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ABSTRACT

Plants have to cope with various abiotic stresses including
UV-B radiation (280-315 nm). UV-B radiation is perceived
by a photoreceptor, triggers morphological responses and
primes plant defence mechanisms such as antioxidant levels,
photoreapir or accumulation of UV-B screening pigments.
As poplar is an important model system for trees, we eluci-
dated the influence of UV-B on overall metabolite patterns
in poplar leaves grown under high UV-B radiation. Combin-
ing non-targeted metabolomics with gas exchange analysis
and confocal microscopy, we aimed understanding how
UV-B radiation triggers metabolome-wide changes, affects
isoprene emission, photosynthetic performance, epidermal
light attenuation and finally how isoprene-free poplars adjust
their metabolome under UV-B radiation. Exposure to UV-B
radiation caused a comprehensive rearrangement of the leaf
metabolome. Several hundreds of metabolites were up- and
down-regulated over various pathways. Our analysis,
revealed the up-regulation of flavonoids, anthocyanins and
polyphenols and the down-regulation of phenolic precursors
in the first 36 h of UV-B treatment. We also observed a
down-regulation of steroids after 12 h. The accumulation of
phenolic compounds leads to a reduced light transmission in
UV-B-exposed plants. However, the accumulation of phe-
nolic compounds was reduced in non-isoprene-emitting
plants suggesting a metabolic- or signalling-based interaction
between isoprenoid and phenolic pathways.

Key-words: Populus x canescens; Fourier transform ion cyclo-
tron resonance mass spectrometry.

INTRODUCTION

Plants are sessile organisms and have to cope with various
abiotic stresses including ultraviolet radiation (UV,
280-400 nm), in particular high-energy, short-wave length
UV-B radiation (280-315 nm), which is one of the compo-
nents of sunlight. The amount of UV-B radiation that reaches
earth’s surface depends on latitude, season, time of day, cloud
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cover and altitude (Seckmeyer et al. 2008). Hence, the quan-
tity of UV-B radiation that reaches a plant species has sig-
nificant effects on terrestrial ecosystems (Caldwell ez al.
2007). Natural levels of UV-B radiation act as an environ-
mental regulator controlling gene expression, plant growth
and development (Jenkins 2009; Hideg et al. 2013). A high
UV-B dose negatively affects cellular/subcellular and
macromolecular structures in the vegetative plant tissue,
including DNA (Britt 1995), RNA and protein damage,
reduce photosynthesis, biomass and seed production and
modulate the plant’s architecture (Strid e al. 1994; Jansen
et al. 1998; Ries et al. 2000; Jenkins 2009). It also causes muta-
tions in the germ line manifest in the next generations (Ries
et al.2000). Thus, plants have to sense natural UV-B radiation
and quickly respond to high levels of UV-B radiation, making
acclimation possible (Jenkins 2009). Recently, the UV-B pho-
toreceptor UV RESISTANCE LOCUS 8 (UVRS) was dis-
covered in Arabidopsis thaliana. This receptor triggers
morphology and primes plant defence mechanisms such as
antioxidant levels, photoreapir or accumulation of UV-B
screening pigments (Rizzini et al. 2011; Heijde & Ulm 2012).
Over the last decades, it has been shown that certain plant
metabolites, such as flavonoids (Li et al. 1993; Lavola 1998;
Kaspar et al. 2010), phenolics (Warren ez al. 2003; Kusano
etal. 2011; Tossi et al. 2011), ascorbate (Costa et al. 2002;
Lidon etal. 2012) and tocopherol (Carletti etal. 2003),
actively protect plants against harmful UV-B radiation. These
compounds operate either as UV-B absorbing metabolites in
the epidermal cell layers attenuating, UV-B transmission into
the mesophyll layer, in turn protecting the photosynthetic
apparatus (Burchard et al. 2000), or they secure the plant cell
against reactive oxygen and reactive nitrogen species (ROS/
RNS) that are produced during the stress response (Lidon
et al. 2012; Hideg et al. 2013). Such a function is also attrib-
uted to isoprene (2-methyl 1,3-butadiene), a biogenic volatile
organic compound (BVOC), which is emitted in significant
amounts from many tree species such as poplars and oaks
(Loreto & Schnitzler 2010). Isoprene is thought to have an
important adaptive function against abiotic stress (Loreto &
Schnitzler 2010; Monson et al. 2013) including temperature
(Behnke et al. 2007), drought (Sharkey & Loreto 1993;
Briiggemann & Schnitzler 2002) and increased UV-B
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radiation (Harley et al. 1996; Tiiva et al. 2007). Synthesis of
isoprene strongly depends on photosynthetic active radiation
(PAR, 400-700 nm) intensity (Hanson & Sharkey 2001).
Based on the existing data (Harley et al. 1996; Tiiva et al.
2007), it cannot be unambiguously assigned that UV-B radia-
tion directly or indirectly impairs isoprene emission. Poplar is
an excellent tree model to study the biological functions of
isoprene (Schnitzler efal. 2010). Transgenic poplar lines
almost completely suppressed in isoprene emission (Behnke
et al. 2007) allow the study of isoprene functions in an almost
identical genetic background compared with the isoprene-
emitting wild type (WT). It has been observed that under
abiotic stress, the absence of isoprene [knocked-down by
RNAIi (Behnke efal. 2007)] resulted in a new chemotype
with suppressed production of phenolic compounds (Behnke
et al. 2010).

Fourier transform ion cyclotron resonance mass spectrom-
etry (FT-ICR-MS) provides high resolution and mass accu-
racy and therefore, is the perfect match for non-targeted
metabolomic analysis (Aharoni et al. 2002; Forcisi et al.
2013). Up to now, metabolomics have been scarcely used to
analyse overall metabolic changes in plants under or follow-
ing UV-B stress. The few published studies either use well
established A. thaliana mutants, for example, deficient in
flavonoid production (tt4 and tt5 mutants; Kusano et al.
2011), impaired in sinapoyl malate production (sinapoyl
glucose accumulator 1, sngl; Kusano et al. 2011) or mutants
sensitive to UV-B radiation (fah-1; Lake et al. 2009) or they
use medicinal plant species like Melissa officinalis (Kim et al.
2012). These few experiments clearly demonstrate that UV-B
radiation triggers an overall metabolomics rearrangement of
almost all metabolic pathways (Lake et al. 2009; Kusano et al.
2011).

