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B From the editors’ desk
A moment of reflection

Welcome to the first issue of the 2017
UV4Plants Bulletin. When I first started think-
ing about this editorial it was the middle of
summer. While it is now autumn for those
of us living in the northern hemisphere, the
weather here in New Orleans is still very
much like summer. So, please bear with me
as my mind is still very much on summer
time activities.

Traditionally, summer is a time when
schools are out and families go on vacation
or holiday, people travel or spend time on the
beach (sunscreen reminder seems appropri-
ate here), and we have some degree of change
in our normal daily routines. For many fac-
ulty and graduate students, summer is a sea-
son of long periods of uninterrupted time
that can be devoted to research activities and,
at least in northern temperate locations, eco-
logists are furiously trying to complete field
work before inclement weather arrives and
study organisms decide it is time to stop co-
operating with their investigators. In New
Orleans, summer is a time when life gener-
ally slows down as the heat, humidity and
afternoon thunderstorms settle in and it be-
comes less than comfortable to pursue vigor-
ous outdoor activities. Thus, in this part of
the world, summer is a good time to relax,
eat and drink good food and beverages, and
ponder (Figure 1.1).

So, in this spirit I've been reflecting on the
UV4Plants Bulletin and wondering what we
seem to be doing well and in what areas we
might improve upon (I decline to mention
what food and drink are being consumed dur-
ing this process). Beginning with its incep-
tion in December 2015, the “Bulletin” has
continued to support six key aims of The
International Association for Plant UV Re-
search. These aims are itemized at the end

of each issue and won’t be reiterated here
but in general, one can place these goals into
the following broad categories or topics: 1)
research; 2) news; 3) outreach; 4) product
development; 5) funding; and 6) community
building. After reviewing the contents of the
previous Bulletins, it seems to me that we
are doing a good job addressing the research,
news and community building parts of our
mission. The vast majority of articles pub-
lished so far have focused on research (in-
cluding historical accounts, profiles of UV re-
searchers and opinion pieces), methodology
(including tutorials and FAQs), book reviews,
news items and information on previous and
upcoming meetings. So far, a total of 18 in-
dividuals have contributed to the Bulletin, in-
cluding faculty and students, and the list of
new contributors grows with each issue. In
my view, these are all positive signs that the
Bulletin is vibrant, relevant and serving an im-
portant role in supporting many of the ori-
ginal aims of our association. However, it
does seem that we could improve upon our
efforts in communicating ideas and informa-
tion in several areas—most notably, outreach
and education, interfacing with industry and
product developers, and advocating for in-
creased research funding.

In the current issue, several articles ad-
dress some of these “under-represented” top-
ics while others further add to, and enhance,
our current strengths. The article by Gareth
Jenkins is a wonderful example of the de-
velopment of a teaching lab that introduces
students to molecular aspects of plant re-
sponses to UV-B, while also engaging stu-
dents in the process of scientific discovery.
Many of us are involved in the teaching of
undergraduate and graduate students, and
we encourage others who have developed
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Figure 1.1: A sampling of typical New Orleans cuisine that is quite suitable to ponder over. (A) Shrimp
and grits; (B) Bread pudding; (C) Char-grilled oysters; and (D) Gumbo. Photos by Andrew Barnes.

educational materials in UV photobiology
to submit them to the Bulletin for publica-
tion. Marcel Jansen explores the linkages
between carnivorous plants and UV radiation
in a thought-provoking opinion. Carnivorous
plants have fascinated naturalists and sci-
entists as far back as Charles Darwin (1875)
and they provide a wonderful way to attract
and excite students and the general popula-
tion about botany and, in so doing, increase
people’s appreciation for the plant world and
those who study plants. The outreach and
education about UV and plants is further ad-
dressed in Pedro Aphalo’s review of David
Prutchi’s book Exploring Ultraviolet Photo-
graphy. This integration of art with science is
an additional avenue for UV photobiologists
to connect with non-scientists, which then
further contributes to the broader efforts to
make science relevant and valued in today’s
society where “fake news” and misinforma-
tion are widespread. A methodological re-
view/tutorial on the analysis of phenolic com-
pounds by Susanne Neugart provides a com-
prehensive overview of technical approaches
to sampling and quantifying phenolic com-
pounds in plants and addresses, from a meth-
odological perspective, the various environ-

mental and biological factors that can influ-
ence the phenolic composition of plant tis-
sue. The methods and recommendations
outlined in this review will greatly aid all
of us who wish to accurately and precisely
characterize UV effects on flavonoids and
related phenolic compounds. A report by
Marcel Jansen on the Workshop “Modula-
tion of Plant UV-Responses by Environmental
Factors” held at Brno, Czech Republic, two re-
ports on lab visits by students (Neha Rai, Sari
Siipola and Yan Yan, and Rozenn Pineau), sev-
eral news items and a letter from our Presid-
ent, Gareth Jenkins, round out this issue.

So, enjoy this mid-summer issue of the
UV4Plants Bulletin and take a moment or two
to ponder things of your own (It was grilled
shrimp and red wine if you are interested).

Paul W. Barnes (editor)
New Orleans, August-October 2017.
References

Darwin, C. (1875). Insectivorous plants. Lon-
don: John Murray. 462 pp.
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B Letter from the President

Gareth I. Jenkins, ORCID: 0000-0002-1855-4875

Institute for Molecular Cell and Systems Biology, University of Glasgow, Glasgow, UK.

© 2017 The Author, licensed under

When I was a student I thought I should
try to understand economics. It was only a
brief flirtation. 1 tried hard to read a few
books, but economics seemed more about
theory, politics and personalities than evid-
ence, which didn’t fit with my scientific out-
look. However, I was attracted by some of
the ideas in E. F. Schumacher’s famous book
on economics, Small is Beautiful, which took
a swipe at the globalisation strategy of mul-
tinational conglomerates and advocated loc-
ally focused, sustainable, people-orientated
economics. The reason I mention this here is
that ‘small’ and ‘beautiful’ perfectly describe
UV4Plants and I think Schumacher would
have approved of our ethos. Unequivocally
our association is relatively small, because
the focus of our interest is tightly defined
and our membership is largely drawn from
European research groups. Nevertheless, I
think we can be confident about the future
strength of our organization because num-
bers of publications and citations show there
is considerable, and growing, interest in the
effects of UV radiation on plants. Of course,
‘beauty is in the eye of the beholder’, but
there is certainly good reason to think that
UV4Plants is ‘beautiful’. Our aims are well
defined, we try to serve the needs of our
members and we don’t have ambitions to
change our scope. Schumacher would com-
mend us for being focused. Moreover, Schu-
macher put people at the heart of his eco-
nomic ideas and UV4Plants is very much fo-
cused on its membership. We have a core of
interactive, collaborative members, and, be-

ing small, we can promote a ‘family’ iden-
tity to our organization. Consequently our
meetings are enjoyable and productive and
provide an excellent environment to intro-
duce young researchers to the benefits of sci-
entific interaction. This is well illustrated
by the UV4Plants sessions we recently had
in Pisa. They were very well attended and
provided a great opportunity for networking
and discussion. We assembled two very inter-
esting programmes and there was the added
opportunity to attend relevant ESP sessions
and to experience the delights of Pisa (not
least authentic Gelato!). In addition, we have
recently announced that the next UV4Plants
Congress will be held in Bled, Slovenia, in
April 2018, and that promises to be a great
‘family reunion’. Several members will re-
member the EU COST Action meeting we had
in Bled in 2014, so we know it is a very at-
tractive location and that our local organizer,
Alenka Gaberscik and her team will organize
a great meeting.

Back to economics; in order to organize
conferences and provide bursaries to facil-
itate the attendance of younger research-
ers, UV4Plants needs income, which comes
principally through members’ subscriptions.
Moreover, it is much easier to plan ahead
if we have a consistent, predictable income.
Our Treasurer, Matthew Robson, recently e-
mailed a reminder to everyone to renew sub-
scriptions for 2017. Please subscribe every
year, even if you are not attending one of our
meetings. Also, please encourage PhD stu-
dents, postdocs and others to join UV4Plants;
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there are numerous UV researchers in Europe
who are not members and it would be good
if we could engage their commitment.

Best wishes,

Gareth Jenkins
(President UV4Plants)
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B News

The second UV4Plants conference
is planned for April 2018

The 2018 UV4Plants Conference, will be held
in Bled, Slovenia. Provisional dates: 15-18
April, 2018. To be preceded by a Training
Workshop. Local organiser: Alenka Gaber-
§¢ik. The First Announcement will appear
later this year.

Bled, Slovenia in April. The venue of the 2018
UV4Plants Conference.

New 340 nm power LEDs from
Marktech

Not only these new LEDs from Marktech
Optoelectronics (Latham, NY, USA) emit
more radiation than earlier available power
LEDs emitting at this same wavelength, but
they are a lot cheaper (49€ vs. 4400€).
Type is MTSM340UV-F5120, peak wavelength
340nm, half band width 11nm, radiant
power 55 mW, at a typical power dissipation
of 2.15W.
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An UV-A LED type MTSM340UV-F5120, from
Marktech Optoelectronics.
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Emission spectrum from UV-A LED, type
MTSM340UV-F5120, from Marktech Opto-

electronics. Measured with a Maya2000 Pro
spectrometer. Data and figure by P. J. Aphalo.

Efficiency and output of these LEDs is still
far from that of the best power LEDs emit-
ting at 365 nm, such as type LZ1-10UVO0O (ra-
diant power 1200 mW at a power dissipation
of 2.7 W) from LED Engin (Jan Jose, CA, USA).

© 2017 by the authors 5
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Book: UV-B Radiation and Plant Life

LIv-B RADIATION AND PLANT LIFE

R A B0 DY D LGN

LOTTLE Y AN 6. SRR

Publication of the book “UV-B Radiation and
Plant Life: Molecular Biology to Ecology”, ed-
ited by Brian R. Jordan, is scheduled for Octo-
ber 2017. The publisher is (CABI Centre for
Agriculture and Biosciences International), a
not-for-profit organization. Several mem-
bers of UV4Plants have authored or co-
authored chapters. The book’s web page is
at http://www.cabi.org/bookshop/book/
9781780648590. From the table of contents
we can see that the book covers, as promised
by its subtitle from molecular biology to eco-
logy of terrestrial plants.

Part 1: The UV-B Environment

1. Towards an Understanding of the Implic-
ations of Changing Stratospheric Ozone,
Climate and UV Radiation

2. Quantification of UV Radiation
3. UV Radiation and Terrestrial Ecosys-
tems: Emerging Perspectives

Part 2: UV-B Induced Changes to Plant

Physiology, Morphology and Secondary
Metabolism

4. UV-B Changes in Secondary Plant Meta-
bolites

5. UV-B Induced Morphological Changes —
an Enigma

6. Plant Responses to Fluctuating UV Envir-
onments

Part 3: The Biochemistry and Molecular Bio-
logy of UV-B responses

7. The Effects of UV-B on the Biochemistry
and Metabolism of Plants

8. Discovery and Characterization of the
UV-B Photoreceptor UVRS8

9. UV-B Signal Transduction from Photo-
perception to Response

Part 4: UV-B Impact on Agriculture and Hor-
ticulture

10. The Effects of Ultraviolet-B on Vitis
vinifera — How Important is UV-B for
Grape Biochemical Composition?

11. Turning UV Photobiology into an Agri-
cultural Reality

The publisher’s description of the book
at http://www.cabi.org/bookshop/book/
9781780648590 is:

Ultraviolet-B radiation (UV-B) has
profound effects on plant growth
and development, and exposure var-
ies with ozone depletion and across
geographic regions, with ecosystem
and agricultural consequences. This
book deals with large-scale impacts
but also how UV-B affects plants at
the molecular level is also fascin-
ating, and the UV-B photoreceptor
has only recently been characterised.
While UV-B radiation can be dam-
aging, it also has a more positive role
in plant photomorphogenesis. Con-
sequently UV-B treatments are being
developed as innovative approaches
to improve horticulture. This book is
a timely synthesis of what we know
and need to know about UV-B radi-
ation and plants.

A review will be published in a future issue
of the Bulletin.
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B Organizers’ report

Workshop “Modulation of plant UV-responses by

environmental factors”

Marcel A. K. Jansen, ORCID: 0000-0003-2014-5859
School of Biological, Earth and Environmental Sciences, UCC, Cork, Ireland

Otmar Urban, ORCID: 0000-0000-0000-000
Czech Globe, Brno, Czech Republic

DOI: 10.19232/uv4pb.2017.1.01 © 2017 The Authors, licensed under (CC BY-SA 3.0)

A group of 21 plant UV-researchers came
together on June 27 and 28, 2017 for a
discussion-intensive workshop at Czech-
Globe in the south Moravian town of Brno in
the Czech Republic. The workshop was or-
ganised by Drs. Otmar Urban (CzechGlobe—
Global Change Research Institute, Czech
Republic) and Marcel Jansen (University
College Cork, Ireland) under the auspices
of UV4Plants, with sponsorship by the
Czech Ministry of Education (grants LO1415
and (CZ.02.1.01/0.0/0.0/16_013/0001608)
and Science Foundation Ireland (grant
11/RFP.1/EOB/3303). The workshop

~llllilgn LL

Figure 4.1: Building where Gregor Mendel used
to keep his bee hives. Old Augustinian Monas-
tery, Brno. Photo: Pedro J. Aphalo.

brought together a very nice mix of “young”
and “not-so-young” researchers from 10
countries, and included some familiar
faces, as well as researchers new to the UV
community. Brno was a very appropriate
host-town, being the place where Gregor
Mendel did most of his pioneering research
on pea genetics. Indeed, in the evening
of the 27th of June we visited Mendel’s
old monastery for a guided tour learning,
among others, about the great man’s poor
track record in passing exams, as well as his
lesser known research on plant taxonomy,
meteorology (tornados and their geometry)
and honey-bee crossbreeding (Figure 4.1),
and his banking activities arising from his
position as abbot of Augustinian monastery.
It was also good to see Mendel’s original
glasses, so well-known from the portraits.

The objective of the workshop was to bring
together plant scientists with an interest
in cross-talk between UV-B and other envir-
onmental drivers. Over the last two dec-
ades, extensive data have been generated
on plant responses to UV-radiation. Exper-
imental set-ups vary, but in general plants
are kept under near-optimal conditions, in
the field, glasshouse or growth room, where
they are exposed to supplemental UV radi-
ation. However, a more environmentally real-
istic situation is where plants are simultan-
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Figure 4.2: Workshop participants at the grounds of the Old Augustinian Monastery, Brno.

eously exposed to multiple environmental
signals and/or stressors. In nature high
levels of UV-B radiation are commonly accom-
panied by high levels of photosynthetic ra-
diation (i.e. risk photoinhibition), while heat
and drought are also likely to be relevant
under such conditions. Appropriately, sev-
eral presentations focused on the interaction
between UV-B and drought. Presentations
by Laura Llorens (Girona) and Anik6é Matai
(Pécs) demonstrated interactive effects of UV
and drought on plant morphology, caroten-
oids, flavonoids, total antioxidant activity,
and photosynthetic energy dissipation. Reg-
ulation of flavonoid accumulation, in par-
ticular, seems to be a target of interact-
ive effects of UV-B and other environmental
factors. Dirk Schenke (Kiel) revealed some of
the highly complex interactions between UV-

B and pathogens, with pathogens suppress-
ing the UV-induced accumulation of flavon-
oids, while a role for flavonoids in pathogen
suppression is being explored. Karel Klem
(Brno) showed that flavonoid levels are asso-
ciated with tissue C:N ratios, and thus ulti-
mately soil conditions. Wolfgang Bilger (Kiel)
emphasised the role of low temperatures in
controlling flavonoid-mediated UV-screening
by epidermal cells. In agreement, Marcel
Jansen (Cork) showed that accumulation of
flavonoids in Arabidopsis grown outdoors
peaks under low winter temperatures, with
no discernible solar UV-effect noted. Line
Nybakken (As) showed that higher temper-
atures were associated with lower concen-
trations of phenolic compounds. Further-
more, these studies also showed the full com-
plexity of interactions between temperature
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Figure 4.3: Craig Brelsford (Helsinki) giving his
presentation to an attentive audience.

and UV-B with consequent effects on second-
ary metabolites, plant growth and phenology.
Thus, although the induced accumulation of
flavonoids is one of the “classic” plant UV-
B responses, several presentations revealed
how interactions with “other” environmental
factors can moderate, or completely mask,
UV-induced flavonoid accumulation.

Interactions between UV-B and other parts
of the solar spectrum were discussed by
several authors, including Ashutosh Sharma
(Bristol) who reported on the role of UV-B
and UVRS8 in shade avoidance, i.e. interac-
tions with the red / far-red sensing phyto-
chrome system. Craig Brelsford (Helsinki)
had studied plant responses to blue and UV-
A radiation in the dynamic light environment
of forest understories, and revealed that the
UVR8 mediated induction of phenolic acid
derivatives can be driven by UV-A. Yan Yan
(Helsinki) showed flavonoid accumulation in
the epidermis induced by short UV and blue
light. Jakub Nezval (Ostrava) showed that UV-
A (and to a lesser extent UV-B) shielding can
be induced by blue light in combination with
high intensity of photosynthetically active ra-
diation (PAR). These studies clearly show the
interactions between the different spectral
regions in controlling biosynthesis of plant
flavonoids. Knut Solhaug (As) emphasised
the complex accumulation patterns of sec-

ondary metabolites, and showed that some
of these UV-induced compounds don’t appar-
ently contribute to UV-protection, but rather
to protection against high PAR intensities.

Perhaps one of the most important reas-
ons to explore interactions between plant
response to UV-and other environmental
factors is the increasing reality of climate
change. Otmar Urban (Brno) reported on the
interactive effects of elevated CO, and UV-
B on photosynthetic performance of beech
saplings. UV reduces the positive effects
of elevated CO, on photosynthesis, and this
would have substantial impacts on predic-
tions of plant productivity in future climate
scenario’s.

