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Abstract

Effects of supplemented UV radiation and diminisieder supply on the leaf concentrations
of phenols and antioxidants of two Mediterraneaspreuter speciesirbutus unedoand
Quercus subemwere assessed before and after entire aerialasi®memoval. Potted seedlings
of both species were grown outdoors for 8 montht wnhanced UV-A+UV-B, enhanced
UV-A or ambient UV, in combination with two wategnconditions (field capacity or
watering reduction). After this period, all aerisiomass was removed and new shoots
(resprouts) developed for a further 8 months uritier two treatments. In general, the
investment in leaf phenols was substantially greisté\. unedothan inQ. suber while Q.
suberallocated more resources to non-phenolic antionglgéascorbate and glutathione). In
response to enhanced UV-B radiatidp, suberleaves rose their UV-screening capacity
mainly via accumulation of kaempferols, accompanigdan increased concentration of
rutins, being these effects exacerbated under latenng conditions. Converself. unedo
leaves responded to UV-B radiation reinforcing #miioxidant machinery by increasing the
overall amount of flavonols (especially quercetins) seedlings, and of ascorbate and
glutathione, along with catalase activity, in resfs. Nevertheless, UV effects on the
amount/activity of non-phenolic antioxidantsAf unedoresprouts were modulated by water
supply. Indeed, the highest concentration of ghidaie was found under the combination of
enhanced UV-B radiation and reduced watering, sstgggan enlargement of the antioxidant
response M. unedoresprouts. Different biochemical responses to eoéad UV and drier
conditions in seedlings and resprouts of thesedperies might modulate their competitive

interactions in the near future.

Key words: Mediterraneanresprouter species, ultraviolet (UV) radiation, nfall reduction,

disturbance, phenolic compounds, antioxidants.
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INTRODUCTION

In the Mediterranean basin, higher levels of soilfiraviolet radiation (UV; 280-400 nm)
reaching terrestrial ecosystems are predicted ¢arda the next decades owing to decreases
in the cloudiness associated with climate chanB€{, 2013; Sanchez-Lorenzo et al., 2017;
UNEP, 2016). Reduced cloudiness is expected to mledify the precipitation regime
resulting in longer dry periods over the coming rgefPCC, 2013). Higher UV levels
coupled with lower water supply are likely to atféddediterranean vegetation. In the case of
sclerophyllous woody plants, these effects may asiqularly relevant due to their high
abundance in Mediterranean shrublands, one of thst extensive terrestrial communities in
Europe and patrticularly in the Iberian Peninsulag@o et al., 2009; Arnan et al., 2013).

UV radiation (UV-B, 280-315 nm; UV-A, 315-400 nngpresents a small fraction of
the solar spectrum reaching the ground surfaceeitlesiess, enhanced plant exposure to UV
can stimulate the generation of reactive oxygercispe(ROS), which are able to induce
oxidative damage to DNA and other cell compounifecting negatively the development of
the whole organism (Caldwell et al., 2007; Jandeal.e 1998). In leaves, ROS production
takes place mainly in the reaction centers of phyatem | and 1l in chloroplast thylakoids,
and this production increases when light energyalisorbed above the capacity of
photosynthetic and photoprotective mechanisms (&sad06). One of these photoprotective
mechanisms would be the biochemical changes as$sdaidath the production of secondary
metabolites (A-H-Mackerness, 2000; Bussotti etZil14; Jansen et al., 2012).

The first line of protection against UV radiatioh Biochemical level consists of
minimizing UV exposure by means of UV-induced acaolation of phenylpropanoid
compounds in superficial plant tissues. The pheoplanoid pathway is responsible for the
synthesis of phenolics, such as tannins and fladsndhat are abundant in the walls and

vacuoles of epidermal cells, in the cuticle andceficular materials, and in other external
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surfaces, such as leaf hairs (Agati et al., 201&8ld?ti, 2005). Among other functions,
phenolic compounds contribute to screen out thet mosrgetic solar wavelengths reaching
the leaf, reducing its penetration into the tiss{@asdwell et al., 2007; Julkunen-Tiitto et al.,
2005; Li et al., 2010). Some flavonoids can alsoagcantioxidant compounds. Indeed, while
the function of UV screening is mainly attributed monohydroxy B-ring substituted
flavonoids (e.g. kaempferols), those having a ¢etkegroup in the B-ring of the flavonoid
skeleton (dihydroxy B-ring substituted flavonoidsuch as quercetins, show effective
antioxidant properties (Agati and Tattini, 2010deg et al., 2013; Tegelberg and Julkunen-
Tiitto, 2001). Dihydroxy B-ring substituted flavoias are confined near or within the sites of
ROS production, such as chloroplasts (Agati andiria010). Hence, flavonoids can inhibit
the generation of ROS and/or reduce ROS once fqrbeadg also part of the second line of
defense against UV radiation (A-H-Mackerness, 2@@ti et al., 2012).

In addition to phenolic compounds, other molecslesh as ascorbate and glutathione
can counteract the toxic effects of ROS (Lidonlgt2®12; Ueda and Nakamura, 2011). Both
compounds are essential in the detoxification giesoxide radicals and hydrogen peroxide
through the ascorbate-glutathione cycle (Foyer Bodtor, 2011). Enzymatic antioxidant
systems are also crucial to reduce ROS. For instazatalases (CAT) have extremely high
turnover rates, being indispensable for ROS datmatibn during stress conditions (Gill and
Tuteja, 2010; Mittler, 2002). Ascorbate peroxidd#d®X) enzymes use ascorbate as the
electron donor, being also essential in the scangngf H,O, in water-water and ascorbate-
glutathione cycles (Ahmad et al., 2010; Asada, 200®Gwus, plants often respond to UV
oxidative stress by an upregulation of enzymatitoamdant activities coupled with increases
in both the reduction state and pool-size of keyoaidants (i.e. ascorbate and glutathione)
(Agarwal, 2007; Jansen et al., 2012).

Apart from UV radiation, other abiotic stresseschsas water deficit, can alter the
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equilibrium between the generation and the scawgngf ROS, inducing the oxidative
detoxification machinery (Reddy et al., 2004; Selraad Kleinwachter, 2013). In plants
under water constraints, an accumulation of phespparticularly flavonoids with potential
antioxidant properties, has been described (Calatell., 2007; Hofmann et al., 2003). For
this reason, drought-induced changes in plant leimisiry can also modify plant tolerance to
enhanced UV levels and vice versa (Agati et all,22@andurska et al., 2013). Taking into
account the role of flavonoids in the secondary well thickening (Agati et al., 2012), the
UV-induced flavonoid increase may mechanically rejtben the tissues, which, along with
chemical-related functions, could improve wateessrtolerance (Di Ferdinando et al., 2014).
In other cases, UV radiation, especially UV-B, dad water supply have been found to
interact synergistically increasing the concentratof leaf phenols (Caldwell et al., 2007;
Hofmann et al., 2003) or even affecting differelifiapecific phenolic compounds (Turtola et
al., 2005).

Mediterranean plant species have to face high sofadiance together with other
environmental stresses, such as water deficit,cespeduring summer (Bussotti et al., 2014).
However, currently available evidences on possitiieractions between these environmental
factors are scarce. In the few studies conductédeiditerranean species, an interactive effect
between UV and water availability levels on planbchemical parameters, particularly
phenolic compounds, were not found (Bussotti et28l14; Paoletti, 2005), although species-
specific UV effects have been reported (Bernall.et2813; Grammatikopoulos et al., 1998).
In a study with six Mediterranean species, dedpiee was no general UV effect on the leaf
total concentration of phenols, the leaf phenolenposition varied in response to UV
exposure irPistacia lentiscugBernal et al., 2013). IArbutus unedpNenadiset al (2015)
reported contrasting UV-B effects on leaf flavoridndeed, while the concentration of

flavanols decreased in response to UV-B, the cdrateon of the flavonol quercetin 3-
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rhamnoside increased. Differences in the behaviondividual phenolic compounds might
be associated to their different antioxidant capei(Agati et al., 2009; Tattini et al., 2004),
as mentioned above. Therefore, the responses sé thleotoprotective compounds to UV
levels in Mediterranean species are highly variabfieen being dependent on the species and
the specific compound.

Apart from high UV radiation and water deficit, Medranean terrestrial ecosystems
are usually exposed to frequent disturbances #taice or remove the aerial plant biomass
(fires, clear-cuts, grazing). Therefore, the péesise of these ecosystems strongly depends on
the success of vegetation regeneration mechangmbi,as plant resprouting capacity. In the
resprouting strategy, the amount of carbon stonewots is basic to support the growth of
new sprouts after a disturbance (Canadell and L-Quen, 1998; Paula et al., 2016). Since
resprouter species allocate a much greater pegeemtaassimilates to roots in comparison
with non-resprouter ones (Verdaguer and Ojeda, 2@B8y could be especially sensitive to
resource allocation changes in response to UV tiadiaA higher investment of assimilated
carbons into biochemical mechanisms involved in pigtection could diminish the reserves
stored belowground, impairing the regeneration ciépand, subsequently, the survival of
resprouting plants.

Taking into account the expected changes in UV Isevprecipitation and fire
frequency over the coming years, it is essentialimprove our understanding of the
biochemical adjustments involved in Mediterranedanp responses to these factors. In
addition, more information is needed about the oasps of phenolic compounds to UV
radiation, since highly variable responses have lbeend till now, usually depending on the
specific properties of each compound and the @paties. In this context, our objective was
to examine the effects, before and after the remaivplant aerial biomass, of enhanced UV

radiation and low water availability on the leahcentration of phenols of two sclerophyllous
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resprouter speciesirbutus unedoL. and Quercus suberL., that co-occur widely in
Mediterranean shrublands. In addition, we aimedttawly the effects of these two abiotic
factors on the leaf amount of ascorbate and glaia¢h as well as on the activities of
ascorbate peroxidase and catalase enzymes, iroudisir plants of these two species. To
achieve these goals, an outdoor experiment inv@livV supplementation combined with
two levels of irrigation was conducted using seegli of these two species, which were
pruned, removing all the aerial biomass, during shely period. Hence, we hypothesized
that: (i) there will be interactive effects betwedN radiation and water deficit on the leaf
phenolic profile and antioxidants of these spedigsjeaf antioxidant compounds would be
mainly responsive to reduced water supply, whisd [ghenolics would be primarily favored
to face enhanced UV doses; and (iii) in comparisgh seedlings, resprouting plants would
be more sensitive to enhanced UV due to theirerasliage of shoot development, but less
sensitive to low water supply due to their improweater status through the lower shoot to

root biomass ratio (i.e. higher water availability)

MATERIALSAND METHODS

Plant material and experimental design

An outdoor experiment of UV supplementation ancuoedl watering was carried out in Can
Vilallonga (150 m above sea level, 41° 52’ 48" N,524" 33" E), near Cassa de la Selva
(Girona, NE of the Iberian Peninsula). SeedlingsAounedoand Q. suberwere grown in
their natural environment being subjected to tHdod& radiation levels combined with two
watering regimes. Specifically, 144 one-year-olddéiags per species were planted in pots (2
L volume; 11.3 cm wide x 21.5 cm deep) with 775 @ growth medium with 8 g of fertilizer
(Osmocotex; 4 kg i), basal dressing (1 kg % and dolomite (4 kg i) to prevent

nutritional deficiencies during the experimentatipe. Seedlings were distributed in 9 plots
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(16 plants per species and plot) made with 1.3 hi2xm metallic frames and equipped with
four UV lamps installed above the plants (1.2 ndistance from the UV lamps to the top of
the pots). The 9 plots were organized in 3 bloelesh block having one plot of each one of
the three UV radiation conditions assayed. Withanheplot, half of the plants were watered
to field capacity, while the other half receivetbaer amount of water (see below). Thereby,
each UV x watering combination was replicated thtieees in a split-plot randomized
complete block experimental design. Within each phdt with the same UV and watering
conditions, plants were rotated every two weeksughout the study period to minimize
environmental, shading and border effects. Weathgables were obtained from the nearest
meteorological station to the experimental sitknBaway (Table 1).

