thiel et al. 1997; Lopez et al. 2009). Fluctu-
ations can also come from gaps in the canopy
that create periodic sunflecks in the under-
storey (Fig. 6.1d; Flint and Caldwell, 1998;
Heisler et al., 2003; see also Chapter 2, this
volume). Fig. 6.1d shows instantaneous

72 © CAB International 2017. UV-B Radiation and Plant Life (ed. B. Jordan)



Plant Responses to Fluctuating UV Environments

73

(a)

(b)

()

Daily plant effective UV-B (kJ m™2 d~")

Plant effective UV-B (mW m2)

8.0

6.0

4.0

2.0

0.0

6.0

4.0

2.0

0.0

400

300

200

100

clear sky —e—
cloudy sky --#---

I " 34 .
» e ;"‘}
Sra AR Al
PR A w e
L -|; ‘e * AR Y L& -f' D
'-'n.‘ :-l y _.-. le l ‘-- .f.g.,
’o V‘:‘ "-. \,'-‘s‘ r . "R Y]
O 5 PR W 1T
!. . o‘. - * '.0"'.} . . %
F ST - RN P
- i . - .: '. :‘ .-.‘A L) L . : -&
R o SR
* o s L T ot 3
LI 2. o* J- . " L
Foo. . " . C o © 8
3 o: ‘—’-‘.‘-w e e -3 % 4
Summer Summer}: * , Summer, =*
monsoon . monsoon * monsoon *
J MMJSNJIMMJISNJIMMI SN
2011 2012 2013
3 15 17 19 21 23 25 27 29 1 3
April May
(d)

—e—windy day
---a---still day

6 8 10 12 14 16 18
Hour of day (local time)

01234567829
Seconds
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All irradiance data are weighted according to the generalized plant action spectrum (Caldwell, 1971) and
normalized to unity at 300 nm. Data in (a) and (c) were obtained from an on-site broadband UV-B sensor

(YES UVB-1) calibrated against a double-monochromator spectroradiometer (Gooch & Housego 756). Data

in (b) were obtained from the USDA UV monitoring network (http://uvb.nrel.colostate.edu/UVB/index.jsf
(accessed 30 March 2017)) using data from narrow waveband spectrometers to produce synthetic spectra.
Data in (d) were obtained from a diode array spectroradiometer (OceanOptics Maya Pro2000+) measuring

spectral irradiance every 0.1 seconds for a 10-second period.
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UV-B at the same location (to the nearest cm) in
the understorey of a 20-year old Betula pen-
dula stand in a provenance trial at Little Wit-
tenham, Oxfordshire, UK, at the same time of
day on a windy and relatively calm day. Con-
sequently, plants and individual leaves can
experience considerable change in UV expos-
ure over their lifespans, from one day to the
next, and within a given day, that is regular
and, at times, erratic and unpredictable.

Over the past several decades, consider-
able attention has been given to understand-
ing plant responses to changes in average UV
conditions that occur as a result of strato-
spheric ozone depletion and to the interactive
effects of enhanced UV-B and other climate
change factors (e.g. elevated CO, and in-
creased temperature) (Bjorn, 2015; Bornman
et al. 2015; and references therein). By com-
parison, we know far less about plant re-
sponses to changes in solar UV fluxes that
occur (i) naturally over the course of a given
growing season or day; (ii) in response to
changes in cloud cover; or (iii) as leaves
alternate between shaded and sunlit condi-
tions within canopies and in understorey
environments.

Given that plants have evolved a photo-
sensory system to sense ambient UV-B (Rizz-
ini et al., 2011; see also Chapter 8, this volume)
and that this photoreceptor appears to inter-
act with other photoreceptor systems (e.g.
cryptochromes and phytochromes) to provide
information to a plant about its light envir-
onment (Xie and Hauser, 2012; Tilbrook
et al., 2013; Mazza and Ballaré, 2015), it is
relevant to ask how quickly and to what de-
gree plants can respond to changes in their
UV environment, and what these responses
might mean for plant fitness. For instance,
do rapid fluctuations in UV (seconds to min-
utes) in fact matter to plants or do they inte-
grate and respond to UV over much longer
time frames (hours, days or weeks)? Also, is
the rate and magnitude of the response to
changing UV conditions contingent upon
developmental stage (e.g. young versus old
leaves) and environmental factors that influ-
ence resource availability and levels of
physiological stress (e.g. atmospheric CO,
concentration, temperature and moisture
availability)? Finally, what is the adaptive

significance of variation among plant species
in their abilities to respond to temporal fluc-
tuations in UV, and what might these differ-
ences mean for the timing of defences against
other abiotic (e.g. drought) and biotic (e.g.
herbivory) factors that share commonalities
in photosensory signalling (Demkura and
Ballaré, 2012) and biosynthetic pathways
(Izaguirre et al., 2007) with UV responses?

In this chapter, we review research to
date on what is known about the prevalence
and mechanisms of plant responses to short-
term fluctuations in UV exposure and explore
the possible adaptive and ecological signifi-
cance of these responses. We address only
changes in total UV irradiances and not shifts
in spectral quality, which can be associated
with fluctuating UV conditions particularly
in understorey environments (Parisi and
Kimlin, 1999). Our emphasis is on physio-
logical responses to UV, and we specifically
focus on UV screening protection as this is
a primary avenue of UV acclimation and
one of the most frequently documented and
readily observable responses to UV in plants
(Searles et al., 2001).

Overview of Plant Responses to UV and
the Time Course of UV Acclimation

Abundant evidence from studies conducted
in controlled environmental conditions indi-
cates that exposure to UV can elicit specific
photomorphogenic responses in plants as
well as induce a variety of effects that are gen-
erally considered to be detrimental to plant
function (Jansen and Bornman, 2012; Li et al.,
2013; Robson et al., 2015). The highly ener-
getic shorter wavelengths of UV (i.e. UV-B) are
particularly efficient at producing a number
of deleterious effects in plants, including
disruption of the integrity and function of
important macromolecules (DNA, proteins
and lipids), oxidative damage, partial inhib-
ition of photosynthesis and growth reduc-
tion (see Chapter 7, this volume). To combat
these adverse effects, plants have developed
a suite of biochemical, physiological and
morphological mechanisms that collectively
protect or repair sensitive targets from direct
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and indirect UV-induced injury (Britt, 1999;
Favory et al., 2009; Hectors et al., 2009;
Jacques et al., 2009; see also Chapter 4, this
volume). This acclimation to UV appears suf-
ficient to largely minimize any detrimental
effects of UV-B on plant growth and product-
ivity when plants are grown under ambient
or realistically enhanced UV-B in the field
(Ballaré et al., 2011) such that photomorpho-
genic (and often beneficial) effects of UV
generally predominate under these conditions
(Wargent and Jordan, 2013; see also Chapter 3,
this volume).

One of the most important and wide-
spread protective responses of plants to UV
radiation involves the induction and synthe-
sis of flavonoids, hydroxycinnamic acids
(HCAs) and other related phenylpropanoid
compounds that function as ‘UV sunscreens’
and antioxidants (Caldwell et al., 1983; Agati
et al., 2012; Emiliani et al., 2013). The accu-
mulation of flavonoids and other UV-absorbing
compounds in epidermal tissue decreases
epidermal UV transmittance (T,,) but has
minimal effect on attenuating photosynthet-
ically active radiation (PAR: 400-700 nm)

Upper epidermis
(UV-absorbing pigments)

Mesophyll
(photosynthetic tissue)

Lower epidermis

needed for photosynthesis of underlying
mesophyll tissue (Fig. 6.2; Day et al., 1994;
Mazza et al., 2000; Bidel et al., 2007). The
epidermal screening of UV is a primary av-
enue by which plants acclimate to changing
UV environments, including alterations re-
sulting from stratospheric ozone depletion
and climate change (Williamson et al., 2014;
Bornman et al., 2015). This UV acclimation
response entails a measurable energetic and
fitness cost (Snell et al., 2009; Guidi et al.,
2011; Hofmann and Jahufer, 2011), varies
within and among species (Day et al., 1992;
Qi et al., 2010; Randriamanana et al., 2015)
and is linked with cross-tolerance to other
abiotic and biotic stresses (e.g. drought, her-
bivory and pathogen infection. See Mewis
et al., 2012; Bandurska et al., 2013; Zavala
et al., 2015).

Flavonoid biosynthesis is influenced by
UV-B as well as UV-A, PAR (Flint et al., 2004;
Siipola et al., 2015) and other environmen-
tal factors, such as temperature (Bilger et al.,
2007). Orchestration of UV-B-induced flavon-
oid biosynthesis appears to involve the UV-B
photoreceptor UV RESISTANCE LOCUS 8

Fig. 6.2. Illustration of a typical dicot leaf showing the penetration of PAR (400-700 nm) and UV (280400 nm)
radiation through the epidermal tissue. The majority (c. 90%) of the incident UV is absorbed by flavonoids
and other UV-absorbing compounds in the epidermis while most of the PAR is transmitted to the underlying
mesophyll where photosynthesis occurs. The epidermal UV transmittance (T, ) of the epidermis varies over
time in relation to the stage of leaf development, UV and PAR exposure and, in some species, time of

season, day and cloud cover.
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(UVRS) (Jenkins, 2014) with UV-B exposure
leading to the expression of UVR8-dependent
gene transcripts involved in phenylpropanoid
metabolism (Morales et al., 2013). While
exposure to UV-B has been shown to induce
rapid (within minutes) activation of UVR8
(Kaiserli and Jenkins, 2007), the production
and accumulation of UV-absorbing com-
pounds and resultant decrease in T, typic-
ally occurs over much longer time frames
(i.e. days. See Fig. 6.3a; Hectors et al., 2014;
Bidel et al., 2015; Wargent et al., 2015). Dur-
ing this period of acclimation, leaves may
be susceptible to UV-induced injury (e.g.
inhibition of photosynthesis. See Wargent
et al., 2015). Prolonged exposure to UV-B
eventually leads to reduced sensitivity to UV
and may even enhance photosynthetic per-
formance and provide some protection
against photoinhibition (Wargent et al., 2011;
Wargent et al., 2015).

The epidermal UV transmittance of
leaves is a highly plastic trait and within a
given species can vary from <5% to near
100% depending upon the radiation envir-
onment (UV and PAR) experienced during
leaf development (Fig. 6.3a,b). Thus, leaves
that are produced in low UV and/or low PAR
environments, such as those in deep shade
in canopies or understorey environments,
or in glasshouses that lack UV, typically
display limited UV screening capabilities
(Fig. 6.3a,b; Krause et al., 2003a; Agati et al.,
2008; Pollastrini et al., 2011; Barnes et al.,
2013). However, the relationship between
UV shielding and the light (UV and PAR)
regime is strongly non-linear such that leaves
that develop under even rather moderate
shade can still exhibit relatively high UV
protection (low T ; Fig. 6.3a, inset; 6.3b).
Leaves that do develop under deep shade or
very low UV can be particularly susceptible
to UV-induced injury if they suddenly en-
counter high UV environments. This would
occur for certain vegetable crops that are
propagated as seedlings in glasshouses or
shade structures before being transplanted
to the field (see Chapter 11, this volume),
shade leaves within plant canopies that are
exposed to full sunlight as a result of can-
opy gaps or perturbations due to herbivory,
wind (Fig. 6.1d) or other factors (Kolb et al.,

2001, Barnes et al., 2013), and understorey
plants exposed to periodic sunflecks (Krause
et al., 2003b).

Responses to Sun-Shade Transitions

As indicated above, the ability of leaves to
adjust their flavonoid levels and UV shield-
ing in response to UV exposure during leaf
development is well established. What is
less clear, however, is how pliable these UV
optical properties are once leaves have ma-
tured and developed under one set of condi-
tions and are then confronted with rapid
changes in these conditions. Some studies
suggest that mature leaves or leaf segments
are generally unresponsive in their UV-
sunscreen capacities when exposed to sud-
den changes in environmental conditions
such as temperature (Nybakken et al., 2004b;
Bilger et al., 2007). Other studies however
have shown that the UV-screening response
can be more flexible in reaction to changes in
the light environment (Krause et al., 2007;
Agati et al., 2011; Morales et al., 2011; Bidel
et al., 2015). For example, field studies with
fully developed sun and shade leaves of
Populus tremuloides (aspen) and Vicia faba
(fava bean) have shown that there can be
considerable flexibility in UV acclimation
in mature leaves, at least for those produced
under low light conditions (i.e. shade leaves,
see Fig. 6.3c). Specifically, shade leaves were
shown to decrease T, when transferred to
sun environments, but sun leaves did not
change their UV sunscreen protection when
suddenly exposed to shade conditions
(Barnes et al., 2013). Although increases
in UV shielding were detected 1-2 days fol-
lowing the transfer of plants from shade to
full sun conditions, full transition of shade
leaves to the equivalent protection of sun
leaves required 4-10 days depending on
species and conditions. These changes in leaf
optical properties were generally associated
with increases in UV-absorbing compounds.
Similarly Krause et al. (2004) showed that
mature leaves of tropical understorey plants
can also respond to abrupt increases in solar
UV radiation by increasing UV-absorbing
compounds. In the case of P. tremuloides
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light environments in pot-grown Arabidopsis thaliana (a) and field-grown Populus tremuloides (aspen); (b),
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in the field. Data are means = st. (a) is from an unpublished study by Atunes, T., Tobler, M. and Barnes, P.

(b) and (c) are reproduced from Barnes et al. (2013).
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and V. faba, this adjustment in epidermal UV
transmittance of shade leaves required both
UV-B and UV-A, whereas PAR and UV were
involved in the establishment of UV sun-
screen protection during leaf development
(Barnes et al., 2013). Similarly, Bidel ef al.
(2015) showed that UV-B was required to in-
duce additional UV shielding in mature leaves
of Centella asiatica. Thus, relatively high
levels of PAR appear to provide a high foun-
dation of UV protection, which is further en-
hanced by subsequent UV exposure (G6tz
et al., 2010; Wargent et al., 2015).

Seasonal and Diurnal Changes
in UV Sunscreen Protection

Occurrence and patterns among
species and environments

The above studies indicate that mature leaves
can, in some cases, respond, albeit relatively
slowly, to sudden changes in their UV envir-
onment. Additionally, there is now growing
evidence that fully developed leaves can
modulate their levels of UV sunscreen pro-
tection on more rapid timescales such as one
day to the next, or over the course of an indi-
vidual day. The earliest report suggesting that
plants may be capable of rapid adjustment
in UV screening came from observations by
Lautenschlager-Fleury (1955) who found
that the UV-B transmittance of epidermal
peels from Vicia faba leaves was low at
midday on a sunny day but remained rela-
tively high on a cloudy day. Subsequently,
Sullivan et al. (2007) detected significant
day-to-day changes in UV-absorbing com-
pounds in field-grown Hordeum vulgare
(barley) and Glycine max (soybean) and this
variation was correlated with variation in
ambient UV-B in both species and UV-A
in soybean. This variability was dampened
in plants grown under reduced (near 90%
reduction) levels of UV-B and no significant
relationship was found between variation in
solar UV and UV-screening compounds in
these plants. By comparison, Kotilainen et al.
(2010) found no clear relationships between
UV doses and seasonal variation in flavonoids

and other phenolics in Alnus incana (alder)
and Betula pubescens (birch) leaves. Other
investigators have also shown that flavon-
oids and epidermal UV screening can vary
over the course of a season (Fischbach et al.,
1999; Liakoura et al., 2001; Louis et al., 2009;
Nenadis et al., 2015) though it is sometimes
difficult to assess whether this variation is
the result of UV acclimation during leaf de-
velopment as opposed to rapid adjustment in
fully developed leaves, especially in species
that produce long-lived leaves and multiple
leaf cohorts/season.

The first evidence that plants could
adjust levels of UV-screening compounds on
a diurnal basis came from field studies con-
ducted by Veit et al. (1996) who found that
the concentration of flavonoids from whole-
leaf extracts of Anacardium excelsum, a trop-
ical tree, and Cryptogramma crispa, an alpine
fern, increased progressively during the morn-
ing and then declined in a similar fashion in
the afternoon in both species. More recently,
Barnes et al. (2008) used chlorophyll fluor-
escence (UVA-PAM,; Kolb et al., 2005) to non-
invasively measure epidermal UV-A shielding
and reported small (c. 1-2% change in ab-
solute T,y 13-16% change in relative T ),
but statistically significant diurnal changes in
epidermal UV transmittance in three plant
species (Vicia faba, Oenothera stricta and
Verbascum thapsus) growing in a high UV
tropical alpine environment in Hawaii. Fol-
lowing this study, Barnes et al. (2016a)
surveyed 37 species (63 taxa of wild and
cultivated species with multiple cultivars/
species for several cultivated species) grow-
ing in different locations (Hawaii, Utah,
Idaho and Louisiana) and found that diur-
nal change in T ;, occurred in nearly half of
the species examined. Diurnal changes in
T, were found in plants at all locations, in
monocots as well as dicots and in both herb-
aceous and woody growth forms. Species
that did not exhibit diurnal change in T,
included grasses and dicots of cultivated,
wild and exotic species (e.g. Symphoricar-
pus albus, Zea mays, Phalaris arundinacea
and Malva parviflora), and in some cultivated
species (Brassica rapa, Triticum aestivum,
and Citrullus lanatus) there was significant
intraspecific variation in the prevalence of
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this phenomenon. Diurnal changes in flavon-
oid levels have also been observed in Cen-
taurea uniflora and Geum montanum, two
herbaceous alpine species growing in the
French Alps, using similar non-invasive tech-
niques (i.e. Dualex) (Goulas ef al., 2004; T.M.
Robson and S.M. Hartikainen, unpublished
data; Fig. 6.4). Thus, diurnal adjustment in
UV sunscreen protection appears not limited
to species in extreme UV environments but
is in fact widespread among higher plants.
However, at present there appears to be no
apparent functional or ecological distinction
between diurnally ‘responsive’ and ‘unre-
sponsive’ species.

Results from the above multiple species
survey (Barnes et al., 2016a) further revealed
that significant interspecific variation existed
in the magnitude of these diurnal changes in
epidermal UV transmittance. Certain species,
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such as Abelmoschus esculentus (okra) dis-
played large (62% relative change) decreases
in T, from dawn to midday (absolute AT,
= 16.1%; Fig. 6.5a) whereas others, such as
Typha latifolia, showed minimal diurnal
changes in T, over the day (AT, < 1%).
Across taxa and locations, the largest diur-
nal changes in T, were found for plants
growing in locations with warm nights (i.e.
Louisiana). Low temperatures are known to
induce the production of flavonoids (Neu-
gart et al., 2013) and decrease T, (Bilger
et al., 2007), such that many plants growing
in cold, high-elevation or high-latitude sites
often exhibit high constitutive levels of UV
sunscreen protection (Barnes et al., 2000;
Nybakken et al., 2004a; Albert et al., 2009).
The small diurnal changes in T, observed
in plants from cooler locations (temperate
latitudes and high elevations) may thus be a
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Fig. 6.4. The absorbance of UV at 375 nm by leaf adaxial epidermal flavonoids (absorbance units; AU) in
Centaurea uniflora as measured using chlorophyll fluorescence (Dualex Scientific+, Force-A, Paris).
Measurements were taken on plants growing in a subalpine meadow (2130 m asl) in the French Alps during
July 2015. Cylindrical filters (220 mm diameter x 300 mm height) were made from special plastic films that
completely attenuated blue, UV-A and UV-B radiation (Rosco 313 Canary Yellow; no blue no UV treatment);
UV-A and UV-B radiation (Rosco #226 supergel, Westlighting, Helsinki, Finland; no UV-A; no UV-B treatment);
and UV-B radiation (polyester, 0.125 mm thick, Autostat CT5; Thermoplast, Helsinki, Finland; no UV-B
treatment). Plants filtered with polyethene (0.05 mm thick, 04 PE-LD; Etola, Jyvdskyld, Finland) served as
full-spectrum controls whereas plants in complete darkness (polyethene, solid white outside, solid black
inside) served as dark controls. Data are means =+ se change in absorbance of each leaf from its initial value
(n=5 per filter type). * = means within a filter treatment significantly different at P<0.05 based on ANOVA

(T.M. Robson, and S.M. Hartikainen, unpublished data).
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Fig. 6.5. Diurnal change in adaxial epidermal UV transmittance (T

measured with a UVA-PAM) in
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Abelmoschus esculentus (okra) (a) and calculated plant effective UV-B irradiance directly beneath the
epidermis (Panel (b) under near-clear summer sky conditions in New Orleans, Louisiana. T, data in (a) are
means = st. (b) shows the diurnal course of calculated UV-B irradiance just beneath the adaxial (upper)
epidermis for three scenarios: measured diurnal change in T, (circles), assuming constant dawn epidermal
T,y (squares) and assuming constant midday T, (triangles). Calculations assumed a horizontal leaf with a
uniform epidermis and no qualitative change in the UV-absorbance spectrum. (Reproduced from Barnes

etal., 2015.)

consequence of low temperature effects on
UV-absorbing compounds, which then re-
stricts the range of diurnal transmittances
possible in these species. Higher night-time
temperatures may also allow for higher dark
respiration rates, increased conversion rates
of flavonoid structures, more rapid intercel-
lular transport of flavonoids and/or other
metabolic processes involving these com-
pounds. Interestingly, across all taxa and
locations the magnitude of AT, and the
daily minimum value of T, (midday values)
were not correlated with daily UV fluxes or
the amplitude of diurnal changes in solar
UV-B irradiance. The magnitude of the di-
urnal changes in epidermal UV transmittance

therefore appears to be governed more by
night-time values of T, than those at mid-
day. Collectively, these findings suggest that
the largest diurnal changes in T, will prob-
ably occur in plants inhabiting warm subtrop-
ical and tropical environments.

Mechanisms and drivers

Although diurnal adjustment in UV shielding
appears common among plant species, the
underlying mechanisms and drivers of these
rapid responses remain unclear. Direct trans-
mittance measurements made on epidermal
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peels of V. faba have confirmed that the rapid
changes in T, measured using chlorophyll
fluorescence are indeed the result of changes
in the optical properties of the epidermis
(Barnes et al., 2016b). These diurnal alterations
in T, are further associated with changes in
the levels of whole-leaf UV-absorbing com-
pounds in responsive species (e.g. A. escu-
lentus and Solanum lycopersicum).

How plants actually achieve these rapid
and reversible changes in UV screening and
flavonoids is not known. As indicated above,
the induction and accumulation of UV-
absorbing compounds and resultant decreases
in T, typically occur over timeframes (days)
considerably longer than these rapid changes
(Hectors et al., 2014; Wargent et al., 2015).
The relocation of flavonoids among different
pools in leaf tissues (Schnitzler et al., 1996;
Burchard et al., 2000), the rapid alterations
in absorptive properties of individual com-
pounds (e.g. Dean et al., 2014) and/or the
UV-induced conversion of phenylpropanoid
structures (e.g. Boulton, 2001) would seem
more likely mechanisms to account for the
rapid changes in these UV sunscreens than
de novo synthesis and degradation of these
compounds. Indeed, relatively rapid changes
(<1 day) in the flavonoid composition of
leaves have been observed in several plant
species. For example, after one day of mod-
erate UV-B exposure, Neugart et al. (2012)
found that leaves of juvenile plants of Bras-
sica oleracea showed a number of structur-
ally dependant changes in flavonol (quercetin
and kaempferol) glycosides, with some com-
pounds increasing and others declining.
Similarly, Barnes et al. (2016b) found signifi-
cant diurnal shifts in the foliar composition
of quercetin glycosides in A. esculentus with
low molecular weight compounds changing
to a greater degree than higher weight com-
pounds. Because of the nature of these studies,
there was no way to ascertain the precise
cellular location of these compounds and
thus it is unclear whether these compounds
function primarily as UV sunscreens or as
antioxidants.

It is conceivable that this diurnal change
in UV shielding represents some aspect of
an endogenous circadian rhythm in plants
(McClung, 2001). Indeed, diurnal rhythms

in gene expression, metabolites and the
activities of key enzymes involved in phenyl-
propanoid biosynthesis (e.g. chalcone syn-
thase) are known to occur (Peter et al., 1991;
Kim et al., 2011), and the circadian clock in
Arabidopsis thaliana appears to interact with
UVRS8-controlled UV-B signalling (Feher
et al., 2011). Whether these rapid UV-shielding
responses are mediated, all or in part, by
the UV-B photoreceptor UVRS is unknown
at present. Several studies have, however,
demonstrated that manipulation of the light
regime can significantly influence these
diurnal changes. For example, Barnes et al.
(2008) showed that the imposition of dense
shade at different times of the day could
effectively eliminate diurnal changes in T,
in Verbascum thapsus, and conversely, the
removal of shade caused T, to revert to
‘normal’ conditions within a matter of min-
utes. Subsequent studies with A. esculentus
showed that the diurnal adjustment in T,
in this species could be reduced by c. 50%
when plants were placed under plastic film
that attenuated much of the ambient solar
UV (Barnes et al., 2016a). In addition, the
diurnal changes in UV shielding in this spe-
cies and others are usually less pronounced
on cloudy than sunny days, and for A. escu-
lentus there is a strong negative correlation
between T, during the day and incident
UV-B and PAR when data from clear and
cloudy days are combined (Barnes et al.,
2016b). Field filter experiments by Robson
and Hartikainen (unpublished) have also
shown that diurnal change in epidermal
flavonoids in Centaurea uniflora was not
detectable when plants were kept in con-
tinuous darkness or when UV-B or UV-B +
UV-A was filtered out of sunlight (Fig. 6.4).
Removing blue and UV radiation produced
a diurnal pattern somewhat different from
that of plants experiencing full sunlight.
These findings are consistent with those of
Veit et al. (1996) who reported that removal
of solar UV-B eliminated the diurnal changes
in flavonoids in their study species and with
the studies of Sullivan et al. (2007) who
found a significant positive correlation be-
tween day-to-day variation in UV-absorbing
compounds and ambient solar UV-B. Thus,
it appears that these rapid changes in leaf
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optical properties represent a specific re-
sponse to sunlight (UV and perhaps visible)
though some involvement with endogenous
rhythms has not been ruled out (e.g. Atamian
et al., 2016).

Costs, benefits and ecological significance

Irrespective of mechanisms, these diurnal
changes in UV shielding probably provide
clear benefits to plants in UV protection, at
least when compared to hypothetical situ-
ations where low predawn levels of UV
shielding remain unchanged throughout the
day (Fig. 6.5). However, the benefits of diur-
nal adjustment in UV protection relative to
that of plants maintaining consistently high
(i.e. midday equivalent) levels of UV protec-
tion over the day are less clear. In compari-
son to these kinds of plants (e.g. Z. mays),
calculations (assuming a uniform epidermis)
suggest that plants that exhibit diurnal
adjustment in UV shielding (e.g. A. esculen-
tus) may experience increased penetration
of UV to the underlying mesophyll both
in the morning and afternoon but not at
midday. This is probably due to the fact that
there is a time lag in T, responses to solar
UV (i.e. T, does not change instantaneously
in response to changes in UV). It is conceiv-
able that increased penetration of UV to
photosynthetic tissue at these times of day
may protect leaves from photoinhibition
(Wargent et al., 2015) that can occur under
high irradiances in the middle of the day.
However, studies on V. thapsus have shown
no correlation between T, and photochem-
ical efficiency (F /F ) when leaves encoun-
ter sudden changes in light regime (Barnes
et al., 2008). There is evidence that UV-A can
drive photosynthesis (Turnbull et al., 2013)
and increased penetration of UV-A might
thereby increase photosynthesis at times of
the day when leaves are light-limited (morn-
ings and afternoons). If this is the case, elim-
ination or reduction in diurnal change in
T, could potentially reduce plant carbon gain
and growth. Finally, there is the possibility
that maintaining constant high levels of fla-
vonoids might interfere with plant growth
during the night. Several of the flavonoids

induced by UV (e.g. quercetin and kaemp-
ferol) are known to interfere with auxin
metabolism and transport (Ringli et al., 2008;
Kuhn et al., 2011), which in turn could influ-
ence plant growth and morphology (Hectors
et al., 2012). If this is the case, the benefits of
diurnal cycling in UV shielding may lie not
in UV protection but rather in other func-
tional roles of flavonoids.

As an initial test to assess the costs and
benefits of diurnal changes in UV sunscreen
protection, we compared the effects of at-
tenuating ambient solar UV on the growth
and morphology of two species (A. esculen-
tus and Capsicum annuum) that differed in
their UV protection ‘strategies’. Although
statistically significant diurnal adjustments
in T, were evident in both species, this
change was much greater in A. esculentus
than in C. annuum (Fig. 6.6a). In addition,
overall levels of UV screening protection
were higher and less affected by UV exclusion
in C. annuum than A. esculentus (Fig. 6.6b).
When comparing shoot growth and morph-
ology, it appeared that C. annuum was influ-
enced by UV exclusion to a greater degree
than A. esculentus (Table 6.1). Thus, the spe-
cies that was more flexible in its UV screen-
ing (A. esculentus in this case), was less af-
fected in its growth by UV. Whether these
differences in morphological sensitivity to
UV are due to these differences in UV screen-
ing is difficult to assess, as these species
probably differ in other aspects of UV pro-
tection (e.g. DNA damage repair, canopy
architecture and others), which were not
examined in this study. Nonetheless, these
findings do suggest that, at the very least,
there are no clear negative consequences in
terms of UV effects on growth and produc-
tion for species exhibiting diurnal changes
in UV shielding. Additional study is needed
to determine if there is any general associ-
ation between flexibility in UV screening
protection and sensitivity to UV-induced
alterations in growth and morphology.

Diurnal fluctuations in UV sunscreen
protection may also have consequences for
the timing of plant responses to other abiotic
and biotic stresses (e.g. drought and herbivo-
ry) that can vary in severity over the course
of a day (e.g. Goodspeed et al., 2012) and
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Fig. 6.6. Diurnal change (predawn to midday) in adaxial epidermal UV transmittance (T ,; measured with a
UVA-PAM) in pot-grown Capsicum annuum (pepper) and Abelmoschus esculentus (okra) (a) and midday T,
in these species grown under ambient (+UV) and attenuated (-UV) solar UV (280-400 nm) in New Orleans,
Louisiana (b). Data are means =+ st (n=24). ** = means within a species significantly different at P<0.01
based on ANOVA (l. Bottger, M. Tobler, and P. Barnes, unpublished data).

Table 6.1. Effects of ambient solar UV on the growth, morphology and midday epidermal UV transmittance
(T,,) in Capsicum annuum (pepper) and Ablemoschus esculentus (okra). Data are expressed as % difference
of mean ambient — mean attenuated UV with ambient UV values as the base. Plants in the ambient UV
treatment were grown under UV-transparent film (aclar) whereas plants in the attenuated UV treatment were
grown under clear film that did not transmit UV-B or UV-A radiation (llumar). Significant treatment
differences at P<0.05 (*), P<0.01 (**), and P<0.001(***) as determined by ANOVA; ns = not significant at
P>0.05; n=24 per species and treatment (I. Bottger, M. Tobler, and P. Barnes, unpublished data).

Capsicum annuum Abelmoschus esculentus
Parameter % difference P % difference P
Shoot height -10.2 * 4.4 ns
Internode length -38.3 o -16.8 *
Leaf area -22.6 * 2.4 ns
Leaf dry mass -17.4 ns 2.8 ns
Leaf mass/area 5.7 ns 1.3 ns
Shoot dry mass -11.2 ns 5.0 ns
Midday T, -19.2 ok -71.9 o

which, in some cases, employ similar suites  plants that exhibit diurnal changes in flavon-
of secondary compounds for both defence oids more susceptible to attack by herbivores
and UV protection (Kuhlmann and Miiller, or pathogens early and late in the day than
2010; Konig et al., 2014). For example, are  in the middle of the day? No studies to date
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have explored this possibility, but under-
standing how UV protection interacts with
these, and other, physiological and ecological
functions may be required to fully evaluate
the costs and benefits associated with ‘static’
vs. ‘dynamic’ UV protection strategies in plants.

