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ABSTRACT   12 

Plants synthesize phenolic compounds in response to certain environmental signals or stresses. One 13 

large group of phenolics, flavonoids, is considered particularly responsive to UV radiation. However, 14 

here we demonstrate that solar blue light stimulates flavonoid biosynthesis in the absence of UV-A 15 

and UV-B radiation. We grew pea plants (Pisum sativum cv. Meteor) outdoors, in Finland during the 16 

summer, under five types of filters differing in their spectral transmittance. These filters were used 17 

to 1: attenuate UV-B; 2: attenuate UV-B and UV-A < 370 nm; 3: attenuate UV-B and UV-A; 4: 18 

attenuate UV-B, UV-A and blue light; and 5: as a control not attenuating these wavebands. 19 

Attenuation of blue light significantly reduced the flavonoid content in leaf adaxial epidermis and 20 

reduced the whole-leaf concentrations of quercetin derivatives relative to kaempferol derivatives. In 21 

contrast, UV-B responses were not significant. These results show that pea plants regulate epidermal 22 

UV-screening and accumulation of individual flavonoids by perceiving complex radiation signals that 23 

extend into the visible region of the solar spectrum. Furthermore, solar blue light instead of solar 24 

UV-B radiation can be the main regulator of phenolic compound accumulation in plants that 25 

germinate and develop outdoors.  26 

 27 

 28 

 29 

 30 
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INTRODUCTION 35 

For plants, light is a source of information in addition to being a source of energy (Aphalo & Ballaré 36 

1995) and it has a strong influence on plant development and functioning (Fankhauser & Chory 1997; 37 

Chen et al. 2004). Plants perceive radiation through several photoreceptors. Cryptochromes, 38 

phototropins and members of the ZTL/FKF1/LKP2 family mainly absorb blue light (λ = 455−492 nm) 39 

and UV-A radiation (λ = 315−400 nm) (Briggs & Huala 1999; Banerjee & Batschauer 2005; Pudasaini 40 

& Zoltowski 2013). A general hypothesis has been proposed that there are several UV-B (λ = 41 

280−315 nm) receptors that mediate numerous responses in coordination with the receptors in the 42 

visible light region (Mohr et al. 1984; Lercari et al. 2006). The UV-B receptor UVR8 (UV RESISTANCE 43 

LOCUS8) functions in the signalling pathway of plant UV-B acclimation (Brown et al. 2005; Brown & 44 

Jenkins 2008). High-irradiance visible light and UV radiation can, in addition to their regulatory role,  45 

cause damage to plants, especially when plants are suddenly exposed to a light environment to 46 

which they are not acclimated (Morales et al. 2010; Agati & Tattini 2010).   47 

Light responses are in general mediated by the simultaneous perception of different wavebands by 48 

more than one photoreceptor (Casal 2000; Casal 2013). It seems that different photoreceptors 49 

activate an overlapping set of genes which have shared signaling components (Ma et al. 2001; Devlin 50 

et al. 2003; Chen et al. 2004). The nature and intensity of plant responses in growth, morphology 51 

and chemical composition depend on the sequence, intensity and duration of irradiation with 52 

different wavebands (Jiao et al. 2007; Lee & Kubota 2009). Furthermore, interactions between 53 

signalling pathways that depend on different photoreceptors can be either antagonistic or 54 

synergistic (Casal 2000). 55 

UV-B radiation has frequently been reported to induce the accumulation of phenolic compounds in 56 

the vacuoles and cell walls of leaf epidermal cells (Agati & Tattini 2010). Flavonoids are one of the 57 

largest groups of phenolic compounds. They absorb UV radiation and let through the radiation 58 
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needed for photosynthesis. As antioxidants flavonoids also prevent damage caused by reactive 59 

oxygen species (ROS) (Agati & Tattini 2010). 60 

Many experiments studying the response of flavonoids treat blue light and UV-A radiation as one 61 

and the same because both wavebands are assumed to be perceived by the same photoreceptors, 62 

the cryptochromes and the phototropins (Batschauer 1999; Jenkins et al. 2001; Wade et al. 2003). 63 

Interestingly, a short-term experiment based on irradiation pulses, revealed strong synergistic 64 

interactions between blue light and UV-B radiation, as well as between UV-A and UV-B radiation 65 

(Fuglevand et al. 1996). These two pairs of interactions were considered to be distinct and both of 66 

them increased CHS expression in wild-type as much as in cry1 and cry2 single and double mutants 67 

of Arabidopsis thaliana (Fuglevand et al. 1996; Wade et al. 2001). Fuglevand et al. (1996) suggest 68 

that these synergistic interactions could have been caused by separate UV-A and blue 69 

phototransduction pathways differing in their decay time constants. An alternative explanation is 70 

that other UV-A/blue light photoreceptors are involved. 71 

The role of UV-A radiation and blue light in the regulation of phenolic metabolism is well established 72 

for plants grown in controlled environments (Wade et al. 2001). However, the roles of blue, UV-A 73 

and UV-B wavebands of sunlight on plant phenolic compound accumulation and composition in 74 

leaves have, to the best of our knowledge, not yet been compared, even though the first detailed 75 

experiments about the effects of different wavebands of solar light on plant growth and chemical 76 

composition date from the 18th century, as described in an article by Popp (1926).  77 

The main objective of our study was to assess the roles of blue, UV-A and UV-B wavebands of solar 78 

radiation on phenolic composition and accumulation in pea leaves (cv. Meteor).  Within the UV-A, 79 

we assessed the roles of short (UV-A sw = 315−370 nm) and long (UV-A lw = 370−400 nm) 80 

wavelengths. We tested the hypothesis that the blue portion of sunlight plays a very important role 81 

in the concentration and composition of phenolics under long-term exposure to sunlight. The test 82 
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was based on the concentrations of individual phenolic compounds in the whole leaf and on the UV-83 