To further answer these questions, we used direct injection
(DI) FT-ICR-MS combined with gas exchange analysis as
well as confocal laser scanning microscopy (cLSM) to eluci-
date whether suppression of isoprene by RNAI interferes
with wide changes in metabolic profiles and overall physio-
logical behaviour during adaptation of grey poplar
[Populus x canescens syn. P. alba x P. tremula (Aiton.) Smith]
to UV-B radiation. Therefore, we used non-isoprene-emitting
(NE) and isoprene-emitting (IE) poplar lines (Behnke et al.
2007), which first were grown in the absence of UV radiation
to a 20-leaf stem stage and then exposed to high UV-B irra-
diation of 2.8 W m~ and 19 W m~ of UV-A radiation (315-
400 nm) in sun simulators (Thiel eral. 1996) over 13
consecutive days.

We aimed to understand how UV-B radiation (1) triggers
overall metabolic changes, (2) affects isoprene emission,
photosynthetic performance, epidermal light attenuation
and finally (3) how isoprene-free poplars adjust their
metabolome under high UV-B radiation.

MATERIAL AND METHODS

Plant material

We used two transgenic non-isoprene-emitting (NE) grey
poplar [Populus x canescens syn. P. alba x P. tremula (Aiton.)

Smith] lines (Ra2, Rb7), in which the transcription of iso-
prene synthase (ISPS, EC =4.2.3.27) is knocked-down by
RNA-interference (RNAi). The Ra2 vector construct con-
sists of a gene segment from the transit peptide sequence
(Behnke et al. 2007), whereas the RNAI vector of Rb7 targets
a gene sequence of the core peptide (for detailed informa-
tion, see Supporting Information). Additionally, two
isoprene-emitting (IE) lines, that is, wild type (WT) and
empty vector (EV) were used.

Growth conditions

For the experiment, 1-year-old saplings were cut back and
put in the greenhouse. From each poplar line, we cultivated
eight plants under exclusion of UV-B irradiation. When
plants reached the 20-leaf stem stage, they were transferred
into the sun simulators of the Research Unit Environmental
Simulation at the Helmholtz Center Munich (Neuherberg,
Germany; Thiel ef al. 1996) for an acclimation phase of 10 d
(Supporting Information Fig. Sla,b, day/night = 16/8 h). Tem-
perature profiles were 27/17°C and relative humidity
40/80%. Daily maximum intensity of PAR for 8 h was slowly
increased from 500 to 1400 umol m~2s~!. After acclimation,
plants were divided into batches. Half of each group (NE, IE)
were transferred into the chambers were UV-B stress was
generated (treatment chambers, Supporting Information
Fig. S2), by providing a supplementary maximum UV-B irra-
diation of 2.8 W m= — getting 1.1 W m™* biological effective
UV-B radiation after (Green et al. 1974) according to mea-
surements of (Caldwell 1971) normalized at 300 nm — and
19 W m= UV-A radiation (315-400 nm) over 13 consecutive
days (Supporting Information Fig. S1). The other half was
cultivated without UV application but apart from that under
identical environmental conditions (control chambers).
PAR intensity in both scenarios was at 1400 umol m=2s'. All
spectral measurements were performed using a double
monochromator system TDM300 (Bentham, Reading,
England).

The experiment was split into two parts. In the first experi-
ment WT and Ra2 grey poplar plants were exposed to UV-B
radiation and EV and Rb7 poplar lines were used for the
second experiment. To exclude chamber effects the treatment
and control chambers were switched for the second run. To
allow the measurements, one chamber was run two hours in
delay to the other.

Sampling

Leave samples were taken after plants went through the
entire daily length of maximum UV irradiation (16:00—
18:00 h; Supporting Information Fig. S1). Throughout the
experiment the three leaves above and below leaf 9 were
randomly harvested at seven different time points, that is, at
days 0,1,2,3,5,9 and after finishing measurements at day 13,
leaf number 9 was harvested. For sampling, the leaves were
immediately thrown into liquid nitrogen. Afterwards, the
leaves were grounded in the presence of liquid nitrogen into
a fine powder and stored at —80 °C for further analysis.
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cLSM

After 13 d of UV exposure, leaf number 18 was harvested
and immediately analysed with an LSM-510 laser scanning
microscope (Carl-Zeiss, Jena, Germany) equipped with a
Plan Neofluar 10¢/0.3 objective or a C-Apochromat 40e/1.2
water objective (Behnke etal. 2010) to visualize the
autofluorescence in leaf z-sections. Throughout the work,
single-line excitation (UV laser 364 nm) and multiple-
channel emission were wused. For visualization of
multispectral image data, the different channels were associ-
ated with a colour value on the display system [red, green,
blue (RGB) colour mode]. The three simultaneously meas-
ured fluorescence channels were assigned to the primary
display colours — ‘pseudo-colours’ — red [long-pass filter (LP),
>560 nm], green [band pass filter (BP), 505-530 nm] and blue
(BP 385-470 nm). Grey scale data (0-255, 0 =black and
255 = white) used for quantification of autofluorescence of
phenolic compounds (blue and green channel) and for chlo-
rophyll fluorescence (red channel) intensity were obtained
by averaging fluorescence data from epidermal, first and
second mesophyll cells of z-images monitored with identical
cLSM parameter settings (for more details see Hutzler et al.
1998). Grey scale intensities were analysed with the LSM 5
Image Browser (Carl-Zeiss).

