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Abstract

Chlorophyll fluorescence (ChlF) excitation spectra were measured to assess the UV-sunscreen compounds accumulated in fully
expanded leaves of three woody species belonging to different chemotaxons, (i.e. Morus nigra L., Prunus mahaleb L. and Lagerstroemia

indica L.), grown in different light microclimates. The logarithm of the ratio of ChlF excitation spectra (logFER) between two leaves
acclimated to different light microclimates was used to assess the difference in epidermal absorbance (EAbs). EAbs increased with
increasing solar irradiance intercepted for the three species. This epidermal localisation of UV-absorbers was confirmed by the removal
of the epidermis. It was possible to simulate EAbs as a linear combination of major phenolic compounds (Phen) identified in leaf meth-
anol extracts by HPLC-DAD. Under UV-free radiation conditions, shaded leaves of M. nigra accumulated chlorogenic acid. Hydroxy-
benzoic acid (HBA) derivatives and hydroxycinnamic acid (HCA) derivatives greatly increased with increasing PAR irradiance under the
low UV-B conditions found in the greenhouse. These traits were also observed for the HCA of the two other species. Flavonoid (FLAV)
accumulation started under low UV-A irradiance, and became maximal in the adaxial epidermis of sun-exposed leaves outdoors. A
decrease in the amount of HCA was observed concomitantly to the intense accumulation of FLAV for both leaf sides of the three species.
Judging from the logFER, under low UV-B conditions, larger amounts of HCA are present in the epidermis in comparison to FLAV for
the three species. Upon transition from the greenhouse to full sunlight outdoors, there was a decrease in leaf-soluble HCA that paralleled
FLAV accumulation in reaction to increasing solar UV-B radiation in the three species. In M. nigra, that contains large amounts of
HCA, the logFER analysis showed that this decrease occurred in the adaxial epidermis, whereas the abaxial epidermis, which is protected
from direct UV-B radiation, continued to accumulate large amounts of HCA.
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1. Introduction

Numerous horticultural, dicotyledonous species have
exuberant vegetative growth under greenhouse conditions.
They have thinner but larger leaves. They are mechanically
less rigid and are more fragile than plants grown under field
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conditions. This enhanced primary plant growth under
greenhouse conditions might be due to the lack of UV-B
radiation needed for the induction of flavonols in the leaf
epidermis [1]. Jansen et al. [2] showed that UV-B-induced
flavonols in the leaf epidermis act as competitive inhibitors
of efflux carriers of indol-acetic acid. Furthermore, plants
growing under greenhouse conditions are known to be
more sensitive to biotic and abiotic stress. Here again,
the lack of flavonols is involved. The bactericidal and fun-
gicidal properties of these phenolic compounds (Phen), or
their oxidised products, contribute to increased leaf resis-
tance against pathogens [3]. The proportion of different
phenolic compounds, flavonoids (FLAV), hydroxycin-
namic acids (HBA) and tannins, in leaves is known to be
under the control of other environmental factors, including
pathogen attack [4], and low temperatures [5]. Flavonol
accumulation in leaves has also been found to increase sig-
nificantly in response to nitrogen starvation [6]. It has been
seen that nitrogen fertilisation can be employed to manip-
ulate the flavonol content of vegetative tissues in tomato
[6]. So, a better understanding of the environmental control
of flavonol accumulation will be useful to improve horti-
cultural practice and to reduce phytochemical input for
greenhouse production.

FLAV synthesis was found to be proportional to the
UV-B dose received, even in cell culture [7]. In addition,
numerous experiments confirmed increasing leaf Phen con-
tent with increasing intercepted UV-B doses [8–10]. The
more exposed adaxial side of bifacial leaves accumulates
larger amounts of FLAV than the abaxial side [11]. In a
wide variety of dicotyledonous species, quercetin and
kaempferol derivatives are known to be mainly glycosyl-
ated and located in epidermal vacuoles where they absorb
UV light (Vitis vinifera cv; [12] Arabidopsis thaliana Heyn,
Beta vulgaris L., Nicotiana tabacum L., Pisum sativum L.,
Phaseolus vulgaris L., Spinacia oleracea L. [13]). In addition
to this epidermal UV-screening by FLAV, the relative con-
tribution of hydroxycinnamic acids (HCA) was a matter of
recent debate [14]. Caldwell et al. originally considered
FLAV to be the only, or the main, screening pigment
[15]. Accordingly, Markstädler et al. [16] found that
HCA contribute minimally to UV-B screening in leaves
of Vicia faba L. Yet, HCA accumulation partly replaces
FLAV in Arabidopsis mutants that are defective in the first
step specific to FLAV biosynthesis, when it is exposed to
UV-B [17]. Sheahan [14] and Kolb et al. [12] further sug-
gested that FLAV played only a minor role in Arabidopsis