A absorbance of leaf adaxial and abaxial epidermis.  84 

 85 

MATERIALS AND METHODS 86 

Seedling cultivation and growth conditions 87 

The experiment was conducted in the experimental field area of Viikki campus of Helsinki University, 88 

Finland (60˚13′N, 25˚1′E). Pea seeds (Pisum sativum cv Meteor, Thomson & Morgan Ltd., UK) were 89 

hydrated overnight in tap water and sown outdoors into pots (7 × 7 × 7 cm) in a 1:2 mixture of 90 

vermiculite (VERMIPU, Lapinjärvi) and pre-fertilized nursery peat (N: 1600mg kg-1, P: 500mg kg-1, K: 91 

2600mg kg-1, KEKKILÄ Oyj, Vantaa, Finland). Pots were arranged on plastic trays (30 × 50 cm), twenty 92 

in each tray and they were kept equally moist throughout the experiment. 93 

Five treatments were created by using special plastic filters that attenuate different wavebands of 94 

solar radiation. The experiment was laid out in six replicate randomized complete blocks of filters, 95 

each containing all of the five treatments. The filters were attached to 1 × 0.80 m wooden frames at 96 

approximately 20 degrees inclination, facing South. Each filter frame was considered to be an 97 

experimental unit. Immediately after sowing, two trays were randomly allocated in the field to each 98 

experimental unit.  99 

One filter type (Polythene 0.05 mm thick, 04 PE-LD; Etola, Jyväskylä, Finland) was used as a control 100 

and four different filter types to modify the solar spectrum: 1. Polyester (0.125 mm thick, Autostat 101 

CT5; MacDermid Autotype LTD, Wantage, UK) to attenuate UV-B; 2. MHCM09B (Experimental film, 102 

hpi.visqueen horticultural products, Ardeer, UK) to attenuate UV-B and UV-A sw; 3. # 226 (Rosco, 103 

Roscolab Ltd, London, UK) to attenuate UV-B and UV-A; and 4. # 312 (Rosco) to attenuate UV-B, UV-104 

A and blue light. The frames were adjusted to maintain the top of the seedlings at about 20 cm 105 

below the filters throughout the experiment. Curtains of the same filter type used for each 106 
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treatment were attached to both sides (East and West) of the wooden frames to ensure that the 107 

seedlings did not receive unfiltered solar radiation early and late in the day.  108 

The spectral transmittance of the filters was measured using a spectrophotometer equipped with an 109 

integrating sphere (Shimadzu UV-2501 PC UV-VIS, Kyoto, Japan) before and after the experiment 110 

(Figure 1). The attenuation of PAR by the different filter types at the beginning of the experiment 111 

was determined using a quantum sensor (LI-190, LI-COR Biosciences Inc., Lincoln, NE) to measure the 112 

photosynthetic photon flux density (PPFD) above and below the filters in the field at midday under 113 

clear sky conditions (Table 1). Hourly ambient spectra for the duration of the experiment were 114 

modelled following Lindfors et al. (2009). Biologically effective UV doses suitable for the responses 115 

we studied were calculated using five of the most-commonly-used biological spectral weighting 116 

functions (BSWF). We used two formulations of Caldwell’s generalized plant action spectrum, GEN 117 

(G) given by Green et al. (1974) and GEN (T) by Thimijan et al. (1978). FLAV is the action spectrum for 118 

the accumulation of the flavonoid mesembryanthin in Mesembryanthemum crystallinum (Ibdah et al. 119 

2002), CIE for UV-induced erythema in human skin (Webb et al. 2012) and PG for plant growth (Flint 120 

& Caldwell 2003). For more details on these action spectra and dose calculations, see Flint and 121 

Caldwell (2003), Kotilainen et al. (2009) and Aphalo et al. (2012). Effective doses and irradiances 122 

were calculated from the daily solar spectra using the R package ‘photobiologyUV’ (Aphalo, 2013). 123 

Effective irradiances and spectral ratios are given in Table 1. (Preferred place for Table 1). 124 

 125 

Measurements in the field  126 

Six plants from the center of every tray were selected for the measurements to avoid edge effects. 127 

The mean germination date of the seedlings was 8 June 2008. The height of the seedlings was 128 

measured 11 and 30 days after the emergence. In vivo epidermal UV-A absorbance at λ = 375 nm 129 

(A375), which is correlated with epidermal flavonoid concentration, was measured with Dualex 3 130 

FLAV (FORCE-A, Orsay, France, Goulas et al. 2004; Julkunen-Tiitto et al. 2014) in twelve plants from 131 

each experimental unit, six plants from each tray. Measurements were made from adaxial and 132 
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abaxial epidermis of fully unfolded leaves appearing at different developmental stages of the plant; 133 

from the first basal leaves 11 days after germination (d a.g.), from the first basal leaves and the 134 

youngest fully unfolded cauline leaves 18 d a.g. and from the first basal leaves, the cauline leaves 135 

and the youngest fully unfolded apical leaves 25 d a.g. The same marked leaves were used on each 136 

measurement date.  137 

The three leaves used for Dualex measurements were sampled thirty one d a.g. for phenolic 138 

extraction and liquid chromatography from six plants in one tray from each experimental unit. The 139 

six leaves at the same position on the main stem were pooled and wrapped in aluminum foil, put 140 

without delay into liquid nitrogen and stored at −80 °C until extraction.  141 

Leaflet area was measured in the corresponding three leaves, one from each position, in the six 142 

plants from the tray that was not used for phenolic extraction (LI-3000A, portable device; LI-3050A, 143 