Determination of anthocyanins

Freshly harvested leaves were shock frozen in liquid nitrogen
and stored at —80 °C, for further analysis. The material was
homogenized in a mortar under liquid nitrogen to a fine
powder. Aliquots of approximately 50 mg were extracted in
an exactly 10-fold volume (w/v) methanol [high-performance
liquid chromatography (HPLC) grade] at 4 °C overnight. For
RP-HPLC analysis, 75 mL extract was mixed with 25 mL
pure H,O. Precipitated lipophilic material was removed by
centrifugation for 10 min at 9000 g, and 10 mL aliquots of
supernatant were immediately analysed by HPLC (Beckman
HPLC System Gold, Beckman, Munich, Germany; column
250 x 4.5 mm Spherisorb ODS column (NC, 5 mm, Bischoff,
Leonberg, Germany, at 20 °C, and a flow rate of 1 mL min™")
as described in Ghirardo et al. (2012). The following solvents
were used for gradient elution: solvent A [980 mL H,O plus
20 mL 5% ammonium formate in formic acid (98%, w/v)]
and solvent B [882 mL methanol plus 96 mL H,O plus 20 mL
ammonium formate in formic acid (98%, w/v)]. The gradient
applied was 0-5 min, 100% A (isocratic); 5-45 min, 0-100%
B, 45-48 min, 100% B, 48-58 min 100-0% B and 58-60 min
100% A. Detection was at 280 nm with a UV/visible diode
array detector (Beckman Model 168).

Gas exchange and isoprene
emission measurements

Gas exchange analysis was performed using a portable gas
exchange system GFS-3000 (Walz, Effeltrich, Germany). In
vivo measurements were performed at mid-day on leaf
number 9 counted from the apex of the stem. An 8 cm? area
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of the leaf was clamped into the gas exchange cuvette of the
GFS-3000 and exposed to a flux of synthetic air (80% N,
20% O, and 380 ppm CO,). The clamped leaf area was
exposed to an incident PAR intensity of 1000 umol m2s7!, a
relative humidity of 60% and the leaf temperature was set to
30 °C. Photosynthesis and isoprene emission rates were
allowed to reach steady state (45 min) before recording
values as means of 60 s.

Online, in vivo isoprene emission was measured at m/z 69
[(M + H)] by PTR-MS [Ionicon, Innsbruck, Austria (Hansel
etal. 1995)] diverting a small air flux from the GFS-3000
cuvette outlet air to the inlet of the PTR-MS.

The PTR-MS was operating similarly as described in
Ghirardo et al. (2011, 2012) with parameters E/N = 122.2 Td,
the sum of contaminant ions O,", NO," and NO+ were less
than 2%, H;0-H,O" clusters were less than 5% of total
primary ions. PTR-MS calibration was performed daily with
a 10.9 ppmv isoprene standard in N, (Messer, Griesheim,
Germany). The gas standard was diluted into the inlet air of
the GFS-3000 and flushed through the empty cuvette at the
beginning of the experiments with a flow rate of
0-50 mL min~!.

Determination of photosynthetic pigments

Total chlorophyll content was determined according to Sims
& Gamon (2002). For determination of carotenoid composi-
tion, 100% acetone extracts were separated and quantified by
HPLC (PerkinElmer; series 200 Pump, Rodgau, Germany)
following the method of Thayer & Bjorkman (1990) and as
described by Haldimann et al. (1995). Pigments from acetone
extracts were separated using Alltima CI18 column
(250 x 4.6 mm, 5 um particle size by Alltech Italia Srl,
Bologna, Italy). A total of 40 uL of acetone extract was
injected and the pigments were eluted using 100% solvent A
(acetonitrile : methanol, 85:15) from 0 to 13 min, 100%
solvent B (methanol : ethylacetate, 68:32) from 13 to 20 min,
and 100% solvent C (methanol : ethylacetate, 50:50) from 20
to 25 min. Finally, the column was re-equilibrated with
solvent A for 5 min, prior the next injection. The temperature
of the column was adjusted at 26 °C and the flow rate
at 1.1 mL min™!. The pigments were detected by their
absorbance at 445 nm. Peak areas were integrated by
the PerkinElmer Spectrophotometer detector (LC-95
UV/visible). The amount of any pigment was calculated from
the integrated area of the corresponding peak. The
de-epoxidation state of the xanthophylls was calculated as
(0.5 A+Z2)(A+Z+V), where A is antheraxantin, Z is
zeaxanthin and V is violaxanthin.

Non-targeted metabolome analysis

From each sample, 5 mg of powdered leaf material was
extracted with 1 mL -20 °C extraction solvent [methanol/
isopropanol/water 1:1:1 (v/v/v)] in an ultrasonic bath for
15 min. Subsequently, the solution was centrifuged at
10 000 g for 10 min at 4 °C. The supernatant was removed
and diluted with extraction solvent in a ratio of 1:12.5 (v/v).
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For non-targeted metabolome analysis ultra-high-resolution
mass spectra were acquired using a Fourier transform ion
cyclotron resonance mass spectrometer (FT-ICR-MS,
APEX Qe, Bruker, Bremen, Germany) equipped with a
12 Tesla superconducting magnet and an APOLLO II
electrospray (ESI) source. Samples were introduced into the
microelectrospray source (Agilent sprayer, Waldbronn,
Germany) at a flow rate 120 uL h™! with a nebulizer gas pres-
sure of 20 psi and a drying gas pressure of 15 psi at 200 °C by
a Gilson autosampler (Sample changer 223, Gilson Inc.,
Middleton, WI, USA). All measurements were performed in
the negative ionization mode over a mass range of m/z 100
1000. The spectra were acquired over a time domain transient
of 2 Megawords with 438 accumulated scans for each sample.
To exclude memory effects in the ICR cell, samples were
randomized and the mass spectrometer was cleaned with
Methanol between each run for 7 consecutive minutes.

The resulting mass spectra were internally calibrated and
exported to peak height lists as ASCII files at a signal to noise
ratio of 2 using the Data Analysis 4.0 software package
(Bruker, Bremen, Germany). The peak lists were combined
to a peak matrix with an error of 1.5 ppm using an in-house
written tool (Lucio et al. 2011). Peaks with just 1 non-zero
intensity (single mass events) were removed from the matrix
as well as peaks that were detected in less than 50% of all
biological replicates. After that,a 13C isotopic peak filter was
applied, deleting peaks with no corresponding 13C isotopic
peak to avoid signals generated by electrical noise. Overall,
4412 masses remained after all filtration processes.