Practical Considerations

The existence of a temporally dynamic UV
sunscreen protection system in plants has a
number of important practical implications
for how plant UV research is conducted, and
for culturing plants in controlled environ-
ments when UV-B (and UV-A) is employed
to enhance food plant quality and vigour
(Schreiner et al., 2012; see also Chapter 11,
this volume). For research aimed at quanti-
fying the effects of UV radiation on flavonoids
and UV protection it is important that the
time of day (and time of year) when samples
are collected or leaves are measured, is stand-
ardized and recorded. For field-grown plants,
determination of the seasonality of flavonoid
levels should be assessed and sample collec-
tions and measurements should then be done
at midday during the seasonal peak to provide
the best measure of maximal levels of UV pro-
tection. As noted by Kotilainen et al. (2010),
this seasonal maximum may well differ for
different species that are sympatric. Care
should also be taken to collect samples/data
under similar sky conditions.

When plants are grown in controlled
environments (growth chambers or green-
houses) artificial sources of UV are typically
employed (e.g. UV fluorescent bulbs or LEDs).
While it is not yet clear whether plants grown
in these environments exhibit ‘typical’ diur-
nal patterns in UV shielding, it is well known
that plants are more susceptible to UV injury
in these environments than those grown in
the field (Caldwell and Flint, 1994). It is
conceivable that this heightened sensitivity
to UV, at least for some species, may well be
the result of diminished UV sunscreen pro-
tection when natural diurnal cycles in UV
radiation are muted or absent in controlled
environments. In these environments it may
be necessary to develop artificial lighting

and UV exposure systems that promote nat-
ural diurnal (and seasonal) adjustments in
UV screening so as to promote the beneficial
effects of UV-B while avoiding excessive
UV injury.

Summary and Conclusions

The leaf epidermis is a selective filter of solar
radiation — absorbing much of the potentially
detrimental solar UV while transmitting
visible wavelengths (PAR) that drive photo-
synthesis in the underlying mesophyll. The
epidermis is also a variable UV filter and
the increase in the concentration of UV-
absorbing compounds (flavonoids and related
phenolics) and resultant decrease in epider-
mal UV transmittance represents a primary
mechanism by which plants acclimate to
changing UV environments. Understanding
the nature and limitations of this acclima-
tion response is fundamental to evaluating
the ecologic and agronomic significance of
variation in solar UV that occurs over mul-
tiple temporal scales (interannual, seasonal
and diurnal).

Results from a number of relatively
recent studies conducted on diverse culti-
vated and wild plant species reveal that this
UV protective mechanism is much more dy-
namic and flexible than previously thought.
While the mechanistic underpinnings of this
temporal variation are relatively clear in
some cases (e.g. the adjustments of UV shield-
ing and flavonoid levels over ontogenetic
time), the basis of other responses (e.g. di-
urnal changes in UV shielding), are less
understood. To date, most studies on rapid
responses to UV have focused on herb-
aceous plants that are adapted to high light
environments (i.e. heliophytes); less atten-
tion has been given to exploring the temporal
dynamics of UV protection in forest under-
storey species (i.e. sciophytes) that are adapted
to survive in low light environments but
which routinely encounter brief periods of
intense UV and PAR in sunflecks. Additional
studies are also needed to evaluate the
adaptive significance of rapid modulation
in UV shielding in plants and the potential
implications of a dynamic UV protection
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system for other abiotic (drought, nutrient
limitation and temperature extremes) and
biotic factors (herbivore and pathogen
protection) that are cross-linked to this UV
protection response.
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radiation; UVI4: UV-B INSENSITIVE 4; UVRS:
UV RESISTANCE LOCUSS.

UV-B in Plant Photobiology: Basic
Concepts and Rules of Thumb

Plants perceive and integrate various stimuli
from the environment and respond in a way
that optimizes metabolism to the given con-
ditions. Self-evidently, a large number of
different biotic and abiotic factors influence
this response, including light quality and
light quantity. Also, since some of these fac-
tors may change rapidly, such as light inten-
sity (shade/sun) or mechanical strain (wind
speed and direction), there must be a temporal
dampening of the responses to prevent wast-
ing metabolic energy. In addition, additive,
synergistic and antagonistic responses to
combinations of environmental cues may
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occur. Therefore it is obvious that the plants’
responses to UV-B, UV-A and visible light are
influenced by each other through the specific
light receptors (i.e. UVRS8, phototropins, cryp-
tochromes, zeitlupes, phytochromes) that
are responsible for absorption at the differ-
ent wavelengths, and through subcellular
signal integrating components, such as the
Constitutively Photomorphogenic 1 (COP1)
RING E3 ubiquitin ligase, which targets key
transcription regulators for degradation by
the ubiquitin-proteasome system (Lau and
Deng, 2012) and ultimately influences gene
expression, metabolism and morphology.

In the scenarios above, environmental
stimuli vary within limits that are physiolo-
gically and evolutionarily sound for plants
to be adapted to, and to which acclimation
occurs. For such events, specific regulatory
mechanisms have evolved (e.g. the UVR8
pathway for UV-B). More non-specific dam-
aging alterations in metabolism may occur as
an effect of rare catastrophic events, uncom-
mon combination of stresses, or situations
where plants are exposed to new anthropo-
genic environmental factors. For the case
with UV-B as an environmental factor, non-
specific damage may occur either under com-
bination of UV-B with other stresses (Czégény
et al., 2014), or with individual plant species
in extreme environments (such as in the Arc-
tic or in monocultures of agricultural plants
in the tropics), or even in inbred varieties of
agricultural species where stress acclimation
traits may have disappeared over breeding
cycles. For such cases, severe oxidative stress
(‘distress’; Hideg et al., 2013) and DNA dam-
age (Teranishi et al., 2004) are examples of
primary outcomes.

Also, in cases where the natural environ-
ment has been exchanged for an artificial
environment, acclimation processes may be
disturbed. This includes plants grown in
greenhouses for horticultural or ornamental
purposes, post-harvest treatment of plants or
plant tissue, or scientific experiments under
light conditions that are skewed with respect
to wavelength and intensities in comparison
with natural conditions. Notwithstanding,
such conditions may have high relevance
from economical, biotechnological or mech-
anistic/scientific points of view, thus motivating

research efforts that also may offer important
clues to how plants perceive their environ-
ment and regulate their responses. However,
this also means that the invoked responses
may not apply under any other conditions
than those used for the particular experiment,
i.e. it is far from safe to draw any general con-
clusions about plant UV-B responses in an
ecologically or agriculturally relevant fashion
from experiments carried out in artificial
environments.

From a plant UV-B photobiology per-
spective, it is particularly important to pay
attention to the following: (i) the spectrum
of the light source used to expose the plants,
or the absorptive properties of the cladding
material used in UV-B exclusion experi-
ments (Aphalo et al., 2012a); (ii) the dur-
ation and intensity of the UV-B used (max-
imally 4 hours UV per day centred around
the solar noon should be used in experiments
that are aimed at mimicking natural condi-
tions); (iii) the intensity of the concomitant
photosynthetically active radiation (PAR)
used in the experiments; and (iv) thus, in par-
ticular, both the UV-B/PAR ratio and the
PAR intensity may be of importance in rela-
tion to outdoor conditions; (v) other environ-
mental stresses that might be inflicted on
the plants during UV-B experiments; (vi) the
spatial location of the experimental plants
compared with the control plants so that the
necessary repeats and relocations are per-
formed to rule out positional effects. The
UV-B/PAR ratio is not only of importance if
conclusions from experiments are to be
drawn about the situation outdoors. The
UV-B/PAR ratio and the PAR intensity are
also important factors for the interplay be-
tween different photoreceptors and their
signal transduction pathways in eliciting
an integrated response.

Thus, when reading, analysing, and judg-
ing plant UV-B photobiology literature, or
performing studies on the effects of UV-B on
plants and on the plant responses induced by
UV-B, these aspects are important to bear in
mind. For experimentalists new to the field
we also recommend reading of a recent best
practice handbook on UV photobiology edited
by Aphalo et al. (2012b; see also Chapter 2,
this volume).
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Overview of UV-B Effects on Plants
and Protective Responses

The high energy content of UV-B (280-315
nm), the highest of all wavelengths of the
sun that penetrates the atmosphere of the
earth, and the fact that many biomolecules
that contain double bonds and delocalized
n electronic systems can absorb radiation in
the UV region, mean that UV-B radiation can
be harmful to cells and organisms including
plants. Therefore, high enough doses of UV-B
have the potential to affect proteins, lipids,
and nucleic acids by, for instance, knocking
electrons out of their orbitals with chemical
bond breakage or radical formation as the
result. New chemical bonds can be formed
leading to inter- or intra-crosslinking of mol-
ecules such as proteins and nucleic acids or
exponential growth of the number of oxygen-
centred radicals leading to lipid peroxida-
tion. Eventually, non-functional proteins,
leaky membranes, mutated DNA, and ribo-
toxicity (i.e. non-functional translation due
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to malfunctioning ribosomes) would be the
result (Fig. 7.1).

In order to protect against catastrophic
UV-B-induced events like this, plants have
evolved a number of protective mechanisms
to be able to cope with daily exposures to the
sun’s radiation. The first measures of pro-
tection include morphological alterations
in leaf area and leaf thickness to optimize ex-
posure, formation of UV-absorbing features
at the leaf surfaces (wax layers or trichomes)
that would reflect or diffract the radiation,
and accumulation in the vacuoles of the epi-
dermal cell layers of UV-absorbing pigments
such as flavonoids, to minimize penetration
of UV-B to deeper photosynthetically active
cell layers. In addition, as a second measure
of defence, enzymatic and small molecule
antioxidant systems have evolved to neu-
tralize the oxygen-centred free radicals and
lipid peroxides that still can be formed by
the low levels of UV-B that have not been
removed by the first layer of protection. The
second layer of protective strategies also

phytohormones,
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Fig. 7.1. A schematic representation of major UV-B induced pathways in plants after UV screening has
reduced the penetration of UV into lower lying tissue. MAPK, mitogen-activated protein kinase; ROS,

reactive oxygen species.
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includes DNA repair systems, protein degrad-
ation systems to remove damaged polypep-
tides, and mechanisms for removal of faulty
ribosomes or mRNAs.

This chapter deals with the research
that has been carried out to understand
some of the biochemical effects of UV-B and
how the corresponding protective measures
in plants function and are regulated.

UV Effects on Photosynthesis

Possible direct effects on electron transport/
proton motive force/photophosphorylation

There is a consensus in the scientific commu-
nity about the fact that direct whole plant
effects of UV-B on the components of the
photosynthetic electron transport chain are
rarely seen under natural conditions, be it in
the agricultural context or in wild plants in
ecologically relevant settings (Allen et al.,
1998). Notwithstanding, it has been shown in a
large number of studies that different co-factors
of photosystem II (PSII) are possible targets
for UV-B. This includes the Mn cluster of the
oxygen evolving complex, crucial tyrosine
residues on the donor side and quinone ac-
ceptors, eventually giving rise to increased
degradation of the core D1 and D2 proteins
(see Jordan et al. (2016) for a recent review).
However, most of these deleterious
events have been shown either in subfraction-
ated leaf material (primarily in the case of
the PSII studies) where both UV-B absorbing
pigments and antioxidative components had
been removed, or after acute exposure of non-
acclimated plants, where the appropriate
defence responses had not been fully devel-
oped beforehand. In general, the UV-B doses
used in these studies, and that therefore
were needed to obtain the effects, were well
above those that would be expected in the
natural environment, (with or without simu-
lated ozone depletion). It is therefore doubt-
ful if UV-B-induced lesions in the light and
dark reactions of photosynthesis are signifi-
cant from a physiological perspective.
Studies on membrane effects (partial un-
coupling of thylakoid membranes measured
as UV-B-dependent increases in the rates

of relaxation of the single turnover flash-
induced electrochromic shifts of thylakoid
pigments) were also carried out in non-
acclimated plants (Chow et al., 1992; van
Hasselt et al., 1996; Strid et al., 1996a, b).
However, to obtain this effect the doses needed
were lower than ambient and could be envis-
aged to occur under natural conditions (Strid
et al., 1994). Another UV-B effect that is the
result of membrane permeabilisation is inhib-
ition of the down-regulation of chloroplast
diatoxanthin epoxidation that is normally
controlled by the high ApH in the diatom
Phaeodactylum tricornutum. Therefore, an
increased rate of diatoxanthin epoxidation
was seen (Mewes and Richter, 2002). How-
ever, what the physiological significance of
this thylakoid membrane permeabilisation is
under UV-B in higher plants (or under pho-
toinhibitory conditions in white light for that
matter; Tjus and Andersson, 1993), remains
to be investigated. Interestingly, UV-B inhibits
chilling-induced increases in relaxation of
electrochromic shifts, possibly due to modi-
fication of membrane lipids, that leads to
thylakoid leakiness at 22°C, but rather to in-
creased fluidity from a crystalline state at
2°C (Strid et al., 1996b). Also, the partial mem-
brane uncoupling is independent of oxygen
concentration and can therefore not easily
be linked to a UV-B-dependent photooxida-
tive process (van Hasselt et al., 1996).

In addition to the activities and abun-
dance of the ATP synthase being affected
negatively by UV-B (Zhang et al., 1994), a
plasma membrane-associated K+*-ATPase
isolated from cultured rose cells was shown
to be sensitive to UV irradiation and the ac-
tion spectrum of inhibition peaked in UV-B
(Imbrie and Murphy, 1982). Moreover, a
number of studies on phytoplankton spe-
cies indicate major changes in the balance
of the adenylate pool during UV-B exposure
(summarized in Dohler et al., 1997).

Direct effects on stomata opening
and Calvin-Benson cycle enzymes

Photosynthesis is critically affected by sto-
matal movements controlling CO, influx.
Stomatal opening and closing are regulated
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by a number of environmental factors (re-
viewed by Aratjo et al., 2011). Reports on
UV-B effects on stomatal conductance are
controversial as they include both negative
and positive effects. For example, Martinez-
Liischer et al. (2013) found that supple-
mental UV-B radiation decreased stomatal
conductance, and sub-stomatal CO, concen-
tration in grapevine (Vitis vinfera cv. Tem-
pranillo) leaves. Using UV-transmitting and
UV-blocking films, Roro et al. (2016) found
that solar UV radiation at high altitudes in
the tropics increased stomata conductance in
pea (Pisum sativum) leaves. The differences
may be attributed to variations in UV-B fluence
rates or diverse UV sensitivities of various
species, but also signify the complexity of
UV effects on stomata. Stomata opening
largely depends on environmental factors
other than UV, and Jansen and van den Noort
(2000) showed that once Vicia faba stomata
were exposed to UV-B, they were unable to
re-adjust to changes in light or humidity.

In Arabidopsis thaliana low UV-B irradi-
ance (0.18 pmol m? s photon flux) was shown
to induce stomata opening (Eisinger et al.,
2000), but higher (1.5-5.5 pmol m* s) fluxes
resulted in closure (He et al.,, 2013; Tossi
et al., 2014). Two, possibly interconnected sig-
nalling pathways were identified in Arabi-
dopsis. One involves GPA1, the Ga-subunit
of an heterotrimeric G protein capable of
eliciting H,0, and subsequent nitric oxide
radical (NO*) production (He et al., 2013).
Another study demonstrated that the UV-B
photoreceptor UVR8 and its signalling com-
ponents COP1, HY5, and HYH are required
to modulate UV-B-induced stomatal closure
through H,0, and NO* (Tossi et al., 2014).
The exact mechanism by which UV-B-
dependent NO*® induces stomatal closure is
still unknown but an activation of ion chan-
nels via NO*-induced cytoskeleton modula-
tion has been hypothesised (He et al., 2013).

UV-B was shown to affect not only the
uptake of CO, through the stomata but also
its processing in the Calvin—Benson cycle.
Carboxylation is affected via UV-B-induced
decline in Rubisco (ribulose-1,5-bisphosphate
carboxylase) content or activity. Both mRNA
levels and amounts of encoded protein sub-
units decreased in response to supplemen-
tary UV-B (Jordan et al., 1992). Similarly to

negative effects of low temperature or ozone,
UV-B caused a decrease in the amount of
Rubisco, as opposed to drought or high tem-
perature that resulted in a down-regulation
of the enzyme (Galmés et al., 2013).

Nuclear-encoded genes were in general
found to be more sensitive to UV-B than
chloroplast-encoded ones (Jordan, 1996).
Accordingly, a comparison of UV-B-induced
changes in nuclear rbcS and chloroplast en-
coded rbcL genes (encoding the small and
large subunits of Rubisco, respectively) in
pea leaves showed a faster decrease in the
former. However, the amounts of the corres-
ponding Rubisco proteins did not follow
the same order of degradation, and loss of
chloroplast encoded large subunit was even
observed before any decrease in rbcL. mRNA
levels (Mackerness et al., 1997). Specifically,
down-regulation of Rubisco is due to overall
decreased carboxylation activity despite in-
creased in vivo activation of the enzyme
(Strid et al., 1990), probably by a diminished
pool of functional protein as a result of UV-
B-induced crosslinking between small and
large subunits: Wilson et al. (1995) showed
that the 54 kDa large subunit could change
into a 66 kDa protein by oxidative modifica-
tion under UV-B radiation in a variety of C3
plants, and the effect was later attributed to
tryptophan photo-oxidation (Gerhardt et al.,
1999), resulting in cross-linking between
subunits (Ferreira et al., 1996).

In addition to lowering carboxylation,
UV-B also affects the regeneration of RuBP
in the Calvin—Benson cycle. Allen et al. (1998)
showed that UV-B irradiation induced a reduc-
tion in seduloheptulose 1,7-bisphosphatase
and assumed that this was causing decreased
RuBP regeneration in oilseed rape (Brassica
napus) leaves. The authors observed this in the
absence of any significant decrease in PSII
photochemistry, and proposed the dark re-
actions of photosynthesis as the primary
site of UV-B damage.

Indirect effects via reactive oxygen species

In leaves, the photosynthetic apparatus is a
major source of various reactive oxygen spe-
cies (ROS). Energy transduction from triplet
chlorophylls to oxygen yields singlet oxygen,
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and electron transport may be diverted to
oxygen to form the type-II photodynamic
products superoxide radicals, hydrogen per-
oxide and hydroxyl radicals. These reactions
can be brought about by a variety of stress
conditions inhibiting or limiting photosyn-
thetic electron transport (Asada, 2006). The
threshold UV-B fluence rates that initiate
photoreceptor-induced responses appear
much lower than those that result in ROS
production (Brosché and Strid, 2003; Jenkins,
2009).

A unique aspect of UV-B is that it has
the capacity for photocleavage of hydrogen
peroxide into hydroxyl radicals (Czégény
et al., 2014), which may contribute to the
damaging effect of UV-B. Hydroxyl radicals
are short-lived ROS that react at the site of
their production, whereas H,0, is capable of
diffusing through membranes (Cheeseman,
2006) and thus may initiate oxidative dam-
age via hydroxyl radicals upon absorption
of a UV-B photon relatively far from its own
production site. Hydroxyl radicals were iden-
tified in isolated chloroplasts exposed to
high intensity UV-B (Hideg and Vass, 1996).
Limited sensitivities of detection techniques
and the presence of antioxidants did not
allow direct detection of hydroxyl radicals
in leaves exposed to more realistic UV-B
fluxes. So far, the observed UV-B-induced
increases in hydroxyl radical reactive anti-
oxidants in Arabidopsis thaliana (Matxain
et al., 2009; Ristila et al., 2011;) and Nicoti-
ana tabacum (Majer et al., 2014a) leaves in
response to supplementary UV-B radiation
serve as indirect evidence.

Several studies demonstrated the poten-
tial vulnerability of both light- and dark-
reactions of photosynthesis to ROS. Hydro-
gen peroxide and hydroxyl radicals were
demonstrated to initiate the degradation of
D1 protein in isolated PSII membranes in
the absence of irradiation cleavage (Miyao
et al., 1995). The large subunit of Rubisco
was shown to be prone to oxidation by ROS
and two distinct pathways were suggested,
both based on experiments including incu-
bation with hydroxyl radical yielding Fenton
reagents. One study showed that ROS first
modified the protein, making it susceptible
to proteolysis (Desimone et al., 1998) and an-
other demonstrated the possibility of direct

fragmentation of the large subunit by hydroxyl
radicals (Ishida et al., 1999).

However, the above mentioned potential
for UV-B-induced ROS does not appear to
manifest as oxidative damage in intact plants
exposed to solar UV-B (Allen et al., 1998).
Nevertheless, damaging effects of UV-B in-
ducible ROS that are observed in laboratory
experiments may be relevant to whole plant
studies under natural conditions if the anti-
oxidant network and/or repair systems are
overwhelmed by the presence of additional
stressors.

UV Effects on the Regulation
of Photosynthesis

Antenna effects, non-photochemical
quenching and ELIPs

Protection of the photosynthetic apparatus
from oxidative stress includes efficient dissi-
pation of excess excitation energy. Plants de-
veloping in sunlight are exposed to both PAR
and UV, and UV-inducible metabolites may
facilitate defence against photoinhibition
by PAR. Experiments with barley plants ac-
climated to supplemental UV-B showed that
UV-exposure contributes to the induction
of tolerance to high PAR (Klem et al., 2015).
Repeated exposures of beech saplings over
three growing seasons to 25% enhanced UV-B
irradiation increased the ratio of zeaxanthin
to the total xanthophyll pool and facilitated
the non-radiative dissipation in the light har-
vesting complex (Sprtova et al., 2003).

The early light-inducible proteins (ELIPs)
are expressed in the thylakoid membrane
during the greening processes of etiolated
plants. ELIPs were shown to protect PSII
against photoinhibition (Adamska and
Kloppstech, 1991) and are also responsive
to low UV-B fluxes (Savenstrand et al., 2004a).
In fact, the ELIP gene is one of the few genes
encoding a plastid-localised protein that is
actually induced during UV-B exposure in
pea. The large majority of genes encoding
photosynthesis-related protein, independ-
ently of whether they are encoded in the
plastid genome or in the nuclear genome,
are down-regulated by UV-B. The induction
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of the ELIP gene thus most likely reflects
the protective function of its corresponding
protein.

UV-B induces the biosynthesis of flavon-
oids via the UVR8 photoreceptor regulation
of gene expression, where the flavonoid
biosynthesis genes are a few among a large
number of up-regulated genes. Flavonoids,
especially UV-B responsive flavonols, are effi-
cient antioxidants in vitro (Rice-Evans et al.,
1995). Since flavonoids are also localized in
chloroplasts (Saunders and McClure, 1976)
it is assumed that they may contribute to
keeping the plastid ROS concentrations low
and thus to prevent photo-oxidative damage
(Majer et al., 2014Db). In contrast, a high de-
mand for UV-screening and antioxidative
secondary metabolites may divert carbon
from other biosynthetic pathways, as sug-
gested by experiments using two Mediterra-
nean species: comparing metabolites in sun-
exposed and UV-filtered leaves of Ligustrum
vulgare and Phillyrea latifolia, Guidi et al.
(2016) found an increase in flavonoid con-
centrations and a decrease in the amounts of
carotenoids, particularly of xanthophylls.

The ‘PAR effect’

A very interesting regulatory aspect that has
bearing on whether UV-B will act as a ‘eus-
tress’ or a ‘distress’ in plants (Hideg et al.,
2013), is the concomitant or historical PAR
level that the plants have been exposed to
before and/or during UV-B exposure (Jordan
et al., 2016). Although firm overall conclu-
sions on this are hard to draw due to very
different UV sources, UV doses, and PAR
levels used in the studies that have been re-
ported in the literature, a high PAR level
and/or a low UV-B/PAR ratio in general shifts
the overall effect of UV-B on plants towards
‘eustress’ and a function of UV-B as a photo-
morphogenic regulator instead of a deleteri-
ous cue. Several aspects of this ‘PAR effect’,
for instance of protection of both photosyn-
thesis and growth against UV-B impact, have
been reviewed by Krizek (2004). Therefore
we will here only briefly highlight those par-
ticular ‘PAR effects’ that are directly related
to the topic of this chapter:

1. One putative effect of UV-B on plants is
an increased production of ROS (see above).
Experiments with tobacco plants acclimated
to supplementary UV-B in a growth cham-
ber showed that the activation of peroxidase
and SOD enzymes, and therefore conse-
quently of leaf H,0, concentrations, depended
on the applied PAR and UV-B intensities ra-
ther than on the UV-B/PAR ratio (Czégény
et al., 2016a). The relevance of these data to
field conditions, i.e. to higher PAR and
closer to ambient UV-B fluxes are yet to be
explored.

2. The PAR effect leading to protection of
the mRNA levels for photosynthetic genes
during UV-B exposure (Jordan et al., 1991,
1994) has been shown to be dependent on
photosynthesis itself, possibly photophos-
phorylation and/or the ATP content in par-
ticular, rather than on DNA photorepair or
carbohydrate availability (Mackerness et al.,
1996, 1997; Jordan et al., 2016). The exact
molecular mechanism behind this has not
conclusively been established.

3. In contrast to ‘high dose effects’ of UV-B,
higher PAR does not protect from the ‘low
dose effect’ of UV-B-induced changes in the
relaxation of the electrochromic shifts in de-
tached leaves (Strid ef al., 1996a), indicating
a direct but hitherto unknown alteration by
UV-B of the thylakoid lipids (see above).

The fact that the ‘PAR effect’ is seen for
a multitude of plant processes (see also sec-
tion below on homologous recombination)
at all organisational levels, from molecule to
whole plant, indicates that it is probably not
conferred through one single mechanism
but through a number of different pathways.

UV-inducible Metabolites and Protection
against UV-B

Phenylpropanoids

One of the most fundamental and species-
independent metabolic responses of UV-B-
exposed plants is the increased biosynthesis
and accumulation of various compounds
of the phenylpropanoid and flavonoid
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biosynthetic pathway (Fig. 7.2). The prod-
ucts of this pathway include glycosylated
and non-glycosylated flavonols, phenolics
and anthocyanins. This class of multifunc-
tional compounds (Agati and Tattini, 2010)
mainly have two functions with regards to
their capacity to protect plants against the
deleterious effects of UV, namely as radia-
tion-absorbing compounds and as antioxi-
dants. Flavonoids and flavonoid glycosides
are found in most plant tissues that are ex-
posed to the sun’s radiation and also in most
compartments of plant cells (Agati et al.,
2012.). However, flavonoids residing in the
cell walls or the vacuoles of epidermal
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tissue can be envisaged as the main pool of
radiation-absorbing protecting substances
(Kalbin et al., 2001; Winkel-Shirley, 2002;
Hectors et al., 2014), whereas phenylpro-
panoids of the chloroplast envelope substan-
tially contribute to ROS scavenging (Agati
et al., 2007, 2012). However, it is not clear
how ROS other than possibly hydrogen per-
oxide would reach this pool of flavonoids.
Nuclear localisation of quercetin deriva-
tives has also been suggested (Hutzler et al.,
1998).

Although the exact speciation of the
compounds that are produced as a result of
UV exposure and that may contribute to UV
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Fig. 7.2. Major components of the phenylpropanoid metabolic pathway. Enzyme acronymes (grey boxes)
represent: 4CL, 4-coumarate-CoA ligase; ANS, anthocyanidin synthase; C4H, cinnamate 4-hydroxylase;
CHl, chalcone isomerase; CHS, chalcone synthase; DFR, dihydroflavonol-4-reductase; F3’,5'H, flavonoid
3’,5"-hydroxylase; F3H, flavanone 3-hydroxylase; F3’H, flavonoid 3-hydroxylase; PAL, phenylalanine
ammonia-lyase; TAL, tyrosine ammonia-lyase; UFGT, UDP-flavonoid glucosyltransferase. Dashed arrows

abbreviate several metabolic steps.
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protection is dependent on taxon (see also
Chapter 4, this volume), many studies have
pointed out the flavonoid derivatives quer-
cetin and/or kaempferol, and especially their
glucosides (Fig. 7.3), as important UV-B-
absorbing compounds (see e.g. Kolb ef al.,
2001; Neugart et al., 2012; Morales et al.,
2013; Hectors et al., 2014). It is quite clear
that properties of the flavonoid structures
such as the number of hydroxyl substituents
on the B ring, and the number, structure, and
position (positions 7- on the A ring or 3- on
the Cring) of the glycosyl moieties, contribute
greatly to the antioxidant and UV-absorbing
capacities of the compounds. For instance,
compounds with a 4’,5'-dihydroxylated
flavonol core (quercetin) are better antioxi-
dants than 4’-monohydroxylated kaempferol
(Rice-Evans et al., 1995) but in comparison
show a lower absorption of UV-B (Hectors
et al., 2014). Also, glycosylated flavonols
absorb UV-B to a higher degree than the
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corresponding aglycones (Agati and Tattini,
2010; Hectors et al., 2014). In addition, the
presence of a hydroxycinnamic acid (such
as 4-coumaric acid, caffeic acid, ferulic
acid, hydroxyferulic acid or sinapic acid)
acylated to a sugar moiety of flavonol gluco-
sides presents further property variation
(Neugart et al., 2012; see also Chapter 4, this
volume). For a more complete treatise on
aspects of phenylpropanoid function and
distribution, we refer the reader to Chapter 4
of this book.

The synthesis of the compounds that
are of importance for UV protection in plants
(flavonols, flavonol glucosides, and hydroxy-
cinnamates) share the phenylpropanoid
biosynthesis pathway since hydroxycin-
namates are also the precursors of flavon-
oids. With the amino acid phenylalanine as
the substrate, the enzyme phenylalanine am-
monia lyase (PAL) catalyses the formation of
cinnamic acid by non-oxidative deamination
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Fig. 7.3. The structure of p-coumaric acid as an example of a hydroxycinnamic acid. Also, the general
chemical structure of flavonols, including naming of rings and indications of carbon atom numbering is
shown. Furthermore, the structures of the kaempferol and quercetin aglycones and the O-7 and O-3
glucosides of quercetin and kaempferol, respectively, are depicted. Although the general structure for
flavonols shown here is commonly agreed, the compound galangin, which normally is also classified as a
flavonol, is lacking the hydroxyl group in the 4’ position of the B ring.
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of the amino acid (Fig. 7.2). Hydroxylation of
cinnamic acid is catalysed by cinnamate
4-hydroxylase (C4H) to p-coumaric acid
(Figs. 7.2 and 7.3) which then is ligated
with coenzyme A by 4-coumarate:CoA lig-
ase (4CL) to provide the first precursor of
the flavonoid biosynthetic pathway. Hydroxy-
cinnamic acid can also be converted to caf-
feic acid by 4-coumarate-3-hydroxylase
(C3H), which may be converted further to
ferulic acid by caffeic acid O-methyltrans-
ferase (COMT), further again by ferulate
5-hydroxylase (F5H) to 5-hydroxyferulic acid,
and finally to sinapic acid by COMT again.
For entry into the flavonoid biosynthetic
pathway, 4-coumarate-CoA is conjugated with
3 molecules of malonyl-CoA by chalcone
synthase (CHS; TT4) to form 4,2’,4’,6'-tetra
hydroxychalcone. This compound is converted
to the flavanone naringenin by chalcone
isomerase (CHI; TT5), and then flavanone
3-hydroxylase (F3H; TT6) turns naringenin
into dihydrokaempferol. Whereas flavonol
synthase (FLS) converts dihydrokaempferol
into kaempferol, the enzyme flavonoid
3’-hydroxylase (F3'H; TT7) hydroxylates its
B ring in the 3’ position to yield dihydro-
quercetin. Finally, FLS again converts dihy-
droquercetin to quercetin. Glycosylation is
then carried out by different sugar-specific
flavonol O-glycosyl transferases (Fig. 7.2)
to form for instance kaempferol 3- or
7-O-thamnosyls or quercetin 3-O-glucosyls
(Hofer, 2016).