Lincoln, Nebraska). Shoots of the seedlings were dried at +60˚C for three days and their dry weight 144 

was determined with a precision balance (SCALTEC, Berner GMBH, Heligestadt, Germany).   145 

 146 

Phenolic analysis  147 

The six leaves from each pooled sample were ground with pestle and mortar in liquid nitrogen. The 148 

extraction of phenolic compounds was carried out as described by Kotilainen et al. (2008). The 149 

extracts were dried under N2, then redissolved in 2 ml MeOH (Chromasolv for HPCL, Sigma-Aldrich Co, 150 

St Louis, U.S.A) and aliquots put into three separate tubes; one for tannin analysis (1 ml) and two 151 

analytical replicates for high-performance liquid chromatography (HPLC) (2 × 0.5 ml). The HPLC 152 

analysis was conducted as in Morales et al. (2010) with an Agilent HPLC 1100 series instrument with 153 

UV diode-array detector (Agilent Technologies, Waldbronn, Germany). The HPLC-replicates were 154 

dried under N2 and dissolved in 500 μl MeOH: H2O (1:1). Phenolic compounds were separated in a 155 

Luna C18(2)-column, (3 μm, 150 × 2 mm; Phenomenex, Torrance, CA, USA) and the wavelength 156 

range was set to 210-450nm. The wavelength used for quantification was 320nm. Quantification of 157 

each phenolic compound was calculated according to its absorption peak area ratio against external 158 
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standards, chlorogenic acid (for phenolic acids) and hyperin (quercetin-3-galactoside, for flavonoids). 159 

The tannin concentration was assessed according to Kotilainen et al. (2008). Identification of 160 

individual phenolic compounds was done with a Micromass/Waters mass spectrometer (Milford, MA) 161 

in positive ion mode (ESI) as described in Ferreres et al. (2008), by comparing the retention time 162 

order and the mass per charge ratio of both mother ion and fragment ions of each phenolic 163 

compound. Concentration of the phenolic compounds was adjusted from per-fresh-weight to per-164 

dry-weight by using the fresh-weight:dry-weight ratio of the leaves. This ratio was obtained from 165 

one disc (28 mm2) punched from each leaf in each pooled sample, weighed first fresh and then after 166 

drying at room temperature.  167 

 168 

Data analyses  169 

To avoid systematic errors and to comply with the assumptions of the statistical analysis, all the 170 

measurements and sampling were done in a randomized order. Analysis of variance (ANOVA) was 171 

done using the statistical software ‘R’ (R Development Core Team 2012), versions 2.9.1-2.15.1. 172 

Linear mixed effect models (LME) were fitted using the NLME package (Pinheiro and Bates 2000). 173 

The models included blocks as a random grouping factor. For each response, the treatment main 174 

effect was tested for significance, interpretable as the overall effect of treatments. When p < 0.05 175 

for this initial test, pairwise contrasts, chosen a priori, were used to test the effects of the individual 176 

wavebands (function fit.contrast, R package gregmisc, Warnes 2005). The contrasts were: Control vs. 177 

Polyester, effect of UV-B radiation; Polyester vs. MHCM09B, effect of UV-A sw radiation; Polyester vs. 178 

Rosco 226, effect of UV-A radiation; MHCM09B vs. Rosco 226, effect of UV-A lw radiation; and Rosco 179 

226 vs. Rosco 312, effect of blue light. For these contrasts α = 0.10 was used.  In all the analyses, 180 

function ‘weights=varPower’ was used, when needed, to account for the heterogeneity of the 181 

variances in the model, avoiding the use of data transformation. From the Dualex measurements 182 

done 25 d a.g. and the whole-leaf phenolic compound concentrations, we tested the interaction 183 

between the treatments and the position of the leaf. In addition, from the three Dualex 184 
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measurements of the basal leaves and from the two Dualex measurements of the cauline leaves, we 185 

tested the interaction between the treatments and the measurement date (age of the leaves and 186 

seedlings). For interactions, α = 0.10 was used as the limit for significance. Figures were drawn using 187 

R with package ggplot2 (Wickham & Chang 2013). 188 

 189 

RESULTS 190 

Epidermal UV-A absorbance (A375) 191 

 Adaxial A375 at 25 d a.g. was significantly affected by the treatments (p = ≤ 0.0001 for main effect, 192 

Table S1.A) and this effect depended on leaf position (p= ≤ 0.001 for interaction; Table S1.A). The 193 

overall effect of the treatments on the A375 was significant for all leaf positions when tested 194 

individually (all p ≤ 0.0001, Table S1.A). The attenuation of solar blue light reduced A375 of basal, 195 

cauline and apical leaves by 37%, 30% and 16%, respectively (all p ≤ 0.0001). Attenuation of solar 196 

UV-B radiation reduced A375 by 9% and 5% in basal and apical leaves (p = 0.002, p = 0.094, 197 

respectively, Table S1.A, Figure 2) but it did not affect A375 in cauline leaves (p > 0.5). 198 

Abaxial A375 at 25 d a.g. was significantly affected by the treatments (main effect across all leaf 199 

positions; Table S1.B) but the interaction with leaf position was not significant. The attenuation of 200 

blue light reduced A375 averaged over leaf positions by approximately 39% (p ≤ 0.0001, Table S1.B). 201 

No significant effect of UV radiation was detected. 202 

In basal leaves measured sequentially (11, 18 and 25 d a.g.), adaxial A375 was significantly affected by 203 

the treatments when the three dates were tested together (p = ≤ 0.0001, Table S1.C). The magnitude 204 

of the effects of the treatments increased with increasing leaf age (p = 0.012 for interaction; Table 205 