A plenary lecture by Jacques Roy (Montpel-
lier) addressed some of the limitations of our
current approaches in studying interactions
between multiple environmental factors. The
“reproducibility crisis” and the “local truth”
refer to over-standardised approaches that
do not take in consideration the complexities
of the natural environment. To resolve this,
Roy emphasised the importance of shared in-
ternational infrastructures, and large, collab-
orative experiments. The examples of the
Montpellier Ecotron and the European infra-
structure AnaEE (Analysis and Experimenta-
tion on Ecosystems) were presented and en-
abled us to start interconnecting UV4Plants
and AnaEE research communities.

Presentations were accompanied by dis-
cussion sessions that focussed on many of
the aspects presented in the talks. One
major issue concerned the terminology to
describe and discuss data (stress, acclima-
tion, adaptation and especially cross-talk and
cross-tolerance). Cross-talk was considered
a mechanistic concept that refers to recip-
rocal interactions whereby two streams of
information (signalling pathways) influence
each other. Cross-tolerance is an outcome,
whereby a cell or organism that has gained
protection against one environmental factor
is also more tolerant towards another factor.
The assembled group aims to draft a dis-
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cussion paper detailing the issues and put-
ting forward appropriate terminology. It
is intended to publish this discussion pa-
per as part of a special issue of the journal
Plant Physiology and Biochemistry, focussed
on the theme of “Modulation of plant UV-
responses by environmental factors”. UV-
researchers interested in contributing a pa-
per please contact Marcel Jansen on mailto:
brnol7.papers@uv4plants.org.

A central question in the discussion was
whether the UV-sensing capability of plants
is simply about UV-B protection, or under-
pins a more comprehensive priming of plant
protective responses. It was agreed that
UVR8-mediated signalling / changes to gene-
expression should guide us when discussing
the ecological role of UV-B / UVRS. Although
there are no direct answers to this question
(yet!), several contributors emphasised the
regulatory role of UV-B and the commonly
reported lack of UV-stress. Pedro Aphalo
(Helsinki) introduced the concept of “pre-
emptive cross-acclimation” to, among others,
restricted water supply, and argued that a
main role of UV perception by plants is to
acquire advance information about changes
in the environment that are correlated to UV-
doses. In fact, presentations at the workshop
showed that a broad range of plant environ-
ment responses (among others to drought,
spectral-composition, nitrogen, temperature,
carbon dioxide, and bacterial pathogens) is
moderated by UV-B, and vice versa. In con-
clusion, it was argued by several contributors
that UV-B has a ubiquitous, modulating effect
on all plant-environment responses. This
sweeping generalisation has not (yet) been
proven, but triggers important and novel
questions about the ecological function of
plant UV-B sensing.

Editorial-board-reviewed article.
Published on-line on 2017-10-09.
Edited by: Pedro J. Aphalo.
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Carnivorous plants and UV-radiation: a captivating story?

Marcel A. K. Jansen, ORCID: 0000-0003-2014-5859

School of Biological, Earth and Environmental Sciences, UCC, Cork, Ireland

DOLI: 10.19232/uv4pb.2017.1.12 © 2017 The Author, licensed under (CC BY-SA 3.0)

Carnivorous plants are “different”, and this
fascinates people. The “appetite” of carnivor-
ous plants has, on occasion, taken on myth-
ical proportions. In “The Day of the Trif-
fids” giant, man-eating plants go on a ram-
page, while in “Ice Age 3: Dawn of the Dino-
saurs” a carnivorous plant gobbled up an en-
tire mammoth. On a slightly less violent note,
we have observed that carnivorous plants
on our University College Cork recruitment
stand help attract high school students dur-
ing open days, giving us a chance to advert-
ise our undergraduate degree in plant bio-
logy. A psychologist could probably write
a PhD thesis on the fascination of humans
with carnivorous plants. However, let me just
say that if you are interested in these plants,
you are in good company. Back in 1875,
Charles Darwin wrote “Insectivorous Plants”,
a book focussing heavily on Drosera sp (sun-
dew) (Fig. 1A). In fact, Charles Darwin was so
fascinated by these carnivorous plants that
he once stated that “at this present moment,
I care more about the Drosera than the origin
of all the species in the world” (Darwin 1860).
I surmise that Charles Darwin’s interest in
carnivorous plants was inspired by his fam-
ily. In fact, Dr. Erasmus Darwin, his grand-
father, was already investigating how the
tentacles of Drosera species respond to stim-
uli (Cheers 1992). Another carnivorous plant
aficionado was Joseph Hooker (of Bentham
and Hooker taxonomic fame) who as director
of Kew Gardens, London, was able to collect
carnivorous species from across the world.

Hooker studied the digestive system of car-
nivorous plants and concluded that “a sub-
stance, acting as a pepsin is given off from
the inner wall of a pitcher [of a Nepenthes
spl, but chiefly after placing the animal mat-
ter in the acid fluid” (Cheers 1992). Taken
together, these early observations summar-
ise the main characteristics of carnivorous
plants: their ability to capture and digest
prey (insects, arthropods, and even small
mammals) for the purpose of plant nourish-
ment. In fact, there is not a lot else that
the different taxa of carnivorous plants share.
The nearly 600 species of carnivorous plants
that occur across nine families and differ-
ent taxa are not necessarily closely related.
Indeed, there is strong evidence that car-
nivory in plants has evolved independently
on at least nine separate occasions (Givnish
2014). Their trapping structures are highly
diverse, and these include the sticky leaves
and/or responsive tentacles (like those ob-
served by Erasmus Darwin), pitfall traps or
pitchers with digestive juices (as studied by
Joseph Hooker), hinged-trapping leaves in Di-
onaea sp (Venus fly trap) and bladder-traps
in Utricularia sp (bladderwort). In general,
there is good understanding of the actual
mechanical responses involved in capturing
prey as well as the subsequent digestive pro-
cesses involved in extracting nutrients from
the prey. What is typically less clear is
why any insect (or other prey) would ven-
ture near the trapping-structure of a carni-
vorous plant. Secreted nectar, scent and trap
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Figure 5.1: Drosera rotundifolia plants in visible light (A) and under UV radiation (B) showing reflect-
ance of tentacles. Copyright O. Holovachov (http://www.holovachov. com).

shape and colour are often listed as key at-
tractants for insects (Joel et al. 1985), with in
some cases flowers emitting different scents
as the trapping-structure to avoid potential
pollinator-prey conflicts (Ho et al. 2016). Yet,
it has also been suggested that UV-radiation
plays a role in prey attraction (Joel et al.
1985). In fact, in 2012/2013 several ma-
jor news outlets reported that “These Carni-
vorous Plants Glow Under Ultraviolet Light
to Attract Prey” (Smithsonian.com, Decem-
ber 11, 2013), “Carnivorous Plants Glow to
Attract Prey” (National Geographic, February
25, 2013), and “Carnivorous plant species
glow blue to lure prey” (BBC Nature, February
19, 2013). These stories referred to strong
UV-induced fluorescence, which was reputed
to attract prey, and an example of which is
shown in figure 2. Here, I will explore the
evidence for a role of UV-radiation in attract-
ing prey, and identify some of the gaps in
our understanding of this putative role of UV-
radiation.

It has long been known that floral patterns
of UV-reflection or absorbance play a key
role in pollination biology (Brock et al. 2016;

Cronin and Bok 2016). Such floral UV pat-
terns are common. Indeed, the UV4Plants
bulletin (Issue 1, 2016) displayed a photo-
graph which showed UV-patterns in dan-
delion flowers. These patterns are thought
to contribute to attracting or deterring of
specific insects, serve as plant-species spe-
cific markers and/or as orientation cues. Joel
et al. (1985) noted the conceptual similar-
ities between flowers attracting pollinators
and carnivorous plants attracting prey. Us-
ing UV-photography, Joel et al. (1985) sur-
veyed UV-patterns in the trapping structures
of carnivorous plants. The authors took
their photos under natural sunlight condi-
tions using filters that transmit between 305
and 385 nm. Their study showed that vari-
ous carnivorous plants have “conspicuous
UV patterns” on or near their traps. The
pitchers of Heliamphora display a clear UV-
reflecting entrance to the beaker-structure.
In contrast, Sarracenia pitchers contain UV-
absorbing nectar, while in Drosophyllum spe-
cies the old leaves are UV-reflecting, whilst
the young, carnivorous leaves in the centre
of the plant are UV-absorbing and appear
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Figure 5.2: Blue fluorescence emitted by the rim of a Nepenthes alata beaker. Copyright O. Holo-

vachov (http://www.holovachov.com).

as a relatively dark environment. A recent
photograph of UV-reflectance in Drosera ro-
tundifolia by Oleksandr Holovachov shows
reflectance of tentacles (Figure 1B). Kurup
et al. (2013) took the study of UV-patterns
a step further by scanning the fluorescence
of trapping structures using a densitometer.
Kurup et al. (2013) focussed on blue fluor-
escence, following excitation with 366 nm
radiation. In this context it is worth point-
ing out that the technology used by Joel
et al. (1985) showed reflectance and absorb-
ance in the UV-B and UV-A part of the spec-
trum, while Kurup et al. (2013) measured UV-
induced blue fluorescence. Not surprisingly,
different UV-patterns were noted by the two
groups. Thus, technology plays a key role in
what UV-pattern is observed, and this is a ma-
jor consideration when interpreting the liter-
ature. Kurup et al. (2013) explored the blue

fluorescence of Nepenthes sp peristomes (the
ring of tissue that surrounds the entrance to
the digestive tube). The authors stated that
“The peristomes of Nepenthes species flashed
like well-designed blue fluorescent tracks”.

The markings in or near traps have been
hypothesised to have a functional role in
prey capture (Joel et al. 1985; Kurup et al.
2013). Moran, Clarke, Greenwood, et al.
(2012) showed that an insectivorous species
of Nepenthes displayed a distinct colour pat-
tern compared to a closely related species
that harvests tree-shrew excreta. Light does
play a role in creating this pattern. Shading
experiments by Moran, Clarke, and Gowen
(2012), showed that reductions in visible and
UV light resulted in a substantial decrease in
the capture of Drosophila by Nepenthes ar-
istolochioides pitchers. However, these res-
ults were interpreted in the context of light
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(of all wavelengths) transmitted through the
translucent pitcher, rather than as a specific
role for UV-patterns. Kurup et al. (2013) ex-
perimentally tested whether UV-induced blue
fluorescence has a functional role in prey cap-
ture. The authors found that removal of
the peristome (rim) from Nepenthes pitchers
led to a dramatic decrease in captured prey.
Masking the peristome with acetone-extracts
had a similar negative effect on prey cap-
ture. These results might be interpreted as
supporting a role of UV-induced fluorescence
in prey-capture (which is exactly what popu-
lar scientific journals did), but are far from
conclusive. Clearly, excising tissue will not
just remove UV-induced fluorescence, but
also cells that are important for the pro-
duction of nectar and scent, while causing
massive tissue disruption. Similarly, acetone-
extracts will have multiple effects on cells
and tissues. Furthermore, basic photobiolo-
gical questions should be asked concerning
UV-induced blue fluorescence. How realistic
is it that the sensitivity of the insect eye is
such that it can perceive small changes in
UV induced blue fluorescence, against a back-
ground of solar blue radiation? In this con-
text, it is also important to be aware of the
background of blue autofluorescence emit-
ted by cell-wall-bound ferulic acid and other
plant secondary metabolites following excit-
ation with UV wavelengths (Buschmann et
al. 2000; Garcia-Plazaola et al. 2015). Thus,
although pictures of UV-induced blue fluor-
escence look great, doubts remain concern-
ing the functional role of such fluorescence.
In fact, these doubts also apply to the com-
mon UV-induced blue fluorescence in, for ex-
ample, flowers. Holovachov (2015) states
that “despite considerable research efforts,
the function of ultraviolet-induced visible
fluorescence in the world of plants remains
poorly understood”, and indeed is unlikely to
play a key role in the interactions between in-
sects and plants.

Phenomena such as UV-reflectance, and
UV-absorbance are more likely candidates for

attracting insect prey. Both UV-reflectance,
and UV-absorbance are known to be involved
in the well characterised process of pollin-
ator attraction in flowers (Guldberg and At-
satt 1975; Silberglied 1979). Unfortunately,
the monitoring of UV reflectance and absorb-
ance is often subject to technical limitations.
UV-enabled cameras are equipped with filters
that transmit in the UV-range of the spec-
trum, thus omitting the visible wavelengths.
Yet, changes in UV absorbance and reflect-
ance need to be interpreted in terms of the
contrast with other wavelength zones. Ex-
ploring whether UV-radiation per se has a
role in carnivory can be straightforward, for
example by comparing prey capture in the
presence or absence of UV-radiation. How-
ever, interpreting the precise role of UV ra-
diation is complex as any UV-effect can be
mediated either through the insect (i.e. vis-
ion) or through the plant (i.e. absorbance
or reflectance). If the duration of the ex-
periment is long enough, UV acclimation re-
sponses will further modify the biochemical
make-up of the plant, and therefore poten-
tial UV-patterns. Clearly, prising apart the
complex interaction between prey and carni-
vorous plant will be highly complex. Never-
theless, the application of the principles and
terminology of photobiological research and
UV-manipulation, as commonly practised in
the UV4Plants community, can potentially
contribute to the understanding of the role
of UV radiation in prey capture. Exploring
the wavelength dependency of UV reflectance
and absorbance vis-a-vis insect vision can
consolidate the link between these processes;
for instance, local excitation with UV lasers
can trigger local UV-reflectance whilst avoid-
ing a direct effect on the insect. The use of
artificial “model traps” together with the ap-
plication of UV-absorbing pigments can sim-
ilarly be used to experimentally test attrac-
tion traits. Nevertheless, it is unlikely that
such work will generate more than “correl-
ations” between UV-exposure and prey cap-
ture. Genetic manipulation is a more likely
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strategy to conclusively proof a role for UV
radiation in prey capture. Manipulation of
UV-patterning through, for instance, breed-
ing (Moyers et al. 2017), or manipulation of
the spectral vision of the prey, for example of
the model species Drosophila melanogaster
(Feiler et al. 1992), are both realistic. Studies
using genetically modified material should
be able to reveal the relative importance
of UV patterns, relative to other attractants
such as secreted nectar, scent and trap shape
and colour.

For now, UV-patterns exist, caused by UV-
reflectance, UV-absorbance and UV-induced
blue fluorescence. But although the story of
UV-and carnivorous plants may be captivat-
ing, the truth about the functional role of UV-
patterns is still to be captured!
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Abstract

Plant responses to UV-B provide an excellent
system for students to learn about the reg-
ulation of gene expression following stimu-
lus perception. This article concerns a labor-
atory class for undergraduate students at
the University of Glasgow that is based on
molecular responses to UV-B in Arabidopsis
thaliana. During the class students design
and plan experiments, interpret and discuss
their results with other students and present
the findings. Hence they learn valuable re-
search skills. Some examples of students’
work are presented and students’ percep-
tions of the class are summarized.

Introduction

Ultraviolet-B (UV-B) wavelengths (280-315
nm) have numerous regulatory effects on
plant growth and development (Jenkins
2009; Jordan 1996; Robson et al. 2014; Van-
haelewyn et al. 2016). It is well estab-
lished that these effects result from UV-B-
stimulated differential expression of large

numbers of genes (Heijde and Ulm 2012b;
Jenkins 2009). Responses to UV-B may in-
volve several different perception and signal
transduction processes, but many are medi-
ated by the UV-B photoreceptor UV RESIST-
ANCE LOCUS 8 (UVRS8) (Jenkins 2014, 2017;
Ulm and Jenkins 2015). Responses to UV-
B are important because they modify bio-
synthesis, chemical composition and nutri-
tional quality of plants, resistance to attack
by pests and pathogens, and various aspects
of development (Wargent and Jordan 2013).
Moreover, UV-B responses affect both agri-
culturally important species (Wargent and
Jordan 2013) and plants growing in natural
ecosystems (Robson et al. 2014). Given their
wide-ranging impact, it is important to raise
awareness of plant responses to UV-B, and
this is one of the aspirations of UV4Plants,
the international association for plant UV re-
search. Furthermore, it is vital to train and
enthuse the next generation of researchers
who will extend understanding of plant re-
sponses to UV-B and apply the knowledge
gained in crop production, crop improve-
ment and biotechnology. There is a partic-
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ular onus on university teachers to do this.

This article concerns a laboratory class for
undergraduate students at the University of
Glasgow that is based on plant responses
to UV-B. In Glasgow, life sciences students
normally study for a BSc Honours degree
over four years (http://www.gla.ac.uk/
schools/Tifesciences/undergrad/). The
first two years provide a broad foundation
in biological subjects and the final two years
are dedicated to a particular degree subject.
Most life sciences students encounter plant
biology at some point in their courses and
students can opt to take plant science as a
specialism in the degree of Molecular and Cel-
lular Biology (with Plant Science). In the Uni-
versity of Glasgow, most research in plant
science concerns the molecular basis of re-
sponses to the environment, and several re-
search groups are focused on plant photo-
biology. Responses to UV-B provide a good
vehicle for students to learn about plant en-
vironmental perception and differential gene
expression.

Students taking the degree courses
in Genetics (http://www.gla.ac.uk/
undergraduate/degrees/genetics/)
and Molecular and Cellular Biology
(http://www.gla.ac.uk/undergraduate/
degrees/molecularcellularbiology/)
take a number of extensive laboratory
classes in their third year. The laboratory
class described here occupies 2.5 days per
week for four weeks and is usually taken by
over 80 students. The class is intended to
introduce students to methods used to study
gene regulation and also to working with
Arabidopsis, but a major aim is to develop
skills in planning and designing experiments.
The students are given scope to select genes
for study, to choose questions to address
in their experiments and to plan their work.
They work in teams to design, execute and
interpret their experiments, which encour-
ages discussion and promotes learning
through experience. This article provides
information about what the laboratory class

involves, examples of outcomes, and the
experiences and perceptions of students
who take it.