Intensities were total ion current (TIC, sum of all inten-
sities) normalized. Therefore, each peak intensity was divided
by the sum of all intensities of the corresponding spectrum
and multiplied by the average TIC of all measured sample
spectrums [(Intensity(i)/TIC(i))*TIC(average)].

For metabolite identification, the masses were corrected
for H+ loss and uploaded to the MassTrix 3 server selecting
P, trichocarpa as organism (Suhre & Schmitt-Kopplin 2008),
PoplarCyc database (Zhang er al. 2010), Knapsack database
(Oikawa et al. 2006, Shinbo et al. 2006) and Metlin database
(Smith ef al.2005) with a maximal error acceptance of 3 ppm.

Statistical analysis

For statistical analysis of the metabolomic data, the peak
matrix containing the peak intensities was utilized as vari-
ables ‘X’ for principal component analysis (PCA) and partial
least squares (PLS) regression using the software package
The Unscrambler 8.0 (CAMO Software AS, Oslo, Norway).
Before analysis, X-variables were centred and scaled to unit
variance. Both PCA and PLS models were validated using
full cross-validation. In addition, the stability of PLS models
were assessed with the jack-knifing-based approach Martens
Uncertainty Test (Martens & Martens 2000).

PCA was first employed to describe the metabolomic data
in an objective and unsupervised manner. Then PLS was used
to extract discriminant masses, which could significantly dif-
ferentiate samples according to their isoprene emission
ability (i.e. NE/IE) and time behaviour. Discriminant masses

were discovered by means of Martens Uncertainty Test from
PLS models type 2 calculated with two Y-variables, the first
describing NE/IE (Y = 0/1), the second describing the differ-
ent time points (Y = 0-6). Similarly, a second PLS model type
1 was calculated for the extraction of discriminant masses
describing the applied UV treatment with one Y-variable
UV-B-/UV-B+ (Y =0/1). The fitness of a PLS model was
measured by a regression between the measured- versus
predicted-Y-scores. Slopes and coefficient of determinations
(R?) of those regressions were always >0.91 and >0.96 for
calibration models, and >0.82 and >0.92 for the validation
models, respectively.

Time behaviour of discriminant masses was investigated
using the Profile Search function of the Hierarchical Cluster-
ing Explorer (HCE v3.5; http://www.cs.umd.edu/hcil/hce/),
with Pearson’s r > 0.85 as distance measure. Two-way analysis
of variance (aNova) with Fisher’s least significant difference
(LSD) test (P < 0.05) was used for the calculation of signifi-
cant differences in the HPLC data. To ensure statistical dif-
ferences of the cLSM data, one-way repeated-measures
ANovas with Bonferroni f-tests (P <0.05) were used
(Sigmaplot 12.0, Systat Software Inc., San Jose, CA, USA).

RESULTS

Measurement of phenolic compounds uncovers
differential accumulation of UV-absorbing
pigments upon UV-B exposure

We observed different visible phenotypes of IE and NE
plants grown under control and UV-B conditions (Fig. 1a).
This conspicuous visual differentiation was observable with
the formation of different leaf colours after 13d of UV-B
exposure and indicated different accumulation of leaf pig-
ments among the poplar genotypes. We quantified leaf pig-
ments via HPLC, starting with the quantification of two
anthocyanidin equivalents derived from cyanidin. Summing
up the concentration of both anthocyanidins, we observed an
increase in concentration over the experimental time course
(Fig. 1b,c), which reached up to a 2.7-fold higher concentra-
tions in UV-B exposed leaves compared with controls. These
changes were significant (aNova, Fisher’s LSD, P <0.001)
after 5 d of UV-B exposure. In contrast, to the clear visible
difference in red coloration of the leaves (Fig. 1a) related to
UV-B exposure and genotype, the analysis of anthocyanidins
revealed only significant lower concentrations (P < 0.001) in
UV-exposed NE poplars compared with IE poplars at day 5
of the experiment. Analysis of phenolic compounds showed
different concentration patterns between control and
UV-exposed leaves. The concentration of quercetin-3-
rhamnoside, a flavonol glycoside (retention time: 31.7 min)
increased steadily with time and was significant higher
(P<0.001) after 5d of UV exposure (Fig. 1d,e). Further-
more, we observed significant lower concentrations in NE
plants at days 2 and 5. In contrast to the steadily increasing
quercetin 3-rhamnoside, the concentration of the coumaric
acid derivative, eluting at 25.8 min, decreased by 50-60%
within the first 2 d of UV-B exposure (Fig. 1f,g). Concentra-
tion differences between UV-exposed and control plants
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Figure 1. (a) Emerging phenotype after 13 d of UV-B exposure.
Anthocyanin concentration (sum of cyanidin and cyanidin
glucoside) in poplar leaves followed over the course of the
experiment via high-performance liquid chromatography (HPLC)
of (b) control isoprene-emitting (IE) poplar and UV-B-exposed
IE poplars, plus the concentration in leaves of (c) control
non-isoprene-emitting (NE) poplar lines and UV-B-exposed

NE lines, normalized to nmol cyanin g~! fresh weight. The
concentration of quercetin-3-rhamnoside for (d) control and
UV-B-exposed IE poplars and (e) of control and UV-B-exposed
NE poplars. Time course of a coumaric acid derivative in (f) IE
poplars and (g) NE poplars. The values represent the means of

4 biological replicates = SE. Bars in the figure indicate least
significant difference (LSD) values [analysis of variance (ANOVA),
Fisher’s LSD test] WT/UV-, -@-; EV/UV-, -O-; WT/UV+, -@-;
EV/UV+, -0 Ra2/UV—, i; Rb7/UV—, {}; Ra2/UV+, lik;
Rb7/UV+, {}.