The experiment was carried out from June 2012 tioléar 2013. In February 2013, 8
months after the start of the experiment, all sagdl were pruned, being all their aerial
biomass completely removed, to simulate the effeftan intense disturbance, such as a
severe fire. The pruning was done in February, lpggore the growing season, in order to
allow the regrowth of the plants during the sprimgpnths. Along the experiment, two
samplings were conducted: the first one was peddrin seedlings before pruning, 4 months
after the start of the experiment (October 2012kilevthe second one took place in
resprouting plants, 8 months after pruning (Oct&r3).

At the beginning of the experiment (June 2012) hibight of all plants of each species
was similar (mean height &. unedoplants was 42.92 + 0.48 cm and €r suberplants was
53.02 £ 0.60 cm), as well as in October 2012, lefyuning (mean height &f. unedagplants
was 94.7 = 3.5 cm and f@. suberplants was 94.8 £ 3.3 cm). The total biomass (kebnd
above-ground) was also similar (mean biomasa. ainedglants was 69.1 + 3.7 g and 1Qr
suberplants was 58.8 + 3.9 g). However, in October 2(df8r pruning), while the mean

height and biomass f&. unedoresprouts were 26.2 £ 1.1 cm and 35.6 = 1.9 geds/ely;
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for Q. subey they were 48.6 + 1.5 cm and 46.4 £ 1.6 g, respagt On the other hand, the
mean percentage of plants that resprouted was 68%. funedoand 82% forQ. suber No
significant differences in response to the levelsU¥ radiation and/or watering were
observed regarding the percentage of plants tisptoated for any of the two species (Diaz-
Guerra et al., in prep). Sampled leaves from bp#ties were randomly chosen on sunny

days and around midday.

UV-radiation treatment

As detailed in Bernaét al (2015), solar UV radiation was supplemented usg 40 W
fluorescent lamps (TL 40W/12 RS, with a peak at 848 Philips, Spain) installed above the
plants and wrapped with filters of different maadgito achieve the following UV conditions
(Table 1): a) enhanced UV-A+UV-B radiation (UVABops): in these plots, fluorescent
lamps were wrapped with 3 h pre-burned celluloseeatate filters (Ultraphan URT, 0.1 mm;
Digefra GmbH, Munich, Germany) to exclude the UVk&tliation emitted by the lamps
(wavelengths < 280 nm); b) enhanced UV-A radiat{tVA plots): here, lamps were
wrapped with polyester film (Melinex, 0.25 mm; Poosta, Valencia, Spain) in order to
block the UV-B and UV-C radiation emitted by thenlas, transmitting only irradiance315
nm; and c) ambient UV radiation (control plots)esk plots were equipped with wood strips
instead of fluorescent lamps to ensure similar stgaconditions as in the other plots.

Monthly averages of daily UV doses and percentaddsV enhancement in UVAB
and UVA plots were estimated from erythemal UV dreaace data (UVECommission
International de I'Eclairage CIE) in combination with spectral measurements eadiative
modeling (Table 1), taking into account the meaigliteof the study plants. Along all the
experiment, we tried to keep the top of plant ca®pat a similar height, raising those pots

with smaller individuals. Plants were daily irraid with supplemental UV for 0.5-3.5 h



226 (depending on the period of the year), centeredo#r noon, to simulate the potential
227 increases in UV radiation doses that might occuthm next decades as a consequence of
228  cloudiness reduction (IPCC, 2013). Filters werdaegd after 36 h of use to avoid spectral
229 changes. To prevent UV contamination among plotg tlear polycarbonate filters
230  (transmissior> 400 nm) of 120 cm (width) x 30 cm (height) weresipioned parallel to the
231 UV lamps along the two sides of the top part ofheglot.

232

233  Watering treatment

234 In addition to the natural precipitation, seedlireged resprouts (before and after pruning,
235  respectively) ofA. unedoandQ. suberwere irrigated twice daily using an automatic egst
236  of drip-irrigation, which was programmed accordinghe monthly rainfall and the watering
237 regime of each plant (Table 1). Plants were subfetd two watering regimes: half of the
238 plants of each plot were watered to field capaimell-watered”, WW), while the other half
239  received on average 45% of the water supplied tbwadered plants (“low-watered”, LW).
240  Specifically, before pruning (from mid-June 2012Jamuary 2013), well-watered plants were
241 irrigated with 667 ml per day, while, after prunifiyjom February to October 2013), the
242  amount of supplied water was 200 ml per day. Lovtewed plants received 60% of this water
243 during the first 40 days (from mid-June to"26f July 2012), 40% from the end of July 2012
244  to January 2013 and 33% from February 2013 tillehd of the experiment. The watering
245  reduction was applied gradually to these plantsrder to allow their acclimation and thus to
246  avoid an excessive drought stress that could dartmege. As an indication, the average soil
247  water content measured in the plant pots in Oct@béB, using a time domain reflectometer
248  (FieldScout TDR 300 Soil Moisture Meter, Spectruschiinologies, Inc., Aurora, USA), was
249  9.4% lower in low-watered plants than in well-watkrones (WW: 36.42 + 0.77%; LW:

250 33.01 + 0.83%).
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Table 1 Monthly means of UV supplementation applied to WB/And UVA plots throughout the
study period, expressed as the percentage incredatve to ambient using the plant growth
weighting function (PG; Flint and Caldwell, 2003)tbe unweighted UV-B (280-315 nm) and UV-A
(315-400 nm) irradiances. Monthly averages of amtbi#/ doses (kJ fhday"), temperature (°C) and
accumulated precipitation (mm) are also shown. W8ed and percentages of UV enhancement were
estimated considering measured data (erythemalriddiance, UVE, and photosynthetic photon flux
density, PPFD, as in Nenad# al, 2015) for clear-sky and cloudy days. Gaps in W#neations
correspond to periods of calibration of the UVE ss#n Temperature and precipitation data were
obtained from the meteorological station of CassdadSelva (177 m above sea level, 41° 52’ 28" N,
2° 55’ 37" E).

UV supplementation (%) Ambient data

Month UVAB plots UVA plots UV doses (kJ m? day!) Temperature Precipitation

PG® UV-B UV-A PG? UV-B UV-A PG* UV-B UV-A (‘C) (mm)
June 2012 13 24 0.9 1.2 0.1 1.0 31.8 34.4 1291 21.0 16.8
July 2012 14 26 1.0 1.2 0.1 1.1 30.2 324 1195 21.7 9.5
August 2012 - - 0.7 - - 0.8 - - 1070 23.9 7.2
September 2012 - - 1.1 - - 1.2 - - 706 19.5 110.1
October 2012 10 24 0.8 0.9 0.1 0.9 139 11.6 494 15.6 166.1
November 2012 6 18 0.4 0.7 0.1 0.6 9.0 5.6 372 11.2 59.3
December 2012 5 18 0.3 0.8 0.1 0.6 7.9 4.1 353 7.2 1.5
January 2013 4 17 0.3 0.7 0.1 0.6 8.6 4.3 377 6.0 13.9
February 2013 7 24 0.4 1.2 0.2 0.9 11.5 7.1 522 5.7 38.4
March 2013 6 16 0.4 1.1 0.1 0.8 17.3 133 753 9.5 173.2
April 2013 7 17 0.4 1.2 0.1 1.0 23.1 20.1 1020 11.4 89.1
May 2013 8 18 0.5 1.4 0.1 1.2 27.1 25,5 1115 13.1 82.4
June 2013 11 21 0.8 1.3 0.1 1.2 34.2 345 1270 18.4 21.6
July 2013 15 27 1.2 1.3 0.1 1.3 329 35.2 1164 23.0 21.0
August 2013 17 33 1.4 1.5 0.1 1.5 28.4 297 986 22.2 34.8
September 2013 13 27 1.0 1.1 0.1 1.1 22.0 20.8 790 19.1 37.4
October 2013 20 46 1.5 1.7 0.2 1.6 14.4 12.0 517 17.3 29.0

a Plant growth weighting function according to Flint and Caldwell (2003)

Determination of the leaf concentration of phenolic compoundsby HPLC

For each plot, species, and watering regime, olydeveloped leaf per plant, located at the
top of the plant canopy and exposed to sunlight ta&en from four different seedlings in
October 2012, and from 3-4 (exceptionally, two)efi#nt resprouting plants (depending on
the number of plants that resprouted after pruningdctober 2013. All leaf samples were
frozen with liquid nitrogen in the field and storedl -80 °C until being analyzed in the
laboratory.

For A. unedoone disc of 9 mm of diameter was obtained witlok-borer from each

leaf, and then discs from plants belonging to thmes plot and watering condition were

pooled for the analyses. Composite sample was lasetlis species because for some sub-

11



274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

plots (5 out of 18) we had only 2 resprouting ptanih the case of. suber whole leaves
(without leaf petioles) were always analyzed sdpefyan order to have replicates within each
plot and watering condition. For both species, leetww5 and 10 mg of fresh material
(avoiding leaf midrib and margins) were mixed aothiogenized (Homogenizer Precellys 24,
Bertin Technologies, Montigny-le-Bretoneux, Frantm) 25 s with 0.6 ml of cold methanol
in Precellys-vials. Then, samples were incubate@nnice bath for 15 min, homogenized
again for 25 s, and centrifuged (13,000 rpm) fomi (Centrifuge 5415R, Eppendorf,
Hamburg, Germany). The supernatant was collecteané ml glass tube. The extraction
was repeated 3 times more, adding to the remajmetigt 0.6 ml of methanol and leaving the
extracts on ice for 5 min. The combined supernatardre evaporated under nitrogen and
then stored at 4 °C until their analysis.

Dried samples were dissolved in 300 ul of methahad 300 pl of MilliQ-water (1:1)
and analyzed by means of a high performance lighirdmatography (HPLC) system (1100
Series, Agilent, Waldbroon, Germany), which corsisbf a binary pump (G1312A), an
autosampler (G1329A), vacuum degasser (G1322A)iodedarray detector (G1315B), a
column oven (G1316A), and a;£Lreverse-phase column (Zorbax SB-C18, 4.6 x 75 mm,
particle size 3.5 um). The column and injector terafjures were kept at 30 and 22 °C,
respectively. The injection volumes fAr unedoandQ. subersamples were 20 pl and 15 pl,
respectively. For both species, the eluent flow @amsl/min and the HPLC solvents were A
(aqueous 1.5% tetrahydrofuran and 0.286%hosphoric acid) and B (100% methanol). The
elution gradient used was: from 0 to 5 min, 0% ohB\; from 5 to 10 min, 0-20% of B in A;
from 10 to 20 min, 20-30% of B in A; from 20 to 4fin, 30-50% of B in A; from 40 to 45
min, 50% of B in A; and from 45 to 60 min, 50 to020 of B in A. Runs were monitored at
220, 270 and 320 nm. The identification of the dieté phenolic compounds was performed

by comparison of the UV-spectra characteristics aetbntion times obtained in the

12
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chromatograms with the spectral libraries available the Natural Product Research
Laboratory (University of Eastern Finland, JoensHinland). The quantification of each
compound was based on the following standardscdtgehin for (+)-catechin, gallocatechin,
epigallocatechin and epigallocatechin gallate; cgetan 3-galactoside (hyperin) for quercetin
3-galactoside, quercetin 3-arabinoside, quercetigluBoside, quercetin 3-rhamnoside,
quercetin-glycoside, two rutin derivatives and fdounknown” flavonols; kaempferol 3-
glucoside (astragalin) for kaempferol 3-glucosideaempferol glycoside and two
monocoumaroyl-astragalins; kaempferol 3-rhamnosif(szelin) for kaempferol 3-
rhamnoside; myricetin 3-rhamnoside (myricitrin) fioryricetin 3-rhamnoside, myricetin 3-
galactoside and myricetin 3-glucoside; gallic afmd gallic acid and hydrolyzable tannins;
ellagic acid for ellagic acid; and arbutin for atiby galloylarbutin and digalloylarbutin. The
concentration of each phenolic compound initiakpressed as mg’gof fresh weight was
converted to mg§ of dry weight using the relationship between Igaéh and dry weight
obtained for each sub-plot, species and samplitey(@daz-Guerra et al., in prep.).