Outline of the laboratory class

The focus of the class is to investigate the
regulation of gene expression in response to
UV-B exposure of Arabidopsis. Students ex-
amine the expression of selected genes and
the role of the UVR8 photoreceptor in me-
diating these responses. UVRS8 detects UV-B
radiation and triggers responses to UV-B in
plants (Jenkins 2014; Ulm and Jenkins 2015).
The processes involved in UVRS8 action are
outlined in Figure 6.1. In the absence of UV-B,
UVRS8 protein forms homodimers that do not
initiate UV-B signal transduction. The dimer
subunits are held together by salt bridges
between charged amino acid residues at the
dimer interface, in particular between argin-
ine, aspartate and glutamate amino acids
(Christie et al. 2012; Wu et al. 2012). The
UV-B stimulus converts UVR8 to the mono-
meric state (Rizzini et al. 2011). Differently
to other photoreceptors, which detect radi-
ation with chromophores, UVRS8 perceives
UV-B through specific tryptophans in the di-
mer interface (Christie et al. 2012; Wu et al.
2012). When stimulated, the tryptophans
transfer excited electrons to specific charged
amino acids, which become neutralized, res-
ulting in destabilization of salt bridges and
subsequent UVR8 monomerization (Christie
et al. 2012; Mathes et al. 2015). In its mono-
meric form, UVR8 binds to CONSTITUTIVELY
PHOTOMORPHOGENIC 1 (COP1) (Rizzini et al.
2011). In darkness, COP1 is part of an E3 ubi-
quitin ligase complex that targets proteins in-
volved in the UV-B response for proteolysis,
especially the ELONGATED HYPOCOTYL 5
(HY5) transcription factor. However, when
bound to UVR8 monomer, COP1 is not in-
volved in ubiquitin ligase activity allowing
HY5 to accumulate (Huang et al. 2013). UVRS8
and COP1 together regulate transcription of
numerous UV-B response genes (Favory et al.
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Figure 6.1: Schematic representation of UVR8 function in plant cells upon illumination with UV-B. Upon
excitation with UV-B light, detected by tryptophan chromophores, the UVR8 dimer dissociates to pro-
duce monomers. In the cytoplasm, the UVR8 monomers can be bound by COP1 to initiate downstream
signalling. UVR8 accumulates in the nucleus, where, together with COPL, it induces rapid accumula-
tion of the HY5 transcription factor. This results in transcription of over 100 genes regulated by the
UVRS signalling pathway, such as SIGMA FACTOR 5 (SIG5), FLAVONOL SYNTHASE (FLS1) and CRYPTO-
CHROME DASH (CRYD). RUP1 and RUP2, also induced by UVR8 signalling, disrupt the UVR8-COP1

interaction and promote re-dimerisation of UVR8.

2009; Jenkins 2014), including those encod-
ing the HY5 and HY5 HOMOLOG (HYH) tran-
scription factors. When the UV-B stimulus
ceases, UVRS8 re-dimerizes, re-establishing
the initial conditions. UVRS8 re-dimerization
is facilitated by binding of REPRESSOR OF
PHOTOMORPHOGENESIS (RUP) 1 and RUP2
(Heijde and Ulm 2012a). RUP protein ex-
pression is stimulated by UV-B, detected by
UVRS, resulting in a negative feedback mech-
anism (Gruber et al. 2010). Furthermore, RUP
proteins compete with COP1 for binding to
the C27 region of UVRS8, which comprises
residues 397 to 423 in the C terminus of
UVRS8 (Cloix et al. 2012). This way, RUP1
and RUP2 not only repress the UV-B response

by promoting re-dimerization, but also by di-
minishing the binding of UVRS8 to COP1.

In the first, computer based session, stu-
dents examine transcriptome analysis data
from wild-type and uvr8 mutant Arabidopsis
exposed, or not, to UV-B (Brown et al. 2005;
Brown and Jenkins 2007) to identify potential
genes to study, and search for publications to
find further information. Students then form
teams based on which gene(s) they want to
study. Members of the teams must work to-
gether to plan and execute experiments, ini-
tially using RT-PCR to examine gene expres-
sion. The students can use wild-type and
mutant plants (such as uvr8, hy5, and hy5
hyh) and expose them to treatments such as
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broadband or narrowband UV-B for different
times and at different fluence rates; stresses
such as salt treatment, or high/low temper-
ature, to find out how these conditions influ-
ence the expression of their gene of interest.
Based on the initial results, teams then plan
and perform a second set of experiments.
After they have the results of all their RT-PCR
assays, they select a number of RNA samples
to quantify the transcripts of specific genes
through the use of real-time qPCR. To invest-
igate UV-B signal transduction by UVRS, stu-
dents carry out a yeast 2-hybrid assay to ex-
amine interaction with COP1. This allows
them to test the importance of particular do-
mains/amino acids of UVRS, especially the C-
terminal region, in the interaction with COP1.
In addition, the students use transgenic Ara-
bidopsis uvr8 mutant plants expressing wild-
type or mutant forms of UVRS8 fused to Green
Fluorescent Protein (GFP). They visualize the
protein by immunodetection using anti-GFP
antibodies on western blots, enabling them
to monitor the dimer/monomer status of
UVRS following UV-B exposure. Finally, stu-
dents expose purified wild-type UVRS8 pro-
tein to UV-B or other selected treatments,
and examine dimer/monomer status by gel
electrophoresis. The students keep records
of their experiments and write a lab report,
which is assessed.

Examples of student work

Gene expression

In the gene expression experiments under-
taken by the 2017 class, over 10 different
genes and a variety of treatments were stud-
ied. The data below are illustrative of the res-
ults obtained.

Expression of RUPI and RUP2 genes was
examined in response to different levels of
UV-B exposure. Wild-type Landsberg erecta
(Ler) and uvr8-1 mutant Arabidopsis thaliana
plants were grown in a growth cabinet at
20°C for 21 days in a low fluence rate (25

pmolm~2 s~ 1) of fluorescent white light lack-
ing UV-B, essentially as described by Brown
and Jenkins (2007). Plants were then ex-
posed to 0, 5 and 10 pmolm 2?s~! of nar-
rowband UV-B for 4 hours (total doses' of
0, 72 and 144 mmolm? respectively). The
narrowband source has a peak emission at
312 nm and is effective in activating UVR8
(Favory et al. 2009). Plants were harves-
ted, RNA isolated and RUPI and RUPZ2 tran-
script levels quantified relative to control
ACTINZ transcripts, which are unaffected by
UV-B exposure, using RT-qPCR with gene-
specific primers. Figure 6.2 shows increased
expression of RUP1 and RUPZ2 in a UVRS-
dependent manner at 72 mmolm 2. At 144
mmolm™? expression drops drastically in
wild-type plants suggesting that fluence rate
plays a key role in RUP1 and RUPZ2 expres-
sion. A 4-fold greater increase of RUPZ tran-
script levels compared to RUP1 was observed
in the wild-type plants at 72 mmolm™2. Such
a difference in levels of expression was not
observed by Gruber et al. (2010). The obser-
vations add to previous studies showing that
RUPI and RUPZ2 expression is transient and
induced by different light qualities (Gruber
et al. 2010), but the experiments need to be
repeated and extended to learn more about
the regulation of the RUP genes.

ZINC FINGER OF ARABIDOPSIS THALI-
ANA12 (ZAT12) is a zinc finger protein that
has been functionally characterized to play
a role in response to abiotic and biotic stress
factors (Davletova 2005). ZAT12 gene expres-
sion increases rapidly in response to a range
of stress treatments, including UV-B (Kilian
et al. 2007), and regulation in response to ox-
idative stress may underpin these responses
Hahn et al. 2013. The aim of the experiment
was to determine whether ZAT12 expression
was induced by UV-B and oxidative stress in-
dependently and in combination. Wild-type

IEditor’s note: although frequently used when photon
exposure is meant, according to the IUPAC Gold Book,
this use is discouraged as dose describes photons or
energy absorbed per unit volume or mass (see https:
//goldbook.iupac.org/)
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Figure 6.2: RUP1 and RUP2 gene activation in response to narrowband UV-B in wild-type and uvr8-1
mutant Arabidopsis thaliana plants. Wild-type Ler and uvr8-1 mutant plants grown in fluorescent
white light lacking UV-B were illuminated with 0, 5 or 10 pmolm™2s~! narrowband UV-B for 4 hours,
corresponding to doses of 0, 72 and 144 mmolm~2 UV-B. Transcript levels of RUPI (a) and RUP2 (b)
were determined by quantitative RT-PCR analysis and normalized to the level of control ACTINZ tran-
scripts. Transcript levels are presented relative to expression in wild-type without UV-B illumination.
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Figure 6.3: Relative ZAT12 expression in UV-B treated and H,O, treated Arabidopsis thaliana plants.
Wild-type Ler Arabidopsis plants grown in fluorescent white light lacking UV-B were given different
doses of broadband UV-B by varying fluence rate and duration of exposure. Where indicated, H,O»
treatment was provided by spraying the plants 3 times with a 1% (v/v) solution. ZAT12 transcript levels
in RNA samples were assayed by quantitative RT-qPCR and normalised to levels of control ACTIN2
transcripts. ZAT12 expression in the different samples is expressed relative to that in the non-treated
sample.
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A. thaliana plants grown as above were ex-
posed to different doses of UV-B provided by
a broadband source (spectrum described by

Cloix et al. 2012) by altering the fluence rate
or duration of exposure. ZATI1Z2 transcripts
were assayed by RT-qPCR using gene-specific
primers, and normalized against transcripts
of the control ACTINZ gene. Figure 6.3 shows
that a significant increase of ZAT12 expres-
sion was observed following exposure to all
UV-B doses used. Additionally, under oxid-
ative stress (caused by spraying plants with
hydrogen peroxide), it was found that ZAT12
expression was much higher, both in the
presence and absence of UV-B. This is in
line with previous studies which show that
ZATIZ2 expression is induced by UV-B stress
and oxidative stress. It is likely that the mod-
erate UV-B doses used here did not generate
a sufficient level of reactive oxygen species
to induce maximal ZAT12 expression, which
would explain why additional expression oc-
curred when hydrogen peroxide was applied.

Interaction between UVR8 and COP1

A yeast 2-hybrid assay was used to examine
protein-protein interactions between wild-
type UVRS, a deletion mutant of UVRS8 lack-
ing amino acids 397-423 (termed the C27
region) in the C-terminus (UVR84?7), and
COP1. The methods of Cloix et al. (2012)
were used. UVRS8 and the UVR82“?” mutant
were each cloned as a fusion with the DNA-
binding domain of the yeast GAL4 transcrip-
tion factor, whereas COP1 was fused to the
activation domain of GAL4 in a separate plas-
mid vector. Expression of both fusion pro-
teins in yeast and interaction between them
resulted in the reconstruction of GAL4 from
two separate polypeptides, which enabled
growth on a selective medium; no interac-
tion resulted in the absence of growth. Mam-
malian T antigen and p53 proteins that inter-
act strongly were used as a positive control,
whereas empty vectors were used as a negat-
ive control.

As shown in Table 6.1, all colonies grew
in non-selective media, confirming viability
of the yeast cells. Yeast cell growth was
also observed in over 90% of selective plates
containing the positive control, both in dark-
ness and under illumination with UV-B. On
the contrary, no growth was observed for
the negative control. Under UV-B exposure,
yeast cell colonies transfected with UVRS8 and
COP1 plasmids grew in approximately 81%
of plates (Table 6.1) while in darkness, no
growth was observed. In contrast, when il-
luminated, 92% of yeast co-transfected with
UVR84¢?7 and COP1 did not form colonies
(Table 1). Similarly, in darkness, growth was
observed in only 1 out of 26 plates.

Since yeast colony growth reflects interac-
tions between the proteins of interest, the
results indicated that UVRS8 interacts with
COP1 in the presence of UV-B light. How-
ever, the mutant UVRS8 protein lacking the
C27 region did not interact with COP1, indic-
ating that C27 is required for UV-B depend-
ent interactions of UVR8 and COP1 in yeast.
This finding is in agreement with that of Cloix
et al. (2012), who additionally found that
C27 is required for interaction with COP1 in
plants. They further reported that transgenic
plants expressing UVR82¢?” had impaired re-
sponses to UV-B radiation, including HY5 ex-
pression, which has a key role in mediating
UVRS8 responses. However, another study
(Yin et al. 2015) reported that COP1 can inter-
act with UVRS8 lacking the C-terminal amino
acids that include C27. These researchers
discovered two distinct domains of UVRS in-
teracting with COP1, the first being the C27
region and the second the B-propeller do-
main, which interacts with the WD40 region
of COP1 in a UV-B dependent manner. Nev-
ertheless, it should be mentioned that this
study employed less stringent selection to
test interaction than used here.
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Table 6.1: Yeast 2-hybrid assay of the interaction between UVR8 and COP1. Yeast 2-hybrid plasmids
containing the GAL4 DNA binding domain (BD) or activation domain (AD) fused to the proteins indicated
were co-transformed in yeast. Negative control: plasmid vectors with no inserts (-); positive control:
plasmid vectors containing mammalian p53 and antigen T, test interactions: plasmid vectors containing
either wild-type UVR8 or a mutant with a deletion of the C27 region (UVR82%%") and COP1. Yeast growth
was tested on non-selective media (for viability) and selective media (for interaction) in darkness or under

0.1 pmolm=2s7!
are the data of 26 groups of students.

narrowband UV-B. The numbers in the table indicate growth (+) or no growth (=) and

Darkness Uv-B

Culture Medium Non-sel. Selective Non-sel. Selective

Yeast growth + -+ -+ -+ —
BD AD
- - 26 0 3 23 26 0 2 24
P53 T-Ant 26 0 24 2 26 0 25 1
UVRS COP1 26 0 1 25 26 0 21 5
UVRBA®” COP1 26 0 1 25 26 0 2 24

Effect of UV-B radiation on UVRS8

An experiment was undertaken to examine
the effect of UV-B exposure on wild-type
and mutant UVRS8 proteins expressed in Ar-
abidopsis uvr8-1 as GFP fusions. Extracts
were prepared from plants and illuminated
on ice with UV-B as described by Cloix et al.
(2012). Following UV-B exposure, plant ex-
tract samples were run on a SDS-PAGE gel
without boiling, followed by immunoblotting
with a GFP-specific antibody. This method
permits detection of the dimer and monomer
forms of UVR8 (Rizzini et al. 2011). The west-
ern blot (Figure 6.4) showed an increase in
the intensity of the monomer band follow-
ing UV-B illumination of plant extracts with
1 pmolm~2s~! broadband UV-B for 15 to
60 minutes (approximate monomer size was
identified by complete UVR8 denaturation in
a boiled control). Quantification of band in-
tensity with Image] showed that monomer
proportion correlates with UV-B dose (Figure
6.5); while 10% of total UVR8 was present
as monomer in the non-illuminated control,
monomer proportion had increased to 65%
following a 1-hour UV-B treatment. This ob-
servation is consistent with research demon-

© 2017 by the authors

strating that UV-B exposure induces UVRS
monomerization. Monomers then interact
with proteins downstream in the signalling
pathway (Rizzini et al. 2011).

Deletion of the C27 region did not alter
UVRS8 response to increasing dose of UV-B
as compared to GFP-UVRS8 (an unpaired t-test
confirmed an insignificant difference). Des-
pite the demonstrated importance of this re-
gion for interaction with COP1 and the induc-
tion of UVB-mediated photomorphogenic re-
sponses (Cloix et al. 2012; Yin et al. 2015),
our results indicate it that it does not influ-
ence dimer formation or UV-B induced mono-
merization (Figures 6.4 and 6.5). Interest-
ingly, C-terminal deletion has been observed
to hinder re-dimerization (Heilmann and Jen-
kins 2012) as the C27 region is necessary for
binding of RUP proteins (Cloix et al. 2012),
which facilitate this process (Heijde and Ulm
2012a). It would therefore have been interest-
ing to leave illuminated samples in the dark
and inspect their rate of re-dimerization as
compared to GFP-UVRS.

On the other hand, replacement of trypto-
phan 285 with phenylalanine prevented
UVR8 monomerization upon UV-B exposure
(Figure 6.4), demonstrating the critical im-
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Figure 6.4: Effects of UV-B illumination on GFP-UVR8 mutants. Protein extracts of Arabidopsis uvr8-1
expressing GFP-UVR8, GFP-UVR82%%7, GFP-UVR8%28>F or GFP-UVR8R?8%A were left untreated or illumin-
ated for 15, 30 or, 60 min with broad-band UV-B of 1 nmolm™2s~!. Samples were run on SDS-PAGE
without boiling and a western blot was performed for detection of GFP-UVR8 protein in dimer (D) and
monomer (M) states using anti-GFP antibody. A non-illuminated wild-type (WT) sample was used to de-
tect non-specific antibody binding (indicated by an asterisk). A boiled sample (B) was used as a control
for monomerization which occurs after boiling UVR8 in SDS. MW: molecular weight marker proteins, in

kDa.
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Figure 6.5: GFP-UVR8 and GFP-UVR8%%?” monomerization following UVB exposure. Image) was used to
quantify UVR8 dimer and monomer band intensities.

portance of this residue for UV-B photore-
ceptor activity (Christie et al. 2012; Rizzini
et al. 2011; Wu et al. 2012). UVRS8 therefore
differs from other photoreceptors, which ab-
sorb light using cofactors as chromophores
(Jenkins 2014).

Replacement of arginine 286 with alan-
ine resulted in UVR8 monomerization even
in the absence of UV-B light (Figure 6.4),
demonstrating a key role of this residue in
the maintenance of the UVR8 homodimer.
R286 is located at the interface of interaction

between the two monomers and forms two
hydrogen bonds with D107 and a hydrogen
bond with D96 on the opposing monomer.
The monomer interaction interface contains
many charged amino acids, which similarly
form salt bridges with residues of comple-
mentary charge on the opposing monomer
(Jenkins 2014). Due to the denaturing prop-
erties of the SDS buffer, we would expect dis-
ruption of all weak interactions, so weakened
salt bridges could be disrupted in the gel
but remain intact in vivo. However, size ex-
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clusion chromatography demonstrates that
salt bridges are indeed disrupted following a
R286A mutation, causing constitutive mono-
merization (Christie et al. 2012; Heilmann et
al. 2016; Wu et al. 2012). Therefore, R286
is critical for formation of salt bridges that
maintain the dimer.