Chappell and Hahlbrock (1984) showed
in their classic parsley cell suspension
study a UV-induced transient expression of
the CHS gene, followed by increased levels
of the CHS protein, which in turn led to
increased levels of flavonoids. Since then
many studies in a large number of plant
species have shown the induction of the
different flavonoid biosynthesis genes as a
response to UV-B. For instance, a number
of DNA array studies in Arabidopsis have
collectively shown increased expression of
phenylpropanoid and flavonoid biosynthesis
genes such as 4CL, CHS, CHI, F3H, and FLS
(reviewed in Hideg et al., 2013). The im-
portance of a functional chain of flavonoid
biosynthesis enzymes for UV tolerance was
shown in an Arabidopsis study under

environmentally controlled conditions using
CHS and CHI mutants ({t4 and tt5, respec-
tively) where UV hypersensitivity was found in
both mutants and which was most severe in
tt5 (Li et al., 1993). The different Arabidopsis
mutants accumulated flavonoid metabolites
as expected: tt5 accumulated 4,2',4',6'-
tetrahydroxychalcone, t6 naringenin, and tt7
kaempferol. The tt4 mutant was devoid of
flavonoids and the tt3 mutant, which lacks
the dihydroflavonol 4-reductase (DFR; TT3)
converting dihydroquercetin and dihy-
drokaempferol to anthocyanin precursors
(Fig. 7.2), excessively accumulated both
quercetin and kaempferol (Peer ef al., 2001).

Antioxidants

In addition to their potential to initiate oxida-
tive stress, ROS have important roles as sig-
nalling molecules (Apel and Hirt, 2004)
and ROS were shown to be involved in the
UV-B induction of several defence genes
(Mackerness et al., 2001). Cellular ROS con-
centrations high enough to initiate signal
transduction, but not high enough to cause
significant cellular damage, are expected to
vary with species, developmental stage, and
are expected to be controlled by antioxidants.

There is an array of chloroplast antioxi-
dants to fulfil this role (Asada, 2006) and ac-
climation to solar UV-B (Martinez-Liischer
et al., 2013; Guidi et al., 2016) as well as to
moderate UV-B photon fluxes applied in
laboratory experiments (Majer et al., 2014a, b)
were found to enhance enzymatic defence
and increase the amount of non-enzymatic
antioxidants (Rao et al., 1996; Kalbin et al.,
1997). Enzymatic defence in tobacco leaves
under supplementary UV-B in growth cham-
ber experiments was found to be centred on
peroxidases (Majer et al., 2014a), in accord-
ance with the potential interaction of UV-B
with hydrogen peroxide (Czégény et al.,
2014). The extent of UV-induced peroxidase
and superoxide dismutase activation ap-
pear to affect the success of acclimation to
UV-B in laboratory experiments performed
on plants grown without UV radiation and
then treated for a relatively short (4—14 day)
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period (Czégény et al., 2016a). In these model
experiments, a higher relative increase in
peroxidase than in SOD activities seems to
assure the control of the hydrogen peroxide
load.

Plastid concentrations of ascorbate and
the efficient regeneration of oxidised ascor-
bate are also essential in defence against
oxidative stress by UV-B (Gao and Zhang,
2008; Czégény et al., 2016b).

Hormones

The research carried out so far on the inter-
action between UV-B and hormonal status
and action in plants shows a general de-
pendence on methodological aspects such
as species and developmental stage used, as
well as on the quality and quantity of the UV
that has been employed. This is an aspect
that makes evaluation of the available litera-
ture cumbersome and general conclusions
very hard to draw. To make substantial and
definitive progress in the research on UV-B/
hormonal effects, standardization of at least
the irradiation conditions (both duration
and levels of both UV-B and PAR) need to be
carried out.

In a recent and thorough treatise on
the interaction between UV-B exposure and
responses of the different plant hormonal
systems, Vanhaelewyn et al. (2016) exam-
ined the literature within this research field
and came to the conclusion that different
classes of hormones generally could be divi-
ded into two types: the ones that interact
with UV-B where the radiation gives rise
to stress (or ‘distress’ in the terms of Hideg
et al., 2013) and those that interact with UV-B
in a way that gives rise to morphological
changes in the plants for acclimation to the
new light environment (‘eustress’; Hideg
et al., 2013). Abscisic acid, jasmonates, sali-
cylic acid and nitric oxide were considered
to be stress hormones and their formation,
signalling, and the physiological conse-
quences of their action increased. Auxins,
giberellic acids (GAs), and brassinosteroids
(BRs) and their activities were down-regulated
by UV-B with photomorphogenic and growth
alterations as the result. For ethylene action
the UV-B effects could be classified into

both groups (Vanhaelewyn et al., 2016). For
cytokinins and strigolactones the number of
studies are too few for any conclusions to be
made. Of all plant hormones studies, the
UV-B effects on auxin signalling appear to
be the most reproducible. In this section we
will briefly summarize the findings on the
interactions of UV-B with auxins, GAs, BRs
and ethylene.

A general UV-B photomorphogenic plant
phenotype includes short stems and thick
small leaves (Jansen, 2002). For instance,
under a low dose UV-B regime, Arabidopsis
thaliana displayed decreased leaf area and
rosette size that reflected decreased levels of
auxin (Hectors et al., 2007, 2012). Also,
UV-B down-regulated a large number of genes
involved in auxin biosynthesis, auxin distri-
bution, and auxin response (Hectors et al.,
2007). In addition to this, a good number of
other studies on different species (reviewed
in Vanhaelewyn et al., 2016) substantiated
the impact of UV-B on auxin action. UVR8
may be involved in this regulation (Hayes
et al., 2014) as was shown in an Arabidop-
sis study on UV-B-dependent inhibition of
shade avoidance. Since the HY5/HYH tran-
scription factors (Vanhaelewyn et al., 2016)
are involved both in UV-B and auxin signal-
ling, regulation of these pathways may con-
verge at this point.

Weller et al. (2009) have shown that GA
biosynthesis in the pea plant is regulated
through the photomorphogenic COP1/HY5
pathway. In Arabidopsis, UV-B-specific and
gene-specific regulation of different GA oxi-
dases was controlled by both UVR8 and
HY5/HYH, and indicated that the decreased
shade avoidance under UV-B was accom-
plished by alteration of both auxin and GA
levels (Hayes et al., 2014).

UV-B-dependent up-regulation of a num-
ber of Arabidopsis defence genes was damp-
ened in BR function mutants (Sivenstrand
et al., 2004b) and the expression of genes
related to BR signalling was altered in wild-
type Arabidopsis exposed to UV-B (Hectors
et al., 2007). COP1 regulates the abundance
of the BR-dependent transcription factor
BZR1 in Arabidopsis in the dark through
degradation of the inactive phosphorylated
form of the protein and cop1 mutants showed
increased levels of this transcription factor
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(Kim et al., 2014). In addition, HY5 and
active BZR1 interact with each other and
thereby decrease BZR1-dependent gene regu-
lating activity (Li and He, 2016). Therefore,
a link between BR and light regulation of
gene expression, and possibly also with UV-B
regulation, has been established through the
COP1/HY5 pair.

The bulk of studies showing UV-B-
dependent ethylene production in plants
were carried out at high UV intensities, indi-
cating that this was a result of ‘distress’ (Van-
haelewyn et al., 2016). This includes studies
on ethylene-mediated stomatal closure in
broad bean (He et al., 2011). However, in Vi-
tis vinifera and Artemisia annua UV-B at
moderate levels gave rise to increased expres-
sion of genes associated with ethylene signal-
ling (Pontin et al., 2010; Pan et al., 2014).

UV-B and the Central Dogma

DNA damage and consequences
for replication

As outlined above, UV-B radiation that pene-
trates a living cell can give rise to DNA dam-
age. The most common nucleic acid lesion
is the cyclobutane pyrimidine dimer (CPD).
UV absorption and concomitant inter-
crosslinking between two adjacent thymine
or cytosine bases (TT, TC, CT, or CC) in the
nucleic acid are the causes for CPD forma-
tion. A less common event is the formation
of another type of dimer, a so-called 6,4 py-
rimidine-pyrimidone photoproduct (6,4PP).
Upon continued exposure to UV-B, 6,4PP can
be converted to Dewar isomer photoprod-
ucts (Takeuchi et al., 1998). See the review
by Taylor (2006) for structures of these DNA
lesions. Obviously, accumulation of UV-
induced DNA lesions would have serious
cell biological consequences, particularly
during replication. Depending on the sever-
ity of the accumulation of photoproducts,
mutation, stalled replication forks, DNA
strand breaks, cell cycle arrest, and pro-
grammed cell death may occur (Biever and
Gardner, 2016).

Endo-reduplication (i.e. replication of
the genome without mitosis, in turn leading

to cellular polyploidy; de Veylder et al., 2011)
is another type of cell cycle-related event
that can be induced by UV-B (Wargent et al.,
2009). Generally, endo-reduplication seems
partly to be regulated by the UV-B INSENSI-
TIVE 4 (UVI4) gene in Arabidopsis (Hase
et al., 2006). The UVI4 protein is involved
in promotion of mitosis and a uvi4 mutant
performs one extra round of hypocotyl
endo-reduplication, particularly yielding
increased amounts of hexadecaploid cells,
in turn leading to increased plant size and
to increased tolerance against UV-B. This is
in agreement with the finding that tetraploid
Arabidopsis plants are more tolerant to UV-B
than diploid plants. Thus, together these
findings suggest that increased polyploidy
can be a protective response against UV-
induced DNA damage (Hase et al., 2006).
Also, UV-B-induced endo-reduplication was
shown to be at least partly regulated in a
UVR8-dependent fashion (Wargent et al.,
2009).

The relevance of UV-B-induced damage
as a major regulator of gene expression,
metabolism, and morphology in plants has
been debated for decades, especially before
the discovery of the UV-B photoreceptor
UVRS. In a study of CPDs and gene expres-
sion in pea, CPDs were formed to a greater
extent in the epidermis than in mesophyll
(Kalbin et al., 2001). In addition, acclimation
at low UV-B levels resulted in significantly
higher basal levels of CPDs than in non-
acclimated plants, both in the mesophyll
and in the epidermis, and also increased
damage in concomitant acute exposures.
Importantly, there was also a lack of correl-
ation between the number of CPDs and the
levels of transcripts for several defence genes,
which indicated that DNA damage does not
control transcription of these genes. However,
it seems that in particular examples, DNA
damage inflicted by UV-B can be an import-
ant limiting factor for growth. For instance,
in certain cultivars of rice, gene mutations
that result in decreased activity of the CPD
photolyase (Hidema et al., 2000) have an
impact on their growth and productivity
(e.g. see Hidema and Kumagai, 2006 for a
review). Likewise, UV-B-dependent inhibi-
tion of hypocotyl growth in etiolated Arabi-
dopsis seedlings have been attributed to cell
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cycle arrest as a consequence of photodimer
accumulation (Biever et al., 2014). It was
suggested that, during early plant develop-
ment, before UVR8-dependent accumula-
tion of protective flavonoids had reached
sufficient levels, UV-B-induced DNA dam-
age and the DNA repair mechanisms would
have particular physiological and regula-
tory impacts on plants (Biever and Gardner,
2016). However, it is not clear how such a
mechanism would interact with the well-
known effect of UV-B on auxin levels (Hec-
tors et al., 2012) and this plant hormone’s
action on cell growth, cell division and cel-
lular differentiation.

Under conditions primarily leading to
single strand breakage (SSB) in DNA (UV-B,
hydrogen peroxide, or any other stressor being
the causal agent), the enzyme poly(ADP-
ribose) polymerase (PARP) tags the SSB for
repair by synthesizing and linking a poly(ADP)
ribose chain to the location of the damage.
During each round of PARP polymerase
activity one molecule of nicotinamide (NIC)
is released as a dissociated group. It was hy-
pothesized that this NIC could function as a
signalling molecule (Berglund, 1994) in plants
linking DNA damage and gene expression.
It was further shown that UV-B exposure of
pea plants led to transient (48—60 hours) 2- to
3-fold increases in NIC levels (Kalbin et al.,
1997). The same UV-B exposures also led to
induction of expression of the PAL and CHS
genes, and to decreased levels of mRNA for
photosynthetic genes. In addition, treatment
of pea tissue cultures with NIC alone (i.e.
without UV exposure) led to induction of
CHS and glutathione reductase gene expres-
sion, primarily in root cultures (Berglund
et al., 1993). However, whether or not NIC is
a true signalling intermediate between DNA
damage and gene expression has not been
ascertained.

Repair of UV-induced lesions in the
genetic material

As a first-line repair pathway against UV-
induced dimer photoproducts, plants possess
two different blue light energy-dependent
photolyases that restore the integrity of
the DNA in an error-free fashion during a

process called photoreactivation. One of
these enzymes (PHR1/UVR?2) is specific for
removal of CPDs, the other (UVR3) is specific
for 6,4PPs (Chen ef al., 1994; Nakajima et al.,
1998; Biever and Gardner, 2016). UV-B signal-
ling components UVR8, HY5, and HYH all
appear to be involved in PHR1 and UVR3
gene regulation (Brown and Jenkins, 2008;
Castells et al., 2010; Li et al., 2015), al-
though white light regulation and UV-B
regulation of UVR3 has been questioned
(Waterworth et al., 2002). PHR1 is to a
smaller extent also regulated by an unknown
UVR8-independent pathway. This was found
using the Arabidopsis uvr8-6 mutant and
studying the fraction of the regulation that
could be correlated to the degree of CPD for-
mation (Li et al., 2015).

Repair mechanisms that are generally
regarded as independent of light are alterna-
tives for repair of UV-induced DNA lesions.
These include base excision repair, nucleo-
tide excision repair (Britt, 2002) and homo-
logous recombination (HR) (Ries et al., 2000;
Molinier et al., 2004), the latter possibly
being employed when other repair mechan-
isms are less active. However, unexpectedly,
Ries et al. (2000) found that UV-B-induced
HR was dependent on the PAR levels, show-
ing a ‘protective PAR effect’ (see above) of
increased numbers of HR events. This ‘PAR
effect’ was also UV-dependent and did not
apply to genotoxic treatments using chem-
ical mutagens (Ries et al., 2000).

Moreover, there are indications of the
presence of DNA replication polymerases in
plants that can bypass non-repaired pyrimi-
dine dimers and other DNA lesions to avoid
consequences such as stalling of the replica-
tion fork, cell cycle arrest, and inhibition of
mitosis (Sakamoto et al., 2003). Our under-
standing of all the processes plants use to
keep their genetic material intact and func-
tional is incomplete and further development
in this research field is expected.

Aspects of UV-B interaction with
translation: ribotoxicity

One particular aspect of UV-induced
crosslinking (see above) has interesting
physiological implications due to the risk
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for ribotoxicity. Such UV-B-dependent ribo-
toxicity would involve crosslinking of either
the rRNAs or mRNAs with each other, or
with ribosomal proteins. The first account
of UV-B-dependent alteration in ribosomal
RNA composition and speciation was pub-
lished by Wang and Strid (1998). In a con-
trolled environment UV-B exposure study,
the abundance of the pea chloroplast 23S
rRNA decreased by 50% and a high molecu-
lar adduct of this rRNA species increased
14-fold at moderate or even low UV-B levels,
while the cytoplasmic 18S rRNA and the
chloroplastic 16S rRNA in essence remained
unchanged. The authors hypothesized that
the high molecular weight adduct could
have been formed by crosslinking of the 23S
rRNA with either smaller chloroplastic
rRNAs or with ribosomal proteins which
could ultimately lead to either premature
degradation of chloroplastic mRNAs, or
impairment of both de novo protein synthe-
sis and replacement of damaged chloro-
plastic proteins, which in turn would affect
photosynthetic function.

In a follow up UV-B study (Brosché et al.,
1999), three P. sativumn mRNAs, in addition
to the 23S rRNA, also showed increased
abundance of high molecular weight ad-
ducts. Of the three protein-encoding genes,
two would have their corresponding mRNA
translated on cytoplasmic ribosomes (PsLh-
cA4 and PsUBC4) and one on plastid ribo-
somes (PsPsbA). Two of these genes were
photosynthetic (PsLhcA4, chlorophyll a/b
binding protein of photosystem I; PsPsbA,
D1 protein of photosystem II) and one was
involved in protein degradation (PsUBC4;
ubiquitin-conjugating enzyme). The best ex-
ample of these is the PsPsbA gene were the
presence of the high molecular weight mRNA
adduct increased sharply from below the
detection limit. The fact that PsPsbA is a
single copy intronless gene excludes alter-
native explanations for the formation of the
high molecular weight adduct such as alter-
native splicing or transcription of a second
gene copy of different size. Isolated RNA that
had been treated with the broad spectrum
specificity protease Proteinase K gave iden-
tical results which excludes crosslinking
with proteins as the reason for the appear-
ance of large mRNA species for PsPsbA and

23S rRNA. For the two mRNAs encoding
nuclear genes, crosslinking to the two larger
ribosomal 18S and 26S rRNAs could also be
excluded (Brosché et al., 1999). Based on
these studies, the most likely crosslinking
partners appear to be small rRNAs or tRNAs.

However, in a more recent study carried
out in maize, UV-B-induced ribosomal RNA
crosslinking was shown to involve cytosolic
ribosomal proteins S14, L23a, and L32, in
addition to chloroplast ribosomal protein
L29 (Casati and Walbot, 2004). Damaged
ribosomes were eliminated and ribosomal
function was restored within 16h after cessa-
tion of UV-B exposure. Thus, UV-B-dependent
cross-linking of ribosomal RNA to both
proteins and other RNA molecules seems
possible. In addition, and with particular
bearing on UV-damaged transcripts, the
Arabidopsis ribosomal protein S27 was, in
a UV-C study, proposed to be necessary for
removing UV-damaged mRNAs (Revenkova
et al., 1999).

Outlook and Conclusion

The role for UV-B regulation of plant metab-
olism to a large extent is still enigmatic. Many
studies show effects on one or the other of a
number of metabolic pathways, whereas
other studies do not. A general agreement
has been reached that UV-B rarely poses a
threat to plants under ambient radiation and
most likely not under moderate elevation of
UV-B levels either. Morphological effects on
plant architecture, probably regulated by
auxin, and increased levels of flavonoid pig-
ments and antioxidants are plant responses
towards the UV component of sunlight (see
Chapter 5). The photoreceptor UVR8 regu-
lates many of the UV-B responses but a
growing number of studies also imply other
factors/intercellular components, including
those so far not discovered, as regulators of
UV responses.

Results emerging from studies of UVR8
regulation of outdoor plant responses (Mo-
rales et al., 2013; Findlay and Jenkins, 2016)
are likely to both complicate and expand
our knowledge on the impact of UV-B on
plants. For instance, the studies on the
fluctuation of the UVR8 monomer/dimer
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ratio in Arabidopsis plants grown under
photoperiodic conditions indicates a more
complex UV-B regulatory web than has
previously been anticipated (Findlay and
Jenkins, 2016) and this raises questions about
how strong the impact of UVR8 function
actually is under natural conditions and dur-
ing what circumstances UVR8 regulation is
most prominent.

Although developing tissues are
known to react differently to environmen-
tal stimuli than mature ones, only a few UV
studies have taken this into consideration.
For instance, UV-B-regulation of photosyn-
thetic genes is not functional in juvenile/
etiolated tissue (Jordan ef al., 1994) but the
question also arises about what other pro-
cesses in developing tissue are in fact under
UV control.

A number of intriguing findings may
point out future directions for plant UV
photobiology that may become very fruit-
ful scientifically:

1. UVR8-dependent light escape in roots
during development (Yokawa and Baluska
2015) and other root-associated morpho-
logical changes may indicate a prominent
role for UV-B (Ge et al., 2010; Krasylenko
et al., 2012).

2. UV-B/UVRS8 involvement in develop-
ment of shade avoidance through action on
hormonal levels is another developmental
issue that is highly interesting (Hayes et al.,
2014).

3. A physiological role of DNA damage as a
growth regulator in juvenile plants has been
proposed (Biever and Gardner, 2016) and
this suggestion could add new fuel to the
debate on whether DNA damage has any
real role in UV regulatory processes.

4. There is a synergistic effect of simultan-
eous UV-B exposure and exposure to other
environmental cues giving rise to more se-
vere stress via enhanced ROS production
(Czégény et al., 2014). However, UV-B can
also induce improved tolerance to drought
stress in plants (Robson et al., 2015). What
are the determinants for such different out-
comes of the combination of UV-B exposure
with other environmental factors?

These are only a few examples of recent
findings that could keep the plant UV photo-
biology community fully engaged with inter-
esting challenges. The opportunities for
new endeavours into plant UV research are
plentiful for many years to come and we are
certainly entering a new era of novel and
exciting findings.
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Introduction

Light is a key regulator of plant growth
and development. This phenomenon, termed
photomorphogenesis, is vital for the prod-
uctivity, survival and reproductive capabil-
ity of plants as it enables them to modulate
their development to optimize light capture
for photosynthesis, to compete with their
neighbours and to control the timing of
physiological processes. In addition, light
modifies metabolic activity to produce various
compounds that provide sunscreen protec-
tion and deter pests and pathogens. Pivotal
to the whole of photomorphogenesis is the
ability of plants to sense different aspects of
their light environment, its spectral quality,
intensity, incident direction and duration of
the photoperiod. For this purpose they have
evolved several different photoreceptors,
which, in turn, are coupled to signal trans-
duction networks to initiate the relevant
physiological responses (Kami et al., 2010).
The most extensively characterized photo-
receptors are the phytochromes, which detect
principally red and far-red light. In addition,
plants possess several UV-A/blue light photo-
receptors, notably the cryptochromes and
phototropins. Extensive research has provided

*Corresponding author: Gareth.Jenkins@glasgow.ac.uk

a detailed understanding of the molecular
structures, signalling mechanisms and physio-
logical roles of these photoreceptors (Kami
et al., 2010).

As explained below, UV-B wavelengths
also initiate photomorphogenic responses in
plants, but discovering the underlying mo-
lecular mechanisms proved to be an oner-
ous task. Several decades elapsed between
the realization that plants possess a UV-B
photoreceptor and its actual discovery. One
of the barriers to progress was the lack of a
characteristic spectral signature for the pu-
tative photoreceptor. All proteins, and many
other compounds in plants, absorb UV-B
wavelengths, making biochemical identifi-
cation of a UV-B photoreceptor very difficult.
In contrast, the red/far-red photoreversibility
of phytochrome facilitated its purification
from plant material (Briggs and Rice, 1972),
and the spectral properties of UV-A/blue
light-absorbing flavin chromophores helped
in the characterization of cryptochromes
(Lin et al., 1995) and phototropins (Christie
et al., 1998). These latter photoreceptors
were discovered through mutant screens in
Arabidopsis (Ahmad and Cashmore, 1993;
Liscum and Briggs, 1995), taking advantage
of specific UV-A/blue light responses that
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they initiated, but this approach was more
difficult for the putative UV-B photorecep-
tor because of the lack of a simple response,
specific to the photoreceptor, which could
facilitate mutant isolation.

This chapter describes how the elusive
UV-B photoreceptor, UV RESISTANCE LOCUS
8 (UVR8) was eventually discovered, and
focuses on the structure and mechanism of
action of the protein. The events in signal
transduction leading to physiological responses
are presented in Chapter 9. Further discus-
sion of UVR8 structure and function can be
found in several recent reviews, including
Jenkins (2009, 2014a, b), Heijde and Ulm
(2012), Jiang et al. (2012), Li et al. (2013),
Huang and Deng (2013), Tilbrook et al. (2013),
Ulm and Jenkins (2015) and Yang et al. (2015).

Discovery of the UV-B
Photoreceptor UVR8

Photomorphogenic responses to UV-B

A number of studies, principally during the
last century, showed that ambient levels of
UV-B regulate various aspects of plant de-
velopment and biochemical composition
(Klein, 1978; Tevini and Teramura, 1989;
Jordan, 1996). Importantly, research in the
1970s identified responses to low doses of
UV-B that were not mediated by phyto-
chrome and were not caused by DNA damage
(Wellmann, 1976, 1983). The action spectra
for these ‘photomorphogenic’ UV-B responses
had maxima at 295-300 nm, whereas action
spectra for DNA damage peak at 260 nm
(Wellmann, 1976; Ensminger, 1993; Jenkins,
2009; Jiang et al., 2012). Numerous photo-
morphogenic UV-B responses have now been
characterized, including the promotion
of cotyledon opening, the suppression of
hypocotyl extension and the stimulation of
flavonoid biosynthesis (Wellmann, 1976;
Ballaré et al., 1995; Boccalandro et al., 2001;
Ryan et al., 2001; Suesslin and Frohnmeyer,
2003). Furthermore, it is now clear that the
regulation of transcription of hundreds of
genes by low doses of UV-B underpins the
observed photomorphogenic responses (Ulm

et al., 2004; Brown et al., 2005; Brown and
Jenkins, 2008; Favory et al., 2009).

An elusive UV-B photoreceptor

The above research spawned the hypothesis
that plants possess a UV-B-specific photo-
receptor. However, for 30 years no real pro-
gress was made in discovering its molecular
identity. Nevertheless, experiments with
both mutant plants and plant cell cultures
showed unequivocally that photomorphogen-
ic UV-B responses are distinct to those me-
diated by the phytochrome and cryptochrome
photoreceptors (Ballaré et al., 1995; Christie
and Jenkins, 1996; Frohnmeyer et al., 1998;
Boccalandro et al., 2001; Suesslin and Frohn-
meyer, 2002). Furthermore, it was demonstrated
that photomorphogenic UV-B responses are
not mediated by activation of pathogen de-
fence or wound-response signalling path-
ways (Boccalandro et al., 2001; Jenkins
et al., 2001; Ulm et al., 2004; Jenkins, 2009;
Gonzalez Besteiro et al., 2011), whereas
these pathways, along with DNA damage
signalling and general stress signalling path-
ways, are involved in some responses to
relatively high doses of UV-B (Jenkins et al.,
2001, 2009; Kilian et al., 2007; Gonzalez
Besteiro et al., 2011; Hideg et al., 2013).
However, although the above experiments
identified processes that are not involved in
photomorphogenic UV-B perception and
signalling, they gave little positive indica-
tion of what components might actually me-
diate the responses. The pharmacological
experiments with cell cultures provided evi-
dence for the involvement of cellular cal-
cium and redox activity (Christie and Jenkins,
1996; Frohnmeyer et al., 1997, 1999; Long
and Jenkins, 1998), but no specific signal-
ling proteins were identified. Other experi-
ments raised the possibility that the putative
UV-B photoreceptor might possess pterin or
flavin chromophores (Ensminger and Schifer
1992; Ballaré et al., 1995) and some authors
speculated that UV-B could be absorbed by
aromatic amino acids in a protein (Ensminger,
1993; Ballaré et al., 1995; Gerhardt et al.,
2005), but no specific insights into the
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molecular basis of UV-B photoreception
were obtained.

Thus, it was evident that a different strat-
egy was needed to discover the mechanisms
of photomorphogenic UV-B photoreception
and signal transduction, and hence the re-
search turned to employing a genetic ap-
proach in Arabidopsis, which had proved
very successful in studies of other aspects of
photomorphogenesis. The initial challenge
was deciding which type of genetic screen
would have the best prospect of isolating
UV-B photoreception or signalling mutants.
Screens for mutants altered in sensitivity to
UV-B had succeeded in identifying proteins
involved in DNA repair (Harlow et al., 1994;
Jiang et al., 1997; Landry et al., 1997) or pro-
tective sunscreen biosynthesis (Lois and
Buchanan, 1994), but were not targeted to
photoreception and signalling (Jenkins and
Brown, 2007). A screen for altered suppres-
sion of hypocotyl extension by UV-B had
isolated the uv-b light insensitive 3 (uli3)
mutant (Suesslin and Frohnmeyer, 2003),
but it was not clear if the candidate ULI3
protein had a specific role in UV-B percep-
tion. In theory, the best prospect for isolat-
ing mutants specific to photomorphogenic
UV-B photoreception and signalling was
likely to be a transgene expression screen,
in which the promoter of a gene induced by
photomorphogenic UV-B perception drives
expression of an easily screenable reporter.
Initial attempts using the promoter of the
CHALCONE SYNTHASE (CHS) gene, an ex-
tensively studied marker of photomorpho-
genic UV-B signalling (Jenkins et al., 2001)
fused to the p-glucuronidase reporter showed
promise (Jackson et al., 1995), but it was
evident that a different reporter would be
needed to enable a large scale screen to be
undertaken.

Discovery and initial characterization
of the uvr8 mutant

One of the mutants found in a screen for
plants hyper-sensitive to UV-B had a par-
ticularly interesting phenotype. In contrast
to the DNA repair and sunscreen mutants

previously isolated in the screen, this mutant
(uv resistance locus 8-1) was altered in gene
regulation following UV-B exposure (Klieb-
enstein et al., 2002). In particular, the mutant
was impaired in UV-B induction of CHS gene
expression (Fig. 8.1) and had reduced levels
of protective flavonoid compounds. In add-
ition, the mutant displayed elevated expres-
sion of the PATHOGENESIS RELATED 1
(PR1) and PR5 proteins, which are induced
by activation of a pathogen defence signal-
ling pathway. Thus, the reduced viability of
the uvr8-1 mutant under UV-B was thought
to be due to impaired UV-B perception and
a consequent lack of protective responses, and
the induction of PR1 and PR5 was likely to
be the result of stress.

Sequencing of the UVR8 gene (Klieben-
stein et al., 2002) showed that it encodes a
7-bladed p-propeller protein with moderate
sequence similarity to human Regulator of
Chromosome Condensation 1 (RCC1), which
is involved in nucleocytoplasmic transport
and the regulation of cell cycle progression
and mitosis (Renault et al., 1998). However,
it became clear that UVR8 and RCC1 are not
functional homologues (Brown et al., 2005).
Thus, although UVR8 was proposed to have
arole in UV-B signalling (Kliebenstein et al.,
2002), how it might function was not evident
from the initial molecular characterization.

Additional uvr8 alleles were isolated
through an extensive transgene expression

(a) (b)

WT  uvr8-1
- + — + UV-B

HY5

WT  uvr8-1

Fig. 8.1. Arabidopsis uvr8 mutant phenotype.

(@) HY5 and CHS transcript levels relative to control
ACTINZ transcripts in wild-type and uvr8-1 mutant
plants exposed (+) or not (-) to UV-B. Transcripts
were assayed by RT-PCR as described by Brown and
Jenkins (2008). (b) Hypocotyl length in wild-type
and uvr8-1 mutant seedlings grown in the presence
(+) or absence () of UV-B as described by Heilmann
et al. (2016).
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screen using the CHS promoter fused to the
firefly luciferase reporter (Brown et al.,
2005). Four mutants defective in the photo-
morphogenic response to UV-B were obtained
by screening 50,000 plants and, remarkably,
all were found to be uvr8 mutants in allelism
tests with uvr8-1. Subsequently, more uvr8
alleles were isolated in a different transgene
expression screen (Favory et al., 2009).