The concentration of condensed tannins (CT) wagrawbed by means of the
butanol-HCI test (Hagerman, 1998), from the dissdlvnethanol extract obtained for the
HPLC analyses. Briefly, 1 ml of sample (300 pl efstblved extract plus 700 pl of methanol)
was added to a 20 ml vial with 6 ml of acid butaredgent and 200 pl of Fe-reagent. The
sample was vortexed thoroughly using a vial mixat then hydrolysed in a boiling bath for
50 min. After this, the vial was cooled and theabance was measured at 550 nm (20
Genesys Spectrophotometer, Thermo Spectronic, Rtah&SA). The amount of condensed
tannins in the sample was calculated from a standarve (mg of CT = (AkSonm -
0.043467) / (0.0036 x 1000)) created from purifi@anins of aspen leaveBdpulus tremuly

expressing its concentration as my\.
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Non-phenolic leaf antioxidantsin resprouts
In October 2013, 8 months after pruning, one fdieloped and sun-exposed leaf per plant
was collected from 3 to 4 (exceptionally, two) diint individuals oA. unedoandQ. suber
(depending on the number of plants that resproatet pruning) in each plot and watering
regime. Leaves were frozen in liquid nitrogen amwce in the laboratory, stored at -80 °C
until biochemical analysis. To determine leaf totalcorbate, reduced ascorbate (ASC),
dehydroascorbate (DHA), total glutathione, reducgldtathione (GSH) and oxidized
glutathione (GSSG) concentration, 18§ of plant material was mixed with 1.5 ml of 3%
perchloric acid and then centrifuged (5006, for 20min) at 4°C. The supernatant was
collected and its pH adjusted to 7 by adding 300+40f sodium carbonate. This solution
was used as the leaf extract for the following yses.

Total ascorbate, ASC and DHA were determined falhgwthe method of Arakawet
al. (1981). This assay is based on the reductionrotfeo ferrous ion with ascorbic acid in
acid solution followed by the formation of a redeldte between ferrous ion and the a,a’-
dipyridyl, used as reagent to develop color. Thiereination of ascorbic acid is performed
by using the stoichiometric relationship betweea #scorbic acid in the sample and the
formation of the chelate compound. Total ascorlae determined in a reaction mixture to
reduce DHA to ASC consisting of 2Q0 of supernatant, 5001 of 150 mM KH,PQO, buffer
(pH 7.4) containing 5 mM EDTA, and 1@0 of 10 mM dithiothreitol (DTT). After 10 min at
room temperature, 104 of 0.5% (w/v) N-ethylmaleimide was added to rem@xcess DTT.
ASC was assayed in a similar manner to DHA exdegt DTT was substituted for 2Q0 of
deionized HO. Color was developed in both reaction mixturethhe addition of 40QI of
10% (w/v) trichloroacetic acid (TCA), 400 of 44% (v/v)o-phosphoric acid, 400l of a,a’-
dipyridyl in 70% (v/v) ethanol and 200 of 30g L' FeCk. The reaction mixtures were

incubated at 40 °C for 1 h and quantified spectotgmetrically at 525 nm. Ascorbate
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standards were between 1 and 50 mmol ascorba® ipeschloric acid. DHA was estimated
from the difference between total ascorbate and .AB®@ concentrations of total ascorbate,
ASC and DHA were expressed as |[IgDyV.

Leaf total glutathione (GSSG plus GSH) was deteeahianzymatically. The reaction
mixture contained: 5@l of leaf extract solution, M reagent 5,5 -dithiobis-2-nitrobenzoic
acid (DTNB), 100nM phosphate buffer (pH 7.4),/8M EDTA and 0.5mM NADPH. After 3
minutes at 25°C, the reaction was started by ad@ingits of glutathione reductase that
reduces GSSG to GSH. Then, the formation of 2+%tthiobenzoic acid from the reaction of
the DTNB with the GSH was continuously recorded 4t2nm with a UV-vis
spectrophotometer (Lambda Bio 20, Perkin-Elmer, vk, CT, USA) (Tietze, 1969). The
total amount of glutathione in the samples (whishproportional to the rate of 2-nitro-5-
thiobenzoic acid formation) was determined frontandard curve obtained by plotting the
rate of change of absorbance at At (change in absorbance of the sample at 412 mmlov
min of measurement) versus the known amount ofatiliane (0.125-4uM). For the
determination of GSSG, 1000 of leaf extract was incubated forhlat room temperature
with 20ul of 4-vinyl pyridine. Incubation with 4-vinyl pydine conjugates any GSH present
in the sample and, thus, GSSG is converted to G8hkbut interference by GSH. GSH was
estimated from the difference between total gludethh and GSSG. Leaf concentrations of
total glutathione, GSH and GSSG were expressed a8 RW.

To measure ascorbate peroxidase (APX; EC 1.11.l1abd]) catalase (CAT; EC
1.11.1.6) activities, 100 mg of frozen leaf samplese homogenized with OM phosphate
buffer (pH 7.8) in a pre-chilled mortar. The homogte was centrifuged at 4°C for 2(n at
5000rpm. APX activity was determined spectrophotomatlycby a decrease in absorbance
of ASC at 2651m ¢ = 14mMcm?) (Nakano and Asada, 1987). The reaction mixture

contained 50nM of potassium phosphate buffer (pH 7)n®1 of ascorbic acid, 0.5M of

15



374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

H.O, and the enzyme extract. Addition of,® started the reaction. APX activity was
expressed gsmol ASC min' mg™ protein. CAT activity was determined by the congtion

of H,O, (Dhindsa et al., 1981). The reaction mixture comd 50mM of potassium
phosphate buffer (pH 7), 1M of H,O, and 2Qul of the enzyme extract. The consumption
of H,O, was monitored spectrophotometrically at 240 ¢ = 0.0435mMcm™Y). CAT
activity was expressed asmol H,O, min*mg™ protein. Protein concentrations were
determined spectrophotometrically using Coomassigahbt blue R-250 (Bradford, 1976),

with bovine serum albumin as a protein standard.

Statistical analyses
To avoid pseudoreplication (Hurlbert, 1984; Seagteal., 2001), mean values of the different
studied parameters were calculated per specidsampibwatering condition and were used for
all the statistical tests. Analyses were alway$goered separately fok. unedocandQ. suber
For each species, treatment effects on the leafertration of phenolic compounds were
analyzed by means of repeated measures (split-pINtDVAs using pruning (with two
levels, seedlings and resprouts) as the withinesibfactor, and UV radiation (with three
levels, enhanced UV-A+UV-B, enhanced UV-A and ambigV) and watering (with two
levels, field capacity and watering reduction) asween-subject factors. Watering was
considered a factor nested within the UV treatm®mtce leaf concentrations of ascorbate and
glutathione antioxidants, as well as the activitefs ascorbate peroxidase and catalase
enzymes, were only determined in the resproutafrrent effects on these parameters were
analyzed for each species using two-way ANOVAs With radiation as factor and watering
as a factor nested within UV.

For all the analyses, when the interaction betwketors (UV x pruning and/or

watering x pruning) was significant, we assessedetffiects of one of the factors within the
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399 levels of the other factor by one-way ANOVASs. Sirtbe interaction UV x watering could
400 not be tested in the split-plot ANOVAS, we used-aray ANOVASs to analyze the UV effects
401 on the variables studied within each one of the lswels of the watering treatment. In the
402 case of significant UV effects, Fisher's L§i0st-hocpairwise comparisons were applied to
403 determine differences among UV conditions. Effecisnd in UVA plots were used as a
404  control for the effects of UV-A in UVAB plots. Thiiolmogorov—Smirnov test was used to
405 analyze normality while the homogeneity of variamees tested with the Levene’s statistic.
406  For all the statistical tests, the significanceelavas set gp < 0.05. Statistical analyses were
407  performed using SPSS software (IBM SPSS statisfiogporation, Chicago, USA).

408

409 RESULTS

410 Leaf concentration of phenolic compoundsin A. unedo and Q. suber

411 A similar number of phenolic compounds were detkateA. unedoandQ. suberleaves (17
412 and 23, respectively) (Tables 2 and 3). Despits, tthie sum of the concentrations of the
413 identified phenols was 2.7-fold higher & unedothan inQ. suber Detected phenols were
414 grouped into the following classes: tannins (coisden and hydrolyzable), flavonoids
415 (flavanols and flavonols) and phenolic acidsAlrunedo hydroquinones were also found.

416 Comparing the amount of the different classes @npls inA. unedoand Q. suber
417 leaves in relation to total phenol concentratioP)Tit is remarkable that, whereas the
418 percentage of hydrolyzable tannins was similar athbspecies (around 6%), there were
419 important differences in the relative leaf concatitn of condensed tannins, flavonoids and
420 hydroquinones. Indeed, IA. unedoleaves, hydroquinones represent the major group of
421  phenols (42.6 = 1.0%), followed by condensed tas(80.0 + 1.0%) and flavonoids (19.7 +
422 0.6%). On the contrary, i®Q. suberleaves hydroquinones were not detected, being the

423  condensed tannins the most abundant group of phé60l1 + 1.1%) followed by flavonoids

17
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424 (33.1 % 0.8%).

425
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426

427  Table2 Overall mean + S.E. for the concentration (iffgdyV) of the identified phenolic compounds in leavé#rbutus uneddor each level of the three studied factors
428  separately (UV radiation: ambient UV = control, anbed UV-A = UVA and enhanced UV-A+UV-B = UVAB; Waing regime: well-watered = WW and low-watered =
429 LW, Pruning: seedlings = plants sampled in Octd¥r?2, before pruning, and resprouts = plants sairipl©ctober 2013, after pruning). For each UV leve 12 and
430 for each watering and pruning conditior= 18. Numbers in bold indicate significant differeadetween the levels of the factor. The signifiedievel considered was
431  <0.05. Only significant two-way interactions betwagV radiation (UV) and pruning (P) and/or wateriig) and pruning (P) were included in the columméractions”.