The monomerization of purified UVR8 was
also monitored, to draw conclusions on the
dose of UV-B required to initiate and com-
plete the monomerization of photoreceptor
dimers. The purified protein (Christie et al.
2012) was exposed on ice to a broadband
UV-B source at different fluence rates (1 to
5 pmolm~2s™!) for different durations, for a
maximum of 3 hours. The samples were then
run, without boiling, on a SDS-PAGE gel to re-
solve the UVR8 dimer and monomer (Christie
et al. 2012). After the gels were stained, Im-
age] was used to quantify the band intens-
ities and the [UVR8™eromer] / [UyR&@] per-
centages were calculated and plotted against
increasing UV-B dose.

As can be observed from Figure 6.6a,
UVR8 monomerization in response to in-
creasing UV-B dose follows a logarithmic
trend. UVR8 monomerization is initiated at
relatively low exposures of UV-B, and the first
monomers are detected after a UV-B dose
of 30 pmolm™? (Figure 6.6b). The relative
level of monomer reaches 50% at a dose of
less than 200 pmolm 2, while complete di-
mer dissociation requires a minimum dose
of approximately 5200 pmolm~2 of UV-B
(Figure 6.6a). Moreover, a plot of the data
on a semi-log graph reveals that the UV-B
dose-response relationship is linear (Figure
6.6¢). Our findings are consistent with those
of Christie et al. (2012), who treated puri-
fied UVR8 with 450, 1350, 2700 and 5400
pmolm™2 of narrowband UV-B and showed
a rise in monomer formation with increasing
UV-B doses, and those of Wu et al. (2012) and
Zeng et al. (2015) who used undefined doses.
The results of this study extend previously
published findings on UVRS8 in that a set of
quantitative data points was used to determ-

ine a dose-response relationship.

Student experiences and
perceptions

Most laboratory classes that students take in
the early years of their undergraduate stud-
ies are designed to reinforce theoretical con-
cepts and teach practical skills, so there is
limited opportunity for investigation. The
present laboratory class was intended to in-
troduce students to some of the skills used in
research, which potentially would help them
in their final year project work and after
graduation. Nevertheless, having to formu-
late questions and design experiments was a
new and challenging experience for the stu-
dents.

To discover students’ perceptions, an-
onymous questionnaires were collected from
over 120 students who took the class in years
2016 and 2017. Interestingly, 85% agreed,
or strongly agreed, that the laboratory class
helped them to understand how to plan and
design experiments (0% disagreed; 15% neut-
ral). Similarly 74% agreed, or strongly agreed,
that it helped them think how to ask sci-
entific questions (5% disagreed). Several stu-
dents stated that the class encouraged active
engagement by allowing them the freedom to
choose a gene of interest and create an appro-
priate aim. Moreover, it fostered a lot of col-
laboration amongst students as it was vital
to work together to discuss results of their
experiments, and the results obtained some-
times forced changes in approaches and feas-
ible objectives. Students commented that
the approach promoted independence, con-
fidence and an ability to communicate ideas
to other students, and that receiving fre-
quent feedback helped them further improve
their experiments and realize their strengths
and limitations. In addition, some felt they
were encouraged to learn throughout the dur-
ation of the class.

In the questionnaire, 72% of students said
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Figure 6.6: Monomerization of purified UVR8 with increasing dose of UV-B. Aliquots of purified UVR8
were exposed to increasing doses of broadband UV-B, produced by varying fluence rate and duration,
and harvested. Non-boiled samples were run on SDS-PAGE gels and stained with Coomassie Blue to
display dimer and monomer bands. For each sample, the relative abundance of the monomer and di-
mer bands was analyzed using ImageJ. The data are plotted and lines fitted to the data points using
Excel. (a) Linear-scale plot of the increase in [UVR8™°™¢r] / [UVR8™®] (shown as ‘UVR8 % monomer-
/total’) of the whole data set. (b) Detail on the increase in [UVR8™°momer] / [JVYR8™@!] (shown as ‘UVRS
% monomer/total’) from 0 to 900 pmolm ™2, using a subset of the data. (c) Semi-log plot of the whole
data set. Data compiled from experiments done by 4 teams of students.
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that the class helped them to interpret data.
Some stated that they helped each other and
discussed how they were analysing the data
and that they were able to compare and eval-
uate the methods they used. Due to the free-
dom to work on genes and aspects of regu-
lation that were sometimes not fully charac-
terized in the literature, students said that
they felt their work had significance. This
is likely why 76% stated that the laboratory
class gave them a taste of what it would be
like to do research, and 82% liked the idea
that some of their experiments may not have
been done previously. Overall, 89% agreed
or strongly agreed that the class was a valu-
able learning experience, and 75% thought it
would help them after they had completed
their degree. Some felt the class allowed
them to develop problem-solving and team-
work skills essential for future research work.
UV4Plants members will be pleased to learn
that the class generated interest in plant re-
sponses to UV-B. As expected, most (59%) stu-
dents said they had little knowledge of how
plants sense and respond to UV-B prior to do-
ing the laboratory, but 72% that they learnt
about it as a result. It was mentioned that the
focus on analyzing their own data fostered a
deeper interest in plant biology, specifically
on the role of UVR8 and the chosen genes.

Concluding remarks

The laboratory class helps students develop
practical skills in molecular biology but,
more importantly, they start to develop key
research skills that cannot easily be taught,
including: formulating questions, having
ideas, working collaboratively in a team, ac-
quiring the confidence to express an opinion,
developing independence. Moreover, they de-
velop their ability to interpret data and eval-
uate observations in relation to the meth-
ods used to obtain them. Being given the
scope to select genes and treatments for
study promotes engagement and a taste for
research. Importantly, gaining an appreci-

ation of how new knowledge is generated en-
courages students to critically appraise pub-
lished data. However, while many students
relish the freedom this type of class gives,
others find it difficult. For instance, some
students commented that they prefer classes
focused on learning techniques and some felt
the time for team discussion slowed down
the work. Nevertheless, most found the class
enjoyable and realized that they gained from
the experience. From the class leader’s per-
spective, there are organizational challenges
that arise in undertaking an investigative ap-
proach with a large class. In addition, it
can be difficult achieving the correct balance
between giving students independence and
intervening to ensure their experiments are
well designed. But ultimately all the students
produce data and learn from the experience,
and it is satisfying that the approach gener-
ates an interest in the subject.

Plant responses to UV-B provide an excel-
lent system for students to learn about the
regulation of gene expression. The stimu-
lus is easily applied and a wide range of
genes can be studied. Moreover, Arabidopsis
mutants are available lacking UVRS8 and the
downstream transcription factors HY5 and
HYH. Activity of the photoreceptor itself can
readily be monitored both with respect to
monomerization and interaction with COP1,
and mutants in the UVRS8 protein are avail-
able. Hence there are numerous questions
that students can define and address. Many
of the experiments undertaken have not been
reported in the literature and some of the
findings are interesting and generate ideas
for further research. Furthermore, when the
whole class work on the same task valuable
data can be generated, as illustrated with the
dose-response experiment presented in Fig-
ure 6.6, where the findings extend published
information. Evidently, the class is facilit-
ated by the availability of resources and ex-
pertise generated in research projects in the
University of Glasgow, consistent with the
University’s strategy that teaching should be
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Figure 6.7: A number of authors of the paper enjoying the Glasgow sunshine.

research-led.
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Introduction

Phenolic compounds are of special interest
as antioxidants and shielding compounds ac-
cumulated in response to ultraviolet-B ra-
diation (UVB; A = 280-315 nm) and other
abiotic factors. The majority of phenolic
compounds are based on phenolic acid or
flavonoid aglycones (Schmidt et al. 2010a),
but mainly occur in plants as glycosides
(Calderon-Montano et al. 2011) and some
of these compounds are acylated (Calderon-
Montano et al. 2011; Schmidt et al. 2010b).
Additionally, in case of flavanols, polymer-
ization leads to tannins, also known as
proanthocyanidins (Gadkari and Balaraman
2015). The compounds can vary from simple
to highly complex structures, which makes
their identification and quantification chal-
lenging.

To date, there are three main approaches
to measure phenolic compound concentra-
tions in plants.

1. The spectrophotometric measurements
of total phenolic content, total flavonoid
content, total flavonol content or others.
However, this approach does not allow
for the identification of single phenolic
compounds within the extract. Moreover,
to quantify content, standards like gal-
lic acid are used that do not necessarily
occur in the sample. A benefit is that
the results are comparable to other data
due to the intensive usage of this method

worldwide, which is of high interest to
compare plants and results of different
labs.

2. The measurement of flavonoid aglycones
after acid, alkaline or enzymatic hy-
drolysis of the flavonoid glycosides is
best performed with high-pressure li-
quid chromatography (HPLC). A number
of aglycone standards are already avail-
able, and thus, the identification and
quantification of these compounds are
both possible.

3. The identification and quantification of
flavonoids glycosides require an analyt-
ical platform including HPLC coupled to
a mass spectrometer (MS). For the iden-
tification of new compounds, nuclear
magnetic resonance (NMR) would also
be mandatory. This approach is mainly
semi-quantitative due to the fewer stand-
ards that are currently available.

Of note is that there is so far no stand-
ard procedure for the measurement of phen-
olic compound profiles and concentrations
in plants. However, the review of Julkunen-
Tiitto et al. (2015) summarizes possible tech-
niques to investigate the effect of UVB radi-
ation on plant phenolics.

This article provides a comprehensive over-
view on how sampling, drying and storage
as well as extraction and measurement affect
the quantification of phenolic compounds in
plants (Fig. 7.1). Furthermore, the need of
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Figure 7.1: How sampling, drying and storage as well as extraction and measurement affect the quan-
tification of phenolic compounds and the need of the method validation for the identification and

quantification of phenolics.

method validation to be able to obtain reli-
able results regarding the identification and
quantification of these compounds will be
highlighted. Here, results from our research,
done at the IGZ and TU Berlin, on kale’s phen-
olic compound profile and concentrations
will be used as examples (Neugart et al. 2013,
2014; Neugart, Klaring, et al. 2012; Neugart,
Zietz, et al. 2012; Schmidt et al. 2010a,b; Zi-
etz et al. 2010). The major benefit of using
these experiments as examples is the pos-
sibility of comparing the same cultivar un-
der different abiotic factors based on meta-
bolite measurements obtained with the ex-
act same validated method, including freeze-
drying, extraction and measurement which
would not be the case in a broad literature
review.

This article does not provide a widely ap-
plicable standardized working protocol. In-
stead, it describes all the steps required
for reliable quantification, highlighting the
difficulties we encounter when comparing
and interpreting phenolic compound meas-
urements reported in the scientific literature,
as there are enormous differences that may
not only be dependent on the genotype and
environment, but also depend on the various
analytic approaches and protocols used in
different labs. Below, we discuss the differ-
ent possible sources of uncertainty at differ-

ent steps of the quantification protocols and
how we can control them.

Sampling

The sampling of the plants is a crucial step
in measuring the concentration of phenolic
compounds and should be considered care-
fully. Sampling protocols determine how the
results of a study can be interpreted, and
which conclusions can be validly drawn. The
objective of the study and the desired range
of validity of the results determine the design
of the sampling protocol to be used. Plants’
chemical composition is affected by both gen-
otype and environment, while the amount of
uncontrolled variation and avoidance of bias
depend on the design of experiments, sur-
veys and sampling protocols from an statist-
ical point of view.

A valid approach for sampling the plants
is to repeat the same experiment 3-4 times
and generate independent results. This is the
standard for climate chamber experiments
requiring the use of multiple chambers or
replication in time with random re-allocation
of treatments to chambers and positions
within chambers. In order that field experi-
ments can generate truly interpretable data,
the climate conditions should be monitored,
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allowing the relationships between environ-
mental variables and metabolite concentra-
tions to be examined. In field experiments,
broad validity will require replication in time
and/or space at a scale matching the inten-
ded validity of the results: varying from rep-
licate plots at one site and time—e.g. a ran-
domized block design with at least 3-4 bio-
logical replicates-to temporal (years) and/or
spatial (localities) replication—e.g. a regional
or national network of field sites with replic-
ation over several years.

Generally, when comparing species or cul-
tivars, the harvested plants or parts of plants
should be grown and treated under the same
conditions as far as possible to be able to
obtain accurate results. More generally, ran-
dom variation should be either controlled or
quantified.

Other factors which can affect profiles
and concentrations of phenolic compounds
should be also considered: cultivar and
genotype, developmental stage, plant organ,
nutritional status of the plant, temperat-
ure and photosynthetically active radiation
(PAR), UVB radiation, diurnal changes, as
well as wounding. All these factors need
to be considered when designing a sampling
protocol and randomization applied to the
sampling protocol so as to ensure that no
bias is introduced. It is important to be
aware that concentrations per unit dry mat-
ter can change rapidly both through fast syn-
thesis, transformation or degradation of the
metabolites under study, and by changes
in the accumulation of other metabolites
such as starch (e.g. starch concentration in
leaves varies through the day as well as in
response to any factor affecting photosyn-
thesis or respiration—in the case of respira-
tion, even after their collection, the dry mass
of samples decreases, unless they are rapidly
frozen or dried so as to stop metabolism.)

As a final consideration, data analysis
should be performed taking into account
what units in an experiment are true replic-
ates and which ones are sub-samples within

such replicates. In many cases valid analysis
requires the use of nested designs to take
into account the properties of the sampling
scheme used.

Species or Cultivar

It is known that there is strong variation
in phenolic compound profiles and concen-
tration among species (Hakkinen and Tor-
ronen 2000; Klepacka et al. 2011; Neugart
et al. 2017, 2015; Wu et al. 2004). How-
ever, it is also now known that such vari-
ation exists between different cultivars of the
same species. For example, various studies
have shown that plants of different cultivars
grown under the same conditions have re-
markable differences in their phenolic com-
pound concentration as described in the liter-
ature (Buendia et al. 2010; Castillo-Munioz et
al. 2010; Flanigan and Niemeyer 2014; Luo et
al. 2013; Y.-W. Lv et al. 2011; Pérez-Gregorio
et al. 2010; Wang et al. 2008; Zheng et al.
2012). For examples of kale, see sections
Flavonoid Aglycones and Flavonoid Glycos-
ides. If species or cultivars should be com-
pared it is mandatory to do that in one ex-
periment with the same environmental con-
ditions regarding developmental stage, tem-
perature, radiation and plant nutrition.

Developmental Stage

For sampling, plants should be at the same
developmental stage, unless developmental
effects are being studied. When interpreting
results, one should take into account that en-
vironmental conditions, including the treat-
ments under study, can affect the timing of
plant development, such as reproductive in-
duction. Moreover, variation of the phenolic
compounds concentration with age has been
described for several species (Edwards et al.
1997; Reifenrath and Miiller 2007; Schoedl
et al. 2012; Vogt and Gul 1994). As an ad-
ditional example, in Arabidopsis thaliana and
other plant species, an increase of anthocyan-
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ins with age has been attributed to the higher
concentration of reactive oxygen species in
older plants (J. Huang et al. 2010; Kovinich
et al. 2014; Stracke et al. 2010; Yonekura-
Sakakibara et al. 2011). Data from one of
our experiments, are used to exemplify how
kale plants grown under consistent envir-
onmental conditions (250 pmolm™2s~! and
10°C) show a decrease in flavonoids with on-
going plant development (Fig. 7.2).

In addition to the plant’s age, leaves at dif-
ferent positions and/or different ages within
a single plant can also differ enormously in
their phenolic compound profile and concen-
tration. For example, in adult kale plants
(12 weeks), the younger, light-green coloured
leaves from the top of the plant contained
higher concentrations of quercetin than the
intermediate-aged or old leaves (Fig. 7.3), and
similar results were found for strawberry
fruits (Tsormpatsidis et al. 2011). Therefore,
it is important to harvest parts of the plants
that are at comparable developmental stage
if one is to get meaningful and robust data.
This does not necessarily mean a single devel-
opmental stage, but rather that samples from
different individuals should be comparable
in this respect in all cases—i.e. sampling of
a single developmental stage of the plant or
organ, multiple stages as separate samples,
or as a pooled “stratified” sample.

Variation Within and Between Organs

Different plant organs vary in their flavonoid
profile and concentration (El Morchid et al.
2014) and even within a single organ, vari-
ation has been found (e.g. Julkunen-Tiitto et
al. 2015). As a further example, we found
that the concentration of flavonoids in the
midrib of kale leaves is at most 20% of what
is found in the rest of the leaf, consistently
accross different cultivars (Fig. 7.4). To min-
imize the effect on the results of differences
between cultivars size of the leaves’ mid-
ribs, one solution is to cut out the midrib
where possible or sample the whole leaf and

quantify the contribution of the midrib to
each leaf’s dry mass. Consequently, the har-
vested organs should be as equal as possible
regarding developmental stage.

Nutritional Status of the Plants

Another factor affecting the phenolic com-
pound concentration is the nutritional status
of the plants. For example, several art-
icles have described a negative correlation
of phenolics, especially flavonoids, and ni-
trogen supply in the plants (Fallovo et al.
2011; Groenbaek et al. 2016, 2014; Han et
al. 2010; Levdal et al. 2010; Nguyen and
Niemeyer 2008; K. M. Olsen et al. 2009;
Strissel et al. 2005). We exemplify these
effects, with data from one of our experi-
ments on kale, where we observed that quer-
cetin greatly decreased while kaempferol and
isorhamnetin slightly decreased with increas-
ing nitrogen fertilization (Fig. 7.5). How-
ever, even though other nutrients can also
affect the concentration of phenolic com-
pounds, they are less frequently discussed:
e.g. sulphur fertilization can lead to a species-
specific increase of phenolic acids in Brassica
rapa subsp. sylvestris (De Pascale et al. 2007).
Consequently, in pot experiments the same
batch of well mixed soil should be used for
all plants that are compared in an experi-
ment, and pots assigned at random to differ-
ent treatments. In field experiments the soil
should be monitored for the nutrient status.
Fertilizer applications during an experiment
should be considered while interpreting the
results and should be described in enough de-
tail as part of the experimental methods.