UV-screening and that HCA derivatives (sinapate esters)
are the main contributors to epidermal screening. Burchard
et al. [18] highlighted that HCA are the dominant UV-B
protective compounds in the early stages of primary rye
leaves development (Secale cereale L.), followed by FLAV
in later stages and in reaction to UV exposure. Depending
on the species, HCA are either largely unaffected by light
microclimate [18] or increase with irradiance [12]. In Philly-

rea latifolia L., full-sun exposed leaves accumulate FLAV
in the epidermis, subepidermal layers and trichomes,
whereas less-exposed leaves accumulate HCA in these tis-
sues [19]. Some HBA, such as gallic acid, decrease whereas
FLAV content increases under higher UV-B radiation lev-
els [20]. A light-induced decrease in the HCA/FLAV ratio
was observed by other authors [21]. If the epidermal FLAV
metabolism is markedly stimulated by light, epidermal
HCA esters and mesophyll FLAV are less responsive,
and seem to be under endogenous control of leaf develop-
ment and differentiation [22]. However, some plant species
specifically accumulate HCA in high-light irradiance condi-
tions, and some other species in situation of oxidative stress
(i.e. chlorogenic acid in Mahonia repens (Lindl.) G. Don
[23]; echinacoside in Ligustrum vulgare L. [21,24]; gallotan-
nins [25]).

Knowledge of the distribution of different Phen in plant
tissue could help in an improved assessment of their phys-
iological role. Peeling off the epidermis has often been used
for that purpose (e.g. [11]). Still, this technique is not only
destructive but also inapplicable to many woody species.
More recently, a spectral non-destructive method was
introduced, based on the screening of chlorophyll fluores-
cence (ChlF) that reveals the components present in the
epidermis [13]. By comparing whole leaf ChlF excitation
spectra, acquired from 230 to 650 nm on two different
leaves (or leaf sides), the type and amount of Phen that dif-
fer in their epidermis can be obtained [13]. This technique
allows us to compare UV-sunscreening efficiency of leaves
acclimated to different microclimates and to investigate the
changes in the FLAV/HCA ratio.

The aims of the experiments presented here were: (i) to
characterise and to quantify in vivo the leaf epidermal Phen
of three weedy species during acclimation to different light
microclimates; (ii) to discriminate between HCA and
FLAV induction during light acclimation; (iii) to compare
three species from different chemotaxons known to have
different constitutive phenolic compounds; (iv) to assess
the local response of FLAV and HCA to UV-radiation
by comparing the changes on the two sides of the leaf.

2. Method and materials

2.1. Plant material and experimental design

Three deciduous woody species that accumulate differ-
ent groups of Phen in their leaves were selected from the
pioneering work of Bate-Smith [26]. The leaves of Morus
nigra L. (Moraceae) are thought to accumulate mainly
HCA, such as chlorogenic acid, but are is poor in flavonols
and anthocyanins. The leaves of Prunus mahaleb L. (Rosa-

ceae, Prunoideae) mainly accumulate quercetin and
kaempferol derivatives, two flavonols. The leaves of Lager-

stroemia indica L. ‘Red Imperator’ (Lythraceae) are
described to be poor in both FLAV and HCA. The leaves
of these three species are simple and their colour uniform.

The plants were grown in Angers, France (lat. 47�30 0N,
long. 0.35�W, alt. 56 m) in a glass greenhouse in which
shading was installed, and outdoors in a plant nursery near
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a meteorological station. Commercial seeds of Morus and
Prunus (Vilmorin, La Ménitré, France) were stratified
and sown in January in small pots in the greenhouse.
Rooted cuttings of a single Lagerstroemia plant were grown
in a commercial nursery (Desmartis nursery, Bergerac,
France). All seedlings were transplanted in February to
2 L-containers with a peat/perlite mixture (50%, v/v) and
supplied with drip irrigation. In the greenhouse, plants
were installed on tables oriented north-south to reduce
inter-plant shading, at the density of 13 plants per m2.
Nutrient solution, 1.00, 1.73, 1.00, 1.18, 0.57, 0.48 mequiv.
L�1 of K+, NO�3 , Ca2+, Mg2+, H2PO4� and SO2�

4 , respec-
tively, adjusted to pH 6.3, was provided by the drip irriga-
tion system and was recycled. The solution was replaced
once a week.