UV radiation (UV) Watering (W) Pruning (P) | )
control UVA UVAB p-value ww LW p-value seedlings resprouts p-value nieractions
Total phenols 237.29 £11.14 240.38 + 13.69 246.99 + 10.60 ns 239.08 +8.14 244.02 +10.85 ns 212.30 £ 6.48 270.81 +6.48 <0.01 -
Tannins 89.96 +6.12 88.08 +6.01 87.43 +4.27 ns 85.02 +3.48 91.96 +5.12 ns 77.54 +2.96 99.44 +4.11 <0.01 -
Condensed tannins 74.40 +5.95 72.96 +6.55 70.84 + 4.64 ns 70.17 £ 3.74 75.29 £5.34 ns 61.90 +3.33 83.56 +4.29 <0.01 -
Hydrolyzable tannins 15.56 + 0.51 15.12 +1.20 16.60 +1.10 ns 14.85 + 0.69 16.67 +0.85 ns 15.64 +0.76 15.88 + 0.84 ns -
Flavonoids 47.84 +3.71 46.71 £ 4.62 49.97 +3.54 ns 48.86 + 3.33 47.48 +3.11 ns 36.42 +1.54 59.92 +1.47 <0.01 -
Flavanols 15.88 +2.12 15.32 £2.26 17.68 +2.61 ns 17.12 £1.97 15.46 +1.80 ns 9.18 +0.55 23.41 £0.96 <0.01 -
(+)-catechin 14.36 +1.88 13.59 +1.89 15.11 +2.26 ns 15.03 £1.71 13.68 +1.53 ns 8.32 £0.41 20.39 +0.93 <0.01 -
gallocatechin 1.52 £0.31 1.73 £0.48 2.57 £0.83 ns 2.09 = 0.50 1.79 £0.46 ns 0.85 +0.30 3.03 £0.48 <0.01 -
Flavonols 31.95+1.78 31.39 +2.50 32.29 £1.70 ns 31.74 £1.70 32.02 +1.56 ns 27.24 +1.15 36.51 +1.21 <0.01 UV x P
Quercetins 21.86 +1.53 20.47 +2.01 21.09 £1.40 ns 20.91 +1.29 21.38 +£1.40 ns 17.34 +0.97 24.95 +1.00 <0.01 UV x P
quercetin 3-galactoside 1.88 £0.29 1.50 +£0.30 1.60 +0.29 ns 1.58 +£0.21 1.73 £0.26 ns 1.06 +0.15 2.26 +0.22 <0.01 -
quercetin 3-arabinoside 2.29 £0.25 1.88 £0.24 2.22 +0.36 ns 1.97 £0.16 2.28 £0.29 ns 1.83 £0.16 2.43 £0.27 0.03 -
quercetin 3-rhamnoside 14.92 +0.85 14.55 +1.26 14.15 + 0.65 ns 15.13 £0.79 13.95 +0.73 ns 12.73 £+ 0.63 16.35 + 0.64 <0.01 -
quercetin-glycoside 2.78 £ 0.64 2.55 +0.63 3.12 +0.53 ns 2.22 +0.39 3.41 £0.53 ns 1.72 £0.23 3.91 £0.53 <0.01 -
Kaempferols 3.37£0.14 3.50 +0.32 3.61 £0.17 ns 3.60 £ 0.21 3.39£0.15 ns 3.33+0.14 3.65 £0.21 ns -
kaempferol 3-glucoside 0.50 £+ 0.06 0.53 +0.07 0.45 +0.05 ns 0.56 = 0.05 0.43 £ 0.04 ns 0.47 £0.05 0.51 £0.05 ns -
kaempferol 3-rhamnoside 1.84 +0.22 1.87 £0.27 2.03 +0.19 ns 1.82 £0.24 2.00 £0.11 ns 1.67 +£0.13 2.15 +£0.21 0.03 -
kaempferol glycoside 1.03 £0.11 1.09 £0.16 1.13 £0.17 ns 1.22 £0.10 0.96 +0.13 ns 1.19 £ 0.09 0.99 £0.14 ns -
Myricetins
myricetin 3-rhamnoside 6.73 £0.33 7.42 £0.59 7.59 +£0.47 ns 7.23 +0.48 7.25 +0.28 ns 6.57 £0.28 7.91 £0.42 0.03 -
Hydroquinones 97.30 +4.22 103.28 +6.79 107.31 +7.82 ns 102.94 +5.21 102.31 +5.36 ns 96.15 +4.22 109.10 +5.76 0.04 -
arbutin 50.86 +3.21 52.44 +4.16 54.05 +4.25 ns 51.23 +2.76 53.67 +3.48 ns 45.50 £ 1.71 59.40 +3.36 <0.01 -
galloylarbutin 32.36 +2.82 35.14 +4.07 37.42 +4.71 ns 36.27 +3.15 33.68 +3.25 ns 33.73+2.85 36.21 +3.51 ns -
digalloylarbutin 14.08 £ 1.09 15.70 £1.86 15.83 +1.48 ns 15.45 +£1.14 14.96 +1.31 ns 16.91 £ 0.98 13.49 +£1.32 ns -
Phenolic acids 2.20 £0.13 2.30 £0.19 2.29 £0.17 ns 2.26+0.14 2.27 £0.13 ns 2.18 +£0.08 2.34 £0.17 ns -
gallic acid 1.77 £0.12 1.84 £0.18 1.91 £0.18 ns 1.84+0.14 1.84 £0.12 ns 1.78 £0.09 1.90 £0.16 ns -
ellagic acid 0.44 +0.03 0.46 +0.03 0.37 £0.03 ns 0.42 +0.02 0.42 +0.03 ns 0.41 +£0.02 0.44 +0.02 ns -
TAN:TP 0.38 +0.01 0.37 £0.02 0.36 +0.02 ns 0.36 +0.01 0.38 £0.01 ns 0.37 £0.01 0.37 £0.01 ns -
FLAV:TP 0.20 +0.01 0.19 +0.01 0.20 £0.01 ns 0.20 +0.01 0.19 £0.01 ns 0.17 +0.01 0.22 +0.01 <0.01 -
Que:Kae 6.52 +0.42 6.07 +£0.63 5.97 £0.51 ns 5.98 +0.43 6.39 +0.42 ns 5.25 +£0.25 7.13 £0.44 <0.01 -
Hq: TP 0.41 +0.02 0.43 +0.02 0.43 +0.02 ns 0.43 +0.02 0.42 +0.01 ns 0.45 +0.01 0.40 £0.01 0.02 -
PA:TP 0.0094 * 0.0006 0.0097 +0.0007 0.0093 * 0.0006 ns 0.0095 * 0.0005 0.0095 * 0.0006 ns 0.0104 * 0.0004 0.0086 + 0.0005 0.03 -
432 TP, total phenols; TAN, tannins; FLAV, flavonoids; Que, quercetins; Kae, kaempferols; Hg, hydroquinones; PA, phenolic acids; ns, not significant.
433
434
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435

436  Table 3 Overall mean + S.E. for the concentration (iffgdyV) of the identified phenolic compounds in leavéQuercus subefor each level of the three studied factors
437  separately (UV radiation: ambient UV = control, anbed UV-A = UVA and enhanced UV-A+UV-B = UVAB; Waing regime: well-watered = WW and low-watered =
438 LW, Pruning: seedlings = plants sampled in Octd¥r?2, before pruning, and resprouts = plants sairipl©ctober 2013, after pruning). For each UV leve 12 and
439  for each watering and pruning condition= 18. Numbers in bold indicate significant differeacbetween the levels of the factor. In the casthefUV treatment,
440  significant differences among UV conditions arevdiglicated by different letters. The significarieeel considered was < 0.05. Only significant two-way interactions
441  between UV radiation (UV) and pruning (P) and/otewiag (W) and pruning (P) were included in theucoh “interactions”.

UV radiation (UV) Watering (W) Pruning (P) | .
control UVA UVAB p-value ww LW p-value seedlings resprouts p-value nieractions
Total phenols 90.45 +7.70 88.43 +3.99 92.76 +7.34 ns 89.33 +4.67 91.77 +5.83 ns 80.21 +4.89 100.88 + 4.43 0.01 -
Tannins 60.83 +6.43 59.72 +3.25 62.21 +6.42 ns 59.48 +4.14 62.37 £4.78 ns 55.35 +4.46 66.50 + 4.09 ns -
Condensed tannins 55.67 +6.39 53.95 +3.23 56.14 + 6.42 ns 53.40 +4.14 57.10 +4.73 ns 50.83 +4.39 59.67 +4.30 ns -
Hydrolyzable tannins 5.17 £ 0.47 5.77 £ 0.52 6.07 + 0.42 ns 6.08 + 0.38 5.26 +0.38 ns 451 +0.24 6.83 + 0.29 <0.01 -
Flavonoids 29.26 +1.76 28.38 +1.44 30.22 +1.68 ns 29.51 +1.32 29.07 +1.33 ns 24.57 +0.61 34.01 +0.72 <0.01 -
Flavanols 17.84 +1.28 17.23 £0.94 17.29 £1.18 ns 17.62 £0.92 17.29 £0.92 ns 14.41 +0.55 20.50 + 0.55 <0.01 -
(+)-catechin 10.01 +1.08 9.45 +0.50 9.19 £0.91 ns 9.41 + 0.71 9.70 £ 0.69 ns 8.89 +0.68 10.21 +0.68 ns -
gallocatechin 1.97 £0.26 1.93 £0.18 2.45 +0.35 ns 2.42 + 0.26 1.82 £0.16 ns 1.88 +0.21 2.36 £0.22 ns -
epigallocatechin 3.74 £ 0.52 3.52 +0.63 3.67 +0.66 ns 3.72 £0.47 3.57 £0.50 ns 2.11 +£0.21 5.18 +0.39 <0.01 -
epigallocatechin gallate 2.22 +0.27 2.32+0.24 1.98 £+0.24 ns 2.14 £0.20 2.21 £0.20 ns 1.59 +0.15 2.76 £0.14 <0.01 -
Flavonols 11.42+069 b 11.15+061 b 1294 +0.57 a 0.05 11.89 +0.58 11.79 £0.49 ns 10.16 +0.38 13.51 +£0.32 <0.01 -
Quercetins 4.19 +0.32 3.90 £0.34 4.41 +0.40 ns 4,17 £0.30 4.16 +0.28 ns 3.22 £0.13 5.11 +£0.22 <0.01 -
quercetin 3-galactoside 1.46 £0.11 1.40 £0.12 1.45 +0.15 ns 142 +£0.11 1.45 £0.09 ns 1.15 +0.04 1.73 £0.10 <0.01 -
quercetin 3-glucoside 2.09 £0.19 1.91 £0.19 2.24 +0.22 ns 2.09 +0.17 2.07 £0.16 ns 1.54 +0.10 2.62 +0.10 <0.01 -
quercetin 3-rhamnoside 0.32 +0.03 0.27 +0.02 0.36 £ 0.03 ns 0.32 £0.03 0.31 £0.02 ns 0.27 £0.02 0.36 +0.02 <0.01 -
quercetin-glycoside 0.32 £0.03 0.32 £0.03 0.36 +0.04 ns 0.33 £0.03 0.33 £0.02 ns 0.26 +0.01 0.41 +0.03 <0.01 -
Kaempferols 1.29+009 b 1.38+0.09 b 1.80+0.09 a 0.01 1.56 +0.09 1.43 £0.09 ns 1.45 £0.09 1.53 £ 0.09 ns -
kaempferol 3-glucoside 0.66 + 0.08 b 0.76 +0.06 b 1.05 +0.08 a 0.03 0.88 +0.07 0.76 £0.07 ns 0.85 +0.07 0.80 +0.08 ns -
kaempferol glycoside 0.30 +0.02 0.28 +0.02 0.31 £0.03 ns 0.29 £0.02 0.30 £0.02 ns 0.26 +0.02 0.32 £0.02 0.04 -
monocoumaroyl-astragalin 1 0.18 +0.01 b 0.20 £0.01 b 0.26 +0.02 a 0.01 0.23 £0.02 0.20 £0.01 ns 0.20 £0.01 0.23 £0.01 0.01 -
monocoumaroyl-astragalin 2 0.15 +0.01 ab 0.15 +£0.01 b 0.18 +0.02 a 0.05 0.16 +0.01 0.16 +£0.01 ns 0.14 £0.01 0.18 +£0.01 0.03 -
Myricetins 0.15 +0.03 0.21 +0.04 0.26 +0.04 ns 0.20 +0.03 0.22 +£0.03 ns 0.22 +£0.03 0.20 +0.03 ns -
myricetin 3-galactoside 0.06 +0.02 0.09 +0.01 0.08 +0.02 ns 0.06 +0.01 0.09 £0.01 ns 0.08 £0.01 0.07 £0.02 ns -
myricetin 3-glucoside 0.09 +0.01 0.12 +0.03 0.18 +0.03 ns 0.14 +0.03 0.12 +£0.02 ns 0.14 £0.02 0.12 +0.02 ns -
Rutins 1.88 +0.08 1.81 +£0.09 2.06 +0.09 ns 1.92 +0.09 1.92 £0.06 ns 1.79 +0.08 2.04 +0.05 0.05 -
rutin derivative 1 1.63+0.09 ab 157+008 b 1.82+0.08 a 0.05 1.66 +0.08 1.68 +0.06 ns 1.54 +0.08 1.81 +0.05 0.02 -
rutin derivative 2 0.24 +0.01 0.25 +0.02 0.24 +0.02 ns 0.25 +0.02 0.24 £0.01 ns 0.25 +£0.01 0.24 +£0.01 ns -
unknown flavonols 3.92 +0.29 3.84 +0.29 4.40 +0.28 ns 4.05 +0.25 4.06 +0.22 ns 3.49 +0.20 4.62 +0.18 <0.01 -
flavonol 1 0.59 +0.05 0.70 £0.07 0.75 +0.06 ns 0.71 £0.06 0.65 +0.04 ns 0.54 +0.04 0.82 +0.04 <0.01 -
flavonol 2 1.66 +0.18 1.63 £0.19 1.85 +0.17 ns 1.68 £0.15 1.75 £0.15 ns 1.31 +0.09 2.11 +0.13 <0.01 -
flavonol 3 0.05 +0.01 0.06 +0.01 0.07 £0.01 ns 0.06 +0.01 0.06 +0.01 ns 0.06 +0.01 0.07 +£0.01 ns -
flavonol 4 1.62 £0.12 1.45 £0.10 1.73 £0.14 ns 1.60 £0.12 1.60 +0.08 ns 1.58 +0.11 1.62 +0.09 ns -
Phenolic acids
ellagic acid 0.35 +0.02 0.33 £0.02 0.33 £0.02 ns 0.34 +£0.02 0.33 +0.02 ns 0.30 +0.02 0.37 +0.01 <0.01 -
TAN:TP 0.65 +0.01 0.66 +0.01 0.64 +0.02 ns 0.64 +0.01 0.66 +0.01 ns 0.66 +0.01 0.64 +0.01 ns -
FLAV:TP 0.34 +0.01 0.33 £0.01 0.36 +0.02 ns 0.35 +0.01 0.34 +0.01 ns 0.34 £0.01 0.35 +£0.01 ns -
Que:Kae 3.68 +0.32 3.28 +0.38 3.03+0.51 ns 3.22+0.35 3.44 £0.32 ns 2.64 +0.20 4.02 +0.36 0.01 -
PA:TP 0.0047 +0.0007 0.0039 + 0.0002 0.0044 + 0.0006 ns 0.0046 + 0.0004 0.0041 + 0.0005 ns 0.0047 + 0.0006 0.0040 * 0.0002 ns -
442 TP, total phenols; TAN, tannins; FLAV, flavonoids; Que, quercetins; Kae, kaempferols; PA, phenolic acids; ns, not significant.
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The leaf total pool of phenols was around 28% abfb digher in the resprouts than in the
seedlings ofA. unedoand Q. suber respectively (Tables 2 and 3). The groups of plgen
showing the largest increases after the pruningevil@vanols (by 155% and 42% féx.
unedoand Q. subey respectively) and quercetins (by 44% and 59%Aomunedoand Q.
suber respectively). IPA. unedoleaves, tannins, mainly the condensed ones, ntiyricand
the hydroquinone arbutin were also higher in thspreuts (by 35%, 20% and 30%,
respectively) compared to seedlings.Qnsuberleaves, the total amount of tannins did not
differ between seedlings and resprouts, althougtirdlyzable tannins were significantly
higher in the resprouting plants (by 51%). For thiecies, other phenols that were more
abundant in the resprouts were rutins (by 14%),uthlenown flavonols (by 32%) and the
ellagic acid (by 25%) (Table 3). loth species, we found a greater quercetin to kéaoip
ratio (Que:Kae) in the leaves of the resprouts tlueheir enhanced concentration of
quercetins. InA. unedoleaves, resprouts also exhibited higher flavondsTP ratio
(FLAV:TP) and lower hydroquinones and phenolic adgidrelation to TP (Hg: TP and PA:TP,