Temperature and PAR

Temperature and photosynthetically active
radiation (PAR) can affect the profile and con-
centration of phenolic compounds (Bernal et
al. 2013; Chennupati et al. 2012; Mglmann et
al. 2015; Mori et al. 2007; H. Olsen et al. 2009;
Uleberg et al. 2012; Zandalinas et al. 2017). In
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Figure 7.2: Flavonol aglycone concentrations of kale cv. 'Winterbor’ dependent on the plant’s develop-
mental stage in plants grown at 10°C and 250 pymol/m? s. Different letters indicate significant differ-
ences between plants at different developmental stage for each flavonol aglycone (p < 0.05 by Tukey’s
HSD test). Each value represents the mean of three replicates + SD. Susanne Neugart, unpublished
data.

Figure 7.3: Flavonol aglycone concentrations of 12-week-old kale cv. ‘Winterbor’ dependent on the
leaves’ age in 12 week old plants grown at 10°C and 250 pmolm s~ !. Different letters indicate signi-
ficant differences between leaves of different age for each flavonol aglycone (p < 0.05 by Tukey’s HSD
test). Each value represents the mean of three replicates + SD. Susanne Neugart, unpublished data
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Figure 7.4: Flavonol aglycone concentrations of eight different kale cultivars grown in the field. The
leaf was separated into midrib and leaf blade without midrib. The midrib contained remarkably lower
concentrations of each flavonol aglycone. Susanne Neugart, unpublished data. For the statistical con-
trasts between the cultivars please refer to Schmidt et al. (2010).

several articles on kale, we have shown that
the flavonoid glycoside concentrations are
affected by temperature and photosynthet-
ically active radiation (Neugart et al. 2013;
Neugart, Kliaring, et al. 2012; Neugart et al.
2016). Moreover, after acid hydrolysis, quer-
cetin, kaempferol and isorhamnetin concen-
trations were observed to increase under low
temperature (Fig. 7.6) whereas strong photo-
synthetically active radiation led to higher
quercetin but lower kaempferol concentra-
tions (Fig. 7.7). In more detail, blue and red
light gained strong attention in horticulture
production due to different effects on plant
growth and metabolism (Demotes-Mainard et
al. 2016; Huché-Thélier et al. 2016). While
blue light induces mainly caffeic acid deriv-
atives, quercetin and kaempferol glycosides
as well as anthocyanins (Johkan et al. 2010;
Nascimento et al. 2012; Siipola et al. 2014;
Taulavuori et al. 2016) red light is not dis-
cussed as an inducer of phenolic compounds
(Demotes-Mainard et al. 2016). However, syn-
ergistic effects of blue and red light are found

36

(Johkan et al. 2010). In consequence, dur-
ing sampling, one of the major challenges
is to sample plants that have experienced
the same conditions in temperature and ra-
diation. Thus, one should harvest plants or
plant parts from plants that are either from
the middle of a block to avoid “border ef-
fects”, or from one side of a row, or altern-
atively separately from each side of a row.

UVB Radiaition

Numerous researchers found effects of UVB
radiation on the biosynthesis of phenolic
compounds (Guidi et al. 2016; Jansen 2012;
Lavola et al. 2013; Luis et al. 2007; Luthria et
al. 2006; Z. Lv et al. 2013; Martinez-Liischer
et al. 2013; Morales et al. 2010; Nascimento
et al. 2012; K. M. Olsen et al. 2009; Ryan et
al. 1998; Suzuki et al. 2005; Tegelberg and
Julkunen-Tiitto 2001). In more detail, UVB
radiation is known to enhance the synthesis
of B-Ring polyhydroxylated flavonoids such
as quercetin and its glycosides (Becker et al.
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Figure 7.5: Flavonol aglycone concentrations of kale cv. ‘Winterbor’ dependent on the fertilization with
mineral nitrogen (N) 0 to 0.024 kg/m? and organic manure 3 to 6 kg/m2 (equals 0.006 to 0.008 kg
N/m2). The plants were grown in the field. Different letters indicate significant differences between
leaves of plants from different fertilization treatment for each flavonol aglycone (p < 0.05 by Tukey’s
HSD test). Each value represents the mean of three replicates + SD.

Figure 7.6: Flavonol aglycone concentrations of kale cv. 'Winterbor’ dependent on the temperature

in plants grown at 250 ymol/m2 s. Different letters indicate significant differences between plants
grown at different temperatures for each flavonol aglycone (p < 0.05 by Tukey’s HSD test). Each value
represents the mean of three replicates + SD. Susanne Neugart, unpublished data
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Figure 7.7: Flavonol aglycone concentrations in kale cv. 'Winterbor’ plants grown at 10°C under differ-
ent irradiances of photosynthetically active radiation. Different letters indicate significant differences
in concentration between irradiance treatments, separately for each flavonol aglycone (p < 0.05 by
Tukey’s HSD test). Each value represents the mean of three replicates = SD. Susanne Neugart, unpub-

lished data.

2013; Bilger et al. 2007; Gliszczynska-Swigto
et al. 2007; Jaakola et al. 2004; Klem et al.
2015; Neugart, Zietz, et al. 2012; Tattini et al.
2005). Recently the interaction of UVB and
temperature or water availability gained spe-
cial interest (Bernal et al. 2015; Halac et al.
2014; Neugart et al. 2014). It is therefore ex-
tremely important to harvest plants or plant
organs that have faced the same UVB condi-
tions so either from the same side of the row
in field experiments or of the same distance
to artificial light sources in climate chambers.
In case of UVB the exact measurement and
monitoring of the UVB physiological quantit-
ies and the biological effective doses of UVB
is mandatory for the interpretation of the
data.

Diurnal Changes

Besides the accumulation of phenolic com-
pounds as a response to environmental
changes there is evidence that some plants
exhibit diurnal changes in their flavonoid
profiles and concentrations (reviewed by
Julkunen-Tiitto et al. 2015). Therefore, the

harvest should be as fast as possible and con-
trols for each time point that plants are har-
vested (day or hour) should be taken if more
than one harvest is necessary for the experi-
ment.

Wounding

Sometimes sampling leads to wounding of
the plants or single leaves. In such cases, the
samples should be frozen in liquid nitrogen
immediately to minimize any reaction caused
by wounding even though that might need
hours or even days (Surjadinata and Cisneros-
Zevallos 2012). Sequential sampling of or-
gans from the same individual plants should
be avoided unless done within a very short
length of time, such as a few minutes. One
should also consider whether earlier, even
non-destructive, measurements could have
affected the organ or plant being sampled.
In the case of wounding by herbivores, one
should take into account how this relates to
the objectives of the study, and if appropri-
ate avoid sampling damaged plants, and in
all cases taking note of any abnormal fea-
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tures of individual plants or organs sampled.

In conclusion, the design of a sampling
protocol must take into account the aims
of the study. In climate chamber experi-
ments it is simple to have defined condi-
tions and change exclusively one or two
factors. However, it is much more complic-
ated in field experiments. It is recommen-
ded to sample plants at the same develop-
mental stage and that were grown under the
same conditions regarding exposure to vari-
ous abiotic factors such as temperature and
radiation. If different developmental stages
or abiotic conditions are part of the experi-
ment, these differences should be accurately
measured, e.g. temperature and irradiance as
well as leaf number and size. If plants are
sampled from different growing locations, it
can be useful to have soil samples to also al-
low for the assessment of the plants’ nutri-
tional status. All of the above components
that make up the sampling method affect
what conclusions can be validly drawn from
the measurements. If single plants or leaves
are sampled the biological variability among
them can be directly estimated. If pooled
samples are used, such estimates of variab-
ility need to be estimated indirectly. Rely-
ing on a minimum of 5 samples facilitates
the detection of outliers. From the statistical
point of view, what matters is the number of
true replicates, which usually are neither indi-
vidual plants nor leaves. Pooling of samples
from different plant parts discards informa-
tion but can be used if the mass of individual
samples is too low. A non-random sampling
sequence can be a source of bias. The or-
der in which each plant is sampled should
always be random, within blocks if present
in the design of the experiment. Randomiz-
ation should ensure that the sampling of in-
dividuals from different treatments is inter-
spersed in time. The comparability and re-
producibility of results reported is much im-
proved when authors describe the sampling
protocol in detail.

Drying and Storage

A comprehensive summary of drying meth-
ods and storage conditions is provided by
Julkunen-Tiitto et al. (2015). In general,
samples should be as dry as possible which
is easily achieved by freeze-drying. If the
humidity of the sample is less than 3%,
samples can be stored at room temperature
(Pérez-Gregorio et al. 2010). Additionally, the
samples should be stored in desiccators if
needed e.g. in summer or tropical climate.
Otherwise the samples can be stored at -20°C
to avoid the effect of humidity (Syamaladevi
et al. 2011). This is the same for anthocyan-
ins (Pérez-Gregorio et al. 2010; Syamaladevi
et al. 2011). It is known that, in solution,
quercetin readily photodegrades (Dall’Acqua
et al. 2012), while degrading at a slower
rate in dry samples. Nevertheless, samples
should be analysed as soon as possible to
minimize the effect of degradation on meta-
bolite quantification.

Extraction and Measurement

Currently, there are numerous methods for
extracting phenolic compounds (reviewed by
Julkunen-Tiitto et al. 2015). However, a ma-
jor challenge still remains in the identific-
ation and quantification of phenolic com-
pounds in the plant matrix. In detail, the
end measurement is strongly influenced by
the extraction method, e.g. acid hydrolysis
vs. methanolic extraction. It is important to
always remember that the size of particles
in a sample affects extraction efficiency—the
smaller the size, the better. The second
crucial point that should be taken into ac-
count is that when using a portion of a larger
sample for an extraction, any lack of homo-
geneity in the sample compromises quanti-
fication through decreased accuracy (see sec-
tion Reproducibility on page 50). If samples
are difficult to grind, or inhomogeneous, it
is a good trick-of-the-trade to increase the
sample mass that is extracted to 1 g or more
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and proportionally increase the volume of
the extraction solution. The extraction gen-
erally is more efficient at higher temperat-
ures (up to 40°C) and with longer extrac-
tion time (see section Optimization of the
Extraction on page 49). If a large number
of plants should be compared, it can be of
use to be less specific and measure the total
phenolic content (TPC) or the flavonoid agly-
cones and other phenolic compounds’ agly-
cones. If the response of one plant to a biotic
or abiotic factor is investigated, it can be help-
ful to discuss structure-activity-relationships
based on a very detailed analysis of flavonoid
glycosides and other phenolic compounds’
glycosides.

Below is a summary of extraction methods
and measurement of phenolic compounds
we have previously successfully used for sev-
eral species after optimization for each spe-
cies. Results from our studies on kale are
used to exemplify what kind of data can be
generated and how these can be interpreted.

Total Phenolic Content

This approach is a fast method to quantify
the total phenolic content, or TPC (for more
details on this and other assays see Julkunen-
Tiitto et al. 2015) in plants but was origin-
ally developed to measure proteins (Lowry et
al. 1951). It yields a single measured value
per sample analysed, which is assumed to be-
have as an approximate joint quantifier for
a large group metabolites. The potential in-
teraction with proteins is one of the disad-
vantages of this method. Some researchers
also consider vitamin C and other antioxid-
ants as these compounds can also react with
the Folin-Ciocalteu regent and influence the
results. However, the method has the advant-
age that different plants can be compared
due to the reference gallic acid. Addition-
ally correlations to the antioxidant activity
are often also measured. Plants differ in
their phenolic profiles and this might lead to
over- or underestimation of the real concen-

trations of these phenolic compounds. Con-
sequently, when treatments affect the phen-
olic profile, or when genotypes differ in their
metabolite composition, bias in TPC meas-
urements can be introduced by the use of
this method. One solution is to addition-
ally measure the plant’s main phenolic com-
pound as a standard reference and then to
quantify the TPC based on this. If the an-
tioxidant activity is to be correlated to the
total phenolic content, it is recommended to
measure other antioxidants of relevance in
the plant as well e.g. vitamin C or carotenoids.
Nevertheless, different extraction methods
regarding kind of solvent, volume of solvent,
extraction time, extraction temperature and
other possible influencing factors such as pH
can affect the quantification of the TPC, and
therefore, should be optimised in order to ac-
curately validate the different methods used.
The same is true for other chemical reactions
often used to estimate total flavonoid or an-
thocyanin content. Note that the method for
the extraction and measurement of phenolic
compounds needs to be validated see section
Method Validation on page 46.

In kale, we analysed the TPC using the
following method published in Zietz et al.
(2010). For extraction, 2 g of ground sample
were dissolved in 25ml of 62.5% aqueous
methanol and stirred at 500 rpm for 1 h. The
mixture was then filtered and aliquots were
used for further analysis. The total phen-
olic content TPC of kale extracts was determ-
ined using the Folin-Ciocalteu colourimetric
method. In brief, 400l of a 20-fold dilution
of each extract was mixed with 2.5 ml of dis-
tilled water, 1 ml of Na,CO3 (7.5% w/v) and
100ul of Folin-Ciocalteu reagent. The thor-
oughly mixed solution was incubated at 35°C
for 15 min. After the solution had cooled
to room temperature, the absorbance was
measured at A = 736 nm (SPECORD 40, Ana-
Iytik Jena AG, Jena, Germany). The results
were expressed as millimoles of gallic acid
equivalents per gram of dry matter (mmol
GAE/g dry matter). All extracts were ana-
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lysed in duplicate. In the eight investigated
kale cultivars the gallic acid equivalent con-
centration (GAE) ranged between 0.18 and
0.31 mmol/g dry matter. The genotypic vari-
ation shows that especially the traditional,
old cultivars ‘Altméarker Braunkohl’, ‘Halbho-
her gruner Krauser’ and ‘Lerchenzunge’ as
well as the red hybrid ‘Redbor’ are charac-
terized by relatively high TPC, while the cul-
tivars ‘Winterbor’, ‘Frostara’, ‘Winnetou’ and
‘Arsis’ have lower values. Those genotypes
investigated in our study had higher TPC val-
ues than those found by other researchers,
which ranged from 0.08 to 0.11 mmol GAE/g
dry matter (Hagen et al. 2009; Heimler et al.
2006; H. Olsen et al. 2009). This difference
might result from different extraction effi-
ciency (see section Optimization of the Ex-
traction on page 49).

Flavonoids as Flavonol Aglycones

As several flavonoids present in a given
sample may share the same aglycone, and
differ only in the attached residues, re-
moving these residues decreases the num-
ber of compounds remaining in the ex-
tract. This is achieved through de-acylation
and de-glycosylation of flavonoid glycosides
to flavonoid aglycones. The advantage of
this method is the smaller number of com-
pounds being quantified. Of these aglycones,
many are available as reference standards,
which allows to accurately identify phenolic
aglycones with HPLC by direct comparison
against such reference standards. This iden-
tification can then be verified by mass spec-
trometry (then MS grade solutions for ex-
traction solvents and measurement eluents
are mandatory). Quantification of each peak
compared to a standard reference is possible,
i.e. the samples are measured and the peak
areas under the curve for the aglycones from
both samples and standards are computed.
Calibration curves can then be produced with
a minimum of four known concentrations
of pure aglycones (see section Calibration

Curves on page 51). The peak areas of the cal-
ibration curves should be in the same range
as the peak areas of the samples. With the
help of the calibration curves and the di-
lution factors (during extraction and meas-
urement of the samples), the areas of the
samples can be re-expressed as concentra-
tions. Whether to give the concentrations in
dry matter or fresh matter depends on the
scientific question being addressed. For ex-
ample, if the treatment of the plants or the
general plant development leads to morpho-
logical changes, it is recommended to work
with concentrations in dry matter due to a
different water content expected.

In kale, we analysed the flavonol agly-
cones quercetin, kaempferol and isorham-
netin using the following method published
in (Schmidt et al. 2010a). A lyophilized
kale sample (0.5 g) was hydrolysed with 50%
aqueous methanol and 1.6 M HCI in double
determination experiments. After refluxing
at 90°C for 2 h, the extract was cooled down
to room temperature, adjusted to 100 ml and
then sonicated for 5min. After which, the
extract was filtered through a 0.45um PTFE
filter for HPLC analysis. With this method,
phenolic acids and anthocyanidins can be
measured. However, higher concentrations
of HCl are needed to measure anthocyan-
idin concentrations (Merken et al. 2001). The
extracts were separated on a Prodigy (ODS
3, 150x3.0 mm, 5um, particle size 100A)
column (Phenomenex, Aschaffenburg, Ger-
many) with a security guard C18 (ODS 3,
4 3.0 mm, 5 lm, 100 A), at a temperature
of 25°C using a water/acetonitrile gradient.
Solvent A consisted of 99.5% water and 0.5%
acetic acid; solvent B contained 100% acet-
onitrile. The following gradient was used
for eluent B: 30-35% (0-5 min), 35-39% (5-
17 min), 39-90% (17-21 min), 90% isocratic
(21-26 min), 90-30% (26-29 min), 30% iso-
cratic (29-34 min). Flow was performed us-
ing 0.3 ml min~!, and the measured detector
wavelength was A = 370nm. The standards
dihydroquercetin, kaempferol and isorham-
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netin (Carl Roth GmbH, Karlsruhe, Germany)
were used to obtain an external calibration
curve in the range of 0.01-10 mg/100ml.
The total flavonol concentration was calcu-
lated as the sum of the concentration of
the individual flavonol aglycones quercetin,
kaempferol and isorhamnetin. Quercetin,
kaempferol and isorhamnetin in kale (Fig.
7.8) were identified by comparison to stand-
ards (Fig. 7.9) as deprotonated molecular
ions and characteristic mass fragment ions
by HPLC-DAD-ESI-MS2 with an ion trap mass
spectrometer. The mass optimization was
performed for quercetin [M-H]- m/z 301. The
ESI source potential on capillary was 3.5 kV.
The declustering voltage was -40V and the
focusing voltage was 153 V. The automated
collision energy was 1V (30-200%).