Further experiments were undertaken
to characterize the uvr8 mutant phenotype.
Importantly, Brown et al. (2005) showed that
the uvr8 mutant has a UV-B specific pheno-
type; whereas the induction of CHS expres-
sion by UV-B was absent, CHS induction by
several other stimuli was retained. Further-
more, by using microarray analysis, Brown
et al. (2005) found that UVR8 regulates expres-
sion of over 70 genes in response to UV-B.
The set of UVR8-regulated genes includes
those involved in flavonoid biosynthesis,
other metabolic pathways, chloroplast func-
tion, DNA repair and protection against oxi-
dative damage. Therefore, the inability of
uvr8 mutant plants to stimulate UV-protective
gene expression accounts for their UV-
hypersensitive phenotype. A later microarray
study involving narrowband UV-B exposure
of seedlings (Favory et al., 2009) found that
UVRS8 regulates potentially hundreds of
genes, emphasizing the importance of UVR8
in a range of plant processes.

UVRS8 was found to regulate gene expres-
sion over a broad range of UV-B fluence rates,
from the very low fluence rates characteristic
of photomorphogenic responses to above-
ambient levels (Brown and Jenkins, 2008).
In contrast, UV-B signalling pathways inde-
pendent of UVR8 operate over the higher
fluence range (Brown and Jenkins, 2008;
Jenkins, 2009). Thus, gene expression re-
sponses mediated by UVR8 are crucial in
enabling plants to acclimate to UV-B so they
can tolerate exposure to relatively high
levels of ambient UV-B (Favory et al., 2009;
Morales et al., 2013).

UV-B stimulates the expression of vari-
ous transcription factors likely to mediate
the large-scale transcriptomic responses to
UV-B (Ulm et al., 2004; Kilian et al., 2007).
Among these are two transcription factors
prominently involved in photomorphogenesis,

ELONGATED HYPOCOTYL 5 (HY5) and
HY5 HOMOLOG (HYH). Ulm et al. (2004)
found that hy5 mutant plants are defective
in the UV-B-induced expression of several
genes. Significantly, Brown et al. (2005) dis-
covered that UVR8 regulates UV-B stimulated
HY5 and HYH gene expression (Fig. 8.1) and,
moreover, that HY5 is required for the expres-
sion of many UVR8-regulated genes. Thus,
they proposed that HY5 is a key transcriptional
effector of UVRS8 regulated gene expression.
Indeed, hy5 mutant plants showed hypersen-
sitivity to UV-B, similar to uvr8 mutants.
Brown and Jenkins (2008) further showed that
HY5 and HYH act redundantly to regulate
the expression of a number of UVRS target
genes, although not all UVR8-regulated gene
expression responses are controlled by HY5/
HYH (Feher et al., 2011; Hayes et al., 2014).

Research in Roman Ulm’s laboratory dis-
covered the role of the CONSTITUTIVELY
PHOTOMORPHOGENIC 1 (COP1) protein in
photomorphogenic UV-B responses. COP1,
bound to a SPA protein, acts as a substrate
receptor for an E3 ubiquitin ligase complex
to mediate the targeted proteolytic degrad-
ation of effectors of photomorphogenesis,
such as HY5, in darkness (Osterlund et al.,
2000; Lau and Deng, 2012). However, COP1
was required for the stimulation of HY5
gene expression and accumulation of the
HY5 protein in response to UV-B exposure
(Oravecz et al., 2006; Favory et al., 2009).
Furthermore, transcriptome analysis re-
vealed that COP1 regulated largely the same
set of genes as UVRS, indicating that UVR8
and COP1 function together in the same
pathway (Favory et al.,, 2009). Consistent
with these findings, UV-B exposure was
found to stimulate a physical interaction be-
tween UVR8 and COP1 (Favory et al., 2009).
It was later shown that COP1-SPA switches
its association from the E3 ubiquitin ligase
complex to UVRS following UV-B exposure
(Huang et al., 2013).

Thus, a model for photomorphogenic
UV-B responses emerged from the above
studies of UVR8, HY5 and COP1: UV-B ex-
posure induced an interaction between
UVR8 and COP1, causing the rapid stimula-
tion of expression and accumulation of the
HY5/HYH transcription factors, which in
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turn regulated the transcription of a large
number of genes in the UVR8 pathway. The
outstanding question was how UV-B initi-
ated the above sequence of events.

Evidence that UVR8 is a
UV-B photoreceptor

Several lines of evidence suggested that UVR8
might be a UV-B photoreceptor (Favory ef al.,
2009; Jenkins, 2009). Firstly, it is required
for photomorphogenic responses initiated
by low fluence rates of UV-B, including gene
expression, flavonoid biosynthesis and hypo-
cotyl growth suppression (Kliebenstein et al.,
2002; Brown et al., 2005; Brown and
Jenkins, 2008; Favory et al., 2009; Fig. 8.1).
Second, it acts in a UV-B specific manner
(Brown et al., 2005). Third, experiments
using transgenic plants expressing a GFP-
UVRS8 fusion showed that UV-B exposure
stimulated the rapid accumulation of UVR8
in the nucleus (Kaiserli and Jenkins, 2007),
analogous to the nuclear accumulation of
phytochrome in response to inductive light
treatments (Kircher et al., 1999; Yamaguchi
et al., 1999). Fourth, UVRS8 is involved in
rapid (within 5 minutes) responses to UV-B,
both nuclear accumulation and interaction
with COP1 (Kaiserli and Jenkins, 2007; Favory
et al., 2009). Fifth, extensive genetic screens
had failed to isolate any other component
that could be a candidate UV-B photorecep-
tor (Brown et al., 2005; Favory et al., 2009).

Research was therefore directed to-
wards testing whether UVR8 could func-
tion as a UV-B photoreceptor. Ultimately to
demonstrate whether a protein acts as a
photoreceptor it is necessary to show that
direct absorption of light of the appropriate
wavelengths causes a change in the protein
and that this change initiates a relevant
in vivo response; furthermore, a mutation
of the protein that modifies light absorption
should have a corresponding effect on its
activity.

Rizzini et al. (2011) made the important
discovery that UVR8 exists as a homo-dimer
in plants not exposed to UV-B and that UV-B
illumination triggers rapid conversion of the

dimer into monomers. Moreover, a conform-
ational change occurs during monomerisation
that exposes the C-terminus of the protein,
making it available for detection by a spe-
cific antibody. This change probably facili-
tates the interaction of UVR8 with COP1,
which involves a region of UVR8 located
near to the C-terminus (Cloix et al., 2012;
Yin et al., 2015). Rizzini et al. (2011) further
showed that the UV-B-induced interaction
between COP1 and UVR8 previously seen
in plants (Favory et al., 2009) also occurs
when plant extracts are exposed to UV-B,
provided that UVRS is present.

The above experiments are consistent
with the hypothesis that UVRS8 acts as a
UV-B photoreceptor to initiate dimer dis-
sociation and subsequent interaction with
COP1, but since the experiments were
undertaken with plant material it is diffi-
cult to completely rule out the possibility
that some other plant protein, dependent
on the presence of UVRS, actually func-
tions as the photoreceptor. Therefore, the
demonstration that UVRS8 initiates a re-
sponse to UV-B in non-plant cells was key
to concluding that it is a UV-B photorecep-
tor. Arabidopsis UVRS8 expressed in yeast
converts from the dimer to the monomer
following UV-B exposure and, further-
more, when COP1 is also expressed in the
cells, UV-B induces an interaction between
UVR8 and COP1 (Rizzini et al.,, 2011).
Similar results are obtained with mamma-
lian cells (Rizzini et al., 2011; Crefcoeur
et al., 2013). There is no likelihood that an
endogenous UV-B perception pathway
could initiate the UV-B response; neither
yeast nor mammalian cells possess a UVR8
protein and the response requires the ex-
pression of functional UVR8. Moreover,
activation of the DNA damage signalling
pathway in yeast does not induce the inter-
action between UVR8 and COP1 (Cloix et al.,
2012). The response to UV-B is impaired by
mutations of UVRS (see below), consistent
with it acting as the photoreceptor, but
does not require an intact COP1, since UVR8
will interact in a UV-B-dependent manner
with truncated COP1 containing only the
WD40-repeat domain (Rizzini et al., 2011;
Cloix et al., 2012).
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Thus the experiments in heterologous
systems, taken together with those in plants,
provide powerful evidence that UVR8 acts
as a UV-B photoreceptor. UV-B causes a phys-
ical change to the protein, namely monom-
erisation, which initiates the interaction with
COP1, leading to physiological responses in
plants (see Fig. 8.2). It was subsequently
demonstrated that purified, dimeric UVR8
protein undergoes UV-B-induced monomer-
isation (Christie et al., 2012; Wu et al., 2012;
Fig. 8.3a) and, as discussed below, muta-
tions that affect photoreception have an
equivalent effect in vivo. Therefore UVRS
satisfies all the criteria required to demon-
strate its photoreceptor function.

UVR8

’ luv-B (a)
(d)

®)  gpa
@ UVR8 UVRS -

Transcription

!
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UVRS8
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Fig. 8.2. A model of UVR8 action. Dimeric UVR8
monomerises following UV-B exposure (a). Mono-
meric UVRS interacts with COP1 bound to a SPA
protein (b) to initiate transcription of target genes
(c) and physiological responses. UVR8/COP1 stimulate
expression and accumulation of the HY5 and HYH
transcription factors, which mediate transcription
of many UVR8 regulated genes. Among the genes
induced by UVR8/COP1/HY5 are those encoding
RUP1 and RUP2 proteins, which interact with
UVR8 monomers to promote re-dimerisation (d).
The figure is modified from Jenkins (2014b).

UVRS Structure and Mechanism
of Action

UVRS crystal structure

Procedures were devised to express UVR8 in
heterologous systems, notably E. coli, and to
purify sufficient amounts of the recombinant
protein for in vitro studies. This enabled both
the structure of UVRS8 to be elucidated by
x-ray crystallography and the mechanism of
UVRS action to be explored through muta-
tional studies (Christie et al., 2012; Wu et al.,
2012). Unfortunately, attempts to crystallize
intact UVR8 were unsuccessful, because it
appears that the N- and C-terminal regions of
the protein are flexible and their presence im-
pairs crystallization. Hence, a truncated form
of UVR8 was produced and high resolution
crystal structures were reported for the pro-
tein lacking 11 amino acids at the N-terminus
and 59 amino acids at the C-terminus (Christie
et al., 2012; Wu et al., 2012). Nevertheless,
this truncated protein is still active in UV-B
photoreception.

The crystal structures were obtained
only for the dimeric form of UVRS, since
monomeric UVR8 re-associates to form dimers
under the conditions used for crystallization.
Moreover, attempts to induce monomerisa-
tion in crystals of the dimer simply led to
fracturing of the crystals (Wu et al., 2012).
Thus, no structural information is presently
available for the monomer, nor for the
C-terminal region of UVRS. This is a sig-
nificant gap in knowledge, because a detailed
understanding of the monomer structure and
of the UV-B-induced conformational changes
associated with its formation (Rizzini et al.,
2011; Heilmann et al., 2014; Miyamori et al.,
2015) will indicate how the signalling-active
state is generated.

As expected from the predicted amino
acid sequence (Kliebenstein et al., 2002) and
homology models based on the structure of
proteins with sequence similarity to UVR8
(Rizzini et al., 2011; Wu et al., 2011), the
UVRS structure is that of a 7-bladed p-propeller
protein (Christie et al., 2012; Wu et al., 2012;
Fig. 8.3b). The protein has a doughnut shape
with a water-filled depression at the rear face
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Fig. 8.3. UVRS protein structure. (a) UV-B exposure of purified UVR8 converts the dimer to the monomer,
as shown by SDS-PAGE with non-boiled protein samples. (b) 7-bladed p-propeller structure of the UVR8
monomer. (c) Salt bridge interactions between charged amino acids across the dimer interface maintain the
dimeric structure. (d) Images of the UVR8 monomer from the side (upper image) and from the dimer
interface (lower image) showing the 6 tryptophans in the p-propeller core and 7 tryptophans in the dimer
interface. (e) Pyramidal arrangement of tryptophans across the dimer interface. (a) is from Christie et al.
(2012), (b)—(e) are modified from Jenkins (2014b).
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and has several features that make it distinct
from related proteins (Jenkins, 2014b). UVRS8
molecules in the dimer come into contact
through the surface at the front face, termed
the dimer interface (Fig. 8.3c).

Charged amino acids maintain the dimer

The dimer interface is key to UVR8 structure
and function. This interface contains several
charged amino acids that are crucial for main-
taining the dimer structure in close proximity
to aromatic amino acids that are concerned
with UV-B photoreception. The charged
amino acids, which are mainly basic argin-
ine and acidic aspartate and glutamate res-
idues, are arranged in patches of electrostatic
potential that facilitate the formation of salt
bridge interactions between the monomers
(Fig. 8.3c). The network of salt bridges across
the dimer interface is sufficiently strong to
hold the monomers together even in the
presence of high concentrations of sodium
dodecyl sulfate (SDS), provided the sample
is not boiled (Rizzini et al., 2011; Christie
et al., 2012; Wu et al., 2012). However, con-
ditions that neutralize the salt bridges such
as increased ionic strength (Wu et al., 2012)
or decreased pH (Christie et al., 2012) result
in dissociation of the monomers.

The crystal structure indicates that some
salt bridge interactions across the dimer inter-
face are likely to be stronger than others.
Hence, to test the relative importance of par-
ticular charged amino acids in maintaining
the dimer structure, mutant proteins were
produced by site-directed mutagenesis. The
dimer/monomer status of purified mutant
proteins was then examined (Christie et al.,
2012; Wu et al., 2012; Heilmann et al., 2016).
A key amino acid is arginine (R) 286 (R286),
which forms single and double hydrogen-
bonded salt bridges with aspartic acid (D)
residues D96 and D107, respectively, on the
opposing monomer. Mutation either of
R286 to alanine (UVR8R*%4), or of D96 and
D107 to structurally similar asparagine (N)
(UVR@PNDI7N} regults in UVR8 becoming
constitutively monomeric, demonstrating
the importance of these amino acids in

dimer formation. However, if R286 is conser-
vatively mutated to lysine, UVR8 appears
dimeric and monomerises in response to
UV-B exposure, highlighting the importance
of the positive charge of this residue. A further
important residue is R338, which interacts
with both D44 and glutamic acid (E) E43 on
the opposing monomer. Wu et al. (2012) re-
ported that UVR8®®A is constitutively
monomeric, indicating that R338 is also im-
portant in maintaining the dimer. However,
the dimer/monomer status of this mutant is
dependent on salt concentration, appearing
monomeric at high salt concentrations and
in a dimer/monomer equilibrium at lower
concentrations (Heilmann et al., 2016).
Computational studies support the conclu-
sion that both R286 and R338 are important
residues for dimer formation (Wu et al., 2013).

An important point is that specific muta-
tions may weaken the dimer without leading
to complete dissociation. Hence the method
of determining dimer/monomer status is crit-
ical. SDS-PAGE with non-boiled samples is
commonly used to examine UVR8 dimer/
monomer status, and with this method wild-
type UVR8 appears dimeric prior to UV-B
exposure and monomeric following UV-B
exposure (Fig. 8.3a). However, this method
detects even slight weakening of the dimer
and many mutants appear monomeric in the
above assay. In contrast, size exclusion chro-
matography (SEC) enables dimer/monomer
status to be assessed more rigorously. For
instance, the alanine mutant of R146, which
forms a double hydrogen bonded salt bridge
with E182, appears constitutively monomeric
in the non-boiled SDS-PAGE assay, but under
SEC is a dimer that monomerises in response
to UV-B (Christie et al., 2012; Wu et al., 2012;
Heilmann et al., 2016).

Specific tryptophans act in
UV-B photoreception

Whereas photoreceptor proteins normally
bind non-proteinaceous cofactor molecules
(‘chromophores’) to enable them to detect
particular wavelengths of light, purified
UVRS8 does not have a bound chromophore
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to facilitate UV-B absorption. It is therefore
likely that specific amino acids in the primary
sequence act in UV-B photoreception, the
obvious candidates being tryptophan (W)
amino acids, which strongly absorb UV-B
wavelengths. Arabidopsis UVR8 has 14 tryp-
tophans, one in the C-terminal region, 6 in
the p-propeller core of the protein, and 7 in
the dimer interface (Fig. 8.3d). It is likely
that the core tryptophans help to maintain
the B-propeller structure, since they form
hydrogen bonds and hydrophobic inter-
actions between adjacent propeller blades.
Mutation of some of these core tryptophans
to alanine causes UVRS8 to be unstable or
non-functional in vivo, whereas mutation to
amino acids that are still able to form hydro-
phobic interactions (phenylalanine or tyro-
sine) produces stable proteins (O’Hara and
Jenkins, 2012).

Several lines of evidence show that par-
ticular tryptophans in the dimer interface
are intimately concerned with UV-B pho-
toreception. Three of these tryptophans, the
‘triad’ of W233, W285 and W337, are suffi-
ciently close that their electronic orbitals
overlap. Moreover, the triad of tryptophans
in each monomer of the dimer is in close
proximity to W94 of the opposing monomer.
Thus, each dimer has two pyramidal ar-
rangements of tryptophans across the dimer
interface (Christie et al., 2012; Fig. 8.3e).
The excitonic coupling of tryptophans gives
rise to a characteristic signal in the far-UV
circular dichroism (CD) spectrum, showing
a peak at approximately 234 nm and a trough
at approximately 221 nm (Grishina and Woody,
1994). Such a signal was observed for UVR8
(Christie et al., 2012) and, moreover, muta-
tion of the pyramid tryptophans to either
alanine or phenylalanine (F) reduced the
CD signal, supporting the hypothesis that
the pyramid tryptophans are electronically
coupled. Mutation of the different tryptophans
decreased the CD signal to varying extents,
with the greatest reduction observed for
UVRS\NZSSF.

Importantly, the CD signal was much
reduced following exposure of wild-type
UVRS protein to UV-B, indicating that it pro-
vides a spectral signature for photoreception
(Christie et al., 2012). Several factors may

contribute to this spectral change, including
a potential loss of excited electrons from the
tryptophan pyramid (Mathes et al., 2015),
changes in the relative orientation of elec-
tronically coupled tryptophan indole side
chains (Zeng et al., 2015), and disruption of
the cross-dimer pyramid following monom-
erisation. Consistent with the latter possibility,
constitutively monomeric UVR8 mutants
were found to have a substantially reduced
CD signal (Christie et al., 2012). Furthermore,
mutant analysis provided insights into the
importance of particular tryptophans in UV-B
photoreception. The reduction in the CD
signal following UV-B exposure was not ob-
served when either W233 or W285 was mu-
tated to alanine or phenylalanine, whereas
mutation of W337 or W94 had little and no
effect, respectively. Thus, W233 and W285
are required for the photoactivation of UVR8
by UV-B. Moreover, mutation of W285 to
phenylalanine alters the spectral sensitivity
of UVRS8 (Christie et al., 2012). Phenylalan-
ine absorbs UV-C wavelengths, and thus
UV-C exposure of UVR8W#F injtiates mono-
merisation and reduces the CD signal, albeit
weakly. This observation highlights the key
role of W285 in UVR8 photoreception.
Further evidence that W285 and W233
are crucial amino acids in UV-B photore-
ception by UVR8 was provided by fluores-
cence spectroscopy. Tryptophans fluoresce
following UV-B absorption and changes in
fluorescence emission can provide insights
into the identity and behaviour of chromo-
phore tryptophans. Wu et al. (2012) observed
a rise in fluorescence at 335 nm following
UV-B excitation of UVRS8, which was fol-
lowed by a gradual decline. However, phenyl-
alanine mutants of W285 and W233 did not
show this fluorescence increase, indicating
that they are impaired in UV-B photore-
ception. In contrast, several other tryptophan
mutants, including UVR8Y*7F and UVR8W¥
had similar fluorescence emission to wild-
type UVRS. These observations concur with
the CD spectroscopy data (Christie et al.,
2012) and support the hypothesis that W285
and W233 are the principal UV-B chromo-
phores for UVRS8. Further support for this
hypothesis is provided by assays of the
dimer/monomer status of the tryptophan
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mutants. SEC shows that phenylalanine and
alanine mutants of W285 and W233 are dimers
that are non-responsive to UV-B, whereas
the equivalent mutants of W94 and W337
are dimers that monomerise in response to
UV-B (Christie et al., 2012; Wu et al., 2012).

Examination of the fluorescence emis-
sion spectrum of wild-type UVRS8 following
excitation by UV-B shows that the peak of
emission shifts to longer wavelengths (327 to
335 nm, Heilmann et al., 2014; 332 to 337 nm,
Liu et al., 2014). Such a red-shift in fluores-
cence is observed when tryptophans become
exposed to a more polar environment, so a
likely explanation is that alteration of charge
networks at the interface during monomeri-
sation modifies the local protein environment
of tryptophans. Observations with salt bridge
mutants support this interpretation. In the
constitutively monomeric R286A mutant the
emission is already red-shifted prior to UV-B
exposure and shows little change thereafter
(Heilmann et al., 2014).

The mechanism of UVR8 photoreception

Since UVRS is the only known photorecep-
tor that does not employ one or more bound
chromophores for light perception, there is
considerable interest in elucidating its
unique mechanism of tryptophan-mediated
photoreception. The researchers who ob-
tained the first crystal structures of UVR8
suggested possible mechanisms. Wu et al.
(2012) highlighted the network of cation-n
interactions between the aromatic rings of
tryptophans at the dimer interface and the
side chains of adjacent arginines, including
the key salt bridging residue R286. They
suggested that disruption of these interactions
following photoreception could lead to
dimer dissociation. Christie et al. (2012)
proposed that excitation of electrons in the
tryptophan triad following UV-B absorption
could lead to the transfer of an electron to a
salt bridging arginine, such as R286, thus
neutralising the salt bridges and causing
monomerisation.

Subsequent computational studies sup-
port the hypothesis that electron transfer

from chromophore tryptophans to salt bridging
amino acids initiates dimer dissociation,
but they differ in details of the proposed
mechanism (Jenkins, 2014b; Li et al., 2014;
Voityuk et al., 2014; Wu et al., 2014; Yang
et al., 2015). From calculations of the ex-
cited state properties of selected trypto-
phans, Voityuk et al. (2014) proposed that
W233 and W285 undergo charge separation
to produce the radical ion pair [W233-
W285*] and suggested that the relatively
large dipole moment of this charge transfer
state could alter the electrostatic potential
between salt bridge amino acids, facilitating
proton transfer from R286 to D96 and thus
neutralizing the salt bridge. Moreover, the
large dipole moment could cause structural
changes leading to the physical separation
of residues involved in salt bridge forma-
tion or, as suggested by Zeng et al. (2015)
the physical re-orientation of chromophore
tryptophans.

Importantly, there is now experimental
evidence that proton coupled electron trans-
fer is involved in the photoreception mech-
anism of UVRS. Time-resolved fluorescence
measurements following UV-B excitation of
UVRS (Liu et al., 2014) revealed rapid (~150
ps) fluorescence quenching, most likely as-
sociated with photochemical events within
the tryptophan triad because it was much
reduced in the UVR8W#T mutant. Mathes
et al. (2015) used time-resolved fluores-
cence and absorption spectroscopy to moni-
tor processes occurring over the femtosecond
to microsecond range following UV-B ex-
posure. They observed three components in
the decay of fluorescence, each with dis-
tinct temporal and spectral characteristics,
the most rapid of which (150-400 ps) prob-
ably corresponds to the 150 ps component
observed by Liu ef al. (2014). Absorption
spectroscopy revealed that the initial ex-
cited state decays over the several hundred
picosecond to nanosecond timescale to form
a tryptophan neutral triplet species, with
the subsequent appearance of a tryptophan
neutral radical that is stable for hundreds of
microseconds. One of the complications of
this type of analysis is that multiple trypto-
phans, and not only those in the pyramid,
can potentially contribute to the spectral
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changes observed, and it is therefore difficult
to assign spectral changes to specific trypto-
phans. Nevertheless, based on the spectral
signatures and lifetimes of the intermedi-
ates identified, the authors proposed a model
for the molecular mechanism of UVR8 pho-
toreception in which electron transfer from
W285 to R286 is accompanied by proton
transfer to D96, via a water molecule, giving
rise to the observed neutral radical of W285
and neutralisation of the R286-D96 salt
bridge (Fig. 8.4).

Zeng et al. (2015) obtained further novel
insights into the mechanism of photore-
ception by using low temperature dynamic
X-ray crystallography to identify structural
changes associated with UV-B photore-
ception. They detected a change in the rela-
tive orientation of the indole rings of W233
and W285 following UV-B absorption, which
they suggested is triggered by the rapid ini-
tial charge separation of [W233- W285*] pro-
posed by Voityuk et al. (2014). Furthermore,
rotation of the W285 indole ring causes
the water molecule involved in hydrogen
bonding between W285, R286 and D96 to
be ejected, hence weakening the critical salt
bridge interactions involving R286. Zeng et al.
(2015) further observed large-scale motions
in the UVR8 B-propeller, particularly in the
blades housing W285 and W233, which
might also promote dimer dissociation.

Other researchers have also noted that
structural changes accompany photoactiva-
tion of UVRS. Heilmann et al. (2014) found
differences in elements of secondary struc-
ture between the UVR8 dimer and mono-
mer by FTIR spectroscopy, although there
was no evidence for major changes in sec-
ondary structure in the protein. Using tran-
sient grating spectroscopy, Miyamori et al.
(2015) observed a UV-B-induced change in
conformation of UVR8 within approxi-
mately 50 ms of UV-B excitation followed
by monomerisation within 200 ms. The
changes observed by Miyamori et al. (2015)
and Heilmann et al. (2014) did not involve
the C-terminal region of the protein as they
were still present in C-terminally truncated
mutant proteins. Nevertheless, experiments
involving antibody detection (Rizzini et al.,
2011) and limited proteolysis (Heilmann et al.,
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Fig. 8.4. Proton coupled electron transfer in the
UVR8 photoreception mechanism. (a) The
chromophore tryptophans W233 and W285 are
adjacent to R286, which forms salt bridges across
the dimer interface with D96 and D107 of the
associated monomer. A water molecule mediates
hydrogen bonding between W285, R286 and
D96. Hydrogen bonds are shown as dotted lines.
(b) Exposure to UV-B is proposed to cause: charge
separation between W233 and W285 generating
[W233- W285+] (Voityuk et al., 2014); electron
transfer from W285 to R286 coupled with proton
transfer from W285 to D96 via the water
molecule resulting in formation of the W285
neutral radical (Mathes et al., 2015); rotation of
the indole rings of W233 and W285 causing
ejection of the water molecule (Zeng et al., 2015).
These changes lead to disruption of the salt
bridge/hydrogen bond network that is key to
maintaining the dimer, resulting in dimer
dissociation.

2014) show that the C-terminal region of UVR8
becomes more accessible in the monomer.
Thus, several different approaches reveal that
UVRS8 undergoes modest structural changes
to the core of the protein as a result of pho-
toreception, and that although these changes
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do not require the C-terminus of the protein
the formation of the monomer leads to an
increase in availability of the C-terminal re-
gion required for interaction with COP1. A
caveat to these studies with purified UVR8
is that no other protein is present, whereas
there is evidence that both the dimer and
monomer can interact with two closely related
proteins, REPRESSOR OF UV-B PHOTO-
MORPHOGENESIS 1 (RUP1) and RUP2 that
bind to the C-terminal region (Gruber et al.,
2010; Cloix et al., 2012). Hence the presence
of the RUPs could modify the conformation
of UVRS and influence some of its structural
and dynamic properties.

A number of questions regarding the
photoactivation mechanism of UVR8 remain
to be answered. One of the most important
is the role of the non-pyramid tryptophans,
whose number and positions are highly con-
served in UVR8 sequences. As mentioned
above, the tryptophans in the p-propeller
core are likely to have a structural role, but
the function of the non-pyramid tryptophans
and other aromatic amino acids in the dimer
interface is unclear. W198, W250 and W302
are positioned at the periphery of the dimer
interface together with F305 and tyrosine (Y)
Y201 and Y253. Several studies have sug-
gested that non-pyramid tryptophans may
act as a UV-B ‘antenna’, channelling exci-
tation energy to the chromophore trypto-
phans, thereby increasing the efficiency and
potentially the wavelength range of UV-B
detection (Liu et al., 2014; Voityuk et al.,
2014; Zeng et al., 2015; Wu et al., 2015).
Voityuk et al. (2014) suggested that W233 is
likely to be the terminal acceptor for energy
transfer because its excited state is strongly
stabilised by the local protein environment.
Wau et al. (2015) came to the same conclusion
from calculations of the absorption spectra
of individual tryptophans in UVRS8, which
suggested that W233 has the longest wave-
length of absorption. These authors addition-
ally proposed that the overlapping absorption
spectra of interface tryptophans, and in par-
ticular W94, may extend the wavelength
range over which UVR8 can function.

Experimental evidence in support of
excitation energy transfer between trypto-
phans in UVR8 was reported by Liu et al.

(2014). The authors observed that fluores-
cence emission following UV-B exposure of
UVRS is much greater in UVR8W#**F than in
the wild-type protein, and suggested that
W285 strongly quenches fluorescence follow-
ing resonant energy transfer from multiple
tryptophans. Measurements of time-resolved
fluorescence emission identified components
decaying over 1-2 ns, which were proposed
to be associated with resonant energy trans-
fer from tryptophans in the p-propeller and
dimer interface to the triad tryptophans.
However, Mathes et al. (2015) did not find
any evidence for resonant energy transfer
between tryptophans in measurements of
the anisotropy of fluorescence emission.
Hence, further studies are needed to test the
hypothesis of excitation energy transfer be-
tween UVRS tryptophans, and in this respect
in vivo experimentation will be particularly
valuable. It is important to note that plants
growing in sunlight only perceive wave-
lengths greater than approximately 295 nm
because of absorption by the ozone layer, so
absorption of shorter wavelengths by UVR8
tryptophans, whether observed in vitro or
predicted by calculations, is irrelevant in vivo.
Measurements of UVR8-mediated gene ex-
pression show that the photoreceptor is active
up to at least 310 nm (Brown et al., 2009).

Regeneration of the UVR8 dimer

It is important to consider how the dimeric
photoreceptor is regenerated following mon-
omerisation. In principle the monomers
could be degraded and new dimers synthe-
sized, but experiments using inhibitors of
protein synthesis and degradation indicate
that rapid turnover of UVR8 does not occur
(Heijde and Ulm, 2013; Heilmann and Jenkins,
2013). With purified UVR8, monomers reasso-
ciate to form the dimer following UV-B expos-
ure, but the process takes over 24 hours for
completion (Christie et al., 2012; Wu et al.,
2012). However, in vivo re-dimerisation
occurs within an hour (Heijde and Ulm,
2013; Heilmann and Jenkins, 2013), suggest-
ing that it is facilitated by other proteins. Indeed,
RUP1 and RUP2 stimulate re-dimerisation
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(Heijde and Ulm, 2013; Fig. 8.2). The RUPs
interact with the same region of UVR8 as
COP1 (Cloix et al., 2012), which dissociates
from UVR8 during re-dimerisation (Heijde
and Ulm, 2013). Thus the RUP proteins act
as negative regulators of UVRS8 signalling
(Gruber et al., 2010; see Chapter 9).