respectively) compared to seedlings (Table 2).

UV and watering treatment effects on leaf phenolsof A. unedo

In general, UV and watering treatments did notafignificantly the content of phenols of
A. uneddeaves (Table 2). The only effects observed warmiractive influence of UV and
pruning on the foliar concentration of flavonolsdaquercetins (Table 2). Indeed, only in
seedlings, the UV treatment affected the total arhad flavonols and quercetins, although
the overall effect on quercetins was only marginsignificant (Fig. 1a,b). Seedlings exposed
to enhanced UV-A+UV-B had a 27% greater concemtnatif flavonols compared to plants
grown under enhanced UV-A (Fig. 1a). Similarly, dmatent of quercetins was a 33% greater

in UVAB seedlings in relation to UVA ones, with tlsame tendency being observed for
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control seedlings (Fig. 1b).
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HE Control UV, p = 0.05 (in seediings) A. unedo Il Control UV, p = 0.06 (in seedlings) A. unedo
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Fig. 1 Arbutus uneddeaf concentrations of flavonola)(and quercetinsb in seedlings (sampled in
October 2012, before pruning) and resprouts (saimipleéOctober 2013, after pruning) subjected to
three UV radiation conditions (ambient UV = contrehhanced UV-A = UVA, and enhanced UV-
A+UV-B = UVAB). Error bars represent the standardoe of the meann( = 6). Letters indicate
significant differences among UV conditions witlsi@edlings or resprouts. The significance level was
set ap < 0.05.

UV and watering treatment effects on leaf phenols of Q. suber
The UV radiation treatment affected one sixth o ffhenolic compounds identified @.
suber leaves, although it did not modify the total camcation of flavonoids or phenols
(Table 3). The UV-sensitive phenols were four fiaois, three of them being kaempferols
and the fourth being a rutin (Table 3). These fitavonols responded similarly to the UV
treatment, with leaves under enhanced UV-A+UV-Bat@on showing the highest levels. As
a result, UVAB plants had the highest overall amooinkaempferols, as well as of total
flavonols (Table 3).

Analyzing the UV effects within each watering magi, we found that low-watered
plants were more sensitive to UV supplementatioan thvell-watered ones. Indeed, the

concentration of total flavonols (Fig. 2a) and kaéenols (Fig. 2b) were significantly higher
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493
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in plants subjected to enhanced UV-A+UV-B only unttev watering. Compared to UVA
and control plants, UVAB plants showed higher leafcentrations of five flavonols: three
kaempferols, the monocoumaroyl-astragalin 1 (Fejy.ahd 2 (Fig. 2d), and the kaempferol 3-
glucoside (Fig. 2e); one myricetin, the myricetigl8coside (Fig. 2f); and one rutin, the rutin
derivative 1 (Fig. 2g). Under low watering, thealatoncentration of rutins was also greater in
plants exposed to enhanced UV-A+UV-B (Fig. 2h). \Otlle monocoumaroyl-astragalin 1
was affected by the UV treatment under optimal vuage conditions, showing similar
responses to UV than those observed under low wwgtéfig. 2c).
The watering treatmemtter sedid not affect significantly the concentrationasfy of

the different phenols found @. subereaves (Table 3).
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Fig. 2 Quercus subeleaf concentration of flavonolg), kaempferolskf), monocoumaroyl-astragalin
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1 (c) and 2 ¢), kaempferol 3-glucosides), myricetin 3-glucosidef), rutin derivative 1) and rutins
(h) in plants (data on seedlings and resprouts haen lpooled) subjected to three UV radiation
conditions (ambient UV = control, enhanced UV-A ¥A] and enhanced UV-A+UV-B = UVAB)
combined with two watering regimes (well-wateredWAV and low-watered = LW). Error bars
represent the standard error of the maar €). Letters indicate significant differences amanyg
conditions within the same watering regime. Theaisigance level was set pt< 0.05.

UV and watering treatment effects on the leaf non-phenolic antioxidants of resprouts

Many of the studied parameters related to the tegi-phenolic antioxidant activity oA.
unedoresprouts responded to UV radiation, to water guppto both treatments (Table 4).
Conversely, this was not the caseQfsuberresprouts, since, for this species, only a few of
these parameters were affected by the wateringnesgivhile UV radiation did not have any
significant effect (Table 4).

In the case ofA. unedoleaves, the concentrations of total ascorbate addced
ascorbate (ASC), total glutathione and reducedatiiidne (GSH), as well as the activity of
catalase enzyme (CAT), were substantially enhatmgdore than 25%) under UV-A+UV-B
supplementation in comparison to plants grown utl&A supplementation alone (Table 4).
In contrast, leaf ascorbate peroxidase (APX) agtiwias about 45% and 34% higher under
enhanced UV-A compared to UVAB and control plantspectively (Table 4). The analyses
of the UV effects within each irrigation level shedvthat most of these effects were
dependent on the watering treatment. Indeed, leatentrations of total glutathione and
reduced glutathione (GSH) were the highest in nespdo enhanced UV-A+UV-B only in
low-watered resprouts (Fig. 3a,b). Although UV citinds tended to have the same effect on
the total leaf concentration of ascorbate and enatttivity of catalase enzyme (CAT) under
low watering, differences for these parameters weesignificant (Fig. 3c,d). In contrast,
under well-watering conditions, the concentratiofgotal ascorbate and CAT activity were
significantly lower under enhanced UV-A comparedJdAB and control plants (Fig. 3c,d),

while the contrary was observed for the ascorbatexidase (APX) activity (Fig. 3e).
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534  Fig. 3 Arbutus uneddeaf concentrations of total glutathiors,(reduced glutathione (GSH))( total
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ascorbated), catalase activity (CAT)d) and ascorbate peroxidase activity (APX) in resprouts
(sampled in October 2013, after pruning) subjettethree UV radiation conditions (ambient UV =
control, enhanced UV-A = UVA, and enhanced UV-A+B\= UVAB) combined with two watering
regimes (well-watered = WW and low-watered = LWitdE bars represent the standard error of the
mean (1 = 3). Different letters indicate significant differees among UV conditions within the same
watering regime. The significance level was sgt40.05.

The reduction of watering enhanced the leaf comaBahs of total ascorbate, ASC and
dehydroascorbate (DHA) iA. unedg as well as of total glutathione and GSH in bgibcses.
On the contrary, the activity of the APX enzyme weduced by drier conditions & unedo
and in Q. suber(Table 4). ASC:DHA and ASC:total ascorbate ratias, well as the
GSH:GSSG ratio and the leaf concentration of oediglutathione (GSSG), did not vary

significantly as a result of the treatments in ahthe two species (Table 4).
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548 Table 4 Overall mean + S.E. for different parameters egldb the antioxidant activity in leavesAfbutus uned@ndQuercus suberesprouts (sampled in
549  October 2013, after pruning) for each level ofshedied factors separately (UV radiation: ambie¥XtJcontrol, enhanced UV-A = UVA and enhanced UV-
550 A+UV-B = UVAB; Watering regime: well-watered = WWhd low-watered = LW). For each UV level 6 and for each watering condition= 9. Numbers
551 in bold indicate significant differences among thaeels of the factor. In the case of UV radiatisignificant differences among UV conditions areoals
552 indicated by different letters. The significancedieconsidered wag< 0.05.
UV radiation Watering
control UVA UVAB p-value WwW LW p-value
A. unedo resprouts
Total ascorbate (ug g* DW) 819.52 £56.21 ab 739.55 +100.49 932.20 +118.54 a 0.04 647.29 +37.93 1013.56 * 55.83 <0.01
ASC (ug g DW) 673.67 +46.43  ab 621.80 + 77.73 788.67 +97.69 a  0.04 551.76 + 34.14 837.67 +48.30 <0.01
DHA (g g DW) 145.85 +19.07 117.75 + 26.44 144.39 + 24.59 ns 95.53 + 13.58 176.46 +11.95 0.01
ASC:DHA 6.99 +1.39 6.56 + 1.25 6.86 +1.28 ns 8.02 + 1.24 5.58 & 0.47 ns
ASC:Total 0.83 +0.02 0.85 % 0.02 0.85 0.02 ns 0.85 +0.02 0.83 +0.01 ns
Total glutathione (g g™ DW) 100.16 +6.46  ab 90.15 + 4.39 113.42+7.90 a  0.03 96.87 +5.31 105.63 + 6.41 0.05
GSH (ug g* DW) 74.49 +479  ab 66.14 +2.70 8420 +554 a  0.01 71.96 +3.86 77.93 + 4.68 0.01
GSSG (ug g* DW) 25.67 +1.91 24.01 +2.00 29.23 +2.95 ns 24.91 +1.58 27.70 +2.24 ns
GSH:GSSG 3.00 +0.16 2.84 £0.17 3.09 £0.27 ns 3.02 +0.09 2.94 £0.22 ns
APX (umol ASC min* mg? protein) 146+0.16 b 1.96 +0.29 1.36+0.16 b  0.02 1.96 +0.15 1.23 +0.13 0.01
CAT (umol H,0, min't mg™ protein) 239.64 +16.74 ab 211.94 +11.31 272.71 £10.34 a 0.01 255.92 + 13.45 226.95 +11.64 ns
Q. suber resprouts
Total ascorbate (ug g™ DW) 3550.27 +178.94 3136.03 +£191.11 3102.58 + 206.47 ns 3087.25 +138.68 3438.67 £ 172.44 ns
ASC (ug g'* DW) 3043.79 + 121.06 2764.99 + 155.94 2719.71 + 207.27 ns 2678.74 +123.20 3006.92 + 131.77 ns
DHA (g g™ DW) 506.48 +91.16 371.05 +42.00 382.86 + 36.09 ns 408.51 +34.81 431.75 + 66.58 ns
ASC:DHA 10.06 % 2.30 10.67 £1.71 8.47  1.64 ns 8.84 +1.49 10.62 +1.53 ns
ASC:Total 0.86 0.02 0.88 0.01 0.87 £0.01 ns 0.87 +0.01 0.88 +0.02 ns
Total glutathione (g g™ DW) 251.14 +6.25 247.30 +10.89 238.72 + 14.82 ns 228.08 + 6.26 263.36 + 6.85 0.02
GSH (ug g* DW) 194.34 +5.89 194.87 +8.17 184.98 +12.83 ns 175.48 +5.22 207.31 +5.05 <0.01
GSSG (ug g* DW) 56.80 + 4.18 52.43 + 4.26 53.74 +3.90 ns 52.60 +2.92 56.05 +3.57 ns
GSH:GSSG 3.84 +0.39 4.12 +0.44 3.650.36 ns 3.78 £ 0.36 3.97 £0.28 ns
APX (umol ASC min't mg?* protein) 1.19 £0.13 1.52 £0.23 1.17 £0.16 ns 1.57 +0.11 1.02 £0.12 0.03
CAT (umol H,0, mint mg* protein) 214.44 +20.76 240.46 +22.99 233.87 +22.28 ns 262.50 + 14.16 196.67 +12.88 ns
553 ASC, ascorbate; DHA, dehydroascorbate; GSH, reduced glutathione; GSSG, oxidized glutathione; APX, ascorbate peroxidase; CAT, catalase; ns, not significant.
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DISCUSSION