In eight kale cultivars including hybrid
and traditional cultivars, high concentrations
of the flavonol aglycones kaempferol and
quercetin, followed by isorhammetin were
identified and quantified by comparison to
standards. The total concentration of these
flavonol aglycones was between 6.0 and 14.8
mg/g dry matter, which corresponds to 97.4-
298.5mg / 100g fresh matter (Schmidt et
al. 2010a). The genotypic variation revealed
that traditional, old cultivars ‘Altmairker
Braunkohl’, ‘Halbhoher griiner Krauser’ and
‘Lerchenzunge’ are characterized by relat-
ively high flavonoid concentrations, while
lower flavonoid concentrations were found
in the hybrids ‘Arsis’ and ‘Winterbor’, as
well as in the cv. ‘Frostara’. Comparable
concentrations to our results were also de-
termined by (Z. Huang et al. 2007) in curly
kale (Brassica oleracea var. acephala), with
90.5, 31.8 and 23.6mg/100g fm for kaem-
pferol, quercetin and isorhamnetin, respect-
ively. Furthermore, similar quercetin concen-
trations (7.7-24.4mg/100g fm) were detec-
ted in curly kale, but the kaempferol concen-
trations were much lower (21-47mg/100g
fm) compared to our investigated cultivars,
whereas isorhamnetin was not detected in
these kale varieties (Hertog et al. 1992; Zhang

et al. 2003) underlining the effect of strong
photosynthetically active radiation during
plant growth (Zhang et al. 2003) see sec-
tion Temperature and Radiation on page
34. Note that phenolic acids and anthocy-
anindins were not investigated in these kale
samples.

Flavonoids as Flavonol Glycosides

In contrast to methods described in the previ-
ous two sections, here the aim is to quantify
the individual flavonoids as they are in the
plant. With this method, one can investigate
detailed structure-activity relationships and
it is also the most precise approach to identi-
fying phenolic compound profile and concen-
tration. However, the reliable identification
of these compounds is complex and time-
consuming. To start with, an HPLC instru-
ment coupled to a mass spectrometer (MS) as
detector is needed. For precise structural de-
termination other methods (such as nuclear
magnetic resonance, i.e. NMR) are needed, e.g.
to distinguish between isomers differing only
in the position where the same substituent
is bound. Very sophisticated MS methodo-
logy such as ion mobility could be useful for
that purpose as well. Julkunen-Tiitto et al.
(2015) summarize which extraction solvents,
columns, eluents and wavelength as well as
mass spectrometric parameters and NMR ap-
proaches can be used in the identification
and quantification of flavonoids.

Due to the small number of available refer-
ence standards for complex glycosylated and
acylated phenolic compounds, often only a
semi-quantitative quantification based on re-
lated standards is possible. Further, it is not
common to calculate response factors since
reference standards are missing that would
be required to do that. Generally, the quan-
tification works as described for the flavon-
oid aglycones, but with one standard being
used for different glycosides, e.g. quercetin-
3-glucoside for several quercetin glycosides.

In kale, we analysed the flavonol glycosides
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Figure 7.8: Cromatogram of flavonol aglycones in kale cv ‘Winterbor’ after acid hydrolysis at A =

370 nm. Susanne Neugart, unpublished data.

Figure 7.9: Chromatogram of a standard flavonoid glycoside and aglycone mixture at A = 370 nm: 1-
guercetin-3-rutinoside, 2-myricetin, 3-luteolin, 4-quercetin, 5-apigenin, 6-kaempferol, 7-isorhamnetin.

Susanne Neugart, unpublished data.

and hydroxycinnamic acid derivatives using
the following method published in (Schmidt
et al. 2010b). Lyophilized kale (0.5g) was
extracted with 15ml of 60% aqueous meth-
anol on a magnetic stirrer plate for 1.5h in
a double determination approach. The ex-
tract was filtered through a fluted filter and
subsequently evaporated to dryness. The
residue was dissolved in 5ml of distilled
water and then filtered through a cellulose-
mixed ether-membrane (CME) filter for HPLC
analysis.

A modification for smaller volumes has

been recently published in (Neugart et al.
2017). Lyophilized, ground plant material
(0.02g) was extracted with 600ul of 60%
aqueous methanol on a magnetic stirrer plate
for 40 min at 20°C. The extract was cent-
rifuged at 4500 rpm for 10 min at the same
temperature and the supernatant was collec-
ted in a reaction tube. This process was
repeated twice with 300ul of 60% aqueous
methanol for 20 min and 10 min, respectively.
The three corresponding supernatants were
then pooled. The extract was subsequently
evaporated until it was dry and was then sus-
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pended in 200l of 10% aqueous methanol.
The extract was centrifuged at 3000 rpm for
5min at 20°C through a Corning® Costar®
Spin-X® plastic centrifuge tube filter (Sigma
Aldrich Chemical Co., St. Louis, MO, USA)
for HPLC analysis. Each extraction was car-
ried out in duplicate. This method can also
be used for hydroxycinnamic acid derivat-
ives and proanthocynaidins. However, to
date, no method validation for these com-
pounds has been performed. Finally to ex-
tract anthocyanins, acidified methanol (0.1%
v/v formic acid) is commonly used to stabil-
ize the cations (H. Olsen et al. 2010). The
flavonol glycosides were analysed using a
Prodigy (ODS 3, 150 3.0mm, 5lm, 100A )
column (Phenomenex, Aschaffenburg, Ger-
many) with a security guard C18 (ODS 3,
4 3.0mm, 5lm, 100A ) at a temperature
of 25°C using a water/acetonitrile gradient.
Solvent A consisted of 99.5% water and 0.5%
acetic acid; solvent B contained 100% acet-
onitrile. The following gradient was used
for eluent B (100 % acetonitrile) at a temper-
ature of 30°C: 5-7% (0-12 min), 7-9% (12-
25 min), 9-12% (25-45 min), 12-15 % (45-
100 min), 15% isocratic (100-150 min), 15-
50 % (150-155 min), 50 % isocratic (155-
165 min), 50-5% (165-170 min), 5% isocratic
(170-175 min). The flow was performed
using 0.4mlmin~!, and the measured de-
tector wavelength for the quantification was
set at A = 370nm for non-acylated flavonol
glycosides and A = 330nm for acylated
flavonol glycosides. The standards quercetin-
3-0O-glucoside and the corresponding 3-O-
glucosides of kaempferol and isorhamnetin
(Carl Roth GmbH, Karlsruhe, Germany) were
used in a semi-quantitative approach to ob-
tain an external calibration curve in the range
of 0.1-10mg/100ml. Mass optimization for
the ion optics of the mass spectrometer was
performed for quercetin m/z 301 for the low
mass flavonol glycosides. In addition, due to
the lack of standards, arbitrary m/z 1000 was
used as the target mass in auto-mode to in-
clude higher mass fragments for higher mass

flavonol glycosides. The ESI source poten-
tial on capillary was 3.5 kV. The declustering
voltage was -40V and the focusing voltage
was 153V at mass optimization m/z 301
and 200V at mass optimization m/z 1000.
The automated collision energy was 1V (30-
200%). The MSn experiments were performed
in auto- or manual mode up to MS4 in a
scan from m/z200 to 2000. Note that an-
thocyanins were not investigated in these
kale samples. In kale, 71 flavonol glycos-
ides have been tentatively identified by HPLC-
DAD-MSn. Of these, 27 non-acylated, 30
monoacylated and 14 diacylated glycosides
have been found based on the flavonol agly-
cones quercetin, kaempferol and isorham-
netin. Seven of these 71 compounds have
been further identified with NMR in a pre-
vious study (Fiol et al. 2012). The main
flavonol glycosides in kale are non-acylated
and monoacylated quercetin and kaempferol
glucosides, with the majority of flavonol gluc-
osides being acylated with hydroxycinnamic
acids. A presentation of selected quercetin
and kaempferol glycosides is depicted in Fig.
7.10. Of the non-acylated (Fig. 7.10-A) and
monoacylated (Fig. 7.10-B) compounds, the
kaempferol glycosides were in higher concen-
tration in the plants and traditional cultivars
had higher concentrations than the hybrid
cultivars-except for the cultivar ‘Redbor’. In-
terestingly, this is different in the complex
diacylated tetraglycosides (Fig. 7.10-C) which
are in high concentrations only in cultivar
‘Redbor’. Finally, our results on the identi-
fication and quantification of flavonoid glyc-
osides in kale are supported by findings of
other groups (Ferreres, Fernandes, Oliveira,
et al. 2009; Lin and Harnly 2009; H. Olsen et
al. 2009). Of note is that the precision had a
variation coefficient up to 8% and the accur-
acy has a variation coefficient of up to 8% for
the main phenolic compounds and up to 20%
for the minor compounds which is higher
than that for flavonol aglycones in kale see
section Reproducibility (precision and accur-
acy) on page 50.
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Figure 7.10: Structurally different flavonoid glycoside concentrations in kale cv. ‘Winterbor’. A: non-
acylated triglycosides; B: monoacylated triglycosides; C: diacylated tetraglycosides. The plants were
grown in the field. Different letters indicate significant differences between the cultivars for each
flavonol glycoside (p < 0.05 by Tukey’s HSD test). Each value represents the mean of three replicates +
SD. Susanne Neugart, unpublished results.
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Identification of Hydroxycinnamic Acid
Derivatives

The identification of phenolic compounds
is one of the major challenges in analytics
today as there is a number of compounds
and species differ enormously in their pro-
files and concentrations. The following is an
example on the hydroxycinnamic acid deriv-
atives in kale to highlight the process of the
identification of phenolic compounds by (1)
do a general literature research and find gen-
eral fragmentation pattern for phenolics, (2)
interpreting the fragmentation pattern meas-
ured and (3) compare to the literature if these
compounds have been described before for
the same genotype or species. From stud-
ies with HPLC-DAD-ESI-MSn in auto-mode to
MS3, 30 hydroxycinnamic acid derivatives
and a hydroxybenzoic acid glycoside (dipro-
tuchatechuic acid-gentiobioside) were tentat-
ively identified in kale (Fig. 7.11 and Table
7.1). The hydroxycinnamic acid derivatives
can be classified into four aglycones, four
quinic acid esters, four monoacylated hy-
droxycinnamic acid glycosides (mono-, di-
and triglycosides), 12 diacylated hydroxy-
cinnamic acid glycosides (di- and triglycos-
ide) and six triacylated hydroxycinnamic acid
glycosides (di- and triglycosides). For all
identified glycosides, glucose was exclusively
glycosylated - a finding that is also confirmed
in the literature for other Brassica species
(Ferreres, Fernandes, Sousa, et al. 2009; Har-
baum et al. 2007; H. Olsen et al. 2009). In
addition to the cleavage of 324 Da for digluc-
osides, the glycosides did not show the cleav-
age of 180 Da (characteristic of sophoroses).
Thus, the diglucosides can be identified as
gentiobioses, which is the case for kale (Fer-
reres, Fernandes, Sousa, et al. 2009; Lin and
Harnly 2009).

As an example, the identification of hy-
droxycinnamic acid derivatives’ based on
fragmentation patterns is described. In
the case of the triacylated hydroxycinnamic
acid glycosides, three substances have the

same fragmentation pattern. Starting from
the deprotonated molecular ions m/z 929
(H30), m/z 945 (H25) and m/z 959 (H29), a
sinapic acid (224Da) was first cleaved in
MS2 followed by the loss of a second sin-
apic acid or a sinapic acid residue. MS3
is characterized by the fragment ions [MH-
224-224]- and [MH-224-206]-. In addition,
the loss of a ferulic acid by the fragment-
ation [M-H-224-176]- was observed in the
MS3 of substance H30. For all substances,
MS3 showed the deprotonated molecular
ions of hyroxyferulic acid (m/z209) or sin-
apic acid (m/z223). The substances were
identified as disinapoyl-feruloyl gentiobios-
ide (H30), disinapoyl-hydroxyferuloyl gen-
tiobioside (H25) and trisinapoyl gentiobi-
oside (H29). The substances disinapoyl-
feruloyl gentiobioside (H30) and trisina-
poyl gentiobioside (H29) have already been
found in various Brassica oleracea (Ferreres,
Fernandes, Oliveira, et al. 2009; Lin and
Harnly 2009; H. Olsen et al. 2009, 2010)
and Brassica rapa (Harbaum et al. 2007).
The disinapoyl-hydroxyferuloyl gentiobios-
ide (H25) has hitherto only been found
in tronchuda cabbages (Ferreres, Fernandes,
Oliveira, et al. 2009). A further substance
shows in the MS the deprotonated molecu-
lar weight m/z 899. In MS2, the loss of a fer-
ulic acid is characterized by the fragment ion
[M-H-194]-. The MS3 shows both the cleav-
age of a sinapic acid residue ([M-H-194-206]-)
as well as the cleavage of a ferulic acid ([M-
H-194-194]-) and a ferulic acid residue. The
substance is identified as sinapoyl-diferuloyl
gentiobiose and has already been identified
by (Ferreres, Fernandes, Sousa, et al. 2009)
in tronchuda cabbage. For the exact iden-
tification measurements on high resolution
mass spectrometry followed by NMR meas-
urements would be necessary.

Method Validation

Which extraction method or measuring
method is used depends on the scientific
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Figure 7.11: Chromatogram of flavonol glycosides and hydroxycinnamic acid derivatives of kale cv.
‘Winterbor’ at A = 320 nm H1-H31 represent the tentatively identified hydroxycinnamic acid derivatives
and a hydroxybenzoic acid glycoside (diprotuchatechuic acid-gentiobioside). The two lower panels are
enlarged views for the initial 45 min of the run, and remaining of the run, respectively. Scale limits
differ among panels. See Table 7.1 for additional details. Susanne Neugart, unpublished data.

© 2017 by the authors 47


http://www.uv4plants.org

7 S. Neugart: Analysis of phenolic compounds

Table 7.1: Fragmentation patterns of 30 hydroxycinnamic acid derivatives and one hydroxybenzoic
acid derivative in kale. Susanne Neugart, unpublished data

Tentative name MS MS2 MS3 Source

HO1  feruloyl diglucoside 517 353 —

HO02  diprotucatechuic acid gentiobiose 631 315 153 —

HO3  feruloyl triglucoside 517,677 179, 353, 341 —

HO04  chlorogenic acid derivative 353 191 Lin and Harnly 2009; H. Olsen
et al. 2009, 2010

HO5  caffeic acid glucoside 341 179 Harbaum et al. 2007

HO6  hydroxyferulic acid glucoside 371 209 —

HO7  chlorogenic acid derivative 353 191 Lin and Harnly 2009; H. Olsen
et al. 2009, 2010

HO8  caffeic acid 179 Lin and Harnly 2009

HO09  hydroxyferulic acid 209 Lin and Harnly 2009

H10 sinapic acid glucoside 385 223 Ferreres, Fernandes, Sousa, et al.
2009

H11  chlorogenic acid derivative 353 191 Lin and Harnly 2009; H. Olsen
et al. 2009, 2010

H12  ferulic acid 193 Lin and Harnly 2009

H13  disinapoyl gentiobioside 753 529 223

H14  feruloyl quinic acid 367 191 Lin and Harnly 2009

H15  sinapic acid 223 Lin and Harnly 2009

H16 sinapoyl-caffeoyl triglucoside 871 709 485 —

H17  sinapoyl-coumaroyl triglucoside 855 693 469 —

H18  sinapoyl-feruloyl triglucoside 885 723 499 H. Olsen et al. 2009

H19  diferuloyl triglucoside 855 693 499 H. Olsen et al. 2009

H20  sinapoyl-hydroxyferuloyl gentiobios- 739 515 191 —

ide

H21  disinapoyl-feruloyl triglucoside 1091 929 705 H. Olsen et al. 2009

H22  sinapoyl-caffeoyl gentiobioside 709 485 161 —

H23  trisinapoyl triglucoside 1121 959 735 H. Olsen et al. 2009

H24  disinapoyl gentiobioside 753 529 223 Ferreres, Fernandes, Sousa, et al.
2009; Harbaum et al. 2007; Lin
and Harnly 2009; H. Olsen et al.
2009, 2010

H25  disinapoyl-hydroxyferuloyl gentiobios- 945 721 515 —

ide

H26  sinapoyl-coumaroyl gentiobioside 693 469 163 —

H27  sinapoyl-feruloyl gentiobioside 723 499 193 Ferreres, Fernandes, Sousa, et al.
2009; Harbaum et al. 2007; Lin
and Harnly 2009; H. Olsen et al.
2009, 2010

H28  diferuloyl-gentiobiose 693 499 193 Ferreres, Fernandes, Sousa, et al.
2009; Lin and Harnly 2009

H29 trisinapoyl gentiobioside 959 735 529 Ferreres, Fernandes, Sousa, et al.
2009; Harbaum et al. 2007; Lin
and Harnly 2009; H. Olsen et al.
2009, 2010

H30 disinapoyl-feruloyl gentiobioside 929 705 481, 499, 529  Ferreres, Fernandes, Sousa, et al.
2009; Harbaum et al. 2007; Lin
and Harnly 2009; H. Olsen et al.
2009, 2010

H31 sinapoyl-diferuloyl gentiobiose 899 705 499 Ferreres, Fernandes, Sousa, et al.
2009
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question that should be answered. Never-
theless, a method validation is the basis of
reliable results. This includes optimization
of the extraction, selectivity, peak purity,
reproducibility (precision and accuracy),
recovery, detection limit and quantification
limit (if applicable), as well as calibration
curve (linearity) (Bayram et al. 2013; Fucina
et al. 2012; Gouveia and Castilho 2012; Li
et al. 2012; Schoedl et al. 2011). If the quan-
tification of compounds is performed with
a mass spectrometer, other factors, such
as ionization stability and ion suppression
by the matrix, should also be considered.
Importantly, a method validation should be
conducted at the beginning of the establish-
ment of an extraction or measuring method.
To ensure that the established method is
still correct, a double or triple determination
of each sample is recommended and one or
two reference standards should be measured
with each sequence. Most of the parameters
can then be rated in comparison with the
validation conducted at the beginning. A
new validation is necessary when something
changed in the method, e.g. lower amounts
of solutions during extraction, a new column
of the same or other packing material,
changes in the gradient or changes in the
ionization process in the mass spectrometer.