In vivo structure—function studies of UVR8

Several studies have investigated the mech-
anism of action of UVR8 in vivo. Inevitably
the molecular environment of UVRS in cells
will differ from that used in experiments with
the purified protein. Apart from differences
in, for example, ionic composition and the
presence of various small organic molecules,
the presence of interacting proteins, notably
COP1 and the RUP proteins will be a key
factor. UVR8 may constitutively bind RUP
proteins in vivo (Gruber et al., 2010; Cloix
et al., 2012), but this will not occur with the
purified protein. It is therefore essential to
extend hypotheses developed in studies of
the purified protein to the in vivo situation.

Most studies to investigate the mechan-
ism of UVRS action in vivo have focused on
the role of tryptophans in photoreception.
Interestingly, these studies were initiated
prior to the availability of a crystal structure
as it was anticipated that tryptophans would
have a key role in UVRS8 function. The first
mutational studies of UVR8 involved ex-
pression in yeast cells. When UVR8W#F is
expressed in yeast it forms a dimer that does
not respond to UV-B (Rizzini et al., 2011;
Huang et al., 2014), consistent with experi-
ments with the purified protein (Christie
et al., 2012; Wu et al., 2012). In contrast,
UVR8"#™ is dimeric and monomerises in
response to UV-B, highlighting the func-
tional difference between W285 and W337
(Rizzini et al., 2011). UVR8WY2F JVREW23A,
UVR8Y254 and UVR8W*¥7A are all reported to
be constitutively monomeric in yeast when
examined by SDS-PAGE with non-boiled
samples (Rizzini et al., 2011; Huang et al.,
2014). However, as mentioned previously,
the more rigorous SEC method shows that
the purified proteins form dimers that either

respond (UVR8Y¥74) or have an impaired
response (UVR8W233F, UVR8W23A, JVR8W2654)
to UV-B (Christie et al., 2012; Wu et al.,
2012). Nevertheless, it is clear that the above
mutations weaken the dimer structures. Fur-
ther experiments with proteins expressed in
yeast examined the UV-B-induced inter-
action of UVR8 with COP1. Rizzini et al.
(2011) and O’Hara and Jenkins (2012) re-
ported that phenylalanine and tyrosine mu-
tants of the triad tryptophans do not interact
with COP1, indicating an inability of the
mutants to form the signalling-active mono-
meric state, although Huang et al. (2014) re-
ported interaction between UVR8Y#F and
COP1. In contrast, alanine mutants of the
triad tryptophans interact with COP1 in
both the presence and absence of UV-B
(Rizzini et al., 2011; O’Hara and Jenkins,
2012; Huang et al., 2014), most likely be-
cause changes in the conformation of the
protein caused by the introduction of ala-
nine, which have been demonstrated for
UVR8W#sA by crystallography (Wu et al.,
2012), result in constitutive exposure of the
region that binds COP1.

Structure—function studies were under-
taken in Arabidopsis by transformation of
UVRS8 tryptophan mutants into uvr8 null
mutant plants (Christie et al., 2012; O’Hara
and Jenkins, 2012; Heijde et al., 2013;
Huang et al., 2013, 2014). In addition to
studies of dimer/monomer status and inter-
action with COP1, it was possible to test
functional complementation of the impaired
UV-B-induced hypocotyl growth suppres-
sion and gene expression phenotypes of the
uvr8 mutant. UVR8Y?*" forms a dimeric
protein that does not respond to UV-B, does
not interact with COP1 and does not com-
plement the impaired responses to UV-B of
uvr8-1 (O’Hara and Jenkins, 2012; Heijde
et al., 2013; Huang et al., 2013, 2014). In
contrast, UVR8W#5A appears constitutively
monomeric and interacts constitutively with
COP1, consistent with the findings in yeast
(O’Hara and Jenkins, 2012; Heijde et al.,
2013; Huang et al., 2013, 2014). Huang et al.
(2013, 2014) and Heijde et al. (2013) re-
ported that UVR8W2%°A plants exhibit a cop
mutant phenotype, with short hypocotyls
and expanded cotyledons in darkness. This



124

G.1. Jenkins

phenotype was most obvious in plants
strongly expressing the transgene (30—40 fold
over-expression), consistent with sequestra-
tion of COP1 by binding to UVR8W#%5 (Heijde
et al., 2013). These over-expressers accumu-
lated relatively high levels of the HY5 tran-
scription factor, a target of COP1 E3 ubiquitin
ligase activity, and hence displayed photo-
morphogenic UV-B responses in the ab-
sence of UV-B.

Both phenylalanine and alanine mu-
tants of W233 are impaired in responses
to UV-B in Arabidopsis, although activity is
detectable (O’Hara and Jenkins, 2012; Huang
et al., 2014). Huang et al. (2014) found that
UVR8W#3F and UVR8"?**A are monomeric
and show little interaction with COP1,
whereas O’Hara and Jenkins (2012) reported
that UVR8"#**4 shows constitutive binding
to COP1 and forms a weak dimer that mon-
omerises in response to UV-B. Since the
dimer is evidently weakened by the muta-
tion, the extent to which it is present may
depend on the developmental stage of the
plants and conditions of growth and illu-
mination. Similar factors may influence the
extent of binding of UVR8%?¥4 to COP1,
which is also observed in yeast (Rizzini et al.,
2011; O’Hara and Jenkins, 2012; Huang
et al., 2014).

The alanine mutant of the remaining
triad tryptophan, UVR8Y*¥74, forms weak di-
mers in Arabidopsis and binds COP1 consti-
tutively. Nevertheless, the protein responds
to UV-B to produce monomers and shows
little loss of function compared to wild-type
UVR8 (O’Hara and Jenkins, 2012). UVR-
844 along with mutants in several trypto-
phans located either in the p-propeller core
of the protein or at the periphery of the
dimer interface, shows no apparent loss of
function (O’Hara and Jenkins, 2012). It should
be noted, however, that these assays were
undertaken with saturating UV-B exposures
in growth cabinets and further analysis
should be undertaken using a range of UV-B
fluence rates and growth conditions.

Mutations of the charged amino acids
responsible for dimer formation also impact
on UVRS function in vivo. Mutation of the
key salt bridging residue R286 to alanine
results in constitutive monomerisation in

Arabidopsis, no interaction with COP1 and
lack of response to UV-B (Huang et al., 2014;
Heilmann et al., 2016). However, conserva-
tive mutation of R286 to lysine results in
formation of a protein with a weakened dimer
that mediates UV-B responses (Heilmann
et al., 2016). Interestingly, when the two as-
partate amino acids that form salt bridges
with R286 are conservatively mutated to as-
paragine, a UVR8 protein (UVR8PNDI7N] jg
produced that is strongly impaired in dimer
formation and constitutively interacts with
COP1, but shows a response to UV-B that is
very similar to that of wild-type UVRS8 over
a range of UV-B doses (Heilmann et al.,
2016). Since the photomorphogenic activity
of this essentially monomeric mutant does
not show any correlation with UV-B-induced
dimer dissociation, the most likely explan-
ation is that photoreception by monomeric
UVR8P®N-D17N mediates the response to UV-B.
The concept that monomeric UVR8 can act
in photoreception is supported by biophys-
ical studies. Monomeric mutants of UVRS8
exhibit spectroscopic signals associated
with UV-B photoreception, similar to the
wild-type (Heilmann et al., 2014; Mathes
et al., 2015; Miyamori et al., 2015). The
above findings therefore raise the question
of whether wild-type UVR8 monomers can
mediate responses to UV-B in vivo.

Mutation of another important charged
amino acid, R338 to alanine also impacts on
UVRS function. UVR8R*¥4 s impaired in re-
sponse but retains some activity, is mono-
meric and binds COP1 constitutively (Huang
et al., 2014; Heilmann et al., 2016). Huang
et al. (2014) reported that plants expressing
UVR8R38 have a weak cop1 phenotype, al-
though it is less evident than in plants ex-
pressing UVR8W254,

Further in vivo studies of UVR8 structure-
function have focused on the interaction
with COP1, which involves a 27 amino acid
region in the C-terminus of the protein
(Cloix et al., 2012; Yin et al., 2015). These
studies will be discussed in Chapter 9.
Taken together, the in vivo studies of UVRS8
structure—function relationships are gener-
ally consistent with those undertaken with
the purified protein. In particular, they sup-
port the main conclusions for the roles of
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specific tryptophans in UV-B photoreception
and the importance of key salt bridge amino
acids in maintaining the dimer structure.

Evolutionary Conservation of UVR8
Structure and Function

The UVR8 amino acid sequence is highly
conserved among diverse plant taxa, ran-
ging from green algae, through Bryophytes
and lycopods to the Angiosperms (Rizzini
et al., 2011; Wu et al., 2011). The number
and position of key residues, including the
tryptophans and salt bridging arginines, are
conserved, suggesting that all UVR8 se-
quences have a similar molecular mechan-
ism. A recent study of Chlamydomonas
reinhardtii UVR8 supports this contention.
The protein monomerizes on exposure to
UV-B, and interacts with Chlamydomonas
COP1 (Tilbrook et al.,, 2016). This inter-
action induces transcriptome changes asso-
ciated with acclimation to UV-B in the algal
cells. The presence of a functional UVRS8 in
Chlamydomonas shows that the protein ap-
peared early in plant evolution, most likely
to provide protection against the relatively
high levels of UV-B that prevailed at that
time (Rozema et al., 1997) and which could
damage the photosynthetic machinery.
Remarkably, Chlamydomonas UVR8 com-
plements the Arabidopsis uvr8 mutant,
demonstrating a conservation of function
despite massive evolutionary separation.
Interestingly, examination of UVRS se-
quences from various species deposited in
public databases shows that some species
have more than one UVRS8 gene, in contrast
to Arabidopsis which has just one. This
raises the possibility that UVR8 genes may
be subject to differential expression and the
encoded proteins could conceivably differ
in physiological roles. Studies of UVRS8 in
species other than Arabidopsis have recently
started to appear, and provide evidence that
some UVRS8 genes are subject to regulation
by various factors (Wu et al., 2016; Zhang
et al., 2016). This interesting aspect is likely to
be explored extensively in future research.

Summary and Perspective

The finding that UVR8 is a UV-B photo-
receptor with a novel mechanism of action
represents a major advance in photobiology.
Furthermore, the discovery of UVR8 pro-
vides a new perspective on plant responses
to UV-B light and suggests new approaches
to investigate these responses. The chal-
lenge now is to discover how UVR8 func-
tions in cells through interaction with other
proteins and signalling pathways, how its
activity is regulated and what responses it
mediates in diverse species of plants grow-
ing in a range of environments.

Substantial progress has been made in
understanding the unique tryptophan-based
mechanism of UVRS8 photoreception as a re-
sult of the discovery of the crystal structure,
biophysical and computational approaches,
and structure—function analyses both with
the purified protein and in vivo. Further ex-
perimentation will reveal additional details
of the mechanism and how it leads to dimer
dissociation. A major gap in knowledge con-
cerns the conformational changes to the pro-
tein that occur following photoreception and
how these changes promote interaction with
the signalling partner COP1. In addition, it is
important to understand how the RUP pro-
teins return UVRS to the dimeric state.

Research with Arabidopsis has high-
lighted an increasing number of physiological
responses regulated by UVR8 (Jenkins, 2014a;
see also Chapter 9, this volume). Neverthe-
less, it is important to extend these studies to
other species, including commercially im-
portant species, and non-vascular plants,
where knowledge of photomorphogenic UV-B
responses is less well advanced. In addition,
most studies with Arabidopsis have em-
ployed rather artificial plant growth condi-
tions and it is essential to explore how UVR8
functions, and is regulated, in more realistic
environments. Initial studies show that UVR8
regulates gene expression and biochemical
composition in Arabidopsis exposed to nat-
ural sunlight (Morales et al., 2013). Moreover,
research has shown that under photoperi-
odic conditions UVR8 does not behave as a
simple, UV-B-activated on/off switch, but
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rather a photoequilibrium is established understand how the UVR8 photoequilibrium
between the dimer and monomer forms, isregulated in natural growth environments
regulated by the RUP proteins (Findlay and and how it is coupled to physiological
Jenkins, 2016). Hence it is important to responses.
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Introduction

Sunlight fuels photosynthesis in plants and
is an important environmental trigger, but it
is also a potential environmental stress factor
(e.g. high light, UV-B radiation). Light captured
by specific photoreceptors affects plant de-
velopment throughout the life cycle, in many
cases optimizes photosynthesis, and also
protects the organism from potential light
stress. Photoreceptors perceive photons of
specific wavelength and convert signals into
cellular signalling cascades. Various photo-
receptors have evolved in plants that detect
and respond to changes in the light spec-
trum in terms of light quality, quantity, dir-
ection and duration. These include the red/
far-red light-perceiving phytochromes, the
blue/UV-A light-perceiving cryptochromes,
phototropins, Zeitlupe family members, and
the UV-B photoreceptor UV RESISTANCE
LOCUS 8 (UVR8) (Heijde and Ulm, 2012;
Galvao and Fankhauser, 2015). Visible light
photoreceptors absorb light with a bound
chromophore. Red/far-red light perception
is based on a linear tetrapyrrole (bilin) pros-
thetic group, and blue/UV-A photons are
absorbed by flavin-derived chromophores
(Galvao and Fankhauser, 2015). The perception
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mechanism of UVRS is unique. Instead of a
bound chromophore, specific intrinsic tryp-
tophan residues absorb UV-B photons and
trigger a signalling cascade (Rizzini et al.,
2011; Christie et al., 2012; Wu et al., 2012;
Zeng et al., 2015; see also Chapter 8, this
volume).

Photoreceptor-based UV-B Responses

The profound effects of UV-B on plant
growth and development were studied long
before the UVR8 photoreceptor was identi-
fied (Wellmann, 1983; Ulm, 2006; see also
Chapter 5, this volume). A specific UV-B
photomorphogenic effect was postulated
about 45 years ago for the UV-B-induced bio-
synthesis of particular flavonoids, an import-
ant class of plant secondary metabolites
(Wellmann, 1971). In many cases, it is still
not known whether the UV-B response studied
is UVR8 photoreceptor-dependent or not.
Given the availability of Arabidopsis uvr8
mutants (Kliebenstein et al., 2002; Brown
etal., 2005; Favory et al., 2009) and the po-
tential to generate UVR8 knockouts in other
plant species (Belhaj et al., 2015), the relation-
ship between UV-B phenotypes and UVR8

© CAB International 2017. UV-B Radiation and Plant Life (ed. B. Jordan)
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signalling should be rather easy to establish.
Where a particular UV-B effect is found to
be independent of UVRS, identification of
the initial signal and the signalling cascade
remains challenging. The possibilities to be
investigated include (i) an (as yet) unknown
photoreceptor; (ii) the indirect perception
of a specific cellular UV-B effect, or (iii) a more
general UV-B stress response (e.g. Ulm et al.,
2004; Brown and Jenkins, 2008; Gonzilez
Besteiro et al., 2011; Gonzélez Besteiro and
Ulm, 2013; Hideg et al., 2013; Biever ef al.,
2014; Horak and Farre, 2015; Li et al., 2015;
Robson et al., 2015; Xie et al., 2015).
Arabidopsis uvr8 knockout mutants are
apparently indistinguishable from wild-
type seedlings under visible light in the
absence of UV-B (e.g. Kliebenstein et al.,
2002; Brown et al., 2005; Favory et al.,
2009). The UV-B phenotypes most used in
the study of UVRS signalling are hypocotyl
growth inhibition, flavonol and anthocya-
nin accumulation, and changes in gene ex-
pression or protein accumulation (e.g. Klieb-
enstein et al., 2002; Brown et al., 2005;
Favory et al., 2009; Morales et al., 2013;
Huang et al., 2014b) (Fig. 9.1). In addition,
uvr8 mutants do not develop UV tolerance
under UV-B-containing growth conditions,
whereas UVRS8 overexpression lines show
enhanced UV-B acclimation (Favory et al.,
2009; Gonzdlez Besteiro et al.,, 2011). In

Gene expression

B ——— UVRS

agreement with the phenotypic data, UVR8
orchestrates UV-B-induced expression of
genes for flavonoid biosynthesis, DNA re-
pair, and protection against oxidative stress
and photoinhibition (Brown et al., 2005;
Favory et al., 2009; Stracke et al., 2010; Davey
et al., 2012; Li et al., 2015; Tilbrook et al.,
2016). Similar to Arabidopsis, UV-B accli-
mation and tolerance is also apparent in the
green alga Chlamydomonas reinhardtii,
where it is also linked to the UVRS signal-
ling pathway (Tilbrook et al., 2016). Several
additional UV-B effects have been associ-
ated with UVR8 photoreceptor activity, in-
cluding entrainment of the circadian clock
(Feher ef al., 2011), phototropism (Vanden-
bussche et al., 2014), downward leaf curling
(Fierro et al., 2015), and stomata opening
(Tossi et al.,, 2014). Moreover, UVR8 has
been implicated in UV-B effects on defence
responses (Demkura and Ballare, 2012), leaf
development (Wargent et al., 2009), growth
inhibition under salt stress (Fasano et al.,
2014), inhibition of shade avoidance (Hayes
et al., 2014; Mazza and Ballare, 2015), and
auxin signalling (Hayes et al., 2014; Vanden-
bussche et al., 2014). Finally, given its spe-
cificity and sensitivity, UVR8 has been added
to the expanding optogenetic toolkit for
engineering specific UV-B responses in non-
plant systems (Chen et al., 2013; Crefcoeur
et al., 2013; Muller et al., 2013).

—  Acclimation (UV-B tolerance)

Phototropism
(in the absence of phot1 and phot2)

(incl. marker genes
HY5, CHS) \/ \
Auxin signalling
Shade avoidance Leaf curling and development
Hypocotyl growth Stomata opening

Flavonols and
anthocyanins

Pathogen defence

Photosynthetic efficiency

Circadian clock

Fig. 9.1. Physiological and molecular UV-B responses that have been linked to UVR8-mediated signalling.
Further information and references are provided in the text.
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UVR8-mediated UV-B Signalling

In the last decade, several components of the
UVRS signalling pathway have been identi-
fied and characterized and insights into the
UV-B perception mechanism obtained (Li
et al., 2013; Tilbrook et al., 2013; Jenkins,
2014; Ulm and Jenkins, 2015; Yang et al.,
2015). Downstream of the UVR8 photorecep-
tor and central to UV-B-regulated responses
is a signalling cascade connecting perception
of the UV-B signal to gene expression. Our
present understanding of how UV-B photore-
ception by UVR8 leads to transcriptional
changes in the nucleus is far from satisfac-
tory, but important steps towards this goal
have been made recently and these will be
discussed here.

The UVR8-COP1-RUP1/RUP2 core of the
UV-B receptor photocycle

The core of the UVR8 photocycle includes
UVR8 monomerization upon UV-B absorp-
tion by specific intrinsic tryptophan res-
idues, interaction with CONSTITUTIVELY
PHOTOMORPHOGENIC 1 (COP1), and red-
imerization of UVRS facilitated by REPRES-
SOR OF UV-B PHOTOMORPHOGENESIS
1 (RUP1) and RUP2 (Favory et al., 2009;
Rizzini et al., 2011; Heijde and Ulm, 2013)
(Fig. 9.2). This signalling pathway, as well
as its importance for UV-B acclimation, seems
to be largely conserved evolutionarily from
green algae to higher plants (Tilbrook et al.,
2013, 2016).

UVR8 forms a homodimer that monomerizes
in response to UV-B

UVRS is a protein of 440 amino acids (Klieb-
enstein et al., 2002) with a core domain in
the form of a seven-bladed p-propeller
(Christie et al., 2012; Wu et al., 2012; Zeng
et al., 2015). In its ground state, UVRS is
present as a symmetric homodimer held to-
gether by a network of hydrogen bonds and
electrostatic interactions between charged
amino acids across the dimer interaction
surface (Rizzini et al., 2011; Christie et al.,

-

-
\\\
Inactive QiR TP-285, Trp-233®
homodimer @U)YzE]

AN

@

Fig. 9.2. The UVR8 photocycle. UVR8 forms a
homodimer in its inactive ground state.
Tryptophan-based UV-B absorption results in UVR8
monomerization. Active UVR8 monomers interact
with COP1 and initiate UV-B signalling. Redimeri-
zation of UVRS to its homodimeric ground state is
facilitated by the action of RUP1 and RUP2. This
process disrupts the UVR8-COP1 interaction and
inactivates the signalling pathway. Regenerated
UVR8 homodimers are again UV-B perception
competent.

uv-B

Active
monomer

2012; Wu et al., 2012; Zeng et al., 2015;
Heilmann et al., 2016). Specific tryptophans
at the dimer interface (Trp-233 and Trp-285)
were shown by mutational studies to be cru-
cial for photoreception (Rizzini et al., 2011;
Christie et al., 2012; O'Hara and Jenkins,
2012; Wu et al., 2012; Heijde et al., 2013;
Huang et al., 2014b). UV-B absorption by
Trp-233 and Trp-285 leads to dissociation of
the UVR8 homodimer (Rizzini et al., 2011;
Christie et al., 2012; Wu et al., 2012), but the
underlying mechanism is not yet fully
understood. UVR8 monomerization may in-
volve (i) proton-coupled electron transfer
from UV-B-excited tryptophans to adjacent
charged key amino acids that maintain the
homodimer and (ii) ejection of an adjacent
water molecule due to reorientation of the
epicentre Trp-233 and Trp-285. Together
this may weaken hydrogen bonds between
the monomers (Mathes et al., 2015; Zeng
et al., 2015). Although conditions can be es-
tablished in the laboratory under which
UVR8 can switch between fully homodi-
meric and fully monomeric forms, under
natural conditions UVRS8 establishes a
dimer/monomer photo-equilibrium that is
regulated by UV-B (Findlay and Jenkins,
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2016). Further details of UV-B photore-
ception and early structural events at the
UVRS photoreceptor level may be found in
Chapter 8 of this book and recent specific
reviews (Jenkins, 2014; Yang et al., 2015).

UV-B-activated UVR8 interacts with COP1

Following UV-B photon absorption and
monomerization, UVRS8 interacts with COP1
(Favory et al., 2009; Rizzini et al., 2011).
COP1 forms an E3 ubiquitin ligase complex
with the SUPPRESSOR OF phyA-105 (SPA)
1 to SPA4 protein quartet (Menon et al.,
2016). The COP1-SPA complex is a repres-
sor of photomorphogenesis in darkness by
ubiquitination of several positive regulators
of photomorphogenesis, which tags them
for proteasomal degradation (Lau and Deng,
2012; Menon et al., 2016). The COP1 pro-
tein comprises a RING domain, a coiled-
coil, and a WD40-repeat domain (Lau and
Deng, 2012). COP1 is also a crucial signal-
ling component of the UV-B response in
Arabidopsis (Oravecz et al., 2006; Favory

UVR8 UV-B
~-
UVR8 -
N

UVR8

—
RING e WD40 RING cc  WD40 \

v

UvRg <
RUP
ﬂUVRS IRUP RING cc

et al., 2009). Intriguingly, expression of
early UV-B-regulated genes depends largely
on COP1 activity (Oravecz et al., 2006; Favory
et al., 2009).

UV-B activated UVR8 interacts with the
WD40-repeat domain of COP1 (Favory
et al., 2009), which like UVRS also forms a
seven-bladed B-propeller structure (Uljon
et al., 2016). Two separate domains of UVR8
are involved in the interaction with COP1: a
domain of maximum 27 amino acids (C27)
in the UVR8 C-terminus and the UVRS8
B-propeller core (Cloix et al., 2012; Yin
et al., 2015) (Fig. 9.3). The UVR8 core lack-
ing the C27 domain can interact with COP1
in a UV-B-dependent fashion, although not
as strongly as wild-type UVR8 (Yin ef al.,
2015). In the same way, expression of a
UVRS core fused to a DNA-binding domain
together with a COP1 WD40-domain fused
to a transcriptional activation domain were
also sufficient to establish a UV-B-responsive
transcriptional system in mammalian cells
(Muller et al., 2013). An intriguing hypoth-
esis is that the freed p-propeller surface

BBX24,

’ Photomorphogenesis

HY5, HYH, BBX24, MYB12, ——3 Acclimation, protection
CHS, PHR1, UVRS3, ELIP

UV damage repair
o~ RUPT.RUP2
UVR8
RUP
WD40 ?

Fig. 9.3. Working model of UVR8 signalling. UVR8 homodimers dissociate upon UV-B perception, which
allows interaction between the 7-bladed p-propeller domains of UVR8 and COP1 (indicated as RING-cc-WD40,
with the WD40 domain as the interaction domain). This interaction is further stabilized by structural
changes in UVRS that allow binding of the UVR8 C27 domain (UVR8%*7#%, indicated by the crescent
labelled ‘C’) to the COP1 WD40 domain, which also initiates UV-B signalling. The activated UVR8-COP1
signalling pathway involves HY5/HYH and FHY3 transcription factor-mediated gene expression, including
genes associated with UV-B-induced photomorphogenesis, acclimation and UV-damage repair. The
UV-B-induced genes also include BBX24 as well as RUPT and RUP2 that form negative feedback loops. The
B-box protein BBX24 functions as a negative regulator of UV-B responses by interacting with HY5. The
WD40-repeat proteins RUPT and RUP2 are phylogenetically and structurally related to COP1 and also
interact with UVR8, but only with the C27 domain. Interaction of RUPT and RUP2 with UVRS facilitates
UVR8 redimerization and disruption of the UVR8-COP1 interaction. RUP1 and RUP2 are still able to
interact with the C27 domain of homodimeric UVRS, in contrast to COP1. The COP1-interacting SPA
proteins are omitted from this model. cc, coiled coil; RING, Really Interesting New Gene; WD40, WD40

repeat domain.
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of UVRS after monomerization is replaced
by the structurally related COP1 p-propeller;
however, this has not been tested experi-
mentally. Although it interacts UV-B-
dependently with COP1, the UVR8 core
without a C-terminus containing a C27
domain is apparently not active in Arabi-
dopsis (Cloix et al., 2012; Yin et al., 2015).
This is also true for the uvr8-2 mutant allele
that contains a premature stop codon at Trp-
400 (Brown et al., 2005; Cloix et al., 2012;
Yin et al., 2015).

The UVR8 (€27 contributes to COP1
interaction with UVR8 and contains a so-
called VP domain (Cloix et al., 2012; Wu
et al., 2013; Yin et al., 2016). The VP do-
main has the core sequence V-P-E/D-¢-G
(where ¢ = a hydrophobic residue) that was
found previously to mediate interaction of
several COP1 substrate proteins with the
COP1 WD40-repeat domain (Holm et al.,
2001; Holm et al., 2002; Datta et al., 2006;
Uljon et al., 2016). The isolated UVRS8
C-terminus including the C27 domain was
found to interact constitutively with COP1
in transgenic plants and in yeast (Cloix et al.,
2012; Yin et al., 2015). This suggests that
the C27 domain in the UV-B light-activated
wild-type UVRS is released from structural
constraints by the UVR8 core, which then
allows its interaction with COP1. As in the
case of other COP1-interacting proteins,
mutation in the UVR8 VP core of Val-410
and Pro-411 to Ala-Ala (AA) abrogates
interaction of the isolated C-terminal do-
main with COP1 (Yin et al., 2015). The same
mutations in the UVRS8 full-length protein
UVR8VPA4 still permit interaction with
COP1 through the UVR8 f-propeller core
domain (Yin et al., 2015). Arabidopsis
plants expressing UVR8VP44 still show
UV-B-specific UVR8Y"#A-COP1 interaction
but are impaired in downstream UV-B re-
sponses such as UV-B-induced gene expres-
sion and hypocotyl growth inhibition (Yin
et al., 2015). Although the C-terminal do-
main was not included in the published
UVRS8 crystal structures (Christie et al.,
2012; Wu et al., 2012; Zeng et al., 2015), the
experimental data suggest that two COP1
interaction surfaces are exposed in mono-
meric UVR8 upon UV-B perception that are

not accessible in the UVR8 homodimer.
Interaction of COP1 with the f-propeller
domain of UVR8 allows UV-B-dependent
UVR8-COP1 interaction, whereas the
C-terminal UVR8 domain is thought to fur-
ther stabilize the interaction and to affect
COP1 activity (Yin et al., 2015).

The COP1 substrate basic leucine zip-
per (bZIP) transcription factor ELONGATED
HYPOCOTYL 5 (HY5) is stabilized upon
UVRS8 interaction with COP1, indicating
that COP1 is inactivated by UV-B (Favory
et al., 2009; Huang et al., 2013). COP1-SPA
forms a CULLIN4 - DAMAGED DNA BIND-
ING PROTEIN 1 (CUL4-DDB1)-based E3 ubi-
quitin ligase complex, in which COP1-SPAs
act as substrate receptors targeting HY5 for
polyubiquitination and proteasomal degrad-
ation (Chen et al., 2010). Interestingly, UV-B
triggers the dissociation of COP1-SPA core
complexes from CUL4-DDB1, probably
through UVRS, suggesting that this impairs
ubiquitination and degradation of HY5
(Huang et al., 2013; Huang et al., 2014a). In
effect, unique UVR8-COP1-SPA protein
complexes are formed under UV-B that may
have UV-B-specific signalling functions
(Oravecz et al., 2006; Favory et al., 2009;
Heijde et al., 2013; Huang ef al., 2013; Huang
et al., 2014a).

It is notable that phytochromes and
cryptochromes also inhibit the COP1-SPA
complex through direct interaction. How-
ever, UVR8 interacts with COP1 UV-B-
dependently and does not interact with
SPA proteins, whereas phytochromes and
cryptochromes interact light-dependently
with SPAs but constitutively with COP1
(Fankhauser and Ulm, 2011; Heijde and
Ulm, 2012; Heijde et al., 2013; Menon et al.,
2016). Although SPA proteins remain in
complex with COP1 upon UV-B perception
(Heijde et al., 2013; Huang et al., 2013),
early UV-B signalling does not require
SPA proteins (Oravecz et al., 2006). Thus,
phytochrome, cryptochrome and UVRS
photoreceptors regulate COP1-SPA E3 ubi-
quitin ligase activity but in mechanistically
different ways.

Alternatively or additionally, given that
the UVR8 C-terminus mimics the COP1-
interaction sequence of HY5 and other COP1
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substrates, HY5 release through competi-
tion for the COP1 binding site could be the
main mechanism leading to COP1 substrate
stabilization (Cloix et al., 2012; Yin et al.,
2015; Uljon et al., 2016). Importantly, UVR8
itself is not destabilized upon interaction
with COP1 and is thus probably not a sub-
strate of polyubiquitination by the COP1-
SPA complex (Favory et al., 2009; Gruber
etal., 2010; Heijde and Ulm, 2013; Heilmann
and Jenkins, 2013). Indeed, a similar mech-
anism of cryptochrome C-terminal activity
and COP1 substrate competition has been
proposed recently (Muller and Bouly, 2015).