Both A. unedoandQ. suberare woody species with sclerophyllous leaves tloabccur in
Mediterranean terrestrial ecosystems, and thus tiese to face similar environmental
conditions. Despite this, the investment in leagmpdls was substantially greaterAnunedo
while Q. suberappears to allocate more resources to the acctiowulaef ascorbate and
glutathione, suggesting different protective styas to face stress conditions. In accordance
with previous results in Mediterranean species 1jBeet al., 2013, 2015; Nenadis et al.,
2015; Verdaguer et al., 2018), the concentrationtodél phenols was not significantly
modified by the experimental UV enhancement in ahthe two studied species, although
increased UV radiation changed the leaf phenolidilpr of plants, especially in the case of

Q. suber

Effects of treatments on the leaf phenols of A. unedo

Changes in UV levels led to significant variationghe overall leaf amounts of flavonols of
A. unedoseedlings (i.e. before pruning). Even though tbeegntage of UV-A enhancement
was very low compared to ambient UV-A doses (Tableseedlings showed the lowest
concentration of total flavonols under enhanced AJYFig. 1a), which was mainly due to a
tendency to have less quercetins (Fig. 1b). A @dseren the concentration of quercetins in
response to UV-A exposure was previously repomdéaves of wild maturé. unedagplants
(Nenadis et al.,, 2015). This fact might indicatéoaer oxidative stress, which could be
related to a UV-A enhancement of photoprotectiveclmaisms, such as the thermal
dissipation of excess light energy (Bernal et 2D15). In the present study, the trend
observed for quercetins in UVA plants appearedetadunteracted by enhanced UV-B (Fig.
1b). Taking into account that the contribution okccetins to UV-B screening is similar to

the contribution of other flavonoids, such as kafrgss (Di Ferdinando et al., 2014), which
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were not affected by the UV treatment, the UV-Bomsse of quercetins ih. unedamust be
associated to their superior capacity to scavern@8 RAgati et al., 2012; Hernandez et al.,
2009), as it has been found in other species (Ngdrakand Julkunen-Tiitto, 2013;
Randriamanana et al., 2015; Tegelberg et al., 2@d)ilar results were reported by Nenadis
et al (2015) in wild matureA. unedo plants, which showed an increase in the leaf
concentration of quercetin 3-rhamnoside, the mbshdant quercetin derivative identified in
this species, in response to ambient UV-B radiatvamle kaempferols remained practically
unaffected.

Overall, the resprouts dA. unedoshowed significantly higher amounts of phenols
than seedlings (Table 2, Fig. 1). Previous stuti@ge shown that young leaves of this
species are rich in phenols as a defense mechdai¢ace herbivory (Kouki and Manetas,
2002). In accordance with this, a much higher arho@iarbutin (the most abundant phenolic
compound identified in the leaves of this specef$@r pruning could be associated to its
potential toxicity to organisms (Jurica et al., ))1contributing to the protection of the
thinner leaves ofA. unedoresprouts compared to seedlings (Diaz-Guerra.ginaprep.).
However, these differences might also be explaimeaédnvironmental differences between
the two sampling dates, since, in October 2013erafruning), UV doses and mean
temperature were greater, while precipitation wasstantially lower, compared to October
2012 (Table 1). Therefore, a higher concentratibflazonols, especially quercetins, in the
resprouts in comparison to the seedlings might dresequence of reduced photosynthetic
rates presumably induced by drier conditions inoBet 2013, as we found in a parallel study
(Diaz-Guerreet al., in prep.). Low photosynthetic capacity bamassociated to a greater ROS
accumulation (Kataria et al., 2014; Lidon et aQ12), leading to an increased production of
flavonols aimed to strengthen the antioxidant nraetyi.

Nevertheless, no drought-induced changes in tHectlmaentration of phenols were
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found for this species, presumably indicating tbtter protective mechanisms should be

operating inA. unedaoplants, such as the production of non-phenolimaiants (see below).

Effects of treatments on the leaf phenols of Q. suber

Increased UV radiation changed the phenolic profifeQ. suber leaves; specifically,
enhanced UV-B increased the concentrations of ffaonols, especially under low water
supply. Three of these flavonols were kaempfera@sd, in consequence, the total
concentration of kaempferols was also substantiatlseased by supplemented UV-A+UV-B
(Table 3). Monohydroxy B-ring-substituted flavonsjdsuch as kaempferols, are mainly
distributed in the epidermal cells and, despiterth@v concentrations, they are highly
effective in UV attenuation, in addition to protdetf tissues from pathogens (Agati and
Tattini, 2010). Hence, the higher UV-B-induced auncalation of kaempferols Q. suber
leaves, along with no overall differences in quense and neither in the non-phenolic
antioxidant compounds and enzyme activities of risprouts (Table 4), suggest that this
species copes with enhanced UV-B levels mainly ragroving UV screening via higher
concentration of kaempferols instead of stimulai®@@S-scavenging mechanisms (Hideg et
al., 2013; Majer et al., 2014).

The UV-B-induced increase in the concentration adrkpferols was detected mostly
in plants under low water availability (Fig. 2b-ah agreement with previous reports
(Caldwell et al.,, 2007; Hofmann et al., 2003), sgj;ng an emphasized UV-B-screening
response when both factors, high UV-B levels antemeonstraints, co-occurred. Like UV-B
radiation, water stress is also associated to hehigsk of ROS generation mediated by
drought-induced stomatal closure (Krieger-Liszk2§05; Reddy et al., 2004). Therefore, in
plants exposed to both factors, it could be expeateoverproduction of antioxidant phenols

in order to avoid oxidative damage (Bandurska .e8i13). Accordingly, higher UV-B doses
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increased the leaf concentrations of myricetinug:gside and rutins iQ. subemplants grown
under low water supply (Fig. 2f-h), probably indiog a slight activation of the antioxidant
mechanisms (Masuoka et al., 2012; Tsurunaga e2@l3; Zvezdanoviet al., 2012). These
mechanisms coupled with the improved UV-B-screergagacity might contribute to face
these environmental conditions.

The lack of significant overall effects of the watg treatment on the concentration
of phenols ofQ. suberleaves(Table 3) suggests that this species has otheghtayvoiding
strategies. One of these strategies would be tjustatent of plant architecture in order to
minimize water loss and optimize belowground waitptake, since a lower leaf to root
biomass ratio was observed in low-wate@@dsuberplants. This change in plant architecture
in response to drier conditions was accompaniedniayntained values of leaf stomatal

conductance and photosynthesis in comparison tbwedéred plants (Diaz-Guers al., in

prep.).

Effects of treatments on the leaf non-phenolic antioxidants of A. unedo and Q. suber
resprouts

In A. unedoresprouts, non-phenolic antioxidants were muchensansitive to supplemented
UV radiation than phenolic compounds, whereas thposite was found foQ. suber
Specifically, inA. unedo UV-B induced an increase in the foliar concemraiof reduced
ascorbate and reduced glutathione and, as a carssgjuof total ascorbate and total
glutathione, suggesting an enhanced antioxida@apanse (Table 4), in accordance with
previous studies (Agarwal, 2007; Hideg et al., 2Qlatev et al., 2012). The increase in the
reduction state and the pool-size of ascorbateghndthione is a powerful ROS scavenger
mechanism to minimize photodamage in plant tissmesnly via the ascorbate-glutathione

cycle (Gill and Tuteja, 2010; Noctor and Foyer, 829n our study, the lower activity of
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ascorbate peroxidase (APX) found in UVAB respraugald explain why the concentration
of oxidized ascorbate (i.e. dehydroascorbate) was higher in these plants (Table 4).
ConverselyA. unedoresprouts showed an increased activity of catgl@gd) enzymes in
response to enhanced UV-B. CAT enzymes have higtover rates acting as a highly
efficient pathway to quench ROS, particularly wiséress conditions are severe or prolonged
(Asada, 2006; Gill and Tuteja, 2010). When therm@ssive ROS generation in response to
an excess of excitation energy in the chloropldstreases in the APX activity (Agati et al.,
2013) can induce CAT production, since CAT enzyraes considered insensitive to the
redox status of the cells because they do not re@ureducing substrate, and, thus, they are
able to maintain their activity under stress caodd (Mittler, 2002). Because of this,
stimulated CAT activity has been commonly reporitedstudies with plants exposed to
enhanced UV-B radiation (A-H-Mackerness, 2000; daret al., 2012; Zlatev et al., 2012).
Overall, UV-B effects on the studied antioxidantmgmunds and enzymes @&f. unedo
resprouts are consistent with the scarce UV effebbserved on the leaf amounts of phenols,
since phenolic compounds, especially flavonoidg #rought to constitute a secondary
component of the ROS-scavenging system, which reguyated following depletion of
primary antioxidants under severe stress conditf{dgati et al., 2013; Fini et al., 2011).

When we analyzed the effect of UV within each watgregime, we found different
UV effects in low- and well-watered. unedoresprouts. Under low water supply, reduced
and total glutathione were accumulated in resptmsepplemental UV-B radiation, pointing
to an amplification of the UV-B effect by water stame (Fig. 3a,b). Indeed, the combined
action of both factors (enhanced UV-B and droughijyht have raised ROS production,
being necessary a larger pool of glutathione tontam the normal reduced state of plant
cells (Meyer, 2008; Rouhier et al.,, 2008). On thbeo hand, resprouts under optimal

irrigation showed a reduction in the total amourmascorbate and CAT activity together with
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an enhanced APX activity under supplemental UV-@nal (Fig. 3c-e). These results suggest
higher rates of ROS detoxification by means of @seorbate-glutathione cycle rather than
via CAT enzymes in UVA plants. A lower CAT activignder enhanced UV-A may also
indicate a lower degree of oxidative stress in etaace with previous reports (Bernal et al.,
2013; Nenadis et al., 2015), which might be assedido a UV-A-mediated activation of
photoprotective mechanisms (Bernal et al., 201B¢ different responses observed in UVAB
and UVA resprouts ofA. unedoindicate opposite UV-B and UV-A effects on these
parameters. Under drier conditions, UV-A effectstba studied non-phenolic antioxidants
were not significant, which suggests that they veenenteracted by the detrimental effects of
water deficit.