The example shown here is the method val-
idation performed for the flavonol aglycones
in kale in which the compounds were quanti-
fied by HPLC.

Optimization of the Extraction

For the optimization of the extraction there
are several factors to consider dependent
on the extraction method (for different pos-
sible extraction methods please see Julkunen-
Tiitto et al. 2015): extraction solution (in-
cluding mixtures of polar and non-polar solu-
tion), extraction time and number of extrac-
tions, extraction temperature, sample weight,
volumes of the extraction solution, shaking
or mixing of the sample (Table 7.2). Ex-

amplarily for kale the concentrations of HCl
and methanol were not changed for the op-
timization of the kale extracts as these were
established during previous experiments for
broccoli (Krumbein et al. 2007). The investig-
ation of the hydrolysis time (1, 2, 3,4 and 6 h)
on the flavonol aglycones quercetin, kaem-
pferol and isorhamnetin occurring in kale
showed that 2 hours were sufficient for acid
hydrolysis to take place (50% methanol with
1.6M HCI at 100°C).

Selectivity

The selectivity of the method is the sum of
HPLC parameters that are optimized for the
measurement of the phenolic compounds in-
cluding choice of eluents, gradient, oven tem-
perature, and detection wavelength. There-
fore (1) sample extracts of kale (Fig. 7.8) and
(2) standard mixtures of the available flavon-
oid aglycone standards (Fig. 7.9) were used
to validate the separation of peaks and de-
tection wavelength (chosen based on com-
pounds’ absorption spectrum) and the pos-
sible partial overlap of peaks due to elution
times. This led to the selection of the elu-
ents solvent A (99.5% water and 0.5% acetic
acid) and solvent B (100% acetonitrile). The
gradient and oven temperature were optim-
ized. The detection wavelength for quercetin,
kaempferol and isorhamnetin was chosen
nearest to their measured absorption max-
ima and set at A = 370nm. For the method
details, see section Flavonol Aglycones on
page 41.

Peak Purity

The peak purity was verified by DAD (A =
190-600 nm) by comparing peak shapes and
the absorption spectrum at the key locations
of a peak (base, before and after the peak;
turning point, in the increasing and decreas-
ing slope; and apex). For the relevant peaks
of quercetin, kaempferol and isorhamnetin,
no impurities or co-elutions were detected in
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Table 7.2: Parameters of an extraction and their optimization.

Parameters of extraction

Optimization

solvent/extractant”

length of time and number of
extractions

temperature

sample mass

volume of solvent/extractant

shaking or mixing

highly depends on the polarity of the target compounds,
generally 50-70% methanol or ethanol are sufficient for the
extraction of a wide number of phenolic compounds

the extraction time should be as long as necessary but as
short as possible to avoid oxidation processes, the number
of extractions for one extract can vary from 1 to 5

glycosides are more sensitive to temperature and might be
degraded to aglycones above 40°C

the more sample weight (5-500mg) is used the lower is the
variation coefficient of the reproducibility

should be in relation to the sample weight, but the higher
the volume the less concentration of phenolic compounds
is found per ml so a concentration step for the extracts may
be useful

for the better extraction shaking or mixing is essential dur-

ing the whole extraction process

“Including mixtures of polar and non-polar solvents

kale, the species used here as example.

Reproducibility

To determine reproducibility, the precision
(variation dependent on the HPLC measure-
ment procedure by itself) as well as the ac-
curacy (variation dependent on HPLC meas-
urement procedure plus sample preparation,
after acid hydrolysis) for the flavonol agly-
cones quercetin, kaempferol and isorham-
netin were investigated for kale. To determ-
ine precision, the same hydrolysed extract
was injected 10 times, and average, stand-
ard deviation, as well as variation coefficient
were calculated. Such calculations should
be performed intra-day (within one day) and
inter-day (over several days). To determine
accuracy, 10 times 0.5g of the freeze-dried
kale was hydrolysed with 50% aqueous meth-
anol and 1.6 M HCI as previously described
(see section Flavonol Aglycones on page 41).
The variation coefficient of accuracy was 3%

for quercetin and kaempferol and 10% for
isorhamnetin of which the variation coeffi-
cient of precision was below 1 % for all.

Stability

The stability of solutions is of special in-
terest for polyhydroxylated flavonoids. Espe-
cially aglycones are degraded quickly both as
standards as well as in the samples. For the
standard stability, stock solutions of quer-
cetin, kaempferol and isorhamnetin were
prepared in the concentrations 1 mg/100ml
each. Aliquots of these were stored at 4°C
and measured each day up to five days. The
stability after one day was 96% for quercetin,
99% for kaempferol and 95% for isorham-
netin (Fig. 7.12). After five days, the stability
was 52% for quercetin, 96% for kaempferol
and 53% for isorhamnetin. The comparable
results were observed for the samples of kale
after acid hydrolysis. These highly differing
percentages highlight that samples should be
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Figure 7.12: Stability of quercetin, kaempferol
and isorhamnetin aglycones in kale extracts after
acid hydrolysis.

prepared freshly and measured within one
day after acid hydrolysis.

Flavonoid glycoside and hydrocycinnamic
acid derivative standards (quercetin-3-O-
glucoside, kaempferol-3-O-glucosides and
isorhamnetin-3-O-glucosides, 3-chlorogenic
acid) were stable (= 95%) under the same
conditions for up to three months. Such
stability was also observed for kale samples.
Thus, these samples can be stored for weeks
at 4°C.

Recovery

The recovery serves the review of the method
concerning the quantitative evaluation. The
aim is to increase the areas of the sample’s
flavonoids by 50% by addition of an appro-
priate standard. The recovery rate describes
how much of the known added amount of
standard contained in the measured sample
is detected by the measuring procedure after
extraction. To determine the recovery rate
of the aglycones quercetin, kaempferol and
isorhamnetin, three samples each of 0.5¢g
of freeze-dried kale alone, standards alone
(0.5ml each of quercetin and kaempferol
(concentration 1mg/10ml) as well as 2ml
of isorhamnetin (concentration 15mg/15 ml)
and 0.5 g of freeze-dried kale plus the stated
amounts of standards were hydrolysed with
50% aqueous methanol and 1.6 M HCl as pre-
viously described (see section Flavonol Agly-

cones on page 41). The aglycones were de-
termined quantitatively using the HPLC-DAD
method as previously described (see section
Flavonol Aglycones on page 41). The recov-
ery rate is defined as the ratio of the area of
kale sample plus standards (x%) to the sum of
the areas from the kale sample alone and the
standards alone (100%). The recovery rate
for quercetin (108%), kaempferol (112%) and
isorhamnetin (110%) were higher than 100%
which would lead to an overestimation of the
results. Higher or lower recovery rates are
a result of interactions of the standard com-
pound with the matrix e.g. due to antioxid-
ants in the matrix that stabilizes the stand-
ards. These recovery rates need to be in-
cluded in the quantification to avoid over- or
underestimation of compounds.

Detection Limit and Quantification Limit

The detection limit is the lowest concentra-
tion of detection of a target compound and
was determined for the aglycone isorham-
netin as it occurs at low concentrations in
kale. For this purpose, the signal-to-noise
ratio was used to estimate the detection
limit. The detection limit is reached when the
noise (baseline) detected is exceed by a signal
(peak) by a factor of 3. After acid hydrolysis,
the kale sample was diluted and measured.
The dilution for measuring the smallest sig-
nal was 1:20 and the dilution for measuring
the noise was 1:100 (several others are meas-
ured). The detection limit was 276 ng/g dry
matter with a peak at the dilution 1:20 that
was approximately 3 times higher than the
baseline of the dilution 1:100. The quantifica-
tion limit is calculated based on the detection
limit and should exceed the detection limit by
3 times. Thus, for isorhamnetin, the quanti-
fication limit is 828 ng/g dry matter.

Calibration Curves (linearity)

After the method validation the calibration
curves for the quantification of compounds
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are measured. Therefore, a range of min-
imum 4 known concentrations of reference
standards are measured and the areas are
used to generate a function. The most pre-
cise way is to use isotopic labeled stand-
ards. For quercetin, kaempferol and isorham-
netin for flavonoid analysis in kale the cal-
ibration curves were prepared with avail-
able reference standards. For the quantific-
ation of the aglycones quercetin, kaempferol
and isorhamnetin standards (solved in 50%
aqueous methanol) were measured extern-
ally. The concentrations were adjusted using
pre-experiments with kale and measured in
a range of 0.01-10mg/100ml. For quercetin
(302.2 g/mol), the standard was quercetin di-
hydrate (338.3 g/mol). For the initial weight
of 1 mg of quercetin to 10 ml, 1.12 mg of quer-
cetin dihydrate was used. The equation of
the reference standards were used for the
calculation of the flavonoid concentration in
kale.

Conclusion

The accurate analysis of phenolic compound
profiles and concentrations in plants has
been of interest for many years. However, to
date, a standard procedure does not exist.
This article highlights the effect of abi-
otic factors on flavonoids and recommends
that these should be considered while plan-
ning and conducting experiments. It is of
high importance to equalize the growth con-
ditions for plants under different treatments
with only the factor(s) under study varying
systematically. Proper randomization and
precisely monitoring the experimental con-
ditions helps ensure reproducibility of stud-
ies. We here have taken advantage that we
have conducted a number of experiments on
kale cv. ‘Winterbor’ covering responses to
various abiotic factors. Using data from a
single cultivar makes it easier to demonstrate
the range and complexity of the responses.
In kale, indoor experiments in climate cham-
bers resulted in concentrations of kaemp-

Figure 7.13: Calibration curves for the three
aglycones quercetin, kaempferol and isorham-
netin. The integrated area under the peaks of the
absorbance vs. time curves, plotted against the
known concentration of the standard samples
that were injected. The fitted equations, shown
in the top right corner of each panel, are later
used to convert peak areas from samples of un-
known concentration into actual concentrations
in the extracts.
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ferol, the main aglycone of kale, ranging from
0.7 to 4.0mg/g dry matter while quercetin
varied from 0.6 to 2.1 mg/g dry matter de-
pendent on the factor that was investigated.
In the outdoor experiment on nitrogen fertil-
ization the concentrations were much higher
at 5.0-6.8mg/g dry matter for kaempferol
and 1.0-6.5mg/g dry matter for quercetin.
Of note is that the quercetin to kaempferol
ratio changed dramatically. The observed
pattern was that the quercetin to kaemp-
ferol ratio increased with increasing plant
age, in young leaves, with low nitrogen sup-
ply, with high irradiance (photosynthetically
active and UVB radiation). A ranking of which
of these factors has a stronger impact is dif-
ficult, if not impossible, to establish as this
requires setting a “reference” condition for
each factor. Interactions among factors can
be expected as well. In conclusion, in stud-
ies of mechanisms, controlled environment
experiments should be favored to exclude
uncontrolled variation in biotic and abiotic
factors. Field experiments provide more real-
istic conditions, but are subject to temporal
and spatial variation. This means that con-
tinuous monitoring of environmental condi-
tions must be routinely done and the res-
ulting data reported. For example, daily ir-
radiance during growth up to the harvest
needs to be reported as plants accumulate
phenolic compounds dependent on the accu-
mulated exposure to radiation (Del-Castillo-
Alonso et al. 2016). Furthermore concentra-
tions at the time of metabolite measurement,
also depend on sample storage: i.e. low hu-
midity of the samples is more important than
the temperature during storage in the case of
phenolic metabolites.

Several different methods can be used to
measure profiles and concentrations of phen-
olic compounds. The decision of which
method to use should be related to the sci-
entific question. The total phenolic content
is a fast and cheap method to gain prelim-
inary information about the extracts. How-
ever, specific identification and quantifica-

tion of phenolic compounds is not obtained.
A more detailed analysis of flavonoid agly-
cones and aglycones of other phenolic com-
pounds is useful for a number of questions
related to the beneficial effects of plant phen-
olic compounds in humans and how large
an effect can be expected. However, the
most suitable method to answer questions re-
lated to metabolism and function in plants is
the analysis of flavonoid glycosides and glyc-
osides of other phenolic compounds. This
method is time-consuming, expensive and
needs good analytical skills to be able to
achieve a correct identification and quantific-
ation based on HPLC and mass spectrometric
data. Nevertheless, one should be aware that
structurally different phenolic compounds
might respond differently to biotic and abi-
otic factors. It is not possible to rank the
methods as all of them are useful for dif-
ferent research questions, consequently the
question under study should drive the selec-
tion of the analytical method.

Nevertheless, method validation is the
basis of reliable results and should be per-
formed in advance of the measurement of
samples from experiments so as to estab-
lish the quality of the data to be acquired.
A new validation is required whenever the
plant species, the extraction method and/or
any other significant aspect of the protocol
are changed. As validation is the basis of re-
liable and consistent results, one should take
the time and do a proper valid as frequently
as needed. One of the most important aspect
is reproducibility, which can be monitored by
means of double or triple parallel determin-
ations of each sample or by including one
or two reference standards in each batch of
samples measured in the laboratory.
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We have been studying how solar UV and vis-
ible radiation affect plant growth, perform-
ance, gene expression and accumulation of
metabolites as part of our Ph.D. studies. To
monitor the responses in natural light condi-
tions, we performed several outdoor experi-
ments in the experimental field at the Viikki
campus of the University of Helsinki. Chal-
lenges of these experiments are changes in
weather conditions, such as from clear to
cloudy sky, rainy to completely dry days, and
even in the summer, temperature occasion-
ally dropping to nearly zero degrees at night
or rising to thirty degrees in full sunlight.
In order to create different solar light treat-
ments, we use Plexiglas and polycarbonate
filters which exclude selected wavelengths of
UV and visible radiation. Plants are either
germinated and grown under filters, or trans-
ferred from growth rooms to outdoors for
solar light treatments. In both cases, fluc-
tuation in environmental conditions causes
high variation in the collected data, requir-
ing ample replication within each experiment
and in time to ensure reproducibility. With
the high number of uncontrolled variables, it
is also difficult to pinpoint one specific factor
causing the variation in responses among
replicates. Day length is one of the other
major limitations of outdoor summer experi-
ments in Helsinki (60° North) where days are

Figure 8.1: View of the hall where the sun simu-
lators are located, in a redeployed building that
used to be the home of a small nuclear reactor.

very long during summer. Arabidopsis thali-
ana is one of our model plants which flowers
much earlier under long-day conditions than
under short-day conditions. Therefore, per-
forming a complete growth cycle outdoor ex-
periment with this species in Helsinki during
summer is difficult.

In order to perform experiments in stable
environmental conditions, we collaborated
with Dr. Andreas Albert, a physicist, and Dr.
Barbro J. Winkler, a biologist, from Prof. Jorg-
Peter Schnitzler’s research group at the Re-
search Unit Environmental Simulation (EUS),
Helmholtz Zentrum, Munich. This collabor-
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Figure 8.2: View of the sun simulator used in the
experiments at EUS.

ation gave us an opportunity to use the sun
simulators at the EUS facility (Figs. 8.1 and
8.2). They are growth chambers with light-
ing conditions very similar to natural sun-
light and yet they provide a controlled envir-
onment, enabling stable conditions for both
short- and long-term experiments. During
our visit, we familiarized ourselves with the
EUS facility and got acquainted with other re-
searchers working at the Helmholtz Zentrum
Munich. Most of the work related to the sow-
ing of seeds, transplantation, irrigation and
setting up the solar simulator chamber was
carried out by the personnel of the EUS fa-
cility under the supervision of Dr. Andreas
Albert.

Our experiment was performed as a series
of four replications in time (February-April
2015 and October-November 2015). The
main aim of this experiment was to com-
pare the short-term (6 h) and long-term (21
days) effects of UV and blue components

Figure 8.3: Arabidopsis plants from the experi-
ments at EUS.

of simulated solar radiation on the growth,
gene expression, and metabolite accumula-
tion and composition of Arabidopsis thaliana
plants (Fig. 8.3). We used four genotypes
of Arabidopsis: wild type Landsberg erecta,
UV-B photoreceptor (UVR8) mutant uvr8-2,
UV-A and blue light photoreceptor (Crypto-
chromes 1 and 2) mutant crylcry2 and trans-
parent testa 4 (tt4) mutant which has a muta-
tion in the flavonoid biosynthesis pathway.

Plants were randomly distributed under
five light treatments to study the effect of UV-
B (wavelength 280-315 nm), UV-A (315-400
nm), blue (400-500 nm), short UV-A (315-
350 nm) and long UV-A (350-400 nm). For
the treatments, we used similar optical fil-
ters (glass and Plexiglas) to those used in our
field experiments. The chamber consisted
of two cuvette systems one for short- term
treatment and another for long-term treat-
ment. Photographs of the plants were taken
at the end of each round to quantify the pro-
jected rosette area. At the end of the exper-
iment, plants were harvested in liquid nitro-
gen and stored at —80°C for gene expression
and metabolite accumulation analysis.

The European Plant Phenotyping Network
(EPPN) funded this experiment, which gave
us an opportunity to experience a different
environment and work culture in a labor-
atory abroad. This collaboration was es-
sential for producing high-quality research
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by combining the expertise of Dr. Pedro J.
Aphalo’s research group at the University of
Helsinki with Prof. Jorg-Peter Schnitzler’s re-
search group at the Helmholtz Zentrum.

The Helmholtz Zentrum is located in a
pleasant and nature-surrounded area, away
from the city noise. It has regular public
transport connections to different parts of
Munich, but sometimes the frequency of the
transportation was lower in the evenings and
weekends, which caused us some problems.
In addition, working in a completely new en-
vironment required some time to adjust, to
learn the location of the equipment and the
way things work. However, after a few days,
we integrated well into the system and man-
aged to work more efficiently. Dr. Andreas
Albert and Dr. Barbro Winkler, who made us
feel welcome, gave us a lot of advice and
helped us in the practical issues related to
our experiment and stay in Munich.