were significant after 2d of UV-B treatment (ANOVA,
P <0.001). Additionally, ANova analysis revealed also differ-
ences between control NE and IE plants (P < 0.05), but only
a significant reduced concentration (P < 0.05) in UV-exposed
NE compared with IE poplars at days 2 and 5.

cLSM of leave z-sections reveals varying light
penetration depth

Analysis of auto-fluorescence (excited at 364 nm) in
z-sections of leaf surfaces indicated a varying depth of light
penetration into the adaxial leaf surface depending on plant
type and UV-B treatment (Fig. 2a). Exposure of plants to
UV-B resulted in a strong quenching of UV-induced auto-
fluorescence in epidermal and the next adjacent mesophyll
cells compared with controls. The quenching was less pro-
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nounced in NE than IE lines. In particular, ANOvA analysis of
cell-specific grey scale intensities showed significant differ-
ences between UV-treated and control WT leaves (P < 0.001,
Fig. 2b,c), and between UV-exposed IE and NE leaves in the
first two cell layers of the blue and green channel (P < 0.001,
Fig. 2b,c), along with the differentiation of WT and
Ra/UV = leaves in the first two layers of the blue channel
(P <0.001, Fig. 2b,c). However, aNova analysis did not show
significant differences between UV-exposed NE and control
NE plants (P = 0.054).

Marginal effects of UV-B radiation on
photosynthesis and isoprene emission

To identify UV-B effects on leaf xanthophyll contents, the
total concentration of xanthophylls was measured and the
xanthophyll/chlorophyll a (Chl a) ratio was calculated. A
shift towards higher xanthophyll content in all lines under
UV-exposure was observed (Supporting Information
Fig. S3a,b). These changes were significant in IE poplars at
day 5 of UV exposure (WT: P <0.001, EV: P =0.016) and in
NE lines at day 9 (Ra: P =0.015, Rb: P = 0.02).

The carotenoid/Chl a ratio increased throughout the
experiment and showed a tendency towards higher carot-
enoid content in UV-exposed IE plants until day 9 (Support-
ing Information Fig. S3c,d). However, we observed no
significant differences in the carotenoid ratios and in the
de-epoxidation ratio (Supporting Information Fig. S3e,f).

Gas exchange analysis did not reveal significant changes
in net CO, assimilation rates during UV-exposure in IE

(a) WT/UV— WT/UV+

Ra2/uv-

Ra2/uv+

Green channel

5

[}
o

Grey scale intensities (%)

o

WT/UV— WT/UV+ Ra2/UV-Ra2/UV+ WT/UV-WT/UV+ Ra2/UV— Ra2/UV+

Typeltreatment

Figure 2. (a) Confocal laser scanning microscopy images of leaf’s
z-sections (leaf no. 18) from five biological replicates (I-V) taken
after 13 d of UV-B treatment and their grey scale intensities in the
(b) blue and (c) green channel of the epidermal cell layer (M), the
first mesophyll cell layer (f) and the second mesophyll cell layer
(I). Values represent the mean over five measurements + SE.
Bars with varying letters indicate significant differences between
lines and treatments [P < 0.05, analysis of variance (ANovA) with
Bonferroni t-tests].
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Figure 3. Score plots of (a) principal component analysis (PCA) from Fourier transform ion cyclotron resonance mass spectrometry
(FT-ICR-MS) metabolomic data and (b) partial least squares regression (PLS, calibration: slope = 0.97, R?> = 0.99 validation: slope = 0.94;
R?=0.98). Colours represent the different poplar lines and treatment conditions [WT/EV-UV- (), WI/EV-UV+ (ll), Ra2/Rb7-UV- ()
and Ra2/Rb7-UV+ (M)]. Numbers behind symbols indicate the respective sampling time in hours (h). Venn diagrams of (c) discriminant
masses arranged to their correlated experimental Y-variable. (d) Visualization of the total number of annotations. Colours indicating the
different experimental variables, masses, are discriminant for line effect (|l ), ultraviolet radiation (UV) effect (Jll) and time behaviour ().

PC1, PC2, principal components 1, 2; X,Y, explained X-, Y-variance.

poplars (Supporting Information Fig. S4a). The NE lines
responded to UV-B radiation with a decrease of net CO,
assimilation ranging from 22 to 37% betweens days 1 and 9,
with significant differences at day 9 (P = 0.02), followed by
an immediate recovery at day 13 (Supporting Information
Fig. S4b).

We observed a clear tendency towards lower isoprene
emission rates under UV-B exposure, which were most
prominent at day 13 (Supporting Information Fig. S4c,d).
Changes in transpiration rates between NE and IE as well as
between UV-exposed and control plants were not observed
(Supporting Information Fig. S4e.f). Concurrently, we also
observed no difference in stomata conductance under UV-B
exposure (Supporting Information Fig. S5).

Non-targeted metabolomics reveals severe
metabolic rearrangements related to UV-B
treatment and genetic background

PCA of metabolomic data revealed a distinct clustering of IE
and NE plants in the first component of the PCA score plot,
explaining 11% of total variance (Fig.3a). UV-B-treated
plants separated from control plants after 108 h in IE plants
and after 60 h in NE poplars in principal component 2 (PC2)
interpreting 8% of total variance. Additionally, the PCA
score plot recorded a clear time trend of the metabolome
data in PC2 that was present in all genotypes.

To exclude ageing effects, a separate PLS model, indepen-
dent of the UV and line variables, was used (Fig. 3b),
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explaining a total of 84% Y-variance within the first two
components and having a slope of 0.89 and correlation coef-
ficient of 0.98 between measured and predicted Y of the
validation set of samples.

Overall, we found 2735 discriminant masses and correlated
them to their respective experimental variable (Fig. 3c). 2463
masses were discriminant for the separation of IE from NE
plants, 827 masses were discriminant for the UV treatment
and 720 masses were responsible for the separation of time
points, which describe plant ageing (Fig. 3c). Overall, only
513 (18.76%) masses could be annotated as metabolites
through databases (Fig. 3d). Metabolic differences between
NE and IE poplars ranged over various pathways of primary
and secondary metabolism including carbohydrate, energy,
lipid, nucleotide, amino acid, phenolic, terpenoid, vitamin and
cofactor metabolism (Supporting Information Fig. S6). These
pathways were also affected in leaves of UV-exposed plants,
whereby the majority of annotated metabolites (70.6% ) were
either phenolic compounds or steroids. Only few metabolites
belonged to carbohydrate, amino acid, energy or terpenoid
metabolism (Supporting Information Fig. S7).