RUPT and RUP?2 facilitate UVR8 ground state
reversion by redimerization

UVR8 reverts to its ground state by redimer-
ization (Heijde and Ulm, 2013; Heilmann
and Jenkins, 2013). In contrast, UVR8 deg-
radation and de novo protein synthesis do
not contribute significantly to the regener-
ation of the UVR8 homodimer pool (Heijde
and Ulm, 2013; Heilmann and Jenkins,
2013). Redimerized UVR8 may again be
UV-B-activated (Heijde and Ulm, 2013;
Heilmann and Jenkins, 2013). Whereas re-
covery of UVRS8 dimer in vitro takes up to 48
hours, UVR8 fully reverts within a few
hours in vivo (Christie et al., 2012; Wu et al.,
2012; Heijde and Ulm, 2013; Heilmann and
Jenkins, 2013). The WD40-repeat proteins
RUP1 and RUP2 interact with UVR8 and fa-
cilitate its redimerization in vivo, which
interferes negatively with the UVR8-COP1
interaction (Gruber et al., 2010; Heijde and
Ulm, 2013). The RUP1 and RUPZ2 genes are
UV-B-induced in a UVR8- and COP1-
dependent manner and thus constitute a
negative feedback regulation (Gruber et al.,
2010). Similar to plants overexpressing the
UVRS8 photoreceptor (Favory et al., 2009),
Arabidopsis mutant plants lacking RUP1
and RUP2 show an exaggerated UV-B re-
sponse that results in impaired growth and
dwarfism (Gruber et al., 2010). This correl-
ates with elevated and sustained UVRS8
monomer levels as well as UVR8-COP1
interaction (Heijde and Ulm, 2013). In con-
trast, RUP2 overexpression was shown to
render Arabidopsis ‘UV-B blind’, comparable

to the uvr8 null mutant, but without affect-
ing UVR8 protein levels (Gruber et al.,
2010). Instead, UVR8 remains largely ho-
modimeric in the presence of UV-B and the
UVR8-COP1 interaction is prevented in
RUP2 overexpression lines (Heijde and
Ulm, 2013). Indeed, RUP1 and RUP2 are
important for the establishment of the UVR8
homodimer/monomer photo-equilibrium in
wild-type plants under natural conditions
(Findlay and Jenkins, 2016).

Interestingly, RUP1 and RUP2 interact,
like COP1, with the C-terminus of UVRS8
(Cloix et al., 2012; Yin et al., 2015) and the
UVR8Y™A4 mutation abolishes this inter-
action (Yin et al., 2015). It is of note that
RUP1 and RUP2, as WD40-repeat proteins,
are predicted to form a p-propeller structure
similar to UVR8 and COP1 (Xu and Min,
2011). However, in contrast to COP1, inter-
action with a UVR8 core lacking the
C-terminal domain was not detected for
RUP1 and RUP2 (Yin et al., 2015). The fact
that the same UVR8 domain is an interaction
surface for COP1 and the negative regulators
RUP1 and RUP2 indicates competition for
binding to the C-terminal UVR8 domain
(Cloix et al., 2012; Ouyang et al., 2014; Yin
et al., 2015). However, RUP1 and RUP2
facilitate UVR8 redimerization even in the
absence of COP1, i.e. UVR8 redimerization
through RUP1 and RUP2 is independent of
COP1 and this process may release COP1
from UVRS, not the other way round (Hei-
jde and Ulm, 2013). Competition between
RUP1/RUP2 and COP1 for the apparently
overlapping C-terminal UVR8 binding site
probably also plays a role (Cloix et al., 2012;
Heijde and Ulm, 2013; Yin et al., 2015).
Thus, alternatively, UVR8 redimerization
and disruption of the UVR8-COP1 inter-
action may also be independent activities of
RUP1 and RUP2. In stark contrast to COP1,
RUP1 and RUP2 interact with both the
UVR8 monomer and the homodimer and
UV-B may enhance the interaction (Gruber
et al., 2010; Cloix et al., 2012; Huang et al.,
2014b; Yin et al., 2015). However, the
UVR8-RUP1/RUP2 interaction in vivo is
affected indirectly by UV-B as RUP1 and
RUP2 gene expression is UV-B-induced
(Gruber et al., 2010).
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Subcellular localization and activity of UVR8

UVRS is localized mainly in the cytosol in
the absence of UV-B and to a lower level in
the nucleus. The nuclear fraction increases
upon UV-B activation (Kaiserli and Jenkins,
2007; Yin et al., 2016). Nuclear localization
of UVRS is indeed required for UV-B signal-
ling and the UV-B-dependent nuclear accu-
mulation of UVR8 requires COP1 (Yin et al.,
2016). In contrast to UVR8, COP1 includes
intrinsic nuclear localization signal (NLS)
and nuclear export signal (NES) sequences
and the nucleocytosolic partitioning of
COP1 is known to be regulated by visible
light, mainly towards its nuclear exclusion
(von Arnim and Deng, 1994; Lau and Deng,
2012; Pacin et al., 2014). In contrast, COP1
gene expression induced in response to
UV-B and COP1 protein is stabilized and
accumulates in the nucleus (Oravecz
et al., 2006; Favory et al., 2009; Huang
et al., 2012). It was proposed, therefore, that
cytosolic UVR8-COP1 interaction leads to
their combined COP1-NLS—mediated nu-
clear import (Yin et al., 2016). Alternatively,
UVR8 monomers may enter nuclei by a fur-
ther unknown mechanism and nuclear
COP1 may retain UVRS in the nucleus by
inhibition of its nuclear export (Yin et al.,
2016). Independent of the exact mechanism,
COP1 has a dual action in the regulation of
UV-B-induced UVR8 nuclear accumulation
and in UVR8-mediated UV-B signalling (Yin
et al., 2016).

Although UVR8 activity in the nuclear
compartment leads to UV-B-dependent
changes in gene expression, just how UVR8
activation and interaction with COP1 result
in transcriptional changes is not well under-
stood. Different transcription factors are in-
volved, including stabilization of the bZIP
transcription factors HY5 and HYH. This is
described in more detail below. In addition,
the results of chromatin immunoprecipita-
tion (ChIP) experiments have suggested that
UVRS8 binding to chromatin in the vicinity
of its target genes via histone H2B inter-
action may be involved (Brown et al., 2005;
Kaiserli and Jenkins, 2007; Cloix and Jen-
kins, 2008; Favory et al., 2009; Cloix ef al.,
2012). The possibility of UVR8 chromatin

association was inspired by sequence hom-
ology between UVR8 and animal chromatin-
associated Regulator of Chromatin Conden-
sation (RCC1) proteins (Kliebenstein et al.,
2002; Brown et al., 2005). It was postulated
that chromatin-associated UVR8 recruits
and/or activates chromatin modifiers and/
or transcription factors (Cloix and Jenkins,
2008). Recent data show that histone H3 ly-
sine K9 and/or K14 acetylation increases at
UVR8-regulated gene loci upon UV-B ex-
posure in a UVR8-dependent manner, but a
mechanistic link between UVR8 and chro-
matin modification has not been established
(Velanis et al., 2016). The proposed UVR8
chromatin association via histones (prefer-
entially H2B) was found to be independent
of UV-B (Brown et al., 2005; Cloix and Jen-
kins, 2008), but the gel-based ChIP analyses
may not be sufficiently quantitative (Velanis
et al., 2016). A more quantitative approach
using ChIP analysed by real-time qPCR did
not detect any chromatin association (Bink-
ert et al., 2016). Moreover, a structural com-
parison of Drosophila DmRCC1 and Arabi-
dopsis UVR8 crystal structures revealed
that critical histone- and DNA-interaction
residues in DmRCC1 are not conserved in
UVRS8 and recombinant UVR8 did not bind
nucleosomes in vitro (Binkert et al., 2016).
Thus, activity of UVRS directly at the level
of target gene chromatin remains controver-
sial and, if true, its functional significance
remains to be determined.

UVR8-mediated gene regulation

The bZIP transcription factor HY5 and its
homologue HYH are central regulators of
UV-B-mediated gene expression

The basic leucine zipper (bZIP) transcrip-
tion factor HY5 plays a major role in UV-B
signalling (Ulm et al., 2004; Brown et al.,
2005; Stracke et al., 2010; Huang et al., 2012).
The Arabidopsis genome encodes a protein,
HY5 HOMOLOG (HYH), with 49% amino
acid sequence identity to HY5 and the same
structural domains (Holm et al., 2002). HY5
and HYH form homo- and heterodimers and
show partial functional redundancy in visible



UV-B Signal Transduction from Photoperception to Response

light-dependent and UV-B-dependent gene
expression; however, HY5 is the major agent
in both conditions (Holm et al., 2002; Brown
and Jenkins, 2008; Stracke et al., 2010;
Feher et al., 2011). HY5 and HYH are both
positive regulators of photomorphogenesis
that are targeted for degradation in darkness
by the COP1-SPA E3 ubiquitin ligase com-
plex and stabilized in response to visible
light and UV-B (Holm et al., 2002; Favory
et al., 2009; Lau and Deng, 2012; Huang
et al., 2014a).

Together, HY5 and HYH are thought to
govern the majority of UVR8-mediated UV-B
transcriptional responses (Tilbrook et al.,
2013; Jenkins, 2014). HY5 and HYH are rap-
idly and transiently induced in response to
UV-B, in a UVR8- and COP1-dependent
manner (Ulm et al., 2004; Brown et al., 2005;
Oravecz et al., 2006; Favory et al., 2009).
Interestingly, HY5 and HYH are both re-
quired for UV-B-activated HY5 gene expres-
sion (Binkert ef al., 2014). Similarly, HY5 is
required for UV-B-induced expression of the
negative regulatory genes RUP1 and RUP2
and establishment of the negative feedback
loop in UV-B signalling (Gruber et al., 2010).
HY5 also activates COP1 gene expression in
response to UV-B and thus contributes to the
accumulation of COP1 protein, in addition
to the UV-B-mediated post-transcriptional
stabilization of COP1 (Favory et al., 2009;
Huang et al., 2012). HY5 associates with the
promoter regions of its target genes HY5,
RUP1, RUP2, MYB12, BBX24 and COP1
(Stracke et al., 2010; Binkert et al., 2014).
Moreover, UV-B promotes HY5 binding to
UV-B-induced genes in a UVR8-dependent
manner (Binkert et al., 2014).

The results of ChIP experiments com-
bined with microarray analyses suggest that
HY5 binds to the promoter regions of over
9,000 potential target genes (Zhang et al.,
2011), of which transcription factors are
overrepresented. HY5 may thus be a hierarch-
ical regulator of transcriptional cascades.
Binding of HY5 to chromatin occurs close
to transcriptional start sites, in particular to
ACGT-containing elements (ACEs) (Ang
et al., 1998; Song et al., 2008; Zhang et al.,
2011; Binkert et al., 2014). The enrichment
of cis-regulatory elements in proximity to

HY5 binding sites suggests that HY5 regu-
lates many target genes as part of a regula-
tory network involving other transcription
factors (Zhang et al., 2011).

HY5 and HYH are required for the tran-
scriptional activation of the HY5 gene (Abbas
et al., 2014; Binkert et al., 2014). A T/G-box
in the HY5 promoter (-90-CACGTT-85) is a
HY5- and HYH-binding site required for
HY5 gene induction in response to UV-B
(Binkert et al., 2014). Given the absence of
further major UV-B-responsive elements in
the HY5 promoter and the lack of an activa-
tion domain in HY5 and HYH (Ang et al.,
1998; Stracke et al., 2010), other transcrip-
tional regulators are expected to contribute
in combination with HY5 to the activation of
HYS5 gene expression. Several HY5-interacting
proteins have been identified as candidates
for such a function (Gangappa and Botto,
2016). Supporting this notion, a recent study
revealed that B-BOX DOMAIN PROTEIN 21
(BBX21), a HY5-interacting transcription fac-
tor (Datta et al., 2007), also binds to the T/G-
box in the HY5 promoter and positively
regulates the visible-light inducibility of HY5
(Xu et al., 2016). Overexpression of BBX21
results in a hypermorphogenic hypocotyl
phenotype in light-grown seedlings that de-
pends on functional HY5 protein (Xu et al.,
2016), indicating that BBX21 requires HY5
for its activity. BBX21 is one of four B-box
family proteins that act as co-activators (BBX21
and BBX22) or co-repressors (BBX24 and
BBX25) of HY5 in visible light signalling
(Crocco and Botto, 2013). Interestingly, BBX24
was shown to negatively regulate photomor-
phogenic UV-B responses through interaction
with both COP1 and HY5 (Jiang et al., 2012).
It is thus tempting to speculate that further
B-box family members may also regulate
UV-B responses.

Next to HY5, a UV-B-induced marker
gene that is often used is CHALCONE SYN-
THASE (CHS). CHS catalyses the first com-
mitted step in flavonoid biosynthesis and is
regulated mainly at the transcriptional level
(Wade et al., 2001; Winkel-Shirley, 2002).
CHS induction in response to UV-B and vis-
ible light depends on the binding of HY5
to an ACE element in the CHS promoter
(Ang et al., 1998; Hartmann et al., 1998;
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Shin et al., 2007; Stracke et al., 2010). Apart
from this direct link, HY5 also regulates UV-
B-induced expression of MYB12 by binding
to an ACE element in its promoter region
(Stracke et al., 2010). MYB12 is part of the
PRODUCTION OF FLAVONOL GLYCOSIDES
(PFG) family of MYB transcription factors
that regulate CHS and other genes of the fla-
vonoid biosynthesis pathway (Stracke et al.,
2007). Basal CHS expression depends on
the binding of MYB12 to an MYB recogni-
tion element in the CHS promoter (MRE®)
(Mehrtens et al., 2005). Even though UV-B-
induced CHS expression is independent of
MYB12, CHS expression in response to
UV-B is strongly reduced in a triple mutant
lacking MYB12 and two functionally re-
lated PFG family members (Stracke et al.,
2010). Even though MRE®S is not a UV-B-
responsive cis-element per se, MYB12 accu-
mulation and binding to MRE®S in response
to UV-B contributes to establishing UV-B
tolerance (Stracke et al., 2010).

FHY3 contributes to the UV-B-induced
expression of COP1

HY5 is implicated in a positive feedback
loop promoting COP1 gene expression in
response to UV-B (Huang et al., 2012). ACE
elements, targeted by HY5 and a FAR-RED
ELONGATED HYPOCOTYL 3 (FHY3) bind-
ing site (FBS) in the COP1 promoter act as
UV-B-responsive cis-elements (Huang et al.,
2012). FHY3 contributes to UV-B-induced
expression of HY5 (and other genes) and
tolerance to UV-B damage (Huang et al.,
2012). Interestingly, HY5 and FHY3 interact
physically and UV-B diminishes the HY5-
FHY3 interaction (Huang ef al., 2012). HY5
and FHY3 were shown to regulate COP1
gene expression in a combinatorial, non-
competitive manner by binding independ-
ently to distinct ACE and FBS cis-elements,
respectively (Huang et al., 2012). Further

mechanistic details of this regulation in the
context of UV-B signalling and how COP1-
UVR8 impinges on the HY5-FHY3 inter-
action remain to be determined.

Concluding Remarks

Despite recent major steps in understanding
UV-B photoreceptor signalling, it is not yet
clear exactly how this unique signalling
pathway functions. In particular, it is not
known how the UV-B-dependent UVRS8-
COP1 interaction results in UV-B-responsive
gene expression involving HY5, HYH,
BBX24 and FHY3 (Ulm et al., 2004; Brown
and Jenkins, 2008; Huang et al., 2012; Jiang
et al., 2012) and probably other transcrip-
tion factors. Similarly, it is not clear how
this signalling pathway regulates chromatin
changes that are broadly associated with
UV-B-responsive gene expression (Casati
et al., 2006; Casati et al., 2008; Schenke
et al., 2014; Velanis et al., 2016). It also re-
mains to be determined exactly how UVR8-
COP1 signalling impinges on phytohormone
signalling and provokes UV-B-responsive
morphological changes (Vanhaelewyn et al.,
2016). First hints with regard to the antag-
onizing impact of UVRS8 on auxin signalling
have been recorded (Hayes et al., 2014;
Vandenbussche et al., 2014). In summary,
important steps have been made towards a
better understanding of how plants respond
to the UV-B intrinsic to sunlight, but many
open questions remain.
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Introduction

The light environment, including visible
(400-700 nm) and ultraviolet radiation (UV:
280-380 nm) is a major determinant of
plant growth and development (Whitelam
and Halliday, 2007). Ultraviolet radiation-B
(UV-B: 280-315 nm) is part of this natural
radiation that plants are exposed to. It is a
highly energetic form of radiation and is
generally associated with detrimental ef-
fects upon the biosphere. This association
with harmful outcomes is largely attributed
to UV-B being absorbed by and causing
damage to a wide variety of important mol-
ecules, such as DNA, proteins and lipids
(Jordan, 1996). This absorption of UV-B can,
for instance, lead to changes in gene func-
tion, loss of enzyme activity and production
of highly reactive oxygen species (ROS) (Jor-
dan, 2002; Jordan, 2011; Hideg et al., 2013).
Furthermore, the potential for damaging
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consequences of UV-B was previously
heightened by the reduction in the ozone
layer as a consequence of manmade chloro-
fluorocarbon compounds entering the strato-
sphere (Jordan, 1996). More recently, a more
balanced perspective of the role of UV-B has
developed (Ballare, 2012; Wargent and Jor-
dan, 2013; Robson et al., 2015). Thus, UV-B
can induce more subtle responses, such as
those associated with photomorphogenesis
and can also have effects at a number of dif-
ferent trophic levels (Rozema et al., 1997;
Day, 2001). It has recently been suggested
that a specific UV-B photoreceptor may be
responsible for these photomorphogenetic
responses and UV RESISTANCE LOCUS 8
(UVR8) has been identified as the photo-
receptor (Rizzini et al., 2011; Wu et al.,
2012). From a number of recent studies two
types of response to UV-B can be identified:
an acclimation response that is caused by
low fluence UV-B and a ‘defence response’
to UV-B stress that is due to higher UV-B flu-
ence levels and has commonality to mech-
anisms involved in other plant defence
responses. Both types of response require
changes in gene expression, but use differ-
ent signal transduction and biochemical
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pathways. These recent insights provide the
potential for a greater understanding of how
UV-B can influence plant growth and devel-
opment. Indeed, Wargent and Jordan (2013)
have proposed that understanding and ma-
nipulating UV-B responses may well have
potential benefits in horticultural and agri-
cultural production (see also Chapter 11,
this volume).

There are, unfortunately, relatively limited
examples of UV-B responses in the natural en-
vironment, particularly relating to commercial
crops. One commercial crop, grapevine, Vitis
vinifera, is, however, frequently subjected to
UV-B exposure through vine canopy manage-
ment practice (see below). The response to UV-B
is particularly significant because many po-
tential UV-B-induced changes alter chemical
composition, which is important in the wine-
making process. For instance, UV-B can change
the levels and types of flavonoids that can in-
fluence the colour, astringency, bitterness and
mouth feel of the wine. This is particularly
relevant in many parts of the southern hemi-
sphere where grapes are grown for wine pro-
duction (e.g. Australia, Chile, New Zealand
and South Africa) and the vines are exposed to
relatively high levels of UV-B. For instance,
Christchurch in New Zealand is at an equiva-
lent latitude to the major wine-producing re-
gion of Bordeaux in France, but UV-B levels
can be 30% higher in Christchurch, exacer-
bated by the clear unpolluted New Zealand
atmosphere (Richard McKenzie, personal
communication; Seckmeyer et al., 2008; and
also McKenzie et al., 2006 for a similar com-
parison to the USA). The level of UV-B will
also be influenced by altitude and the aspect
of the crop to solar exposure. Understanding
the UV-B-induced response is particularly
complex because of the predicted global cli-
mate change as UV-B effects are strongly influ-
enced by other environmental parameters
(Jordan, 1996; and see Chapter 1, this volume).
Thus the response of grapevine to UV-B must
be considered in a world scenario of poten-
tially increasing temperature and CO, with
declining water resources. The interaction,
however, between global climate change and
UV-B levels still remains uncertain (Andrady
et al., 2012; and see Chapter 1, this volume).

The importance of a UV-B-induced re-
sponse for Vitis vinifera is particularly signifi-
cant when the management practice of
canopy leaf removal is considered. Leaf re-
moval around the fruiting zone is frequently
used to reduce humidity and hence reduce
disease pressure on the grape clusters. Thus,
not only are the remaining canopy leaves ex-
posed to ambient UV-B, but the berries them-
selves will also be directly exposed. This can
have at least three potential consequences: (i)
the physiology and metabolism of the leaves
is altered and consequently the assimilates
going to the fruit can be qualitatively and
quantitatively changed; (ii) the berries re-
spond to the direct exposure to UV-B by
modification of their chemical composition;
(iii) the microflora are affected either directly
or indirectly by the UV-B environment.

A major development in advancing the
understanding of grapevine research and the
response to UV-B has come about by the ap-
plication of molecular biological techniques.
Major contributions have been made by the
sequencing of the Pinor noir genome (Jaillon
et al., 2007), transcriptomic approaches (Pilati
et al., 2007; Pontin et al., 2010) and charac-
terization of functional gene activity and
their regulation (Downey et al., 2003; Dun-
levy et al., 2010, 2013; Azuma et al., 2012;
Guillaumie et al., 2013; Liu et al., 2015).

In this chapter the effects of UV-B on the
biosynthesis of a number of important bio-
chemical compounds (flavonoids, amino acids,
aroma and lipid/carotenoids) that have impli-
cations for winemaking will be discussed. It is
also the intention to discuss the molecular
mechanism regulating their biosynthesis and
how they compare to those described for com-
monly used model plant systems. In addition,
the interaction of UV-B with pathogens and
other environmental parameters will be con-
sidered. For a complementary review of grape
berry biochemical changes during develop-
ment see Conde et al., 2007.

The Effect of UV-B on Vine Leaves

The leaves of plants are the primary location
of photosynthesis and therefore the source of
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carbohydrate biosynthesis. Ultimately this
carbohydrate is then distributed to growing
points that act as sinks, such as new shoots
and fruits. Leaves are also a major site of ni-
trogen assimilation, fatty acid biosynthesis
and synthesis of other important com-
pounds, such as carotenoids and terpenoids.
It is therefore very important to understand
how UV-B radiation impinges upon leaf
function. This is particularly significant for
grapevines as assimilates from the leaf are
critical to fruit development and ripeness.
Furthermore, predicting the outcome of light
and UV responses is particularly complex as
they can change with vine development
(Dokoozlian et al.,, 1996); row orientation
(Grifoni et al., 2008) and cultivar (Nunez-
Oliveral et al., 2006).

Many studies have focused on UV-B-
induced responses in leaves and primarily
on photosynthesis itself (Jordan 1996; Jordan
et al., 2016). These studies have shown a
large range of detrimental effects on the bio-
chemistry and molecular mechanisms asso-
ciated with photosynthesis (Strid et al.,
1990, 1994; Jordan et al., 1992, 1994, 2016
and references therein). In grapevine leaves
exposed to natural UV, photosynthesis was
inhibited and UV-induced damage to photo-
system 2 was considered to be a main factor
in this inhibition (Pfiindel, 2003). The electron
transport function represented by photo-
system 2 was more capable of recovery than
CO, fixation (Kolb et al., 2001). In these
studies, the inhibition of photosystem 2 was
dependent on the amount of epidermal screen-
ing and an efficient repair mechanism,
whereas inhibition of CO, was not dimin-
ished by UV-B screening and the recovery
was slower than for photosystem 2. There
are a number of factors that provide protec-
tion to the photosynthetic apparatus from
UV-B and these include the levels of UV-B
absorbing compounds, the potential to reflect
the UV-B, antioxidants and DNA repair ac-
tivity. UV radiation is generally considered
to induce two forms of compounds in the
leaf epidermis capable of protecting the
plant: the hydroxycinnamates and flavon-
oids. The effectiveness of these compounds
must, however, be considered in the context
of the physical distribution and morphology

of the leaf. For instance the vacuoles of the
epidermal cells contain UV-absorbing com-
pounds and may protect 90% of the leaf
area (Jordan, 1996). However, passage be-
tween cells through the anticlinal cell walls
will allow UV-B to damage the exposed
mesophyll and palisade cells (Day et al.,
1992, 1993; Jordan, 1996). These cells may
also contain UV-absorbing compounds, but
not necessarily reduce UV-B damage. In-
deed, the relationship between UV protec-
tion and levels of UV-absorbing compounds
may be overestimated due to the action of
non-epidermal compounds (Kolb and Pfiin-
del, 2005). Some of these UV-B absorbing
compounds also add to the antioxidant cap-
acity of the tissue. In addition, UV-B causes
an increase in a range of other antioxidants,
such as glutathione and ascorbate (Hideg
et al., 2013). Martinez-Liischer et al. (2013)
exposed grapevines to two doses of bio-
logically effective UV-B radiation (5.98 and
9.66 k] m™ day™) over two separate periods,
from fruit set until harvest ripeness (75
days) and from veraison to harvest ripeness
(20 days). The major effects were seen after
the short-term exposure at higher dose with
inhibition of a wide range of photosynthetic
functions and a significant increase in anti-
oxidant capacity. However, exposure to a
long period of UV-B at either dose showed
that most photosynthetic and biochemical
parameters were unaffected, with no sign of
oxidative damage. These results show that
grapevine has a long-term acclimation re-
sponse to UV-B, probably due to the accu-
mulation of UV-B absorbing compounds
and antioxidant capacity. In addition, UV-B
may also cause the formation, or induce
complex cross linking, of compounds such
as cuticular wax. This would lead to some
minor reflection of the UV-B (about 5% for
most leaf tissue, Jordan, 1996), but would
also change the cell surface characteristic in
terms of thickness and permeability. The re-
sponses to UV-B at the cell surface will un-
doubtedly vary between grape varieties and
could be very significant in terms of chan-
ging the skin properties of the fruit in rela-
tion to the winemaking process. Furthermore,
the nature of the cuticular wax is thought to
play a role in plant defence and disease
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susceptibility (Rozema et al., 1997; Keller
et al., 2003). Consequently, UV-B exposure
will influence disease progression and her-
bivory (see below and Chapter 3, this volume).

Another complex aspect of UV-B protec-
tion is the role of high photosynthetically
active radiation (PAR). High PAR is well known
to provide protection to the photosynthetic
apparatus from UV damage (Jordan, 1996).
This protection is frequently ascribed to the
higher light providing more DNA protection
through photo-repair mechanisms. This,
however, is not the case as experiments in
which the effects of photo-repair were ex-
cluded by using low-pressure sodium lamps
(which had a wavelength different from that
which activates photo-repair through pho-
tolyase, but which still maintains photosyn-
thesis) still showed high light protection
against UV-B (Mackerness, et al., 1996). The
authors concluded that some component of
photosynthesis itself was involved, prob-
ably photophosphorylation.

In addition to the chemical changes
that are induced in the leaves by UV-B,
there are well-characterized changes in leaf
morphology (Wargent et al., 2009a; Wargent
and Jordan, 2013). These changes frequently
include a reduction in leaf area and increase
in leaf thickness, leaf mass per unit area and
a reduction in total leaf number. The mech-
anism involved in these changes is uncer-
tain, but UVR8 regulates multiple aspects of
cell differentiation in the leaf in response to
UV-B (Wargent et al., 2009b). Interestingly
many of these changes in leaf morphology
appear similar to the changes that take place in
leaves in response to high irradiance (Davies
et al., 1986). The changes in morphology
in high light are reflected in physiological
function, such as increased photosynthesis
which may drive greater assimilation of
amino acids, etc. As a consequence of this
knowledge, the impact on grape berry bio-
chemistry may be elucidated. As leaves that
are exposed to high light probably receive
the highest UV-B it is clear that increased
leaf exposure through viticultural manage-
ment may have consequences for grape
development. It would certainly be very
interesting to know if the mechanisms in-
volved in UV-B and high light responses are

similar or even the same. This is particularly
interesting when the concept of ‘gap’ sensing
through UV-B signalling is considered (see
Chapter 3 for discussion). This may have
consequences for the biochemical compos-
ition of the grape berries and the pathology
and herbivory of the fruit.

Changes in the Chemical
Composition of Grape Berries

Flavonoids

Most attention has focused on the influence
of UV radiation on the phenylpropanoid
pathway in grapes, as this pathway is in-
volved in colour, tannin formation and the
production of compounds with antioxidant
capacity. The three major classes of flavon-
oids in grapes are flavonols, flavan-3-ols
(condensed tannins/proanthocyanidins) and
anthocyanins.

In white grape varieties, UV-B exposure
leads to increased pigmentation as spots on
the fruit skin. One of the most interesting
aspects of this UV-B-induced pigmentation
is that the response takes place after verai-
son when the berries soften, irrespective of
UV-B exposure levels being normally higher
pre-veraison. Thus there is a clear develop-
mental regulation that overrides the re-
sponse to UV-B (Gregan et al., 2012; and see
below in relation to anthocyanin formation
and PR proteins). This regulation has been
linked to the levels of carbohydrate within
the fruit (Lenk et al., 2007). Thus, the sugar
accumulates within the berry until a point
is reached after which biosynthesis of fla-
vonoid compounds takes place. This may
be the case for coloured flavonoids, such as
anthocyanins, but certainly colourless fla-
vonols can also be synthesized pre-veraison
(Liu et al., 2015; and see below). This is par-
ticularly important when the formation of
another related chemical is considered,
resveratrol (trans-3,5,4’-trihydroxystilbene).
Resveratrol is thought to play an important
role in plant defence and to have a benefi-
cial role in human health (Pan et al., 2009).
The pivotal enzyme in the biosynthesis of
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resveratrol is stilbene synthase, STS (Pan
et al., 2009). This enzyme and the subse-
quent synthesis of resveratrol takes place
mostly pre-veraison in contrast to the bio-
synthesis of the pathway to anthocyanins
(post-veraison) through the first committed
enzyme step, CHS (chalcone synthase).
Both CHS and STS use coumaroyl CoA as a
substrate. Although more understanding is
needed, it is likely that this split in the path-
way to either anthocyanin or resveratrol is a
key to the outcome of significant grape
chemistry. Most importantly, UV radiation
has a strong influence on both of these pathways
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although at different stages of development
(pre- and post-veraison). This is also con-
sistent with studies that show that the over-
all response to UV-B is determined by the
stage of development (Jordan, 1996 and ref-
erences therein; Jordan et al., 1998; Macker-
ness et al., 1998).

UV absorbance increases rapidly in
grape berries in response to UV-B exposure,
primarily in the skins (Fig. 10.1a, b), and this is
reflected in increases in individual flavonoid
compounds as determined by HPLC analysis
(primarily flavonols, Fig. 10.1c). The quali-
tative composition, however, of individual
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Fig. 10.1. The influence of UV-B on flavonol biosynthesis in grapevine. Fig.10.1a shows the increase in
absorbance in grape berries when exposed to UV-B compared to UV-B exclusion. Fig 10.1b shows
absorbance in different grape fractions. Fig.10.1c shows the changes in individual flavonols during
development and in response to UV-B exposure or exclusion. Control and PETG (UV-B exclusion). LR, leaf
removal and ACRYLIC (UV-B exposure). Data adapted from Liu et al. (2015), Figs 1, 2 and Table 1.
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flavonols changes between veraison and har-
vest. For instance, in Sauvignon blanc pre-
veraison, quercetin-3-0-glucoside was increased
to a greater level than other flavonols, but
after veraison a number of other flavonols,
notably quercetin-3-0-glucoside and kaem-
pherol-3-0-glucoside are relatively enhanced
(Fig.10.1c). This is consistent with many
other studies that show the chemical com-
position of flavonoids can be changed by
UV-B (Ryan et al, 1997; Markham et al.,
1998; Hofmann et al., 2000; Liu et al., 2015).
This qualitative change has also recently
been seen in a latitudinal analysis of Vitis
vinifera cv. Pinot noir across Europe (Del-
Castillo-Alonso, M.-A. et al., 2016). In this
study, the influence of latitude (between
Spain and Germany) and associated environ-
mental parameters was determined on the
metabolite composition of Pinot noir berry
skins. The ratio between trihydroxylated and
monohydroxylated flavonols, which was
positively correlated with antioxidant cap-
acity, was the berry-skin variable best correl-
ated with latitudinal solar variables.