During each round, we ground the frozen
samples and transported them to the Univer-
sity of Helsinki. The gene expression study
is in progress and being carried out at the
University of Helsinki. To assess the meta-
bolite accumulation and composition, we are
collaborating with Dr. Susanne Neugart from
Prof. Monika Schreiner’s research group at
the Leibniz Institute of Vegetable and Or-
namental Crops (IGZ), GroRbeeren, Germany.
This collaboration was one of the many pos-
itive outcomes from our 1st Network Confer-
ence of UV4Plants held on 30-31 May 2016
in Pécs, Hungary.

In early 2017 Neha Rai travelled to GroR-
beeren, Germany, staying as a visiting re-
searcher for one month at Prof. Monika
Schreiner’s lab. GroRbeeren is a small town
located on the outskirts of Berlin. Both
the institute and guesthouse were located
on the same campus, hence very convenient
for work purposes. Prof. Monika Schreiner’s
research group has excellent expertise and
equipment for the identification and quanti-
fication of plant secondary metabolites such
as flavonoid glycosides and glucosinolates

Figure 8.4: The lab bench at GroRbeeren,
Germany

(Fig. 8.4). There was also an opportunity
to quantify the hormone abscisic acid (ABA)
under the guidance of Prof. Susanne Balder-
mann and PhD student David Schroter. For
extracting metabolites and ABA, we used
freeze dried samples and followed standard
protocols. This research visit provided an
opportunity to learn the principles behind
HPLC-mass spectrometry and also hands-on
experience with different sample extraction
methods and data processing. The visit was
funded by the EMBO short-term fellowship
(Ref: ASTF 570-2016) granted to Neha Rai.

From our experience, we highly recom-
mend the use of solar simulators in plant UV
research and in general any plant research
requiring a steady, easily adjustable environ-
ment with natural-like light conditions. We
also encourage all young researchers to take
advantage of available opportunities for vis-
iting other laboratories, which allow not only
training but also the development of a net-
work of contacts and collaborators for the fu-
ture.
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Neha Rai is a doctoral student in Sens-
ory Photobiology and Ecophysiology of
Plants (SenPEP) group working under Dr.
Pedro J. Aphalo at University of Helsinki,
Finland. She has been studying the mo-
lecular responses of plants exposed to
solar and simulated UV and blue radi-
ation. She is also assessing the molecu-
lar responses of UV- drought interaction
in plants. Previously, she has worked as
a research assistant at the Laboratory of
Photosynthetic membranes at the Biolo-
gical Research Centre, Szeged, Hungary.
She holds her Master’s degree in Plant
Biology and Biotechnology from Univer-
sity of Hyderabad, India. She did her mas-
ter’s thesis on understanding the role
of osmolytes in rescuing the damage of
photosynthetic apparatus of salt induced
Chlamydomonas reinhardtii. She did her
Bachelor’s degree in Botany Honors from
Banaras Hindu University, India. In ad-
dition to her research activities she is
keenly interested in creative writing and
photography

Yan Yan has specialized and completed
a Master programme in Ecology during
September 2012 to June 2015 in the
school of Life Science of Lanzhou Univer-
sity, China, during which she focused on
functional analysis of the UDP-Glucose
Pyrophosphorylase gene family from Pop-
ulus euphratica and Populus pruinosa.
Currently, she is doing PhD studies in
DPPS doctoral programme of the Univer-
sity of Helsinki. Her study subject are
the different responses to solar blue and
UV radiation of different UV and drought
sensitive cultivars of the legumes species
Vicia faba and Medicago truncatula: look-
ing at connections between responses
from whole plant, physiological and mo-
lecular levels. She is currently visiting the
lab in GroRbeeren, in relation to the ana-
lysis of samples from an experiment car-
ried out in Helsinki.

Sari Siipola completed her Masters thesis
in Plant Biology in 2011 at the University
of Helsinki. In her thesis, she studied ef-
fects of UV and blue light on pea plants’
secondary metabolism and growth. Cur-
rently Sari Siipola is studying towards
her PhD. In her Doctoral thesis, she will
discuss effects of UV and blue light on
plant physiology and structure, and the
possible use of these responses in plant
production. In addition to Plant Biology,
Sari Siipola has studied Environmental
Biology and Science communication.

UV4Plants Association’s and
UV4growth COST Action’s role. This
experiment was imagined and planned
during UV4growth and UV4Plants meet-
ings. It directly involves members from
three different institutions, and was
funded through various sources. In part
by a large grant from the Academy of
Finland to Pedro J. Aphalo, additional
funding for use of the solar simulators
from EPPN (European Plant Phenotyping
Network) and for a planning visit by
Andreas Albert and Barbro Winkler to
Helsinki, from EMBO for N.R.’s visit to
Susanne Neugart's lab in GroRbeeren,
from the doctoral programme in plant
science (DPPS) of the university of Hel-
sinki for other travel expenses. Not only
the visits, but the whole experiment
were made possible by the UV4Plants
association and its predecessor, the
UV4growth COST Action.
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As part of my bachelor degree program in
Biology and Applied Mathematics in France,
I had to study abroad for one year. I wanted
to be able to follow my courses in English but
also to learn a new language. I wanted to dis-
cover life in another European country and I
was fascinated by the light, weather and the
level of education of the Nordic countries...I
landed in Helsinki in late August, one year
ago.

What I really valued in Finland was the
opportunity for the students to fully create
their program by choosing their courses. My
two first years of a B.Sc. in France, where we
follow compulsory courses, gave me a broad
view of the different areas in Biology. In Hel-
sinki, I had the new and vertiginous liberty to
create my own education. This was interest-
ing and formative, as it forced me to decide
what I wanted to do. I chose to study mostly
Plant Biology and Mathematical Modeling.

I had the chance to attend a lab course
in Molecular Plant Biology. This course con-
sisted in different experiments supervised by
researchers from several teams. This kind of
lab course where you work directly in the uni-
versity labs with the researchers who are not
necessarily teachers is not common in France.
It is however a great chance for the students,
as it provides the opportunity to meet the re-
searchers working at the university and to
discover their areas of expertise. I learned
to apply useful tools in plant molecular bio-
logy research, and to present the results in
the usual ways for scientific research, by writ-

ing a report or doing oral presentations.
Another interesting and sometimes ardu-
ous point of this year abroad was the work in
pairs or in teams. The English language some-
times seemed to be different between coun-
tries. So speaking of details of an experiment,
or discussing results often turned out to be
a complex exercise. We had to overcome
our differences in culture and background, to
fully understand and agree with each other.
At the end of the first semester, I contacted
Pedro J. Aphalo and T. Matthew Robson to
ask them for an internship opportunity, and
happily obtained two positive answers. I def-
initely appreciated the fact that the labs were
open to the students interested in their work
and in gaining research experience.
Supervised by Luis O. Morales in the Sen-
PEP (Sensory and Physiological Ecology of
Plants) research group, I modestly contrib-
uted to a bigger project studying the impacts
of UV and blue light on Arabidopsis thaliana
gene expression and its dependence on dif-
ferent photoreceptors. I did all the stages of
the experimental research from the sowing
of seeds and application of light treatments,
to the harvest and lab work. Being able to
do the experiment from the very start, the
seed, right through to the qPCR on the leaf
samples of the treated plants was very excit-
ing and gratifying. However, I had to leave be-
fore I could analyze the data, and missed one
of the most important steps in the research.
I spent my last month in Finland at Lammi
Biological Station, helping PhD students from

© 2017 by the authors 67


http://www.uv4plants.org
http://doi.org/10.19232/uv4pb.2017.1.15
http://creativecommons.org/licenses/by-sa/3.0/
http://blogs.helsinki.fi/senpep-blog
http://blogs.helsinki.fi/senpep-blog

9 R. M. Pineau.: A first step into Plant Research

Figure 9.1: The author and Craig Brelsford in a forest near Lammi, Finland.

CanSEE (Canopy Spectral Ecology and Eco-
physiology) research group, and running my
own small experiment. I lived with the other
students and researchers, trapped in the
heart of Finland, a lake and a forest as my
playing field (Fig. 9.1). I experienced spring’s
everyday changes by helping the PhD stu-
dents Craig Brelsford and Marta Pieristé do-
ing their measurements in the forest, which
was rapidly waking up after the cold and
snowy months. In parallel, I also set up a
small field experiment. I chose to work on
the effect of sunlight and shade on leaf de-
fense response to herbivores. I sampled Sor-
bus aucuparia trees, common in Finland and
attractive to herbivores, growing in either
North- or South-exposed forest stands and
hedgerows. 1 could discuss the different
questions that were raised as I set up the ex-
periment with Craig, who provided valuable
help. Back in France, I had the chance to write
an article about my results. It was the first
time I did this kind scientific writing, and it
turned out to be a truly intriguing but com-
plex exercise to complete at a distance.

I realized how hard it is to obtain the best
conditions for an experiment when you work
out in the field. I realized how many factors
you have to take into account, from the time
of the day and sun exposure, to the soil qual-
ity...I realized how important it is to have a
strong scientific background in your research
domain when you do an experiment, and how
crucial it is to be able to think about the res-
ults obtained by presenting the data in differ-
ent ways to identify any mistake or interest-
ing behaviour. I also realized the importance
of communication in science, the interest to
share and discuss your results with the oth-
ers, and to keep up with the results of your
peers.

Living in a research station was a great ex-
perience. It enables you to be directly in
touch with the different work going on there
and to discover other research areas, by at-
tending conferences, or asking questions to
the scientists working at the station. I also
really appreciated that in both of my intern-
ships, my supervisors were available if I had
any questions, but let me work independ-
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ently. It was not easy, but really formative
and it helps in getting to know oneself better
and in gaining self-confidence.

Amongst my courses, I also followed Math-
ematical Modeling classes, given by Eva Kisdi
and Stefan Geritz, which I really enjoyed.
Mathematics and Biology are two domains
that we usually separate from each other,
but I am truly convinced that mathematical
tools are powerful for biological research,
and will be of a great help as we try to un-
derstand and grasp complex systems. As
part of one course, I carried out a small pro-
ject on the evolution of seed dormancy in a
fluctuating (stochastic) environment. I stud-
ied the probability that a seed germinates,
according to the local environmental condi-
tions over several years. Modeling biological
processes such as plant colonization, devel-
opment, or nutrient fluxes within the plant
gives another and more mechanistic under-
standing of plant functioning. Simulations
test many hypotheses without practically do-
ing the experiment, something that would
cost both time and money. Simulations also
raise new questions and new ideas, and al-
low not only a better comprehension of the
system but also a prediction of the outcome.

In Finland, I gained research experience.
Most bachelor programs are largely theoret-
ical in France, and practical experience was
not something I was expecting from this year
of study, but I am truly happy to have been
able to spend time in the lab and in the field
doing research. Overall, my stay in Finland
really helped me to find myself in science and
confirmed my desire to continue into plant
research. I had the chance to make a first
step into plant science research, and I am will-
ing to carry on along this path.

Editorial-board-reviewed article.
Published on-line on 2017-10-09.
Edited by: T. Matthew Robson.

Rozenn Pineau. 1 obtained my Bach-
elor degree in Biology and Applied Math-
ematics in June, 2016 from the Univer-
sity of Pierre et Marie Curie, Paris. I
started a Master in Plant Biology at the
University of Montpellier in September,
2016. The first year of the program
is composed of courses during the first
semester, and of a research internship
for the second semester. I completed
this internship in Yuelin Zhang lab, work-
ing on actors of the plant immunity activ-
ated downstream pathogen perception,
in Vancouver, at the University of Brit-
ish Columbia. This novel experience was
challenging, but I still would like to pur-
sue a carrier as a Plant Biology researcher.
I am planning to take a gap year to gain
more research experience from Septem-
ber, 2017. I will be working in Plant Con-
servation, Ethnobotany and Phytochem-
istry with Cassandra Quave, at the Univer-
sity of Emory, in Atlanta.
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Bee Vision, Forensic imaging, and Other Near-Ultravialet
Adventures with Your DSLR
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I am writing this review after discussing my
impressions about the book with Lasse Yli-
anttila. The book authored by Prutchi (2017),
fills a void as there is no other book on UV
photography with digital cameras. This in-
troductory book is written in a way that is
easy to understand and concise (128 pages).
Rather surprisingly, a second book describ-
ing methods for UV and IR photography will
be published in October: Digital Ultraviolet
and Infrared Photography Davies 2017.

The first impression and the expectations

raised by Prutchi’s book were very positive.
Both myself and Lasse Ylianttila would have
liked a more formal treatment, with citations
or explanations about the origin of the data
presented in plots and more elaborate argu-
ments and explanations to justify some of
the recommendations given. It is not a sci-
entific or technical presentation of methods.
However, this does not mean that the book
is not good, but rather that we, and other UV
photographers with an understanding of ra-
diation physics and/or aiming at producing
UV images in a consistent and reproducible
way are not the main audience the book is
aimed at. That it is published in the same
series as books on wedding photography and
on starting a photography business reveals
the intended audience. The book is an intro-
duction to the subject and will be very useful
to anyone getting started in UV photography.

The book is structured in a logical way,
and divided into chapters titled: Introduc-
tion, 1. DSLR Cameras for Ultraviolet Pho-
tography, 2. Lenses for Ultraviolet Photo-
graphy, 3. Filters for Ultraviolet Photography,
4. Ultraviolet Light Sources, 5. Technique, 6.
The World Through the Eyes of Birds, Bees
and Butterflies, 7. Applications in Science,
Medicine, Forensics and Art. The titles of
the chapters provide a good description of
the contents of the book, with some excep-
tions: chapter 1, not only describes cameras,
but also gives detailed instructions on how
to convert a DSLR (digital single lens reflex)
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camera for use in UV photography. Chapter
2 describes lenses designed for UV photo-
graphy and “accidental” UV capable lenses.
Chapter 3, about filters, is very short but
describes in enough detail the main prob-
lem of many ionic UV-pass filters: that they
transmit IR radiation. Chapter 4, on light
sources describes, in addition to sunlight,
both traditional discharge lamps and state-
of-the-art LEDs. In the case of LEDs, the book
even describes how to build a portable light
source. Chapter 5, on technique, it is more
heterogeneous, covering different aspects of
the capture of digital UV photographs, in-
cluding brief treatment of some techniques
like focus stacking and HDR (high dynamic
range) based on merging multiples images,
and which are also useful in other contexts.
Chapters 6 and 7 could have been more thor-
ough both in covering different use cases,
and also in explaining the principles involved.
With respect to biology I noticed some inac-
curacies, and over simplifications. What is
missing in the book are detailed descriptions
of image processing and of the use of wired
or wireless tethering of cameras to a com-
puter, or nowadays alternatively to a tablet
or even a phone. Having live view images on
a larger screen is very useful, as is for the
photographer to be able to control and trig-
ger the camera from a distance, and in this
way avoid unnecessary exposure to UV radi-
ation.

A book this short cannot be comprehens-
ive in relation to camera options. My ma-
jor quibble is that mirror-less cameras are
barely mentioned although nowadays are a
very good, if not a better alternative to DSLRs.
The book will be most useful to readers who
have little previous experience with UV pho-
tography, providing a much faster learning
curve than that possible by reading here and
there in the internet the different scattered
pieces of information and advice. More ex-
perienced readers will find some new ideas
and recommendations, but much of the con-
tent will not be new to them. As an example,

after reading the instructions for building an
UV source based on LEDs, I revised the design
and built a UVA light source for myself.

The recommendation of disassembling and
turning around the Baader-U filter surprised
me because in theory the transmittance of a
filter does not depend on its orientation. I
even measured transmittance of our Baader-
U obtaining almost identical spectra inde-
pendently of which side of the filter faced
the light source. In the end I found a pos-
sible explanation. Apparently, reversing the
filter can ameliorate reflections and reduce
flare in certain cases. I found the explana-
tion in a post about the book (Blum 2017)
at a site very useful to those interested in
UV photography and plants (http://www.
ultravioletphotography.com/).

All in all a very useful introduction to the
subject that focuses on how to take UV photo-
graphs with a modified digital single lens re-
flex camera, with limited explanations of why
some approaches work and others do not.

Acknowledgements I wish to thank Lasse
Ylianttila, not only for sharing his impres-
sions about the reviewed book, but also for
getting me interested in UV photography
some years ago and sharing his knowledge
on the subject and his photographs, some of
which can be viewed in the image gallery at
the UV4Plants web site (http://uv4plants.
org/).
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Key aims of the UV4Plants international association are to

e promote and foster research-excellence and good practice in plant UV research through
the organisation of innovative events in research, public engagement and education

e provide channels for members to inform the plant UV research community about relev-
ant activities or events of common interest

e enhance the usefulness of plant UV research by facilitating the transfer of knowledge
from academia to stakeholders and the general public

e initiate and foster stakeholder contacts as part of an agenda of product development
e liaise with scientific funding bodies to influence their research agenda

e develop with its members the benefits of membership and the relevance of the Associ-
ation

The Rules of the UV4Plants association, information on membership, management commit-
tee and up-to-date news are available at http//www.uv4plants.org.

A new association with a history The origin of UV4Plants was the very successful COST Ac-
tion FA0906 ‘UV4Growth’ which was active from 2009 to 2014. It brought together photobi-
ologists, molecular biologists, ecologists, meteorologists and stakeholders from agriculture
and industry. Many new collaborations were started and new ideas developed.

Three large conferences, and several workshops and training events were organized. Four
special journal issues were produced: Physiologia Plantarum 145, 4, Emirates Journal of
Food and Agriculture 24, 6, Plant Physiology and Biochemistry 93, and Plant, Cell & Envir-
onment 38, 5.

Most participants, the members of the managing committee and the external evaluator
all agreed in that a way of continuing and furthering the achievements of ‘UV4Growth’ was
needed.

Invitation to Join UV4Plants UV4Plants welcomes a whole spectrum of members from
both academia and industry, applied and basic research. Membership fees for 2016
are EUR 25.00 for students and retired staff, EUR 50.00 for academic members, and
EUR 250.00 for industry members. See http://www.uv4plants.org/news/
invitation-to-join-our-association/ or contact mailto:secretary@
uvé4plants.org for details.
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