S1.C, Figure 2). Attenuation of solar blue light decreased adaxial A375 of basal leaves with the effect 206 

increasing from 18% to 73% as the leaves aged (p ≤ 0.0001, Table S1.C, Figure 2). The equivalent 207 

reduction in A375 in response to attenuation of UV-B radiation was smaller, increasing from 4% to 11% 208 

as leaves aged (p < 0.1, Table S1.C, Figure 2). 209 
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In cauline leaves measured sequentially (18 and 25 d a.g.), in contrast to basal leaves, the response 210 

of adaxial A375 to treatments was similar on the two dates (interaction p = 0.76, Table S1.C, Figure 2). 211 

The attenuation of blue light decreased adaxial A375, averaged over time, by approximately 30% (p ≤ 212 

0.0001, Table S1.C). No significant effect of UV radiation was detected. 213 

In sequential measurements (18 and 25 d a.g.), abaxial A375 of both basal and cauline leaves was 214 

significantly affected by the treatments (both p = ≤ 0.0001, Table S1.D), but this effect did not 215 

significantly depend on measurement date (p > 0.85, Table S1.D). Attenuation of blue light reduced 216 

abaxial A375 of basal leaves by 39% and of cauline leaves by 32% (p = 0.0003, p ≤ 0.0001, respectively, 217 

Table S1.D). No significant effect of UV radiation was detected. 218 

 219 

Leaf phenolic composition 220 

Altogether 26 phenolic compounds, 21 flavonoids and five phenolic acids, were detected in whole-221 

leaf extracts (31 d a.g., Table S2). Tannin concentration was below detection limit in all treatments. 222 

Whole-leaf total-phenolics concentration was approximately 70 mg g-1 when averaged over all 223 

treatments and leaf positions.   224 

The overall effect of treatments was significant for total quercetin and total phenolic acid 225 

concentrations (p = 0.017, p = 0.008, respectively) but a significant interaction between treatments 226 

and leaf position was not detected. Also, pairwise contrasts failed to show a significant effects of UV-227 

B, UV-A or blue light (Table S3.A, C). 228 

Total kaempferol concentration was significantly affected by treatments and this effect depended on 229 

leaf position (p ≤ 0.0001, p ≤ 0.001, respectively; Table S3.B). Attenuation of blue light increased 230 

total kaempferol concentration by 38 % in basal leaves (p = 0.039) and attenuation of UV-A lw 231 

increased this concentration by 47 % in cauline leaves (p = 0.004). No significant effect of UV 232 

radiation was detected. 233 

The treatments did not have a significant overall effect on the total-phenolics concentration 234 

(summed flavonoids and phenolic acids from LC analysis) (p = 0.13, Table S3.D).   235 
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Twelve of the 21 flavonoids extracted from the leaves were positively identified as derivatives of 236 

quercetin or kaempherol. Of these twelve flavonoids, two responded to treatments without 237 

interacting with measurement date: Quercetin-3-O-(caffeoyl)-sophoroside-7-O-glucoside and 238 

Quercetin-3-O-(sinapoyl)-sophoroside-7-O-glucoside (p = 0.02, p = 0.007, respectively). However, 239 

pairwise contrasts did not allow the response to be ascribed to any waveband in particular (Table 240 

S3.C, E). 241 

Both treatments and their interaction with leaf position were significant for four flavonoids (p < 0.05, 242 

Table S4.B, D, G, M). Within this group, attenuation of blue light reduced the concentration of 243 

quercetin-3,7-di-O-glucoside in cauline and apical leaves by 58% and 32%, respectively (p = 0.03, p = 244 

0.06, respectively, Table S4.B), the concentration of quercetin-3-O-(caffeoyl)-sophoroside-7-O-245 

glucoside (isomer) in basal, cauline and apical leaves by 49%, 80% and 58%, respectively (p < 0.02) 246 

and the concentration of quercetin-3-O-(p-coumaryl)-sophoroside in cauline leaves by  48% (p = 247 

0.043). In contrast, attenuation of blue light increased the concentration of kaempferol-3-O-(p-248 

coumaryl)-sophoroside-7-O-glucose in basal leaves by 38% (p = 0.064, Table S4.B, D, G, M, Figure 249 

4).Responses of individual flavonoids to attenuation of UV-A radiation did not show as clear a 250 

pattern, as they did to the attenuation of blue light. Attenuation of  UV-A sw or UV-A lw radiation 251 

reduced the concentration of quercetin-3-O-(p-coumaryl)-sophoroside in basal leaves by 48 % and 252 

22 %, respectively (p ≤ 0.0001, p = 0.001, Table S4.G, Figure 4). In contrast, attenuation of solar UV-A 253 

lw radiation increased the concentration of quercetin-3,7-di-O-glucoside in the apical leaves by 28 % 254 

(p = 0.01, Table S4.B, Figure 4), the concentration of kaempferol-3-O-(p-coumaryl) sophoroside-7-O-255 

glucose in the cauline leaves by 56 % (p ≤ 0.0001) and the concentration of quercetin-3-O-(caffeoyl)-256 

sophoroside-7-O-glucoside(isomer) in cauline leaves by 38 % (p = 0.03, Table S4.D, Figure 4). 257 

The only significant effect of attenuation of UV-B radiation was a reduction by 28 % in the 258 

concentration of quercetin-3,7-di-O-glucoside in apical leaves (p = 0.05, Table S4.B, Figure 4).  259 

Overall, attenuation of blue light reduced the concentration of most individual quercetin derivatives 260 