The biosynthesis of flavonoids is com-
plex and has been extensively studied in
many species (Schwinn and Davies, 2004).
In respect to UV-B it is generally acknow-
ledged that the biosynthesis of flavonoids is
to provide protection, both by absorption of
the UV-B and as antioxidants (Jordan, 2004).
In grapes, as in other species, flavonols are
produced by flavonol synthase (Downey
et al., 2003); its gene expression is specific-
ally increased by UV-B exposure (Fujita
et al., 2006 and see below). The biosyn-
thesis of flavonols involves the regulation of
flavonol synthase by a complex of proteins
including a R2R3-MYB transcription factor
(VZwMYB12/MYBF1), a basic helix-loop-helix
domain protein (VWMYCA1/bHLH) and a
WD40 repeat protein (VvWDR1 and WDR2).
These regulatory complexes have been char-
acterized in grapes in relation to their role
in flavonoid biosynthesis (Czemmel ef al.,
2009; Matus et al., 2009; Hichri et al., 2010;
Matus et al., 2010).

As mentioned in the introduction, the
understanding of UV-B regulation of plant
cell function has taken a ‘step change’ with
the characterisation of UVR8 as the UV-B

photoreceptor (Jenkins and Brown, 2007;
Rizzini et al., 2011; Wu et al., 2012; Jenkins,
2013; see also Chapters 8 and 9, this volume).
To date these studies have largely been car-
ried out on the model plant Arabidopsis
thaliana. This research has pointed towards
a specific low UV-B fluence response per-
ceived by UVR8 and mediated through tran-
scription factors such as HY5 and COP1
(Brown and Jenkins, 2008; Stracke et al., 2010;
see also Chapter 9, this volume). The regula-
tion is then mediated through the MYB/
bHLH/WD40 complex to determine the ac-
tivity of key genes such as flavonol synthase
(FLS; Fig.10.2). In addition to the UVR8
pathway a non-specific mechanism exists
that overlaps with other known signal trans-
duction pathways, commonly including ROS,
jasmonic acid and salicylic acid (Surplus
et al., 1998; Mackerness et al., 1999; Jordan,
2002). This pathway has been shown to
induce gene expression for a variety of
enzymes including the pathogen-related pro-
teins and has usually been related to high
UV fluence and potentially damaging stress
(see Hideg et al., 2013 for discussion). This
pathway has been shown to be mediated by
mitogen activated protein kinase signalling
cascades (Gonzélez Besteiro et al., 2011).
Jordan and colleagues have recently
studied the pathways of gene expression
from UVRS in Vitis vinifera var. Sauvignon
blanc in vineyard trials (Liu et al., 2015). To
examine the UV-B signalling in detail they
studied the gene expression of UVR8 and
reaction partners that could reflect the high
and low fluence signal transduction path-
ways responding to UV-B. Thus, they se-
lected reaction partners for UVR8 thought
to be involved in the low fluence response,
such as HY5, COP1, the MYB/bHLH/WD40
transcription factor complex and functional
genes known to be UV-B-induced in grapes,
such as flavonol synthase (Table 10.1 shows
gene expression for the major genes tested,
indicating up or down regulation). Five fla-
vonol synthase genes (FLS) were tested and
only two (FLS 4 and 5) showed expression.
These genes were expressed predominantly
at different times during development and
both were UV-B up-regulated. Of the signal
transduction and regulatory genes, HY5 and
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Fig. 10.2. Schematic diagram to represent the specific and non-specific UV-B signal transduction pathways.

Adapted from Jordan (2011), Fig. 22.2.

Table 10.1. UV-B-induced gene expression in Vitis
vinifera.

Gene signalling pathway Gene activity

UVR8-COP1-HY5
VWUVR8
VWCOPT
VWHY5
MYB12-bHLH-WD40
VWWMYB12
VWbHLH
VWWDRI1/2
PR proteins
WTL1-3
WChi4A/4B
Flavonoid biosynthetic
WFLS4/5
VWCHS1/2

X X —> —> X X

- ox

MYB were up-regulated in response to UV-B
in these vineyard trials. Genes that are thought
to be involved in the non-specific high fluence
response, PR genes and MAKP kinase were
also tested. Interestingly, the UV-B-induced
response of PR genes was limited and they
showed a much clearer developmental

response. MAKP kinase was not UV-B-
induced. To complement the vineyard field
trials, Liu et al. (2017) studied UV-B induc-
tion of the same genes in controlled envir-
onments with Sauvignon blanc ‘Mullins’ vines
at two developmental time points (equiva-
lent to pre-veraison and just pre-harvest).
The results were consistent with the find-
ings in the vineyard, except that PR genes
were more consistently up-regulated by UV-B.
Overall, these results suggest that in a nat-
ural environment (which has routinely high
fluence rates), a UV-B-induced pathway that
has been considered low-fluence specific
(from model plant studies), is active in a
commercial crop (Liu et al., 2017).
Anthocyanins are also very important
flavonoids for the wine industry as they are
visual and textural cues in wine. Anthocya-
nin levels are strongly regulated by devel-
opment, and increase from veraison through
to harvest. They are also influenced by en-
vironmental factors, including light/UV-B
and temperature (higher temperatures redu-
cing anthocyanin accumulation). The re-
sponse to light/UV-B is not consistent and
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apparently varies between varieties of grape-
vine. For instance, in Shiraz that was shaded,
anthocyanin increased in response to devel-
opment, but not the reduction in light
(Downey et al., 2004). The gene expression
of UDP-glucose flavonoid glucosyl transfer-
ase (UFGT), which is an important gene in
anthocyanin biosynthesis was not regulated
by UV-B, but only regulated by development.
Similarly, UV-B did not have an effect on
Pinot noir anthocyanin concentrations (Price
et al., 1995). In contrast, anthocyanin levels
were related to UV-B in Tempranillo grapes
and UFGT gene expression was up-regulated
(Martinez-Liischer et al., 2014). Martinez-
Liischer et al. (2016) also studied the inter-
action of potential climate change on
anthocyanin synthesis. Higher temperatures
and CO, enhance grape development resulting
in increased sugar accumulation while de-
creasing anthocyanin biosynthesis. This
uncoupling of sugar accumulation from
anthocyanin was found to be alleviated by
UV-B exposure as it negated the CO,/
temperature response while increasing
anthocyanin biosynthesis. Another import-
ant flavonoid group that is important for the
wine industry is the proanthocyanidins
(PAs; sometimes referred to as condensed
tannins) which are polymers of flavanol-3-ol
units and provide bitter attributes, astrin-
gency and complexity to the wine. The bio-
synthesis of proanthocyanidins in the skins
of grapevine berries has been found to be
primarily dependent on visible light and
contrasted with flavonols whose biosyn-
thesis is strongly UV-B-dependent (Koyama
et al., 2012). Shading in lightproof boxes of
Cabernet sauvignon from flowering to 49
days after treatment partially reduced the
levels of PAs and transcript levels. This
treatment had a much more profound effect
on flavonol levels and related transcript
abundance. Light exclusion also decreased
the mean degree of polymerisation of the
PAs, which is very significant for wine qual-
ity. UV-B per se did not affect the concentra-
tion and composition of PAs in contrast to
the major effect on flavonol concentrations.
Natural shading by leaf foliage has pro-
duced wines with lower flavanol-3-ol and
PAs compared to leaf removal from the

fruiting zone (Kemp et al., 2011). There is
therefore a very different light regulation of
these flavonoids (visible light regulating
PAs and UV-B regulating flavonols) and this
may reflect the different biochemical path-
ways (Kemp et al., 2011, and references
therein).

Finally, flavonoids are known to have a
wide range of different effects on grapevine
(see Czemmel et al.,, 2012, and references
therein). For example, one important effect of
a flavonoid increase is that it can lead to poor
fruit set. This is because high levels of flavo-
nols can inhibit auxin transport, which in
turn will inhibit fruit set. This effect can also
be enhanced by nitrogen deficiency. As UV-B
clearly is a major regulator of flavonoid bio-
synthesis and ultimately will be a determin-
ant of flavonoid levels, understanding the
wider consequences of UV-B in grapevine
biology is therefore critical.

Amino acids and nitrogen assimilation

Another important area of vine biochemis-
try is the metabolism of amino acids (Bell
and Henschke, 2005; Ugliano et al., 2008).
The assimilation of amino acids takes place
primarily in leaves through the GS-GOGAT
pathway in the chloroplasts (Lam et al.,
1996; Forde and Lea, 2007). This pathway is
light-dependent and the assimilate is redis-
tributed from the leaves to other parts of the
plant, including the berries. Amino acids are
very important for viticulture and oenology
as they are precursors for a variety of im-
portant compounds associated with wine-
making (Bell and Henschke, 2005; Ugliano
et al., 2008; Gregan et al., 2012, 2017). For
example, the phenolic compounds are syn-
thesized from phenylalanine through the
activity of phenylalanine ammonia lyase.
Aromatic compounds such as methoxypyra-
zines are synthesized from valine, leucine
and isoleucine through a pathway that has
not been fully characterized in grape (Dun-
levy et al., 2010). The formation of sulphur
containing aroma compounds called thiols,
including 3-mercaptohexan-1-ol (3MH) and
3-mercaptohexyl acetate (3MHA), require
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cysteine and glutathione to attach to hexanyl
carbon chains in the final stages of their syn-
thesis during winemaking. The amino acid
composition in the must also has an effect on
the final wine characteristics and can also be
manipulated by the use of different microbes
in the fermentation. Importantly, most amino
acids are utilised during the fermentation
process (YAN: yeast assimilable nitrogen). It
is also significant that a major amino acid at
harvest, proline, is non-YAN. Therefore a
large percentage of the final amino acid con-
centration is not readily available for fermen-
tation (Stines et al., 1999; Stines et al., 2000;
Gregan et al., 2012, 2017). Low levels of
YAN amino acids can cause the ferment to
become ‘stuck’ and lead to artificial nitro-
gen being added to complete the ferment,
which is not a particularly satisfactory alter-
native for natural winemaking. Despite the
importance of amino acids and the role that
light has been shown to play in assimilation,
there is not that much known about the con-
trol and regulation of the various amino
acids in grapevine. In particularly there is
very little known about their regulation by
UV radiation. Schultz et al., (1998) showed
that over two seasons in Riesling grapes the
total amino acid levels were higher when
UV-B was reduced by screens to approxi-
mately 10% of ambient. Furthermore, there
was a qualitative change in amounts of
amino acids that contribute substantially to
YAN, such as arginine and glutamine which
increased in lower UV-B conditions. The
non-YAN amino acid, proline, also increased
under lower UV-B. Proline is an amino acid
that frequently shows a response to stress, so
it is no surprise that it responded to UV-B
(but see below for further discussion). In
contrast to these results, Keller and Torres-
Martinez (2004) found no change in amino
acid composition under UV-B treatments,
although they did find differences in
polyphenolics (as discussed above). The
differences in response could be due to sig-
nificantly different experimental treatments
(vineyard trials versus potted vines) and
varieties (Riesling versus Chardonnay). In
another series of trials, UV screens were
placed over rows of Sauvignon blanc grape-
vines to study the effects of UV-B and UV-A

radiation in ‘leaf plucked’ vines and in com-
parison to control vines (no screens and no
leaf removal). Both qualitative and quantita-
tive changes to amino acids were detected
in the grape berries (Gregan et al., 2012,
2017). Significantly, the level of these amino
acids in the berries related to the presence
of the proximal leaves remaining over the
fruiting zone; leaf removal reducing the
total amino acids. Despite the fruit being ex-
posed to high natural UV levels, no changes
to amino acids could be related to a UV re-
sponse. These results contrast with those of
Schultz et al. (1998) even though a similar
screening approach was used. Recently,
Martinez-Liischer et al. (2014) used fluores-
cent UV-B lamps in a glasshouse to study
amino acid and flavonoid accumulation in
Tempranillo grapes. Grapes exposed to the
highest fluence of UV-B from fruit set to
ripeness showed no difference in total free
amino acids. Major amino acids such as ar-
ginine and glutamine also showed no diffe-
rence (in agreement with Gregan et al.,
2012). However, some reduction was seen
between veraison and full ripeness, both at
the higher fluence and a medium exposure
of UV-B. One amino acid that did increase
was gamma-amino-butyrate. It was sug-
gested this may be due to a possible role in
preventing accumulation of reactive oxygen
intermediates and cell death under UV-B
exposure. From a variety of different meth-
odologies and using different grape var-
ieties, the evidence points to little direct
effect of UV-B radiation on amino acid me-
tabolism, though there are some indications
of a UV-B response. This positive response,
however, may also be indirect (impact on
leaf photosynthesis) which leads to reduced
production and or export of the amino acids
to the fruit. With the advent of transcrip-
tomic approaches etc., the regulation of
amino acid biosynthesis can be addressed
in more detail. For instance, in our present
research we are using Nanostring nCounter
transcriptomics technology which will en-
able us to simultaneously investigate mul-
tiple known and putative genes involved
in amino acid metabolism, for instance
glutamate/glutamine and proline/arginine
metabolism. This will provide expression
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profiles for biosynthesis and degradation of
amino acids throughout development and in
response to the environment. One observa-
tion is that using this approach, flavonol syn-
thase 4 clearly responds to UV-B in agreement
with the results of Liu et al., 2015 using
gPCR. In contrast, no genes related to amino
acid biosynthesis or turnover show an overt
UV-B response/induction in the grape berry
(Gregan et al., unpublished observations). It
is possible that the regulation of amino acid
metabolism is largely at the level of protein
activation and enzyme activity.

Aroma compounds, lipids and isoprenoids

Methoxypyrazines (mostly 3-isobutyl-2-meth-
oxypyrazine (IBMP) and 3-isopropyl-2-meth-
oxypyrazine (IPMP)) are important aroma
compounds giving an herbaceous/grassy
aroma to wine (Allen et al., 1991; Lacey
et al., 1991; Lakso and Sacks, 2010). Their
presence is considered beneficial in some
wines, such as New Zealand Sauvignon
blanc (Parr et al., 2007a, b), but detrimental
for the aroma of red wines, such as Cabernet
sauvignon (Dunlevy ef al., 2010; Martinson
and Scheiner, 2010; Dunlevy ef al., 2013;
Guillaumie et al., 2013). A variety of studies
have suggested that light has an effect either
on the biosynthesis or degradation of these
compounds (Gregan and Jordan, 2012, 2016
and references therein). The research has fre-
quently inferred that UV-B has a role in this
light response. Recently, methoxypyrazines
were determined in grape berries throughout
development from vines with canopy leaves
retained, with leaves removed over the fruit-
ing zone (no screen), and with leaves re-
moved and PETG screens used to block UV-B
radiation (Gregan et al., 2012, 2016 and un-
published data). Over three seasons the high-
est level of methoxypyrazine was achieved
pre-veraison. Using screening material to
exclude UV-B, some indications were ob-
tained that early in development UV-B did
reduce methoxypyrazine levels. However,
this was not sustained and no effect could be
seen at harvest in juice made from these ber-
ries. Furthermore, specific analysis of berry

skins showed no changes to methoxypyrazine
levels at harvest when UV-B was removed,
compared to fully exposed berries.

Grapevines comprise a mixture of hydro-
phobic compounds such as waxes, fatty acids,
membrane lipids and sterols, as would nor-
mally be expected within the various cellular
compartments of plants. Their leaves con-
tain polyunsaturated fatty acids, such as
linolenic acid and linoleic acid (C18:3 and
C18:2) as the major fatty acid constituents of
galactolipids which are the predominant
lipids of leaf chloroplasts. These polyunsat-
urated fatty acids within the lipid fractions
are potentially susceptible to UV-B-induced
oxidation and the subsequent action of en-
zymes such as lipases and lipoxygenase
(LOX) to produce a cascade of damaging re-
active oxygen species (Podolyan et al., 2010).
In addition, the hexanyl carbon chains
formed from this enzymatic breakdown are
the precursors for combination with sul-
phur-containing amino acids to form thiols.
The limited research, however, shows little
evidence that UV-B causes a breakdown of
these fatty acids (Giordano et al., 2004) and
in the normal growing environment lipids
are stable due to a wide range of protective
mechanisms, which include cellular anti-
oxidants and physical barriers such as
changes to surface wax composition and
formation of trichomes. However, it is likely
that the leaves will become more suscep-
tible to UV-B-induced lipid breakdown
with senescence. Furthermore, the leaf fall
at senescence will expose the fruit to more
UV-B and potential lipid degradation (see
below for potential consequences).

The berries themselves also contain plas-
tids, but their morphology and function
changes throughout development. Specifically
the grape pericarp plastids change from a
small amyloplast stage at anthesis to a larger
pleomorphic form containing lipid-like gran-
ules (Hardie et al., 1996). The lipid-like
globules are the cellular compartments asso-
ciated with the biosynthesis of isoprenoid
secondary metabolites, such as monoterpe-
nes and damascenone (see below). Within
the lipid fractions of the grape berry, the
major fatty acids are saturated fatty acids,
such as palmitic acid (C16) and stearic acid
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(C18), although there are still substantial
levels of polyunsaturated fatty acids present
at harvest. There is also a large LOX gene
family that is capable of breaking down
these fatty acids (Podolyan et al., 2010).
From the wine industry perspective, the
breakdown of these fatty acids pre- and
post-harvest is very significant as it leads to
the formation of important aroma com-
pounds called thiols (3MH and 3MHA:
Podolyan et al., 2010). The role of UV-B on
this process at this latter stage of grape berry
development is unknown, but clearly there
is a significant potential to both cause the
lipid breakdown and induce the expression
of genes for enzymes such as LOX which
could completely alter the wine aroma pro-
file. This is particularly relevant as, at this
late stage of development, leaf fall will ex-
pose the berry fruit to additional UV-B ex-
posure and potentially cause further change
in lipid composition in vivo. Subsequent tis-
sue disruption during harvesting will then
bring the lipid/fatty acid substrate in contact
with enzymes of degradation such as LOX.
Another major protective mechanism
involves carotenoids which are hydropho-
bic molecules found in plastids and act as
antioxidants and photo-protectants. These
compounds are very important in grapes as
they are precursors of volatile norisopre-
noids, notably beta-damascenone and beta-
ionone that are contributors to wine flavour
and aroma. The changes in carotenoid
levels in response to UV-B has been variable
depending largely on the species or variety
(Jordan, 1996). In grapes the response has
usually been a lowering of the carotenoid
levels (Schultz et al., 1998; Steel and Keller,
2000). Steel and Keller (2000) showed a de-
crease in leaf and berry carotenoids in re-
sponse to UV-B in Cabernet sauvignon
vines. This reduction in carotenoids has
also been linked to a reduction in the photo-
protective efficiency of the xanthophyll
cycle. In addition, the norisoprenoids
change in response to the light/UV-B envir-
onment (see Jug and Rusjan (2012) for fur-
ther discussion and references therein).
Another important group of hydrophobic
compounds are the terpenoids, which in-
clude diterpenoids such as tocopherol and

triterpenes such as sitosterol and stigmaster-
ol. The triterpenes are synthesized by a cyto-
solic MAV pathway while the diterpenes are
produced in plastids by the methylerytritol
phosphate pathway. Recent studies suggest
that these pathways are induced by different
fluences of UV-B radiation and may have dif-
ferent roles (Gil et al., 2012). For instance,
low fluence UV-B causes the induction of
sterols that are involved in membrane stabil-
isation, whereas high fluence UV-B increases
the diterpenes which have an antioxidant
role to protect against damaging ROS. Diter-
penes, such as tocopherol, are also lipo-
philic and therefore protect against lipid
oxidation damage within the hydrophobic
regions of membranes. High UV-B also in-
creases the levels of the stress-related ses-
quiterpenoid hormone ABA. Taken together
the results suggest the involvement of ter-
penoids at two levels. At low fluence UV-B
they are involved in an adaptive mechan-
ism involving the production of sterols to
stabilize cell membranes and at higher UV-B
fluence, terpenoids with antioxidant prop-
erties are produced to be part of a
defence-related response (Gil et al., 2012).

The Effects of UV-B on Grape Pathogens

UV-B is highly energetic radiation and
therefore has potentially damaging conse-
quences for a wide variety of plant patho-
gens (Jordan, 1996). There are a number of
ways that UV-B radiation can influence dis-
ease progression in grapes:

1. Direct impact of the UV-B radiation on
the pathogens.

2. Enhancement of the plant’s endogenous
biochemical defence.

3. Formation of physical barriers such as
waxes.

In addition, different cultivars of grapes
show different susceptibility to UV-B, and
cultivars will respond to the UV-B exposure
differently at different developmental stages.

UV-B radiation is potentially harm-
ful to any microbe (bacteria, fungi,
bacteriophage or virus) present on the
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surface of the grapevine. However, the re-
sponse of the microbe will depend on its in-
dividual tolerance or susceptibility to UV-B,
which will be dependent on a number of
factors, such as the life cycle stage, degree of
protective pigmentation and effectiveness
of DNA repair mechanisms. In addition, it
is important to consider the impact of mul-
tiple environmental parameters on the
pathogens since a combination of stress fac-
tors can have a different outcome compared
to the effect of a single stress (Jordan, 1996).
The microbes, themselves can frequently be
adapted to particular UV environments,
such as the soil or phyllosphere. The variety
of individual responses will in turn influ-
ence the ecological community effect. The
general response is, however, for microbes
to be affected negatively by UV-B radiation.
Uncinula necator (powdery mildew) is a
major pathogen of grapevine and tends to be
most prevalent within the shade inside the
vine canopy (Austin and Wilcox, 2010). Ex-
posure to UV-B both inhibited conidial
spore germination and mycelial growth of
this pathogen (Willocquet et al., 1996).
UV-B radiation is also known to share a
number of common signal transduction
pathways with pathogens and elicit patho-
gen defence pathways (Surplus et al., 1998).
These signal transduction pathways induce
changes in gene expression to produce
pathogen protective compounds. Evidence
that this may be an important factor in pro-
tection of grapes comes from studies on in-
fection of abaxial and adaxial sides of leaves
(Keller et al., 2003). These studies showed
that a highly significant effect of UV was
found on abaxial sides of leaves, despite the
fact that this surface was protected from dir-
ect UV exposure. These results strongly sug-
gest that a physiological response of the
plants cellular defence system is a major de-
terminant of infection. In addition, the same
workers looked at the interaction of UV and
nitrogen status in different varieties of grapes
(Chardonnay and Cabernet sauvignon) that
show different susceptibility to powdery
mildew. Incidence of powdery mildew in-
fection was substantially increased by high
nitrogen status and low UV, particularly in
Chardonnay. Under these conditions, the

response was related to leaf succulence, low
phenolics and cuticular wax deposition,
high nitrogen and photosynthesis.

A well-reported response of plants to
UV-B is the production of pathogen-related
proteins (PR proteins). These PR proteins
are a mixture of acidic and basic enzymatic
proteins that can inhibit pathogen infection,
through degrading cell wall components for
instance (e.g. chitinase). In Sauvignon blanc
grapevines, PR proteins increased in the
skin and pulp with the severity of powdery
mildew infection (Tian et al., 2015). UV ex-
clusion (UV-B and UV-A) reduced the PR
proteins in the skin, but not the pulp. In
similar experiments on Sauvignon blanc,
but specifically separating UV-B and UV-A
responses, PR gene expression was con-
sidered (Liu et al., 2015). In these studies,
PR gene expression was very dependent on
the developmental stage of the grapes, being
predominantly expressed towards harvest.
Some of the PR genes were induced by UV-
B, but not all of those tested. In another series
of experiments in controlled environment
cabinets (Liu et al., 2017), PR genes were
routinely UV-B-induced which is consistent
with previous findings (Mackerness et al.,
1999). For further related discussion on UV-B
effects on ecosystems, including herbivory,
see Chapter 3, this volume.

Conclusions and Going Forward

Grapevine is a major international crop and
there is a long heritage of successful viticul-
ture and winemaking. However, there are
significant challenges for the future. A major
challenge has to be the impact of global cli-
mate change on a crop which is frequently
produced as a monoculture. The general
consensus is that global climate change is
taking place and there are potential chal-
lenges for viticulture in the predicted climate
scenarios (Schultz, 2000; see also Chapter 1,
this volume). The predicted changes include
increased temperature, increased CO, and
reduced water availability. The increase in
CO, scenarios that have been predicted
have been experimentally tested with a
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number of species. For most species the re-
sults are relatively consistent with an in-
crease in net photosynthesis, biomass
production and water use efficiency. These
findings are also consistent for grape, how-
ever, long-term acclimation may reduce
these positive aspects (Schultz, 2000).

In addition to these environmental
parameters, UV-B levels are unlikely to de-
cline substantially and in some latitudes
may even increase in response to other cli-
matic factors changing (see also Chapter 1,
this volume). The role of UV-B becomes
very important as it is well known that the
response of plants to UV-B radiation is par-
ticularly sensitive to interaction with other
environmental parameters (Jordan, 1996).
Thus there is a general expectation that with
latitudinal climate changes taking place,
some varieties of grapes will not cope in
their existing environments (e.g. Merlot in
Bordeaux). Furthermore it is predicted that
the environment of whole regions may be
essentially moved to a different location
(e.g. the climate of the major wine region of
New Zealand, Marlborough, will be found
further south in Canterbury). It is therefore
essential that the consequences of a chan-
ging environment be taken into account,
with multiple environmental parameters
being considered. For instance, the predicted
increase in temperature and CO, is expected
to increase photosynthesis and hence prod-
uctivity. However, UV-B may counteract this
response (see Martinez-Liischer et al., 2016).
Similarly, the UV-B response of plants is
strongly influenced by the level of water
availability — a reduced water level generally
decreases the UV-B response. This could be
because lower levels of water slow growth,
meaning that there is less potential impact of
UV-B on cell division, etc. Even the colour of
red grape varieties may be changed by the al-
teration in temperature and UV-B brought
about by climate change.

From this short review we can make a
number of particular observations on the
biochemical and molecular response to
UV-B in grapevine:

1. Flavonols respond specifically to UV-B
radiation and the regulation is at the level of

gene activity. The role of different signal
transduction pathways need further investi-
gation, but it is highly likely that the UVR8/
HY5/COP1/MYB pathway is involved (Liu
et al., 2015).

2. Flavanol-3-ols (proanthocyanidins/con-
densed tannins) respond mostly to visible
light.

3. Anthocyanins show some response to
UV-B in different varieties, but this requires
further investigation to determine the mo-
lecular mechanism.

4. The interactions between the flavonoids
(1, 2 and 3 above) in response to UV-B/
visible light are very significant in relation
to wine quality (e.g. oxidation status and
co-pigmentation).

5. Amino acid levels may be affected in
certain varieties of grapevine by UV-B, but
this is likely to be indirect.

6. Aroma compounds do show changes in
response to UV-B, be they direct or indirect.
These changes are wide ranging and reflect
the diverse nature of the biochemical path-
ways that are involved.

7. The effect of UV-B on pathogens has only
been investigated to a limited extent in grape-
vine. This remains an opportunity for further
understanding and exploitation through viti-
culture practice.
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Introduction

Global agriculture faces significant challenges
in order to provide sustainable, nutritious,
high-quality food for our growing popula-
tion. During the last 50 years, agricultural
productivity has expanded at a pace that
has typically exceeded increases in human
population, but this phase of expansion has
now reached an end. The rising tide of food
‘insecurity’ demands that the pipeline of
agricultural innovation is hyper-accelerated,
delivering new solutions for food production
at a previously unprecedented rate. Such a
task calls for the integration of new plant
biological knowledge into agricultural practice,
and reduced reliance on purely conven-
tional approaches to increase crop yields.
The Green Revolution of the 20th cen-
tury was underpinned by waves of technology
transfer that led to large changes in agro-
nomic methods, including the introduction
of high-yielding grain varieties, increased
use of agrochemicals and increased use of
mechanization. The result of the adoption
of such approaches was an almost threefold
increase in grain yields from 1961 to 2010
(Godfray et al., 2010). However, the world
now faces a range of threats to agricultural
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improvement, including a predicted rise in
human population to 9 billion by 2050, the
consequences of climate change, and in-
creased land consumption demand for meat
farming, dairy production and other non-food
land use such as biofuel feedstock cultiva-
tion. Taken together, it is estimated that global
crop yields need to increase by 100-110%
by 2050 in order to meet required demands
(Tilman et al., 2011). It is currently clear
that achieving such a quantum in crop yield
increase will be highly challenging, and it
has been estimated that the current rates of
improvement for key grains indicate that a
doubling of yields will be very unlikely by
the middle of this century (Ray et al., 2013).
The challenges associated with achieving
large increases in agricultural productivity
are significant, and more so when com-
bined with the threat of climate change. For
example, it has been suggested that a poten-
tial outcome of increased atmospheric CO,
levels is a fertilization effect in terms of an
increase in net photosynthetic rates of many
crop plants (Ainsworth and Rogers, 2007).
However, such potential benefits of in-
creased CO, supply to plants could be
limited by other consequences of climate
change, such as increases in tropospheric
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ozone, which can be injurious to plant photo-
synthetic function (Lobell and Burke, 2009).
Equally, crop plants such as maize and sor-
ghum, which utilize C4 photosynthesis, could
be less sensitive to increased CO, in terms
of photosynthetic improvement (Ainsworth
and Long, 2005), yet contradictory evidence
also suggests C4 crops may indeed be sensi-
tive to CO, enrichment (Leakey et al., 2004).
The interactions between various outcomes
of climate change and net crop productivity
are still not well understood, but even pre-
dicted climatic variability alone is a factor
that underpins a significant proportion of
crop yield variability (Ray et al., 2015). In
addition to the marked concerns regarding
crop productivity from a food insecurity
standpoint, other related challenges exist
for agriculture; namely food quality and
provision for a burgeoning middle-class glo-
bal population. By 2030, it is estimated that
the number of Global Middle Class (i.e. those
households with a daily expenditure ranging
from US$10 to $100 per person) could in-
crease to 4.9 billion (from 1.8 billion in 2009)
(Kharas, 2010). Such an increase in the num-
ber of middle class consumers will act as
drivers for agricultural change, not in terms
of nourishment itself, but with regards to in-
creased demand for certain food types (e.g.
dairy, meat) and higher-quality (‘premium’)
food products, such as fresh produce with
optimized taste, increased health-giving
properties, and shelf-life characteristics. As
well as direct and tangible improvements in
food quality, a growing demand for pre-
mium food will also lead to increased pres-
sure to further reduce agrochemical inputs,
and progression of the use of sustainable
agronomic practices in general.

The pathway to increasing food pro-
duction to such a scale requires significant
innovation, particularly with regard to the use
of ‘sustainable intensification’ (Pretty, 2008),
e.g. achieving large increases in crop yield,
but in the absence of large expansion of pro-
duction land area. Therefore, closing the
yield gaps in agriculture requires the use of
numerous agronomic and plant biological
tools (Foley et al., 2011), utilising tech-
niques based on the principles of precision
agriculture (Wang et al., 2006), integrated

pest management (Vet and Dicke, 1992), and
sustainable nutrient management (Spiertz,
2010), in addition to the use of genetic modi-
fication. But no single tool or approach will
single-handedly achieve the yield increases
or innovations in premium food production
that are needed, and an integrated model of
agricultural evolution will be the only route
to achieve such goals. One of the goals to
achieving sustainable intensification is the
increased substitution of chemical crop in-
puts with biologically based inputs (Alexan-
dratos and Bruinsma, 2012), and increased
use of biologically based crop improvement
knowledge in general. The exploitation of
plant-crop responses to light have been crit-
ical throughout the history of crop cultiva-
tion, not least due to the requirement of light
for photoautotrophic nutrition via photosyn-
thesis, but also due to our understanding of
how light is perceived as an ‘informational’
cue by plants. The direct agronomic value of
increasing our plant photobiological know-
ledge is significant; for example, our under-
standing of plant responses to shade that is
imposed by neighbouring plants forms a
vital aspect of crop plant density optimiza-
tion practices within modern agriculture (as
discussed by Ballare et al., 1997). Indeed, it
could be argued that the exploitation of
photobiology in agriculture has constituted
a ‘silent innovation’ in the past, despite our
enormous reliance on plant-light inter-
actions. In this chapter, we will explore the
exciting potential to use our understanding
of UV-B plant response for maximum future
gain in food cultivation.