Three types of rectangular shade made of Agryl� P17
and P30 films (Sodoca Manufacturing, France) were used
to obtain four light microclimates in the greenhouse, with
14% (INT1), 27% (INT2), 41% (INT3), 68% (INT4, with-
out shade) of the daily global irradiance transmitted on a
sunny day. Only data from the most contrasted microcli-
mates (i.e. INT1, INT4 and EXT) were reported in this
paper. A fifth set of plants was installed outdoors (EXT)
in early May and received 100% photosynthetically active
radiation (PAR). Three replicates were used for each light
microclimate during April and May. Characteristics of the
microclimates are given in Table 1. A UV-B-less treatment
(INT4-UV-B) was added in the greenhouse: three plants of
each species were placed under a large cylinder made of
100 lm-thick Rhodoid� film (Rhône-Poulenc, Lyon,
France), compound derived from cellulose di-acetate, to fil-
ter out UV-B and reduce UV-A radiation. Plants were
tagged with plastic clips on the stem or petiole of the apical
leaf when the shading was put into place so that only leaves
developed under the new UV-B-less light microclimate
would be studied. Three stems of outdoor M. nigra were
covered by bottles made of 5 mm-thick glass to protect
the leaves from UV-B radiation (EXT-UV-B treatment).
In this way, a comparison of homologous leaves belonging
to the same plant protected from-and exposed to-ambient
UV-B was obtained. Analyses of Phen were carried out
on three replicates of 10 leaves of the internodes 4–7 for
M. nigra and L. indica, and on internodes 10 to 13 for P.
Table 1
Characteristics of the light microclimates (based on spectra from Fig. 1)

Light treatment UV-B 280–320 nm UV-A 320–400 nm UVBE 280–4

W m�2 W m�2 Effective W m

INT1 n.d. 1.45 0.02
INT4-UV-B 0.01 25.92 0.47
INT4 0.11 29.49 0.56
EXT-UV-B n.d. 25.28 0.47
EXT 0.86 42.48 0.95

For each microclimate, photosynthetically-active radiations (PAR) were calcu
factor given by McCree [27]. Biologically-effective UV radiation (UVBE) levels
for plant growth response by Flint and Caldwell [8]. Since UV-B irradiance wa
UV-B), it was calculated using its tranmittance spectrum. n.d., not detectable.
mahaleb. These leaves were chosen because they were
approximately horizontal.

2.2. Microclimate characterisation

The global solar irradiance level was recorded with
pyranometer sensors LI-200SB (Licor inc., Nebraska, USA)
connected to a datalogger (21X, Campbell Scientific, Cour-
taboeuf, France) each minute and averaged over 30 min.
Irradiance spectra were recorded with a portable spectro-
photometer (Advantes, Lanion, France) for each light
microclimate using the down flux in a vertical direction
(Fig. 1). A cosine corrector with a quartz diffuser appro-
priate for a UV domain was mounted on the quartz optic
fibre. The spectroradiometer with an optic fibre was
calibrated against a standard deuterium-halogen light
source (DH2000 FSH, Avantes, Lanion, France). The
spectrophotometer integration time was adjusted between
5 ms to 500 ms to the irradiance level in order to have
the best possible signal/noise ratio. The UV fraction was
estimated by integrating the 280–320 nm and the 320–
400 nm bands, for UV-B and UV-A, respectively, and
integrating 400– 700 nm for PAR. In a closed, glass green-
house, UV-B radiation was virtually absent, and UV-A
largely filtered out. However, the greenhouse was aerated
with roof vents and lateral vents during sunny days
through which UV radiation could penetrate. So light
microclimates were characterised on hot sunny days at
the solar zenith when the vents were open (Fig. 1). Table
1 summarises the highest irradiance conditions experienced
by leaves. The incident photosynthetic photon flux density
was calculated from spectral irradiance according to
McCree [27] and expressed in lmol photons m�2 s�1

PAR. The action spectrum for growth response in higher
plants by Flint and Caldwell [8], which takes into account
both UV-B and UV-A contributions, was used to calculate
the biologically active UV radiation (UVBE) for each light
regime (Table 1). UV-B irradiance under the Rhodoid filter
was not sufficiently high for an accurate measurement with
our fibre-optic portable spectrophotometer. It was assessed
by multiplying the irradiance spectrum, obtained under
greenhouse (INT4), by Rhodoid transmittance measured
with the HP spectrophotometer at the laboratory. Because
00 nm PAR 400–700 nm Red 655–665 nm Far Red 725–735 nm