Since the PCA score plot indicated a distinct time trend of
the metabolome data, we focused on time series analysis. We
observed that plenty of the discriminant masses (1287) gath-
ered in four different profiles (Fig. 4). The first two profiles
indicate line-dependent metabolic differences that existed
during control and UV-B conditions and whose peak inten-
sities stayed constant throughout the experiment (Fig. 4a,b).
The first cluster included 604 masses that were up-regulated
in NE plants (Fig. 4a) and the second cluster contained 368
metabolites with higher peak intensities in IE poplars
(Fig. 4b). We found relative higher contents of terpenes and
carbohydrates in NE than in IE plants, especially metabolites
of the terpenoid and terpenoid backbone biosynthesis, such
as dimethylallyl diphosphate, which is the biosynthetic
precursor of isoprene, geranyl-geranyl monophosphate,
gibberellin A8-catabolite, gibberellin A28, gibberellin
glucoside, ubiquinone, farnesyl pyrophosphate and
monophosphate, were up-regulated in NE lines. Additionally,
many annotated metabolites of the first two clusters
were phenolics such as flavonoids, polyphenols and
phenylpropanoids. These line-dependent accumulation pat-
terns of phenolic compounds were conserved upon UV-B
exposure.

Looking specifically for changes in metabolite levels that
occur under UV-B radiation, we found two key profiles: (1)
metabolites that were UV-induced (Fig. 4c) and (2) metabo-
lites whose concentration was decreasing within the first 12 h
of UV-B treatment (Fig.4d). Annotated UV-B-induced
metabolites were mainly (87%) flavonoids, phenyl-
propanoids and phenolic glucosides, whereas cluster four
contained steroids and vitamin D2 derivatives.

Most of the annotations for UV- and line-dependent dis-
criminant masses belonged to plant phenolics. Thus we
focused on flavonoid and phenylpropanoid metabolism,
observing line-dependent regulatory processes (Fig.5). IE
and NE poplars may choose alternative biosynthetic routes
leading to phenylpropanoids, either via phenylpyruvate or
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via 4-hydroxyphenylpyruvate, which are the biosynthetic pre-
cursor of Phe and Tyr, respectively. IE poplars exhibited
slightly higher amounts of phenylpyruvate, whereas NE lines
showed a higher content of 4-hydroxyphenylpyruvate
(Fig. 5).

We found a similar trend for both coniferin and syringin
levels. NE poplars seem to prefer coniferin whereby IE
poplars show a preference for syringin. These trends also
exist in the flavonoid pathway proper. IE lines selected the
biosynthetic route to hesperidin for flavanone production
while NE lines preferred the direction leading to naringin.
Furthermore, in leaves of IE plants, flavonoids used for
anthocyanine biosynthesis were up-regulated and simulta-
neously gallocatechin and catechin, which are precursors for
proanthocyanidins, were down-regulated. NE lines also
induced flavone biosynthesis as seen by higher content of
apigenin, luteolin, vitexin and their biosynthetically modified
derivatives (Fig.5). Methylated and glucosylated flavones
were also UV-induced, whereas acetylated apigenin deriva-
tives were down-regulated. An effect of UV radiation on
intermediates of flavonoid biosynthesis was hardly seen. UV
radiation rather caused a change on biosynthetic end-
products and polyphenols.

DISCUSSION

First-time UV-B exposure of UV-free cultivated NE and IE
grey poplars (Populus X canescens), resulted in genotype
dependent leaf colour development. This lead to a dimin-
ished light transmission through epidermis of UV-exposed
NE leaves compared with treated IE leaves after 13 d of
UV-B irradiation. Non-targeted metabolomics elucidated the
time-dependent accumulation of phenolic compounds with
line-dependent differences. Additionally, the non-targeted
approach revealed a quick down-regulation of steroid deriva-
tives in IE and NE poplar plants exhibiting a possible cross-
talk between phenolic and terpenoid biosynthesis.

The formation of different leaf colour phenotypes allowed
us to visually distinguish between NE and IE plants after 13
consecutive days of UV-B treatment. Leaf colour changes
result from alterations of leaf pigment concentrations, for
example, anthocyanins, carotenoids, xanthophylls and chloro-
phylls (Tanaka et al. 2008). Particularly, anthocyanins are
responsible for a red leaf colour by their accumulation in leaf
vacuoles, during autumn leaf senescence. These compounds
protect against high light intensities at low temperatures
(Chang et al. 1989; Hoch et al. 2003). Earlier work on red-
leafed plants also revealed high contents of colourless phe-
nolic compounds, which contribute more than anthocyanins
to the overall absorbance of UV radiation (Woodall &
Stewart 1998).

The analysis of plant phenolics revealed different distribu-
tion patterns between control and UV-exposed and between
NE and IE plants supporting the hypothesis of genotype- and
treatment-dependent phenolic distributions. Accumulation
of flavonoids under UV-B radiation is well documented in
literature (Schnitzler et al. 1996; Lavola 1998; Lake et al.
2009) and is in agreement with our findings of increasing
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Figure 4. Time behaviour of normalized signal intensities {x-axis = [(X — Xmean)/0], y-axis = time [d]} from discriminant masses in four major
time clusters: up-regulated metabolites in (a) non-isoprene-emitting (NE) (Ra2/Rb7), (b) in isoprene-emitting (IE) (WT/EV), (c) metabolites
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quercetin 3-rhamnoside concentration. Like anthocyanins,
flavonoids accumulate in vacuoles and cell nuclei in response
to UV-B radiation in epidermal tissues for photoprotecting
and antioxidant purposes (Schmelzer et al. 1988; Yamasaki
etal. 1997, Hutzler et al. 1998; Burchard et al. 2000; Agati
et al. 2012). The cLSM measurements proved the accumula-
tion of HCAs and flavonoids in the epidermal tissue certified
by reduced light penetration depths in UV-exposed leaves.
The high amount of UV-absorbing compounds in the upper
leaf tissue is an important part in the adaption process of
poplars to high UV irradiation protecting the leaf tissue
against further UV damage. Furthermore, the microscopical
results of UV-treated NE poplars revealed a reduced accu-
mulation of UV-B absorbing compounds in epidermal tissue
explaining the resulting phenotypes.