The accumulation of key antioxidant components urdhgeer conditions such as
ascorbate (DHA, ASC and total) M unedcand glutathione (GSH and total) in both species
indicates a reinforcement of the antioxidant maehir(Table 4), which is in accordance with
previous reports (Close and McArthur, 2002). Noakdbs, the reduction of the APX activity
along with the unaffected CAT activity in both spscin response to reduced water
availability contrast with previous studies repogtincreased enzymatic detoxification under
drought conditions (Reddy et al., 2004; Sanchez[@faal., 2007; Selmar and Kleinwachter,
2013). Considering that particularly CAT activity associated to ROS detoxification during
hard stress conditions (Gill and Tuteja, 2010; Miitt2002), our results suggest no severe
levels of oxidative stress in low-watered plantebably associated to a high resistance of

these two species to water deficit.

Concluding remarks
Our results suggest that the two studied specieg lhiiferent strategies to counteract

environmental stress, since white unedohas a higher amount of leaf phendlk, suber
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leaves show larger amounts of non-phenolic antemtisl In both species, UV-induced
responses were only observed in the concentrafisare phenolic compounds, without any
change in the total pool of phenols. This differ@nUV regulation of individual phenolic
compounds was probably due to dissimilarities irtlcontribution to leaf photoprotection
and/or in their antioxidant activity. Specificalkx, unedowould mainly respond to enhanced
UV-B stimulating the antioxidant response througk tncrease of quercetins in seedlings
and of key antioxidants (ascorbate, glutathione@Ad activity) in resprouts. Conversely, in
Q. suber UV-B supplementation led to a greater accumutatibkaempferols, suggesting an
improved capacity for UV screening to avoid UV peeaton into cells. These UV-B effects
on the amount of kaempferols and other flavonol®Qofsuberleaves were mainly found
under water constraint. lA. unedoresprouts, the combination of enhanced UV-B and low
irrigation resulted in a higher concentration ofitgthione (total glutathione and GSH),
probably reflecting an amplified antioxidant respenin these species, opposite UV-B and
UV-A effects on the levels of ascorbate and on Add CAT activities were observed under
optimal irrigation. Low watering by itself favorethe accumulation of key antioxidant
components such as ascorbate (DHA, ASC and tatdlpaglutathione (GSH and total) A
unedoand Q. suberresprouts, but reduced and did not affect APX @&l activities,
respectively.

Taking into account the broad range of functionsthte studied compounds, the
notable inter-specific differences in the biochemhiadjustments in response to higher UV
levels and decreased water availability in seedliagd resprouts @&. unedoandQ. suber
might imply alterations in the competitive abiliof these two species under the expected

near-future climatic changes.
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UV supplementation (%)

Ambient data

Month UVAB plots UVA plots UV doses (kJ m-2 day-1) Temperature  Precipitation
PGa UV-B UV-A PGa UV-B UV-A PGa UV-B UV-A (°C) (mm)
June 2012 13 24 0.9 1.2 0.1 1.0 31.8 344 1291 21.0 16.8
July 2012 14 26 1.0 1.2 0.1 1.1 30.2 324 1195 21.7 9.5
August 2012 - - 0.7 - - 0.8 - - 1070 23.9 7.2
September 2012 - - 1.1 - - 1.2 - - 706 195 110.1
October 2012 10 24 0.8 0.9 0.1 0.9 13.9 11.6 494 15.6 166.1
November 2012 6 18 0.4 0.7 0.1 0.6 9.0 5.6 372 11.2 59.3
December 2012 5 18 0.3 0.8 0.1 0.6 7.9 4.1 353 7.2 15
January 2013 4 17 0.3 0.7 0.1 0.6 8.6 4.3 377 6.0 13.9
February 2013 7 24 0.4 1.2 0.2 0.9 115 7.1 522 5.7 38.4
March 2013 6 16 0.4 1.1 0.1 0.8 17.3 13.3 753 9.5 173.2
April 2013 7 17 0.4 1.2 0.1 1.0 23.1 20.1 1020 11.4 89.1
May 2013 8 18 0.5 1.4 0.1 1.2 27.1 25,5 1115 13.1 82.4
June 2013 11 21 0.8 1.3 0.1 1.2 34.2 345 1270 18.4 21.6
July 2013 15 27 1.2 1.3 0.1 1.3 32.9 35.2 1164 23.0 21.0
August 2013 17 33 1.4 15 0.1 15 28.4 29.7 986 22.2 34.8
September 2013 13 27 1.0 1.1 0.1 1.1 22.0 20.8 790 19.1 37.4
October 2013 20 46 15 1.7 0.2 1.6 14.4 12.0 517 17.3 29.0

a Plant growth weighting function according to Flint and Caldwell (2003)



UV radiation (UV) Watering (W) Pruning (P) Interactions
control UVA UVAB p-value ww LW p-value seedlings resprouts p-value

Total phenols 237.29 +11.14 240.38 +13.69 246.99 *10.60 ns 239.08 +8.14 244.02 +10.85 ns 212.30 +6.48 270.81 +6.48 <0.01 -
Tannins 89.96 +6.12 88.08 +6.01 87.43 +4.27 ns 85.02 +3.48 91.96 +5.12 ns 77.54 £2.96 99.44 +4.11 <0.01 -
Condensed tannins 74.40 £5.95 72.96 *6.55 70.84 + 4.64 ns 70.17 £3.74 75.29 £5.34 ns 61.90 +3.33 83.56 £4.29 <0.01 -
Hydrolyzable tannins 15.56 +0.51 15.12 +1.20 16.60 +1.10 ns 14.85 +0.69 16.67 +0.85 ns 15.64 +0.76 15.88 + 0.84 ns -
Flavonoids 47.84 £3.71 46.71 +4.62 49.97 +3.54 ns 48.86 +3.33 47.48 £3.11 ns 36.42 £1.54 59.92 +1.47 <0.01 -
Flavanols 15.88 +2.12 15.32 +2.26 17.68 +2.61 ns 17.12 +1.97 15.46 +1.80 ns 9.18 £0.55 23.41 £0.96 <0.01 -
(+)-catechin 14.36 +1.88 13.59 +1.89 15.11 £2.26 ns 15.03 +1.71 13.68 +1.53 ns 8.32 £0.41 20.39 £0.93 <0.01 -
gallocatechin 1.52 £0.31 1.73 £0.48 2.57 £0.83 ns 2.09 * 0.50 1.79 £0.46 ns 0.85 +0.30 3.03 £0.48 <0.01 -

Flavonols 31.95 £1.78 31.39 £2.50 32.29 £1.70 ns 31.74 £1.70 32.02 £1.56 ns 27.24 £1.15 36.51 £1.21 <0.01 UV x P

Quercetins 21.86 +£1.53 20.47 £2.01 21.09 £1.40 ns 20.91 £1.29 21.38 £1.40 ns 17.34 £0.97 24.95 +1.00 <0.01 UV x P
quercetin 3-galactoside 1.88 +0.29 1.50 +0.30 1.60 £0.29 ns 1.58 +0.21 1.73 +0.26 ns 1.06 +0.15 2.26 +0.22 <0.01 -
quercetin 3-arabinoside 2.29 +0.25 1.88 +0.24 2.22 +0.36 ns 1.97 +0.16 2.28 +0.29 ns 1.83 +0.16 2.43 +0.27 0.03 -
quercetin 3-rhamnoside 14.92 +0.85 1455 +1.26 14.15 + 0.65 ns 15.13 £0.79 13.95 +0.73 ns 12.73 +0.63 16.35 +0.64 <0.01 -
quercetin-glycoside 2.78 +0.64 2.55 +0.63 3.12 +0.53 ns 2.22 +0.39 3.41 +0.53 ns 1.72 +0.23 3.91 +0.53 <0.01 -
Kaempferols 3.37 £0.14 3.50 +0.32 3.61 +0.17 ns 3.60 +0.21 3.39 £0.15 ns 3.33+0.14 3.65 +0.21 ns -
kaempferol 3-glucoside 0.50 +0.06 0.53 +0.07 0.45 +0.05 ns 0.56 +0.05 0.43 +0.04 ns 0.47 +0.05 0.51 +0.05 ns -
kaempferol 3-rhamnoside 1.84 +0.22 1.87 +0.27 2.03 £0.19 ns 1.82 +0.24 2.00 £0.11 ns 1.67 £0.13 215 +0.21 0.03 -
kaempferol glycoside 1.03 +0.11 1.09 +0.16 1.13 £0.17 ns 1.22 +0.10 0.96 +0.13 ns 1.19 £0.09 0.99 +0.14 ns -

Myricetins

myricetin 3-rhamnoside 6.73 +0.33 7.42 +0.59 7.59 +0.47 ns 7.23 +0.48 7.25 +£0.28 ns 6.57 +0.28 7.91 +0.42 0.03 -
Hydroquinones 97.30 £4.22 103.28 £6.79 107.31 +7.82 ns 102.94 £5.21 102.31 £5.36 ns 96.15 +4.22 109.10 +5.76 0.04 -
arbutin 50.86 +3.21 52.44 +4.16 54.05 +4.25 ns 51.23 £2.76 53.67 +3.48 ns 4550 £1.71 59.40 +3.36 <0.01 -
galloylarbutin 32.36 £2.82 35.14 £4.07 37.42 £4.71 ns 36.27 £3.15 33.68 £3.25 ns 33.73 £2.85 36.21 £3.51 ns -
digalloylarbutin 14.08 +1.09 15.70 +1.86 15.83 +1.48 ns 15.45 +1.14 14.96 +1.31 ns 16.91 +0.98 13.49 +1.32 ns -
Phenolic acids 2.20 £0.13 2.30 £0.19 2.29 £0.17 ns 2.26 £0.14 2.27 £0.13 ns 2.18 £0.08 2.34 £0.17 ns -
gallic acid 1.77 £0.12 1.84 +0.18 191 £0.18 ns 1.84 +0.14 1.84 +0.12 ns 1.78 £0.09 1.90 £0.16 ns -
ellagic acid 0.44 +0.03 0.46 +0.03 0.37 £0.03 ns 0.42 +0.02 0.42 +0.03 ns 0.41 +0.02 0.44 +0.02 ns -
TAN:TP 0.38 £0.01 0.37 +£0.02 0.36 +0.02 ns 0.36 +0.01 0.38 +0.01 ns 0.37 £0.01 0.37 £0.01 ns -
FLAV:TP 0.20 £0.01 0.19 +0.01 0.20 £0.01 ns 0.20 +£0.01 0.19 +0.01 ns 0.17 £0.01 0.22 £0.01 <0.01 -
Que:Kae 6.52 £0.42 6.07 +£0.63 5.97 £0.51 ns 5.98 +0.43 6.39 +0.42 ns 5.25 £0.25 7.13 £0.44 <0.01 -
Hq:TP 0.41 +£0.02 0.43 +0.02 0.43 +0.02 ns 0.43 +0.02 0.42 +£0.01 ns 0.45 +0.01 0.40 £0.01 0.02 -
PA:TP 0.0094 +0.0006 0.0097 +0.0007 0.0093 + 0.0006 ns 0.0095 +0.0005 0.0095 +0.0006 ns 0.0104 +0.0004 0.0086 * 0.0005 0.03 -

TP, total phenols; TAN, tannins; FLAV, flavonoids; Que, quercetins; Kae, kaempferols; Hqg, hydroquinones; PA, phenolic acids; ns, not significant.