(Figure 4). The concentration of one kaempferol derivative and the total concentration of 261 
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kaempferols, on the other hand, were higher under attenuated blue light (Figure 3). Significant 262 

effects of attenuation of UV-A were detected for four compounds while significant effects of 263 

attenuation of UV-B radiation were limited to one compound and for that compound, to one leaf 264 

position (Table S4.B).  265 

 266 

Plant growth 267 

The differences in shoot height amongst treatments were consistent between measurement dates, 268 

and significant at both 11 and 30 d a.g. (p = 0.044, p = 0.0004, respectively, Table S5.A). The 269 

seedlings grown under blue light attenuation were the tallest and those under near ambient 270 

conditions the shortest. However, we could not detect significant differences attributable to 271 

individual wavebands (Figure S1, Table S5.A). There was no detectable effect of treatments on final 272 

shoot dry weight or leaflet area (p = 0.29, p = 0.46, respectively, Table S5.B, C).  273 

 274 

DISCUSSION 275 

Blue light alters the whole-leaf phenolic composition and enhances epidermal UV absorption  276 

We found that attenuation of solar blue light produced a larger reduction in epidermal screening by 277 

flavonoids than the attenuation of UV-A or/and UV-B radiation.  In fact, in our experiment, solar UV 278 

radiation failed to significantly increase leaf epidermal UV absorption beyond that induced by solar 279 

blue light. We suggest that this result is due to the control of CHS gene expression and subsequent 280 

flavonoid biosynthesis by CRY1. Morales et al. (2013) have recently suggested that UV-A/blue light 281 

signalling pathway, most likely mediated by cryptochromes, interacts with UVR8 to modulate solar 282 

UV-A responses, such as gene expression and accumulation of metabolites, in the presence of solar 283 

UV-B. It has also been reported that both blue light and UV-A radiation can cause a very large 284 

increase in UV-B induced CHS expression under artificial illumination (Fuglevand et al. 1996; Wade et 285 

al. 2001).  286 
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Expression of altogether 77 genes involved in the response to high light, have been shown to be 287 

regulated via blue light photoreceptor CRY1. From these genes, expression of at least two, EARLY 288 

LIGHT-INDUCIBLE PROTEIN1 and EARLY LIGHT-INDUCIBLE PROTEIN2 is dependent of blue light 289 

intensity (Kleine et al 2007). These results suggest that CRY1 may be essential in photoprotective 290 

mechanisms against high light stress for plants growing under sunlight. Based on early research, 291 

expression of Arabidopsis thaliana CHS gene was suggested to be dependent on a specific blue light 292 

photoreceptor (Feinbaum et al. 1991). Later studies, using cryptochrome and phytochrome deficient 293 

mutants, have shown that induction of CHS by UV-A/blue light is mediated principally by CRY1, 294 

possibly in a coaction with PHYB (Wade et al. 2002).  295 

In our study, accumulation of quercetin derivatives decreased only slightly, and non-significantly, in 296 

response to attenuation of solar UV-B radiation. Instead both, epidermal A375 and the concentration 297 

of several quercetin derivatives decreased in plants grown under blue-light attenuation compared to 298 

those plants grown under sunlight containing blue light. The total concentration of kaempferols, 299 

however, increased when blue light was attenuated.  300 

These different responses of quercetin and kaempferol derivatives to blue-light attenuation caused a 301 

decrease in the proportion of quercetin to kaempferol derivatives in response to blue light 302 

attenuation under field conditions. Several other controlled-environment studies also report a 303 

comparable change in this ratio in response to UV-B radiation (Ryan et al. 1998; Olsson et al. 1998; 304 

Hofmann et al. 2000) and high PAR irradiance (Agati et al. 2012). The antioxidant activity of 305 

flavonoids is affected by the hydroxyl groups (-OH) bound at different locations in the molecule. High 306 

antioxidant activity requires an -OH group located at the 3-position, but is also influenced by 307 

substituents at position 5 and 7 (Dugas et al. 2000; Heijnen et al. 2001). The capacity of quercetins 308 

and kaempferols to absorb UV radiation is very similar (Cerovic et al. 2002) and they both have a 309 

high antioxidant activity, but the change in their relative concentrations may relate to the structure 310 

of quercetins that might allow them to perform better in ROS defense (Agati et al. 2012). In spite of 311 

their similar absorbance characteristics, the location of quercetins, mainly in epidermal cells, may 312 
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confer better UV-protection compared to kaempferols that are usually more evenly distributed in 313 

throughout the leaf (Rozema et al. 2002). Also the parallel increase in quercetins and epidermal UV-314 

A absorption observed in our study suggests an important role of quercetins as protective 315 

compounds in the leaf epidermis in the presence of solar blue light.  316 

Total phenolic concentration at the end of the experiment was highest in the apical leaves and 317 

lowest in the basal leaves. Day et al. (1996) also report that the phenolic concentration of whole-318 

leaves was negatively correlated with leaf age. Nevertheless, in our experiment, UV-A absorbance of 319 

the leaf epidermis increased as the leaves aged and reached almost at the same level in basal leaves 320 

as in the apical leaves. This suggests that in the old basal leaves flavonoids (and possibly other 321 

phenolic compounds) are mainly located in the epidermis where they behave as sunscreens for UV 322 

protection, whereas in younger leaves phenolics are distributed more evenly throughout the leaf, 323 

probably behaving as antioxidants. 324 

A significant overall increase in phenolic compounds in the leaf epidermis or the whole-leaf, due to 325 

solar UV-B, was not detected in this experiment. The direction and small magnitude of this non-326 

significant effect was, however, consistent, with the typical results of other long-term field 327 

experiments (Searles et al. 2001). However, it differs from the large increases typically reported from 328 

greenhouse and controlled environment experiments where peas have been given relatively high 329 