�2 lmol m�2 s�1 lmol m�2 s�1 lmol m�2 s�1

222 9 8
1440 53 22
1452 53 44
1497 53 46
1850 69 63

lated and expressed in lmol photons m�2 s�1 according to the conversion
were calculated according to the UV-biological spectral weighting function
s not high enough for accurate measurement under Rhodoid filter (INT4-
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Fig. 1. (a) Irradiance spectra on a horizontal plane of the five light microclimates of this study. They were measured on a clear-sky day in August at
Angers (France, lat. 47�30 0N, long. 0.35�W, alt. 56 m) at the solar zenith in the normal direction with a cosine corrector. Full sunlight outdoors (EXT),
greenhouse without shading (INT4), greenhouse with additional Rhodoid� filter (INT4-UV-B), greenhouse in deep shade (INT1), the interior of a thick
glass bottle outdoors (EXT-UV-B). (b) Expressed in log scale. UV-A encompasses the 315–400 nm spectrum as indicated by the vertical lines.
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Rhodoid becomes less transparent with ageing when
exposed to solar radiation, irradiance filtered through
rhodoid under greenhouse conditions decreased by 6 and
3% per month for UV-B and UV-A, respectively. This phe-
nomenon was not taken into account in the present work.

UV-B irradiance intercepted on a horizontal plane was
lower than 0.05 W m�2 under INT1, INT4-UV-B and
EXT-UV-B, and so it was not measurable with the spectro-
photometer used. These light treatments can be considered
as three nearly UV-free microclimates (Table 1). Instanta-
neous PAR values recorded at the solar zenith corre-
sponded to 14% and 78% of the PAR intercepted
outdoors on a horizontal plane for INT1 and INT4, respec-
tively. Despite the fact that the material used for shading
should have behaved as a neutral filter in the visible
domain, wavelengths below 650 nm were much more
strongly filtered out than above this value. Nevertheless,
the proportion of red and far-red radiation of the solar
spectrum was preserved (Fig. 1). Consequently, the zeta
ratio (Red/Far-red), calculated with values expressed in
W m�2, remained equal to 1.11–1.24 among the five micro-
climates. This corresponds to a theoretical phytochrome
photo-equilibrium of 0.69–0.71, calculated according to
the formula proposed by Mancinelli [28], which is equal
to the theoretical phytochrome photo-equilibrium for full
sunlight.

It was not possible to maintain equivalent temperature
and hygrometry in the greenhouse and outdoor area during
August, the hottest month of the year. The daily average
temperature ranged from 14 to 22 �C outdoors, 14–35 �C
outdoors within the glass bottle, and 16–26 �C in the glass-
house during the experiment. The lowest temperatures were
9 �C outdoors and 19 �C in the greenhouse. The average
temperature difference between the greenhouse and out-
doors was less than 5 �C, even on the sunniest day. The dif-
ference was 14 �C between outdoors and inside the glass
bottle.
2.3. Phenolic compound extraction and HPLC-DAD

analysis

For treatments INT1, INT4 and EXT, leaves were col-
lected around the solar zenith at the beginning of June.
They were frozen and freeze-dried. Their midribs were
removed. Since large quantities of leaf were necessary for
this analysis, Phen were determined from 500 mg of fine
powder samples of pooled leaves. Each sample was mixed
with phloretin as an internal standard, incubated for 24 h
in 2 ml of methanol at 4 �C, and then centrifuged at
10,000g for 10 min. The supernatant of each sample was fil-
tered through a nylon filter (micro-spin centrifuge filter,
mesh = 0.45 lm, Roth, Karlsruhe, Germany). The pellet
was extracted twice in 250 ll of methanol by the same pro-
cedure. The solvent of the pooled three supernatants was
removed using a centrifuge under vacuum at 4 �C and then
the extract was dissolved in methanol to a final volume of
1 ml. An aliquot of 20 ll of the extract was injected into an
HPLC-DAD. A Waters Alliance HPLC-DA D system
(Waters Inc., Milford, USA), provided with a 2695 separa-
tion module, a 2996 diode-array detector and the Empower
Software, was used. The column was a Merck Lichrospher
ODS-2 C18, 5 lm (4.6 · 250 mm) protected by a guard
column (10 · 4.6 mm) containing the same material. Solvent
(A) was formic acid/water (0.1:0.9, v/v) and solvent (B) was
formic acid/water/acetonitrile (0.1:0.6:0.3, v/v/v). The col-
umn was equilibrated 5 min before the next injection. The
flow rate was 0.8 ml/min. The identification of compounds
was based on their retention time and UV-spectra. Pheno-
lic compounds were quantified from the areas of their
absorption peaks using multiple-point calibration with
external standards at 250 nm for ellagic acid, gallic acid
and coniferyl alcohol. Phloridzin, p-coumaric acid and van-
illin were assessed at 280 nm. Phloretin internal standard,
caffeic acid, chlorogenic acid and sinapic acid were
assessed at 320 nm. All flavonols were assessed at
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360 nm. Quercetin, kaempferol and chlorogenic acid were
purchased from Extrasynthèse (Lyon, Nord-Genay,
France). Quercetin-3-O-glucoside, quercetin-3-O-b-D-
galactoside, quercitrin, rutin, kaempferol-3-O-glucoside,
myricetin, apigenin, luteolin, phloretin, phloridzin, couma-
rin, p-coumaric acid, caffeic acid, ferulic acid, sinapic acid,
gallic acid and ellagic acid were purchased from Sigma–
Aldrich (USA). Each leaf sample was analysed in triplicate.
Phenolic compounds were referenced by their retention
time.