UV-B Photomorphogenesis
and Crop Plants

Plant responses to UV-B radiation [280-315
nm] are diverse and numerous, yet there is
much we still do not understand regarding
the ‘impact’ of UV-B plant responses upon
natural ecosystems and cultivated crop pro-
duction systems. If the advent of concerns
in the early 1980s regarding the potential
consequences of stratospheric ozone deple-
tion is considered in many ways the birth of
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modern UV plant photobiological research,
it is not a coincidence that many early stud-
ies of plant UV response were focused on
crop plants, largely due to the concerns re-
garding the deleterious effects of increased
UV-B exposure to crops. Many of those early
studies indeed attributed observed reduc-
tions in plant growth and/or productivity to
enhanced UV exposure, and UV-B wave-
lengths in particular. As discussed earlier
(see Chapter 2, this volume), UV-B plant pho-
tobiological experimental design has evolved
substantially over the last three decades, and
changes in experimental technique have in-
arguably influenced many of the observations
made in the past. For example, a number of
studies from the 1980s and early 1990s that
focused on crop plant species concluded that
crop plants were vulnerable to UV-B exposure:
Teramura et al. (1991) observed reductions in
biomass across a number of rice cultivars; He
et al. (1993) noted intraspecific differences in
UV response in rice. In the latter work, the
researchers attributed sensitivities in rice
and pea plants to UV on the basis of de-
creases in the ratio of variable to maximum
chlorophyll fluorescence yield, and in the
quantum yield of photosynthetic oxygen evo-
lution. Yet, as our knowledge of UV—plant
interactions grew, and experimental tech-
nique developed further, an increasing num-
ber of studies questioned the likelihood that
ambient solar UV-B levels could induce sig-
nificant reductions in crop productivity.
Moreover, our understanding of UV photo-
morphogenesis was expanding, whereby
UV-induced changes (e.g. in leaf expansion
rate) did not necessarily indicate a net prod-
uctivity loss to a particular crop plant. For
example, a review of experiments where
realistic UV-B exposures of plants under
modified or ambient field conditions were
carried out (i.e. no use of hyper-ambient UV
fluxes; no use of non-earth surface incident
UV wavelengths), concluded that ambient
levels of UV-B at that time (or in the pre-
dicted near future of ozone depletion) were
very unlikely to lead to reductions in photo-
synthetic competency (Allen et al., 1998).
Simultaneously, there was increasing inter-
est in the breadth of interactions that could
be mediated by UV between crop plants and

other biotic/abiotic factors, including plant
pathogens (Paul, 2000), and insect pests of
crops (Antignus et al., 2001).

Two key developments have since oc-
curred in UV-B plant photobiological research,
which have significant consequences for the
agronomic impact of UV photobiological
knowledge. Firstly, our understanding of
the molecular basis of UV-B perception and
early-stage signalling events has grown con-
siderably since the early 2000s, most not-
ably in the discovery of UV RESISTANCE
LOCUS 8 [UVR8] as a UV-B specific photo-
receptor protein (Rizzini et al., 2011), and
the subsequent elucidation of UVR8’s struc-
ture and likely mode of activity (Christie
et al., 2012). Such advances in our under-
standing provide tools to dissect the mech-
anistic drivers of previously well-known
physiological and biochemical responses to
UV. Moreover, a key observation arising from
the discovery of UVRS, is that UV-B specific
photoperception and downstream responses
can be activated by relatively lower, regula-
tory fluence rates of UV-B, such as the inhib-
ition of hypocotyl elongation for example
(Favory et al., 2009). Such studies are in
stark contrast to those experimental ap-
proaches used to simulate hyper-ambient
UV environments in relation to past con-
cerns around ozone depletion. Second, as
our interest in the regulatory effects of UV
plant response has increased, particularly
with regard to decreased focus on the solely
deleterious consequences of UV exposure,
an increasing number of studies have fo-
cused on the intriguing overlap between
key plant responses to UV as agronomically
desirable traits. For example, plant growth
regulation (UV morphogenesis), crop prod-
uct taste or flavour (UV sunscreening re-
sponses), and plant hardiness (increased
resistance to abiotic/biotic stress), are all ar-
guably desirable traits in agricultural pro-
duction. Indeed, as has been noted by other
authors, there are marked opportunities to
consider the agricultural benefits of UV-B
plant response (Ballare et al., 2012; Wargent
and Jordan, 2013; Andrady et al., 2016).
This now-significant interest in the agro-
nomic exploitation of UV biology is under-
pinned by studies that have grown this new
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revolution in UV-B plant photobiology,
based on the integration of new research
tools and a refreshed perspective regarding
the range of possibilities to alter the UV en-
vironment for many cultivated crops.

Opportunities to Exploit UV Response
in Agriculture

Agricultural environments
and UV light exposure

Studies of UV plant response have historic-
ally relied upon a range of experimental
approaches, from completely controlled
(indoor) lighting environments, to outdoor/
field systems that utilize supplementation
with artificial UV lighting sources, to select-
ive filtration or transmission of key spectral
regions from ambient sunlight at a given lo-
cation. The use of spectral filtration as a con-
sideration for plant cultivation is not hugely
new per se, since initial studies of responses
of crop species under modified red:far-red
(R:FR) environments took place more than
two decades ago (McMahon et al., 1991; Ra-
japakse et al., 1993; van Haeringen et al.,
1998). Crop covers, such as polyethylene films
used to cover polytunnels or ‘hoop-houses’,
and/or various cladding materials used for
glasshouse covering, have evolved a great deal
over the last 20 years, whereby the spectral
transmission of crop covers can now be speci-
fied to quite a high extent (Krizek et al., 2005).
For example, a ‘standard’ horticultural crop
cover often exhibits good transmission within
the visible spectrum, some transmission in
the long-wave UV-A wavelengths, and no
transmission in the UV-B waveband. It is
also clear that crop cover specifications can
vary quite widely. The innovation of crop
covers that allow for greater or lesser trans-
mission of UV (dating to the early 2000s)
has allowed researchers to study how modi-
fying the ambient UV component of sun-
light can potentially introduce a new level
of crop quality and yield control. A large
and growing proportion of the world’s crops
are grown under some form of protected
environment (e.g. polytunnel/hoop-house,

glasshouse), and in countries such as Spain
and The Netherlands, the land-area use of
protected cultivation practices is very sig-
nificant. While a number of crops may be
grown under protection for an entire pro-
duction cycle (i.e. from seed/planting to
harvest), protected cultivation is often used
as a ‘nursery’ phase for crops that are rou-
tinely raised to a young age, and then trans-
planted into an outdoor field environment
for onward growth. The practice of the trans-
plantation of plants from a nursery environ-
ment is arguably in an expansion phase
within global agriculture, largely due to the
likely positive effects of protected propaga-
tion on plant health, relative growth and har-
vested produce quality. Currently, typical
crops that are transplanted include veget-
ables in particular (e.g. lettuce, broccoli), in
contrast to the traditional ‘row crops’ such as
corn, soy and maize. The rise in protected
cultivation, combined with those new tech-
nologies related to crop cover films with dif-
fering UV radiation transmission profiles,
has led to a number of studies which have
attempted to assess the consequences for
crops grown under modified UV environ-
ments. For example, Paul et al. (2005) pro-
vided an initial demonstration that exposing
propagation lettuce (Lactuca sativa) plants to
a modified UV tunnel environment can have
significant consequences for plant growth,
including increases in plant fresh weight and
leaf area, when comparing plants grown in a
UV-excluding tunnel environment to those
in a UV-inclusive environment (i.e. the add-
ition of short-wave UV-A and long-mid
wave UV-B). However, this response when
excluding UV was traded off against an im-
pact on the preferable ‘bitter, strong’ taste of
lettuce, which was dramatically enhanced
in plants grown (for 14 days) under a UV-
inclusive environment. In this study, plants
remained under the UV-modifying films for
the duration of the experiments. A follow-on
study quantified the responses of L. sativa
plants, not only during the time that plants
were exposed to varied UV regimes under
polytunnel filters, but also tracked plants
following a field transplantation event. The
mean final harvestable fresh weight of let-
tuces which were briefly propagated under
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a UV+ filter environment was increased by
69%, as compared to plants originally culti-
vated under a UV-blocking filter, with UV+
plants increased in fresh weight by 31% com-
pared to plants maintained at that young age
under a ‘standard’ horticultural polytunnel
cladding material (Wargent ef al., 2011). The
mechanisms by which plants exposed to UV
at a young age could exhibit increased biomass
accumulation by the end of the field-growing
phase remain somewhat elusive. However,
following studies within artificially lit con-
trolled environments, it was shown that en-
hanced exposure to UV can lead to increases
in photosynthetic efficiency and capability,
following a period of high light (Photosyn-
thetically Active Radiation (PAR): 400-700
nm) and high temperature stress. Such re-
silience could possibly provide benefits to
crop performance in the long run. These ex-
amples emphasize the paradigm shift that
UV-B plant photobiology is arguably under-
going at this time, where those well-
described morphogenic responses to UV-B
may translate into desirable agricultural
crop characteristics, e.g. plants with an in-
creased tolerance to the various unpredict-
able stresses of the commercial food growing
environment. UV morphogenic responses
are clearly responsive to changes in the
transmission of ambient UV, even at mid-
latitudinal locations, but given the spectral
and dose-based specificity of many ob-
served UV responses to date, ‘broadband’
modifications to ambient UV-B may present
agronomic challenges in terms of reliable
manipulation in a year-round crop produc-
tion environment. There are still quite
limited examples of commercial uptake of
UV-modifying films for horticultural pro-
duction — this may be as a result of the cost
of implementation, and/or the reliance on
local climate/sunlight levels to achieve any
previous reported responses. Nonetheless,
some larger-scale uses of commercially
available glasshouse cladding materials
which transmit high levels of UV-B have
been described, with morphological bene-
fits (e.g. stem shortening) attributed to in-
creased UV-B exposure (Torre et al., 2012),
and in other cases, limited benefits to en-
hanced UV-B transmission, i.e. flower colour

(Sakai et al., 2010). The dynamic nature of
the vast majority of crop production envir-
onments (e.g. exposure to different climates,
soils and critical events, such as drought or
pathogen attack) also highlights the likely
challenges in exploiting morphological re-
sponses to stimuli such as UV for agro-
nomic gain. In other words, a much greater
level of understanding of UV response would
be needed to predict interactions with dif-
ferent components of an agronomic system
(Fig. 11.1).

Plant secondary metabolism could be
UV-modified for consumer benefit

In terms of secondary metabolic responses
(arguably a good proxy for crop colour and/or
taste), lettuce has been used as a model crop
a number of times, with increases in antho-
cyanins and other phenolic compounds
regularly observed under a UV-enhanced en-
vironment (Krizek et al., 1998; Tsormpatsidis
et al., 2008) and, interestingly, in response
to both enhanced UV-B and/or UV-A light.
The fact that both overlapping and diverse
roles in secondary metabolism induction
have been identified for UV-B and UV-A ra-
diation is of relevance to the consideration
of agronomic interactions. While the typical
focus of UV morphogenesis research is on
UV-B responses, UV-A fluxes are significant
in terms of solar radiation, and may also be
subject to perturbation as a result of climate
change (McKenzie et al., 2011). At the same
time, the majority of protected cropping en-
vironments are likely to allow more trans-
mission of (long-wave) UV-A than UV-B.
However, responses to UV-A radiation re-
main somewhat poorly defined, and there is
limited evidence for exposure to UV-A
alone leading to potential agronomically de-
sirable traits, with the exception of second-
ary metabolite induction.

For example, in a recent study L. sativa
seedlings cultivated under glasshouse (GH)
conditions (which included mid-long wave
exposure to UV-A but not UV-B) were com-
pared with seedlings grown in a controlled
environment (CE) where a modest flux of
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Fig. 11.1. Agricultural targets for UV response. Crop production exists as an interactive system, composed
of both biotic and abiotic aspects. The diverse range of identified agri-outcomes related to UV exposure can
be described as strongly plant-orientated (e.g. relative level of UV response in a given crop genotype;
produce quality such as taste, colour), or somewhat less plant-orientated (e.g. persistence of human food
pathogens on crop surfaces; interactions with soil rhizosphere). It can be argued that building a more
holistic understanding of how numerous components of the agri-ecosystem interact in response to varying
UV environments, will lead to future opportunities to exploit such endpoints for agronomic gain.

UV-A was present, but UV-B wavelengths
were also included. The CE (UV-B+) plants
exhibited the largest increases in net photo-
synthetic rate, and epidermal UV shielding
levels (Wargent et al., 2015).

Moreover, CE (UV-B+) plants were
more elevated in levels of the most abun-
dant secondary metabolites identified in
the seedlings via LC-MS, such as quercetin
3-(6"-malonyl-glucoside). It has been shown
that simultaneous UV-A and UV-B exposure
can be required for maximal acclimation of
plants under ambient sunlight (Barnes
et al., 2013), which further highlights our
limited current knowledge regarding signal-
ling cross-talk between the UVR8-COP1-HY5
pathway and UV-A signalling. Management
of foliar colour of leafy salad vegetables,
such as red lettuce, is a known crop quality
attribute and the use of UV modification to
regulate colour would arguably be desirable
if a stable and cost-effective technology could
be offered to achieve this. At the same time,
the predominant focus of many secondary

metabolite studies has centred on short-
term experiments, where plants are exposed
using UV-B (or UV-A) sources that were de-
veloped for laboratory use. Such approaches
cannot necessarily be used in an identical
form for commercial treatment of crops, and
technological advances may further extend
the possibilities of exploiting plant bio-
chemical responses to UV. The expanding
use of fully controlled environments to cul-
tivate crops (using so-called ‘vertical farm-
ing’ approaches for example) also indicates
an opportunity to completely control the light
environment for crops (Yeh and Chung,
2009), yet technological and photobiologi-
cal challenges certainly remain.

The manipulation of the UV response
for control of produce colour is not the only
potential endpoint of modifying plant sec-
ondary metabolism. The development of
tools to increase the health-giving properties
of fresh produce has been a high-profile aim
of many in the food industry for some time
now. This may be in the form of increased
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antioxidant availability (Gulcin, 2012), diet-
ary fibre (Slavin and Lloyd, 2012) and con-
sideration of the broader role of dietary
phenolics (Parr and Bolwell, 2000). There is
certainly an abundance of studies which
have examined the effects of UV exposure
on numerous aspects of dietary health re-
lated plant components. However, it is not
clear at the present time if such traits as
consumer health benefits can be routinely
up-regulated by UV enhancement (Jansen
et al., 2008), and most importantly, if con-
sumer/market acceptability would embrace
such outcomes. While a ‘willingness-to-pay’
model has certainly been tested with regard
to, for example, new varieties of kiwifruit with
non-green flesh colour (Jaeger and Harker,
2005), there is still little understanding of
the value proposition associated with a
‘health-boosted’ version of a particular type
of produce. If no strong value proposition
exists for the use of UV to induce desirable
health properties in produce, then the com-
mercial impetus will not exist. However,
there is growing evidence of the potential
for UV enhancement to increase the content
of various health-associated compounds in
indigenous horticultural crops (Pandey and
Pandey-Rai, 2014; Takshak and Agrawal,
2016). Consideration of the ambient UV en-
vironment in which many such crops are
cultivated could be used to further develop
opportunities for solar UV to be maximally
exploited for health-promoting gain in the
future.

Crop density and UV interactions

Further agronomic integration of our under-
standing of plant UV response can also be
considered in terms of plant—plant inter-
actions such as shade. All crops are sown
and/or transplanted at cropping densities
determined on the basis of numerous physio-
logical factors (e.g. minimizing plant-to-plant
competition, increasing PAR exposure for
production of assimilates), but also with the
overall goal of maximised yield at the fore-
front of decision making, for which factors
such as access for mechanization and land

costs can also be highly influential. The im-
pact of UV morphogenesis has a diverse range
of implications for cropping density, across
the entire range of agricultural environ-
ments. For example, ‘stretching’ of plant
seedlings is a condition which is associated
with poor onward crop growth (Carriedo
et al., 2016), and increased susceptibility to
pest and pathogen attack (Izaguirre et al.,
2006). Where a particular propagation or
nursery environment may result in stem
elongation, due to a reduced red to far-red
light ratio (R:FR) as perceived by the plant
population, exposure to UV-B could arguably
ameliorate such an undesirable response,
both in a direct physiological sense, and
with regard to induction of plant defences.
Our pre-UVR8 understanding of photo-
morphogenesis has often been compartmen-
talized with regard to interactions between
UV-B and R/FR light; i.e. a perceived mech-
anistic separation of the UV-B inhibition of
stem elongation, and induction of stem
elongation in response to a reduction in
R:FR. Yet, as discussed in detail by other au-
thors (Ballare et al., 2012; Mazza and Bal-
lare, 2015), the light-related interactions in
a plant canopy are far from simple and sin-
gular in nature. While our understanding of
the molecular basis for shade-avoidance
related signalling is now quite well defined
(i.e. alower R:FR ratio as perceived by phyto-
chrome (phy) resulting in inactivation of
the active phy Pfr form, thus leading to in-
creased levels of PHYTOCHROME INTER-
ACTING FACTORS (PIFs), degradation of
DELLA proteins, increased auxin biosyn-
thesis, and stem elongation as a result), our
understanding of the cooperative influence
of UV-B on this signalling complex is now
expanding. Hayes et al. (2014) demonstrated
that under shade mimicking conditions
(R:FR ratio = 0.05), stem elongation is signifi-
cantly reduced when plants were co-exposed
to UV-B light, and that this attenuation of
shade avoidance response was part-mediated
by UVR8-dependent induction of gibberellic
acid oxidases (e.g. GA2-oxidases), resulting
in stabilization of DELLA proteins. The rele-
vance of such cross-talk is further under-
lined when we consider that UV-B:PAR
ratios can be elevated in shaded areas of
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vegetation (Flint and Caldwell, 1998). Hence,
despite UV-B fluxes being predictably lower
in shade, the significance of UV-B signalling
as a co-regulator of shade avoidance could be
profound in agricultural canopies. An in-
creased understanding of the actual light en-
vironment in a range of crop production
scenarios, and further elucidation of how
such signalling elements interact in different
genotypes, will be valuable in bridging such
photobiology with agricultural gain.

Pests, pathogens, and UV radiation

The agricultural ecosystem is not solely com-
posed of plants, with crop success tightly
linked to a complex web of biotic interactions.
Equally, the attention of UV-B biologists has
also focused on understanding the influ-
ence of UV on such interactions, predomin-
antly the consequences of UV response for
pest (insects) and pathogen (disease) attack.
Regarding UV—pest interactions, our under-
standing to date can be viewed from two
viewpoints: insect vision and perception of
UV, and indirect responses of insects, based
on UV plant photomorphogenic response.
There is a good understanding of the spec-
tral basis for vision in many insect taxa,
where both perception and behavioural re-
sponses are sensitive to UV-A wavelengths
(Tovee, 1995). There are also examples of
UV-B sensitivity in insects, such as in the
herbivore Caliothrips phaseoli (Mazza et al.,
2010). Colleagues in Israel have pioneered
much of our existing knowledge related to
this aspect of pest protection, driven by the
exploration and exemplification of UV-
opaque crop cover netting materials. The
role of UV-opaque crop covers in obscuring
normal vision (and thus optimal flight navi-
gation) has been demonstrated in phloem-
feeding insects, e.g. Bemisia argentifolii
(whitefly) (Antignus et al., 2001). In terms of
indirect consequences of UV morphogenesis
for pest insects (i.e. UV-mediated plant—insect
interactions), there is good, albeit still
somewhat limited understanding regarding
how prior or concurrent UV exposure can in-
fluence pest dynamics. Foraging patterns of

herbivorous pests upon plants previously
exposed to UV-B have been examined a num-
ber of times, with a consistent ‘deterrence’
effect observed, i.e. reduced consumption
of UV-exposed foliar material (Ballare et al.,
1996; Hatcher and Paul, 1994). However,
the consequences of plant-mediated UV re-
sponse for pest behaviour are not confined
solely to herbivory. Using the herbivorous
larvae—adult moth experimental model, adult
Plutella xylostella larvae oviposited prefer-
entially on Arabidopsis or Brassica plants
which had been grown in the absence of UV-B,
as compared to plants offered which had
been exposed previously to UV-B (Caputo
et al., 2006; Foggo et al, 2007). From a
mechanistic perspective, the potential for
overlapping signalling networks between
UV-B response and resistance to herbivory
is significant. For example, exposure to
UV-B under field and supplemental light
conditions in Nicotiana plants triggered the
induction of certain phenylpropanoid com-
pounds which were also induced by the
application of oral secretions from the
herbivore Manduca sexta (Izaguirre et al.,
2007), thus indicating some potential overlap
in UV-B and herbivory-related signalling.
The continuing evolution of our understand-
ing of the molecular basis for both herbivo-
ry resistance and UV-B perception has led
to some new knowledge of underlying sig-
nalling components. Morales et al. (2012)
carried out microarray analysis of wild-type
Arabidopsis and the uvr8 mutant following
exposure to modified ambient UV-B in a
northern latitude, and UV-B-mediated tran-
script accumulation of several jasmonic
acid (JA) biosynthesis and signalling genes
was shown to be acting in a UVR8-dependent
manner, after 12 h of solar UV exposure.
However, to date there is still relatively little
evidence that UV-B exposure leads to accu-
mulation of endogenous JA; there is however
evidence that solar UV-B can increase sensi-
tivity to jasmonates, leading to enhanced ex-
pression of insect wounding response genes,
such as trypsin proteinase inhibitor (TPI), as
demonstrated in jasmonate-deficient Nicoti-
ana attenuata plants (Demkura et al., 2010).
The single-system nature of research experi-
mentation naturally has a tendency to
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oversimplify complex dynamics such as
plant-insect interactions, and when our
current knowledge regarding UV-mediated
consequences for pests is considered in the
context of agriculture, further questions are
raised. For example, what are the indirect
effects of UV upon pests beyond insect
vision? How does UV affect pest—predator
dynamics, and could certain UV-induced
outcomes lead to consequences for biocon-
trol strategies, for example? There are few
studies to date which have examined insect—
insect interactions in this context, but the
information that is available is intriguing.
For example, in a series of choice assays,
the egg parasitoid Trichogramma parasit-
ized more eggs of the model pest organism
Manduca sexta under UV-B illumination,
as opposed to under the absence of UV-B
(Van Atta et al., 2015). In a tritrophic study,
Foggo et al. (2007) observed that when
Plutella xylostella larvae were allowed to
forage on cabbage plants which had either
been previously treated with UV-B, or not ex-
posed to UV-B, adult Cotesia plutellae para-
sitoid wasps chose more frequently to visit
those plants previously exposed to UV-B. It
is tempting to speculate that such a response
could be driven by UV-B-mediated increases
in plant volatile cues, particularly given the
role of the host plant in the attraction of
parasitoids and predators of plant pests (Vet
and Dicke, 1992). In terms of pest dietary
consequences of plant UV exposure, a study
of two genotypes of Trifolium repens, which
were exposed to supplementary UV-B and
fed to two herbivore species in short- and
long-term feeding trials, indicated that both
plant response in differing genotypes and
dietary outcomes in two insect species
were affected differently by identical UV-B
treatments (Lindroth et al., 2000). In terms
of considering agricultural consequences or
opportunities, such understanding clearly
demonstrates the multi-modal nature of con-
sidering UV modification in agriculture. For
example, for insect ‘deterrence’, where naviga-
tional interruption is targeted as above, the role
of UV-A radiation is arguably paramount (Ben-
Yakir et al., 2012). Yet, in terms of plant-
mediated outcomes for pest protection strat-
egies, the influence of UV-B morphogenesis

is likely to be significant. However, sizeable
knowledge gaps still exist regarding the in-
fluence of UV-B on plant—pest interactions
within end-to-end crop cycles or seasons,
and regarding how manipulable such dy-
namics may be, in order to maximise sus-
tainable pest management.

Plant pathogens represent a very sig-
nificant threat to the closing of yield gaps in
agriculture. Again as a result of concerns re-
garding ozone depletion, there has been
long-standing interest in the effects of UV
on plant pathogens, certainly from a terres-
trial ecosystem perspective, with positive
and negative consequences observed or hy-
pothesized for fungal species, e.g. growth,
reproduction (Paul et al., 1997). When con-
sidering evidence to date for the role of UV
modification for plant pathogen suppres-
sion, the importance of different UV wave-
bands is certainly complex. As with pest
control, several studies have indicated that
UV modification may offer a future means
to reduce pathogen persistence. For ex-
ample, in a study where two populations of
lettuce plants were deliberately infected
with the biotrophic fungal pathogen Bremia
lactucae, and the necrotroph Botrytis ci-
nerea respectively, the separate use of both
UV-inclusive and UV-blocking polytunnel
crop covers led to some level of disease sup-
pression (Paul et al., 2012). Such findings
are very likely to be driven by the quite op-
posing effects of different UV and blue light
wavebands in terms of fungal biology; e.g.
that UV-B exposure can kill fungal spores,
that UV-A wavelengths can be necessary for
fungal sporulation, and that blue light ex-
posure may suppress sporulation (Elad,
1997, Wu et al., 2000). Furthermore, studies
from Israel have shown that this outlook is
further complicated by the indirect protec-
tion offered against insect-borne plant vir-
uses by using a UV-opaque crop cover (Raviv
and Antignus, 2004). From a molecular per-
spective, our current understanding regard-
ingtheUV-mediatedbasisforplant—pathogen
interactions is even more limited than that
of plant—insect interactions. While a num-
ber of studies have shown intriguing over-
laps between UV-B-induced plant signalling,
and that of known components of pathogen
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response (e.g. pathogenesis-related proteins;
Surplus et al., 1998; Mackerness et al., 2001), our
post-UVR8 understanding of UV-pathogen
interactions is still quite constrained. Dem-
kura et al. (2012) showed that a reduction in
Arabidopsis infection by the necrotroph Bo-
trytis cinerea was UVR8-dependent, and that
hydroxycinnamic acids such as the sinapa-
tes were implicated in the defence response.
However, a fully resolved mechanistic model
of the role of UV in pathogen resistance re-
mains elusive. There are many questions yet
to be solved regarding the potential integra-
tion of UV-mediated pathogen control into
agriculture, and as with many aspects of our
current understanding of UV morphogen-
esis, there is limited knowledge regarding
the long-term consequences or persistence of
such UV-induced traits.

Post-harvest UV treatments in horticulture

Notwithstanding the scientific advances that
have been initially inspired by concerns
around ozone depletion, the use of UV treat-
ment technology in food and crop produc-
tion has also been explored at the post-harvest
level for some time. Basic approaches have
focused on disinfestation or related attempts
to extend shelf life of harvested produce via
increased mortality of spoilage organisms,
such as moulds (Lu et al., 1991), predomin-
antly using short-wave UV treatments, e.g.
UV-C radiation. More recently, attempts have
been made to use post-harvest UV treatments
as a means to extend shelf life (Bu et al.,
2013), and to enhance anti-oxidative poten-
tial of food and beverage products (Cantos
et al., 2003; Avena-Bustillos et al., 2012). Yet
at the same time, challenges do remain over
the cost-effectiveness and process imple-
mentation aspects of UV treatments for food
and produce (Shama, 2007).

UV modification technology: UV LEDs

LEDs have steadily become more accepted
and utilized in horticulture in recent years,
as supported by a growing research community

(Mitchell, 2015). One of the challenges
for the increased use of LEDs for crop pro-
duction, and for researchers, includes the
need to develop biological and technical
frameworks which can provide end users
with clear decision making steps in terms of
the ideal light environment they should
compose (or purchase off-the-shelf) when
using LEDs. Because visible LEDs are now
such a large part of our everyday lives, the
availability, wavelength ranges, shelf life,
and cost of, e.g. red and blue LEDs, has be-
come much more competitive in recent
years (Shur and Zukauskas, 2005). How-
ever, due to the much lower level of every-
day applications for UV light compared to
visible, the development of UV LEDs has
been slower and slighter, with cost implica-
tions also significant, albeit compared to
visible LEDs. UV LEDs require different
base materials from visible LEDs (Hu et al.,
2006), and thus there are certain differences
in manufacturing processes. To date, such
considerations have slowed the rate of sci-
entific development regarding UV LED im-
plementation into horticultural research
and production. However, some opportun-
ities exist regarding UV LED use, and em-
bryonic research advances have been
achieved. The potential applications for UV
LEDs in agriculture and horticulture have
certainly been subject to recent debate and
discussion (Wargent and Jordan, 2013;
Huche-Thelier et al., 2016), yet few pub-
lished studies currently exist, particularly
in the pre-harvest application space. How-
ever, it has been demonstrated that induced
increases in crop colour, again in lettuce,
can be achieved using UV-A LED sources
(Li and Kubota, 2009), as opposed to using
spectral filters or fluorescent UV tubes. In
addition, increased suppression of tomato
mosaic virus was observed in response to
exposure of plant material with 7-14 kJ m~2
day™ at wavelengths of 280-290 nm sup-
plied by UV LEDs (Matsuura and Ishikura,
2014). Equally, the potential applications of
UV LEDs for extension of shelf-life of fresh
produce has also been explored by Britz
et al. (2013), who recently showed that cold-
storage shelf life of strawberries could be ex-
tended twofold when the fruit was exposed
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to low doses of UV LED radiation. As more
studies are completed in the future, our
understanding of the potential of UV LEDs
in horticulture will no doubt expand.

Conclusions

While many of the now well-described out-
comes of UV crop exposure can be seen as
valuable to agricultural production, it is also
clear that our increasing knowledge of UV
morphogenesis has to expand considerably
further in order to achieve significant tech-
nology transfer in the future. One complex
challenge we face is related to the deep vari-
ation of different UV wavelengths in initiat-
ing (or inhibiting) differing biological
responses. This multi-wavelength orchestra-
tion of the biological effectiveness of most as-
pects of UV response will require enhanced
understanding of the underlying biology of
desirable (and undesirable) crop traits, and
over a temporal scale. The same is also true
regarding the evolution of UV lighting tech-
nology. For example, conventional research
tools such as high-pressure lamps, or fluores-
cent tubes, are unlikely to offer a sturdy or
efficient means of providing industrial UV

treatments to crops, now or in the future. One
main reason for this is the lack of wavelength
control or specificity that can be achieved us-
ing broadband light sources. Spectrally modi-
fying films can offer some potential to
manipulate the UV environment, but are
limited to predictably changeable ambient
conditions. Moreover, spectral filters do not
currently offer more discrete wavelength
control either. UV LEDs are still a very new
technology, with much more limited LED
shelf life and higher costs at the present time,
as well as more limited studies of photobio-
logical efficacy when applied to horticultural
crops. However, the potential to control the
UV spectrum more tightly, and to have flexi-
bility within end-use should make UV LEDs
a desirable option for horticultural crop tech-
nology integration in the future.

In summary, different UV environments
provide different outcomes for different
crops; it is not enough to develop scientific
advances ex situ, but future photobiological
innovations need to be implementable into
production agriculture, meeting agronomic,
economic and consumer-based needs. Such
approaches have the potential to signifi-
cantly strengthen our efforts in the feeding of
a hungry planet.
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