Additionally, the microscopical results of UV-treated NE
poplars demonstrated a reduced production and accumula-
tion of UV-B absorbing compounds in epidermal tissue evi-
denced by the curtailed light transmission compared with
controls and IE poplars. This reduced accumulation of
UV-absorbing compounds might be linked to the isoprene-
reduced poplar phenotype and a successive reorganization of
signalling processes involving isoprene.

Up to now, five different photoreceptors perceiving light at
different wavelengths are known (Jiao et al. 2007; Rizzini
etal. 2011; Lau & Deng 2012). The phytochromes (phyA and
phyB) and cryptochromes (cryl and cry2) sense visible light
and suppress CONSTITUTIVE PHOTOMORPHOGENIC
PROTEIN 1 (copl), which is the repressor of photo-
morphogenesis (von Arnim & Deng 1994; Lau & Deng
2012). Under UV-B radiation, however, copl is directly regu-
lated by the UV-B receptor UVRS. They jointly active the
transcription factor LONG HYPOCOTYL 5 (HYS5), which
in turn activates the MYB (myeloblastosis) transcription
factors (TFs; Gonzalez et al. 2008; Lau & Deng 2012; Shin
et al. 2013). Four of those TFs (MYB75, MYB90, MYB113
and MYB144) code directly for anthocyanine biosynthesis. It
has been shown that MYBs can be controlled by changes in
the cellular redox potential (Heine et al. 2004; Dubos et al.
2010) and H,O; levels (Vanderauwera et al. 2005).

Since, earlier analysis of NE poplars showed an accumula-
tion of H,O, in vivo compared with IE plants it might be
speculated that the higher amount of this ROS species influ-
ence the regulatory network at the MYB stage resulting in
different pheno(chemo)types. Indeed, earlier transcriptomic
analysis (Behnke eral. 2010) demonstrated a down-
regulation of MYB or MYP-like TFs (orthologs of AtTTGI,
coding for a WD40 protein, AtMYB4, AtMYB58) in NE
poplars that coincided with reduced proanthocyanidin
accumulation.

Our non-targeted metabolome analysis revealed an
up-regulation of flavonoids wused for anthocyanin
biosynthesis in IE poplars (Fig.5) and simultaneously a
down-regulation of gallocatechin and catechin, which are
important precursors for proanthocyanidin biosynthesis
(Winkel-Shirley 2001; Koes et al. 2005). Proanthcyanidins
can either be colourless or brown, whereas vacuolar
anthocyanins are typically red (Koes et al. 2005). This fact,

together with the observed diverse activation of anthocyanin
and proanthocyanidin pathways, may explain the develop-
ment of phenotypic differences after treating IE and NE
poplar with UV-B radiation.

Furthermore, UV-B radiation triggered the production of
catechin and epicatechin-based polyphenolic compounds
connected to a galloyl residue, also known as theaflavins
(Quideau et al. 2011). The hydroxybenzoic acid moieties, to
which the flavan-3-ols are connected, hold an absorption
maxima within the UV-B range (280-320 nm), promoting
them to perfect UV-absorbing pigments (Pietta 2000;
Quideau et al. 2011). Key characteristics of polyphenols also
include their direct quenching ability of radical ROS species
(Pietta 2000; Zhou et al. 2005; Quideau ez al. 2011). Inducing
the production of theaflavins and theaflavin-like compounds
by UV-B radiation lessened the metabolite levels of
methylated and prenylated catechin derivatives backing up
the enhanced production of theaflavins for increased UV
protection (Fig. 5).

UV-B radiation also triggered line-dependent changes in
flavonol and flavone biosynthesis, leading towards up- and
down-regulation of flavonol and flavone derivatives. These
compounds are mainly methylated, acetylated or possess a
glycan moiety. O-methylations and acetylations increase
lipophilicity (Ibrahim et al. 1987; Harborne & Williams 2000;
Zhou et al. 2006). Furthermore, O-methylations blue-shift
the absorption maxima, typically to the 250-320 nm region
(Harborne & Williams 2000). A boost in lipophilicity facili-
tates the embedment into biomembranes (Brisson et al. 1986;
Charest et al. 1986) and affects compartmentalization (Zhou
et al. 2006). The epidermal tissue is known to be responsible
for cuticle wax layer formation, protecting leaves against
water loss (Riederer & Schreiber 2001). We speculate that an
increase in lipophilicity of flavonoid end-products is corre-
lated with transportation processes leading towards the
embedment of flavonoids into cell walls of the epidermal
tissue or chloroplasts, where they also can quench singlet
oxygen (Agati et al. 2007). Furthermore, NE lines favoured
the production of flavones compared with IE poplars.