UV radiation (UV) Watering (W) Pruning (P) Interactions
control UVA UVAB p-value ww LW p-value seedlings resprouts p-value
Total phenols 90.45 +7.70 88.43 +3.99 92.76 +£7.34 ns 89.33 +4.67 91.77 £5.83 ns 80.21 +4.89 100.88 +4.43 0.01 -
Tannins 60.83 +6.43 59.72 £3.25 62.21 +6.42 ns 59.48 +4.14 62.37 +4.78 ns 55.35 +4.46 66.50 +4.09 ns -
Condensed tannins 55.67 +6.39 53.95 £3.23 56.14 + 6.42 ns 53.40 +4.14 57.10 £4.73 ns 50.83 £4.39 59.67 £4.30 ns -
Hydrolyzable tannins 5.17 +0.47 5.77 £0.52 6.07 + 0.42 ns 6.08 +0.38 5.26 +0.38 ns 451 +0.24 6.83 +0.29 <0.01 -
Flavonoids 29.26 £1.76 28.38 £1.44 30.22 +1.68 ns 29.51 £1.32 29.07 £1.33 ns 24.57 £0.61 34.01 £0.72 <0.01 -
Flavanols 17.84 +1.28 17.23 £0.94 17.29 +£1.18 ns 17.62 +0.92 17.29 £0.92 ns 14.41 +0.55 20.50 +0.55 <0.01 -
(+)-catechin 10.01 +1.08 9.45 +0.50 9.19 £0.91 ns 9.41 +0.71 9.70 +0.69 ns 8.89 +0.68 10.21 £0.68 ns -
gallocatechin 1.97 +0.26 1.93 +0.18 2.45 +0.35 ns 242 +0.26 1.82 +0.16 ns 1.88 £0.21 2.36 +0.22 ns -
epigallocatechin 3.74 £0.52 3.52 +0.63 3.67 +0.66 ns 3.72 £0.47 3.57 £0.50 ns 211 +0.21 5.18 +0.39 <0.01 -
epigallocatechin gallate 2.22 +0.27 232 +0.24 1.98 +0.24 ns 2.14 +0.20 2.21 +0.20 ns 1.59 +0.15 2.76 +0.14 <0.01 -
Flavonols 1142 £069 b 11.15 £0.61 b 12.94 +0.57 0.05 11.89 £0.58 11.79 £0.49 ns 10.16 +0.38 13.51 £0.32 <0.01 -
Quercetins 4.19 £0.32 3.90 £0.34 4.41 +0.40 ns 4.17 £0.30 4.16 +£0.28 ns 3.22 £0.13 5.11 +0.22 <0.01 -
quercetin 3-galactoside 1.46 +0.11 1.40 £0.12 1.45 £0.15 ns 142 +0.11 1.45 +0.09 ns 1.15 +0.04 1.73 £0.10 <0.01 -
quercetin 3-glucoside 2.09 +0.19 1.91 +0.19 2.24 +0.22 ns 2.09 +0.17 2.07 £0.16 ns 1.54 +0.10 2.62 +0.10 <0.01 -
quercetin 3-rhamnoside 0.32 £0.03 0.27 +0.02 0.36 £0.03 ns 0.32 +£0.03 0.31 +0.02 ns 0.27 £0.02 0.36 +0.02 <0.01 -
quercetin-glycoside 0.32 £0.03 0.32 +£0.03 0.36 +0.04 ns 0.33 £0.03 0.33 +0.02 ns 0.26 +0.01 0.41 +0.03 <0.01 -
Kaempferols 1.29+009 b 1.38 +0.09 b 1.80 +0.09 0.01 1.56 +0.09 1.43 £0.09 ns 1.45 +0.09 1.53 £0.09 ns -
kaempferol 3-glucoside 0.66 £0.08 b 0.76 +0.06 b 1.05 +0.08 0.03 0.88 +0.07 0.76 +0.07 ns 0.85 +0.07 0.80 +0.08 ns -
kaempferol glycoside 0.30 +£0.02 0.28 +0.02 0.31 £0.03 ns 0.29 +0.02 0.30 +0.02 ns 0.26 +0.02 0.32 £0.02 0.04 -
monocoumaroyl-astragalin 1 0.18+0.01 b 0.20 +0.01 b 0.26 +0.02 0.01 0.23 +0.02 0.20 +0.01 ns 0.20 £0.01 0.23 +0.01 0.01 -
monocoumaroyl-astragalin 2 0.15+0.01 ab 0.15 +0.01 b 0.18 +0.02 0.05 0.16 +0.01 0.16 +0.01 ns 0.14 +£0.01 0.18 +0.01 0.03 -
Myricetins 0.15 +0.03 0.21 +0.04 0.26 +0.04 ns 0.20 £0.03 0.22 +0.03 ns 0.22 £0.03 0.20 £0.03 ns -
myricetin 3-galactoside 0.06 £0.02 0.09 +0.01 0.08 +0.02 ns 0.06 +0.01 0.09 +0.01 ns 0.08 +0.01 0.07 +0.02 ns -
myricetin 3-glucoside 0.09 £0.01 0.12 +0.03 0.18 +0.03 ns 0.14 +0.03 0.12 +0.02 ns 0.14 +0.02 0.12 +0.02 ns -
Rutins 1.88 £0.08 1.81 £0.09 2.06 £0.09 ns 1.92 £0.09 1.92 £0.06 ns 1.79 £0.08 2.04 £0.05 0.05 -
rutin derivative 1 1.63+£0.09 ab 1.57 +0.08 b 1.82 £0.08 0.05 1.66 +0.08 1.68 +0.06 ns 1.54 £0.08 1.81 £0.05 0.02 -
rutin derivative 2 0.24 £0.01 0.25 £0.02 0.24 £0.02 ns 0.25 £0.02 0.24 £0.01 ns 0.25 £0.01 0.24 £0.01 ns -
unknown flavonols 3.92 £0.29 3.84 £0.29 4.40 £0.28 ns 4.05 £0.25 4.06 £0.22 ns 3.49 £0.20 4.62 £0.18 <0.01 -
flavonol 1 0.59 +0.05 0.70 +0.07 0.75 +0.06 ns 0.71 £0.06 0.65 +0.04 ns 0.54 +0.04 0.82 +0.04 <0.01 -
flavonol 2 1.66 £0.18 1.63 £0.19 1.85 +0.17 ns 1.68 £0.15 1.75 £0.15 ns 1.31 £0.09 2.11 +0.13 <0.01 -
flavonol 3 0.05 +0.01 0.06 +0.01 0.07 £0.01 ns 0.06 £0.01 0.06 +0.01 ns 0.06 +0.01 0.07 £0.01 ns -
flavonol 4 1.62 +0.12 1.45 +0.10 1.73 £0.14 ns 1.60 +0.12 1.60 +0.08 ns 1.58 £0.11 1.62 +0.09 ns -
Phenolic acids
ellagic acid 0.35 +0.02 0.33 +0.02 0.33 +0.02 ns 0.34 +0.02 0.33 +0.02 ns 0.30 +0.02 0.37 +0.01 <0.01 -
TAN:TP 0.65 +0.01 0.66 +0.01 0.64 +0.02 ns 0.64 +0.01 0.66 +0.01 ns 0.66 +0.01 0.64 +0.01 ns -
FLAV:TP 0.34 £0.01 0.33 +£0.01 0.36 +0.02 ns 0.35 +0.01 0.34 +0.01 ns 0.34 £0.01 0.35 £0.01 ns -
Que:Kae 3.68 £0.32 3.28 £0.38 3.03 £0.51 ns 3.22 £0.35 3.44 +0.32 ns 2.64 £0.20 4.02 +0.36 0.01 -
PA:TP 0.0047 +0.0007 0.0039 +0.0002 0.0044 +0.0006 ns 0.0046 +0.0004 0.0041 +0.0005 ns 0.0047 +0.0006 0.0040 *0.0002 ns -

TP, total phenols; TAN, tannins; FLAV, flavonoids; Que, quercetins; Kae, kaempferols; Hqg, hydroquinones; PA, phenolic acids; ns, not significant.



UV radiation Watering
control UVA UVAB p -value WW LW p -value
A. unedo resprouts
Total ascorbate (ug g™ DW) 819.52 £+56.21 ab  739.55+100.49 b  932.20 £+11854 a 0.04 647.29 +£37.93 1013.56 +55.83 <0.01
ASC (ug g* DW) 673.67 £+46.43 ab 62180 +77.73 b  788.67 £97.69 a 0.04 551.76 +34.14 837.67 +48.30 <0.01
DHA (ug g™ DW) 145.85 +19.07 117.75 +26.44 144.39 +24.59 ns 95.53 +13.58 176.46 +11.95 0.01
ASC:DHA 6.99 £1.39 6.56 +1.25 6.86 +1.28 ns 8.02 £1.24 5.58 £0.47 ns
ASC:Total 0.83 £0.02 0.85 £0.02 0.85 £0.02 ns 0.85 £0.02 0.83 £0.01 ns
Total glutathione (ug g™ DW) 100.16 +6.46 ab 90.15 £4.39 b 113.42 £7.90 a 0.03 96.87 £5.31 105.63 +£6.41 0.05
GSH (ug g* DW) 7449 +479 ab 66.14 +£2.70 b 84.20 +5.54 a 001 71.96 £3.86 77.93 +4.68 0.01
GSSG (ug g DW) 25.67 +1.91 24.01 +£2.00 29.23 £2.95 ns 2491 +1.58 27.70 £2.24 ns
GSH:GSSG 3.00 £0.16 2.84 £0.17 3.09 £0.27 ns 3.02 £0.09 2.94 £0.22 ns
APX (umol ASC min™ mg™ protein) 146 +0.16 b 1.96 +0.29 a 1.36 £0.16 b 0.02 1.96 +0.15 1.23 +£0.13 0.01
CAT (umol H,0, min™ mg™ protein) 239.64 £16.74 ab 21194 %1131 b 27271 +10.34 0.01 255.92 +13.45 226.95 £11.64 ns
Q. suber resprouts
Total ascorbate (ug g™ DW) 3550.27 +178.94 3136.03 £191.11 3102.58 +206.47 ns 3087.25 +138.68 3438.67 +172.44 ns
ASC (ug g* DW) 3043.79 +121.06 2764.99 +155.94 2719.71 £ 207.27 ns 2678.74 +£123.20 3006.92 +131.77 ns
DHA (ug g™ DW) 506.48 +91.16 371.05 £42.00 382.86 +36.09 ns 408.51 +£34.81 431.75 £ 66.58 ns
ASC:DHA 10.06 *2.30 10.67 £1.71 8.47 £1.64 ns 8.84 £1.49 10.62 £1.53 ns
ASC:Total 0.86 £0.02 0.88 £0.01 0.87 £0.01 ns 0.87 £0.01 0.88 £0.02 ns
Total glutathione (ug g™ DW) 251.14 £6.25 247.30 £10.89 238.72 £14.82 ns 228.08 +6.26 263.36 £6.85 0.02
GSH (ug g™ DW) 194.34 +5.89 194.87 £8.17 184.98 +12.83 ns 175.48 +5.22 207.31 +£5.05 <0.01
GSSG (ug g DW) 56.80 +4.18 52.43 +4.26 53.74 £3.90 ns 52.60 +2.92 56.05 +3.57 ns
GSH:GSSG 3.84 £0.39 412 £0.44 3.65 £0.36 ns 3.78 £0.36 3.97 £0.28 ns
APX (umol ASC min™ mg™ protein) 1.19 +0.13 152 +0.23 1.17 £0.16 ns 157 +0.11 1.02 +0.12 0.03

CAT (umol H,0, min™ mg™ protein)

214.44 +20.76

240.46 +22.99

233.87 £22.28

ns

262.50 +14.16

196.67 +£12.88

ns

ASC, ascorbate; DHA, dehydroascorbate; GSH, reduced glutathione; GSSG, oxidized glutathione; APX, ascorbate peroxidase; CAT, catalase; ns, not significant.
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Highlights:

- UV induced different leaf biochemical responsesaio co-occurring woody species
- Quercus subeimproved the leaf UV-screening capacity to fackagced UV-B

- Over-ambient UV-B levelstimulated the antioxidant defencesfobutus uneddeaves

- Water shortage exacerbated some of the UV-B-ieduesponses in both species
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