UV-B doses after an initial growth period in the absence of UV-B radiation (He et al. 1993; Gonzáles 330 

et al. 1998a and 1998b). Also, growth chamber and greenhouse experiments with low 331 

photosynthetically active radiation (PAR, λ = 400−700 nm), low UV-A radiation and high UV-B 332 

radiation often result in exaggerated UV-B responses compared to experiments with a natural 333 

composition of these wavebands. For example large reductions in total biomass and plant height 334 

have been reported, as well as damage to photosynthetic machinery and DNA (reviewed by Krizek 335 

2004). 336 

 In our experiment plants received a fairly constant daily irradiance of solar UV-B radiation and 337 

realistic PAR and UV-A irradiances since their emergence. Therefore, in all probability, seedlings 338 
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were acclimated to the radiation environment they were growing in and consequently the responses 339 

to UV-B radiation in our experiment were smaller than the transient ones that occur when seedlings 340 

are exposed to a sudden increase in UV-B irradiance (see above). 341 

A possible mechanism for negative feedback on the sensitivity of plants to UV radiation after long-342 

term exposure to sunlight is through an optical effect of `sun screen’ compounds on the amount of 343 

UV radiation reaching the photoreceptors. An assessment of this mechanism would need exact 344 

knowledge on photoreceptor location and the radiation attenuation profile within the leaf. This 345 

mechanism seems plausible given the large decrease in epidermal transmittance in the UV —range 346 

from 60% to 3% in Fig. S2— but high transmittance of blue which barely decreases in response to 347 

sunlight (e.g. Fig. 1 in Markstädter et al. 2001). Such an optical effect could strongly decrease the 348 

relative sensitivity of perception of UV radiation compared to blue light upon accumulation of 349 

sunscreens, even for photoreceptors located in epidermal cells.  350 

 351 

Growth 352 

Cryptochromes, which absorb blue light and UV-A radiation, participate in the slowdown of plant 353 

stem growth (Briggs & Huala 1999). Apparently cryptochromes not only mediate the acquisition of 354 

information about the blue light irradiance but also of the blue to green photon ratio; high values of 355 

this ratio reduce stem growth of Arabidopsis thaliana (Sellaro et al. 2010). The increase in plant 356 

shoot height under blue light attenuation in the present experiment might be explained by changes 357 

in the blue: green ratio. This ratio in Helsinki, Finland during summer averages 0.85, whereas under 358 

the solar-blue-light-attenuating filter it was only 0.025 (Table 1). Blue light has also been suggested 359 

to increase root growth (Calen et al. 2007) thus, in absence of blue light more resources might have 360 

been available for stem growth, which could explain the slight increase in shoot dry weight observed. 361 

A significant effect of UV-B radiation on growth and plant morphology could not be detected in our 362 

outdoor experiment. Research on growth and morphology in pea has been centered on the effects 363 
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of enhanced UV-B radiation (from lamps) in controlled environments and the results have been 364 

variable.  365 

Meteor, the cultivar in our study, as well as other pea cultivars, have frequently been unresponsive 366 

to enhanced UV-B radiation given in outdoor experiments using lamps (Allen et al. 1998; Allen et al. 367 

1999: Stephen et al. 1999), although alterations in plant size and dry weight were detected in one 368 

study (Mempsted et al. 1996). In contrast, the attenuation of solar UV-B radiation with a polyester 369 

filter has increased shoot length, leaf area, dry matter accumulation and rate of photosynthesis in 370 

pea compared with plants grown under ambient UV-B radiation (Pal et al. 2008).  371 

In a UV-B sensitive pea cultivar (Pisum sativum cv JI1389), a decrease of stem length, dry weight and 372 

whole-plant leaf area correlated with an increase in UV-B radiation (2−8 kJ m-2 d-1, GEN(G)) 373 

(Gonzáles et al. 1998a). When pea seedlings (cv Guido) were exposed to moderate (2.2 kJ m-2 d-1, 374 

GEN(G)) and high (9.9 kJ m-2 d-1, GEN(G)) doses of UV-B radiation, the higher UV-B dose, which is 375 

much higher than the maximum ambient UV-B dose at our location, reduced stem length, dry weight 376 

and leaf area of the plants, whereas the moderate dose did not have a significant effect (Gonzáles et 377 

al. 1998b). In both of these experiments, in addition to UV-B radiation, seedlings received PAR and 378 

UV-A radiation (850–950 μmol m–2 s–1
 and 43 kJ m–2 d–1

 respectively. These authors suggest that 379 

photosynthetic responses to UV-B exposure in their experiment might have been due to the sudden 380 

change in radiation environment when seedlings developed without UV-B radiation were suddenly 381 

transferred to high UV-B radiation. This is, unlike our experiment where plants germinated and 382 

developed under the treatments. The average solar UV-B dose in the near ambient control, weighed 383 

according to GEN(G), in our study, was 2.58 kJ m-2 d-1, which is similar to the moderate dose in 384 

Gonzáles et al.’s (1998b) experiment. Either the large differences in experimental protocol or 385 

differences among cultivars could explain the contrasting responses. 386 

 387 

 388 

 389 
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Acclimation to growth under sunlight  390 

The role of flavonoids and other phenolics in plant tolerance to UV-B exposure is well documented 391 

(Li et al. 1993; Lois & Buchanan 1994; Jordan et al 1998). It has been frequently assumed that the 392 

accumulation of these compounds takes place in response to UV-B radiation itself (Brandt et al. 1995; 393 