We also observed line-dependent UV-B changes in aro-
matic amino acid metabolism. Phenylpyruvate and
4-hydroxyphenylpyruvate, which are synthesized through
the chloroplastidic shikimate pathway, were both down-
regulated in UV-exposed plants (Fig.5). This could
either indicate an increase in 4-hydroxyphenylpyruvate
aminotransferase (HPP-AT) and phenylpyruvate amino-
transferase (PPY-AT) activities or a preference towards
biosynthesis of phenylalanine (Phe) and tyrosine (Tyr) via
arogenate. Both explanations lead to an increase of Phe and
Tyr production, the key metabolites for phenylpropanoid
biosynthesis. Changes in phenylpropanoid metabolite levels
caused by UV-B radiation were mainly visible on
biosynthetic end-products such as sinapoyl malate,
chlorogenate and 4-hydroxycinnamyl alcohol 4-D-glucose
(Fig. 5). Sinapate esters like sinapoyl malate are known to
exhibit major functions in UV-B protection (Li et al. 1993;
Landry etal. 1995). In UV-exposed flavonoid deficient
Arabidopsis mutants, an accumulation of sinapoyl malate has
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been observed to compensate the lack of flavonoids (Landry
et al. 1995; Kusano et al. 2011). IE poplar leaves have higher
content of syringin, but exhibit lower contents of coniferin.
Both of them are used for the biosynthesis of lignins, so it
might be speculated whether these differences influence
lignin composition of leaves. Indeed, wood composition
analysis (Behnke ef al. 2012) showed low concentration of
syringyl lignin in NE plants compared with IE (Behnke et al.
2012). Interestingly, we observed an immediate down-
regulation of steroid levels upon UV-B radiation (within
12 h), which is in contrast to previous work on Vitis vinifera
L. leaves (Gil etal. 2012), where authors reported an
up-regulation of membrane-related steroids. Phenolic
metabolism and steroid biosynthesis are linked by the central
biosynthetic intermediate phosphoenolpyruvate (PEP;
Dizengremel et al. 2012). PEP can either be converted to
pyruvate, which represents the entry point of the MEP
pathway, by pyruvate kinase (PK), or it is used for the
biosynthesis of phenolic compounds through the shikimate
pathway, to which up to 30% of photosynthetically fixed
carbon is directed (Razal efal. 1996; Huang et al. 2010;
Maeda & Dudareva 2012). The carbon flux through the MEP
pathway is mainly used for isoprene synthesis (Sharkey &
Yeh 2001; Li & Sharkey 2013). The down-regulation of
steroid contents followed by the tendency of lower isoprene
emissions rates under UV-B radiation might be a regulatory
step in adjusting metabolic fluxes in the direction of phenolic
biosynthesis, facilitating UV adaption in poplar. During this
rearrangement, the PEP/pyruvate balance, which is con-
trolled by PK activity, may determine the process of UV
adaption. The absence of isoprene emission eventuates in
C-flux changes through the MEP pathway and therefore
alters the biosynthesis of phenolic compounds in NE poplars
under control and UV conditions.

In summary, the present comprehensive metabolomic
analysis of UV-induced overall metabolic shifts in isoprene
and non-isoprene-emitting poplar revealed remarkable
metabolome-wide transient adjustments of pathways result-
ing in differentially colour phenotypes of IE and NE poplars.
The clear and very distinct metabolic differences in the accu-
mulation and composition of the poplar ‘phenolic
metabolome’ pave the way for a detailed analysis of the
underlying regulatory network of transcription factors (i.e.
MYBs) and the indicated interferences of isoprene on it.
Moreover, the deciphered pleiotropic differences in metabo-
lite profiles among emitter types, UV-B radiation, salt stress
(Behnke et al. 2013) and different atmospheric CO, (Way
et al. 2013) will form the mechanistic base to understand the
different sensitivity of IE and NE poplars to fungal disease
and herbivory (Behnke e al. 2012) found in a 2 year field trail
with these lines.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:

Figure S1. Growing conditions of (a) air temperature, rela-
tive air humidity, PAR and UV-B radiation during the 16/8 h
day/night cycle in the sun simulators including daily doses of
PAR and UV-B radiation [UVB: energetically weighted
UV-B radiation, UV-Bg.: biologically effective UV-B radia-
tion after Green et al. (1974) according to measurements of
Caldwell (1971) normalized at 300 nm]. Irradiation condi-
tions of (b) PAR, UV-A, UV-B and biologically effective
UV-B radiation in the control and treatment chambers
during the acclimation and experiment.

Figure S2. Picture of the experimental set-up in a treatment
chamber.

Figure S3. Time course of photosynthetic pigments. Ratio of
xanthophyll/chlorophyll a ratio in (a) IE poplar and (b) in
NE poplar leaves. Ratio of carotenoid/chlorophyll @ in (c) TE
and (d) in NE poplar leaves. Zeaxanthin and Antheraxanthin
content in (e) IE and (f) in NE poplar leaves. Bars in the
figure indicate least significant difference values (ANOVA,
Fisher’s LSD test). WI/UV—, -@; EV/UV—, -O-; WT/UV+,
-8-; EV/UV+, -O-; Ra2/UV-, & Rb7/UV-, {1; Ra2/UV+,
- Rb7/UV+, [T

Figure S4. Time course of standard isoprene emission and net
CO; assimilation rates. Net CO, assimilation rates in (a) IE
and (b) in NE poplar leaves. Isoprene emission rates in of (c)
IE and (d) NE poplar lines. Evaporation rates of (e¢) IE and
(f) NE poplar lines. Standard conditions (leaf temperature:
30 °C, PAR: 1000 umol photons m~s™') Bars in the figure
indicate least significant difference values (aNova, Fisher’s
LSD test). WI/UV-, -@; EV/UV-, -0 WT/UV+, @
EV/UV+, -0 Ra2/UV-, 4 Rb7/UV-, {}; Ra2/UV+, ik,
Rb7/UV+, {F.

Figure S5. Time course of stomatal conductance of (a) IE and
(b) NE poplars at control and UV-B conditions. WT/UV-,
-@-; EV/UV-, -O-; WI/UV+, @ EV/UV+, -O-; Ra2/UV-,
i; Rb7/UV-, {}; Ra2/UV+, i&; Rb7/UV+, {}.

Figure S6. Pathway overview of annotated metabolites that
were discriminant for the separation of NE from IE poplar
leaves. Annotations were sorted according to the KEGG cat-
egorization.

Figure S7. Pathway overview of annotated metabolites that
were discriminant for the UV treatment. Annotations were
sorted according to the KEGG categorization.

Table S1. Complete list of annotated discriminant masses
with database ID, number of isomers, pathway name and
Kegg map ID. Annotations with no Kegg map ID are not
found in Kegg maps. List does not include annotated isotope
masses (80 annotations).