Frohnmeyer & Staiger 2003;), although in field experiments increases in total phenolic 394 

concentrations in response to enhanced UV-B radiation have usually been small, e.g. a c. 10% 395 

increase in UV-B-absorbing compounds  according to Searles et al.’s (2001) meta-analysis. 396 

In contrast, growth chamber and greenhouse experiments with low photosynthetically active 397 

irradiance, low UV-A irradiance and high UV-B irradiance often result in exaggerated UV-B responses 398 

compared to experiments with a natural balance between these wavebands. For example large 399 

reductions in total biomass and plant height have been reported, as well as damage to 400 

photosynthetic machinery and DNA (reviewed by Krizek 2004).  401 

From controlled environment experiments, it is known that flavonoid production is finely tuned to 402 

particular UV and visible radiation conditions (Krizek 2004; Götz et al. 2010). The significant 403 

reduction in epidermal flavonoids in plants grown under strongly attenuated solar blue light in this 404 

study agrees with the role assigned to blue-light photoreceptors in the regulation of flavonoid 405 

synthesis based on controlled environment experiments (Krizek 2004). In addition, we report that 406 

solar blue light causes an increase in quercetin-based relative to kaempferol-based compounds in 407 

the whole leaf. Such a shift in composition has been considered to play a photoprotective role under 408 

high light (Agati et al. 2012). This altered relative abundance of individual compounds might relate to 409 

their different antioxidant activities. The lower flavonoid content in the leaf epidermis under 410 

attenuated solar blue light might also be related to a concomitant 39 % reduction in PAR photon 411 

irradiance which could have decreased light-stress-induced flavonoid production (c.f. Kimura et al. 412 

2003). Nevertheless, in an experiment with lettuce grown in sunlight using filters with different blue 413 

and green transmittance, but producing the same reduction in PAR photon irradiance, there was a 414 

decrease in epidermal flavonoids in response to a low blue : green photon ratio (Sari Siipola, Titta 415 
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Kotilainen, Matthew Robson,  Pedro Aphalo, unpublished data). This suggests that in sunlight this 416 

ratio plays a key role in the regulation of the flavonoid content in the leaf epidermis. 417 

Our hypothesis, that the blue waveband plays a major role in the acclimation of plants to high 418 

irradiance sunlight in a way that may affect UV-B tolerance, can be clearly demonstrated for pea, 419 

growing through the summer in Helsinki. This interaction goes much further than the well-known 420 

role of UV-A/blue radiation in the repair of DNA lesions (reviewed by Sinha & Häder 2002). It also 421 

affects protection through sunscreens and antioxidants (the accumulation and composition of 422 

flavonoids and other phenolics in leaves). Here we provide evidence, from plants growing outdoors, 423 

that the spectral balance, in particular the proportion of blue light in sunlight, has a profound effect 424 

on the phenolic chemistry of plants. Under the conditions of our experiment, the role of blue light 425 

was much more important than that of UV radiation. This has important implications for the 426 

interpretation of results from past experiments and should also be taken into account in the design 427 

of future experiments.  428 

  429 
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FIGURE LEGENDS 732 

 733 

Figure 1. Spectral transmittance of the filters used in the experiment. See Materials and methods for 734 

further details. 735 

 736 

Figure 2. UV-A absorbance of the adaxial and abaxial epidermis of pea leaves measured with Dualex 737 

FLAV between 10.00 and 14.00. The three measurement dates, leaf age at time of measurement in 738 

days from the end of unfolding: basal leaves, leaf age 1 d, 11 days after germination (d a.g.); basal 739 

leaf, age 8 d and cauline leaf, age 1 d 18 d a.g.; basal leaf, age 15 d, cauline leaf, age 8 d and apical 740 

leaf, age 1 d, 25 d a.g. X-axis shows which wavebands were attenuated (-) or not (+) in each 741 

treatment. Values are means ± SE of six replicate blocks, one leaf sampled from 12 plants in each 742 

experimental unit 743 

 744 

Figure 3. Whole-leaf total concentrations of quercetins, kaempferols, phenolic acids and all phenolic 745 

compounds in basal, cauline and apical leaves. X-axis shows which wavebands were attenuated (-) or 746 

not (+) in each treatment. Values are means ± SE of six replicate blocks, 3 leaves from 6 plants used 747 

for analysis in each experimental unit.  748 

 749 

Figure 4. Whole-leaf concentrations of twelve positively identified flavonoids. quercetin 1 = 750 

quercetin-3-O-sophoroside-7-O-glucoside, quercetin 2 = quercetin-3,7-di-O-glucoside,  quercetin 3 = 751 

quercetin-3-O-(caffeoyl)-sophoroside-7-O-glucoside, quercetin 4 = quercetin-3-O-(caffeoyl)-752 

sophoroside-7-O-glucoside (isomer),  quercetin 5 = quercetin-3-O-(sinapoyl)-sophoroside-7-O-753 

glucoside, quercetin 6 = quercetin-3-O-(p-coumaryl)-sophoroside-7-O-glucoside, quercetin 7 = 754 

quercetin-3-O-glucoside, quercetin 8 = quercetin-3-O-(p -coumaryl)-sophoroside, quercetin 9 = 755 

quercetin-3-O-(p- coumaryl)-sophoroside-7-O-glucoside (isomer), kaempferol 1 = kaempferol-3-O-756 

sophoroside-7-O-glucose, kaempferol 2 = kaempferol-3,7-di-O-glucoside, kaempferol 3 = 757 
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kaempferol-3-O-(p- coumaryl)sophoroside-7-O-glucose. X-axis shows which wavebands were 758 

attenuated (-) or not (+) in each treatment. Values are means ± SE of six replicate blocks, 3 leaves 759 

from 6 plants used for measurement in each experimental unit.   760 
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SUPPORTING INFORMATION 761 

 762 

Supplementary table S1 presents the statistical analysis of leaf epidermal absorbances (A375).  763 

 764 

Supplementary table S2 presents the retention times and molecular masses of detected individual 765 

phenolic compounds. 766 

 767 

Supplementary table S3 presents the statistical analysis of total phenolic compound concentrations 768 

per unit dry weight. 769 

 770 

Supplementary table S4 presents the statistical analysis of individual phenolic compound 771 

concentrations per unit dry weight. 772 

 773 

Supplementary table S5 presents the statistical analysis of shoot height, shoot dry weight and leaflet 774 

area. 775 

 776 

Supplementary information Figure S1. Height of the seedlings 11 days and 30 days after the 777 

emergence. X-axis shows which wavebands were attenuated (-) or not (+) in each treatment. Values 778 

are means ± SE of six replicate blocks, 12 plants measured in each experimental unit. 779 

 780 

Supplementary information Figure S2. UV-A transmittance  of the adaxial and abaxial epidermis of 781 

pea leaves measured with Dualex between 10.00 and 14.00. The three measurement dates, leaf age 782 

at time of measurement in days from the end of unfolding: basal leaves, leaf age 1 d, 11 days after 783 

germination (d a.g.); basal leaf, age 8 d and cauline leaf, age 1 d 18 d a.g.; basal leaf, age 15 d, 784 

cauline leaf, age 8 d and apical leaf, age 1 d, 25 d a.g. X-axis shows which wavebands were 785 

attenuated (-) or not (+) in each treatment. Based on same A375 data presented in Fig. 2, but re-786 
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expressed as transmittance. Values are means ± SE of six replicate blocks, a leaf from 12 plants 787 

measured in each experimental unit.                                         788 
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Table 1. Daily biologically effective doses, photon ratios and irradiances. Mean, maximum and minimum values during the experiment for the different filter 

treatments and ambient conditions. Effective doses using five action spectra  as biological spectral weighting functions (BSWFs). Wavelength ranges in nm, UV-B: 

280-315; UV-A: 315-400; BLUE: 420-490; GREEN: 500-570; PAR: 400-700.  

 

Radiation 

 Ambient Polythene Polyester MHCM09B Rosco 226 Rosco 312 

quantity Unit  min       mean      max               min        mean      max                min        mean      max                min        mean      max                min        mean      max                min        mean      max                

        

GEN(G)                                     kJ m2d-1  0.78       2.96       4.94                0.68        2.58       4.31                0.0047    0.016     0.026               0.012     0.043      0.071              0.0005    0.001     0.002               0.006      0.023     0.038 

GEN(T)                                     kJ m2d-1  1.39       4.52       7.01                1.22        3.95       6.12                 0.16        0.46       0.67                0.018     0.060      0.092               0.001      0.004     0.006               0.019      0.057     0.083 

 PG                                           kJ m2d-1  7.60       4.44       35.79              6.72        21.64     31.69               5.44        7.76       26.11               1.92        6.52       9.66                0.45        0.16       0.23                  0.14        0.44       0.64 

CIE                                           kJ m2d-1  0.83       2.60       3.93                0.73        2.28       3.46                 0.19        0.61       0.89                 0.042      0.14       0.20                0.03        0.010     0.016               0.013      0.038     0.055 

FLAV                                    kJ m2d-1  3.06       9.15       13.42              2.68        8.02       11.75               0.74        2.27       3.27                0.037      0.11       0.16                0.004      0.011     0.016               0.058      0.17       0.25 

UV-B                                          J m2 d-1  17.83     56.37     85.23              15.58      49.25     74.46               0.54        1.60       2.31                0.26        0.81       1.23                0.016      0.049     0.073                0.20        0.61       0.91 

UV-A                                       kJ m2d-1  1.02       3.37       4.96                  0.90        2.99       4.41                0.84        2.80       4.13                 0.41        1.43       2.12                 0.057      0.20       0.30                  0.015      0.046     0.067 

        

BLUE:PAR                  mol mol-1  0.20       0.21       0.22                 0.20        0.21        0.22                0.20        0.21       0.22                 0.20        0.21       022                  0.20        0.21       0.22                  0.007      0.008     0.008 

GREEN:PAR               mol mol-1  0.25       0.25       0.25                 0.25        0.25        0.25                0.25        0.25       025                  0.25        0.25       0.25                 0.25        0.25       0.25                 0.30        0.30       0.31 

UV-B:PAR            mmol mol-1  1.25       1.49       1.99                 1.21        1.45        1.93                 0.040      0.047     0.06                0.021      0.025     0.033              0.001      0.001     0.002                0.022      0.026     0.036 

UV-B:UV-A              mmol mol-1  14.01     16.75     19.10               13.79      16.49      18.80               0.50        0.57       0.64                0.48        0.57       0.66                0.21        0.25       0.29                  11.03      13.29     15.08 

BLUE:GREEN             mol mol-1  0.82       0.85       0.89                 0.82        0.84        0.89                0.82        0.85       0.89                0.82        0.84       0.88                0.82        0.84       0.88                  0.024      0.025     0.026 

        

PAR                         mol m2 d-1  9.57       38.78     60.02               8.62        34.91      54.03              8.69        35.21     54.49              8.40        34.06     52.73              8.47        34.36     53.20                5.72       23.92     37.29 

PAR                                                             transmittance%   88.30                                          89,04                                           85.12                                           83.74                                           60.81 
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