2.4. Chlorophyll fluorescence excitation spectra

Chlorophyll fluorescence excitation spectra of four fully
expanded leaves belonging to the internodes 4–7 for M.

nigra and L. indica, and internodes 10–14 for P. mahaleb

were recorded on a Cary Eclipse spectrofluorimeter (Var-
ian Inc., Les Ulis, France) equipped with a fibre-optic cou-
pler. Leaves, still attached to the plant in its container, were
inserted into a leaf-clip where the optic fibre was tilted to
30� of the leaf surface allowing front-face fluorescence mea-
surement at a constant distance from each leaf.

Chlorophyll fluorescence excitation spectra were
scanned from 220 to 650 nm for an emission wavelength
of 685 nm, corresponding to the red maximum of chloro-
phyll emission in intact leaves. It took 20 min to acquire
each spectrum. Fluorescence was monitored from a
6 mm-diameter leaf surface at a controlled temperature of
20 �C. Plants were acclimated to 20 �C in the dark for at
least 2 h before measurement to insure a dark-adapted
state of the photosystem PSII, as recommended by Marks-
tädtler et al. [16]. Spectra were fully corrected for excitation
efficiency and detection response of the spectrofluorimeter
and expressed in quinine sulphate-equivalent units (QSEU)
as proposed by Cerovic et al. [29]. One QSEU correspond
to the fluorescence of 1 pmol ml�1 of quinine sulphate in a
1 cm layer of 0.105 mol l�1 perchloric acid in water
(1 pmol cm�2), excited at 347.5 nm and emitted at 450 nm
under identical measuring conditions. The use of this fluo-
rescence standard allows a quantitative comparison among
spectra to be obtained from different samples on different
days. The logarithm of the ChlF excitation spectra ratio
(logFER) provided the absorbance differences between
two spectra [13]. The limit of the logFER method is set
by the spectrofluorimeter characteristics, its sensitivity,
and the proportion of stray light. Excitation spectra
recorded on Cary Eclipse were considered reliable when
the UV-induced ChlF was above 25 QSEU. This limit cor-
responds to a transmittance of 3% (or 1.5 absorbance
units) computed by comparing UV-induced and green-
induced leaf ChlF.

In the present work, all ChlF excitation spectra were
normalised prior to logFER calculations, so that the inte-
gral between 560 and 590 nm equals one, in order to facil-
itate quantitative spectral comparisons. For the three plant
species, abaxial ChlF excitation spectra were acquired
immediately after the adaxial one. This was done only on
fully expanded leaves at the same median position on the
blade between the major veins. For a given species and leaf
side, the logFER between the two different light treatments
was calculated with leaves from the same node number.
Mean logFER was then calculated using the logFER of
the four successive nodes. Whatever the light treatment,
no gradient was observed in ChlF along the axis among
the fully expanded leaves from the four successive nodes.

Epidermis peeling was not possible for the three species
studied. So, in order to obtain naked mesophyll, we
removed the upper or lower epidermis by scraping it with
a razor blade. Small areas of about 40 mm2 could be
removed, which was sufficient for spectroscopic measure-
ments, but only from thicker leaves grown outdoors
(EXT).

2.5. Photosynthetic pigments and leaf mass per area

Chlorophyll a and b, carotenes and xanthophylls were
extracted according to Cartelat et al. [30] from five leaf
disks of 5 mm diameter, sampled on the area on which
excitation spectra were recorded. The chlorophyll concen-
tration of the extract was calculated using Lichtenthaler’s
formula [31] and the Chl content was expressed per unit
of leaf area. Two other leaf disks of 10 mm diameter were
sampled to measure the leaf mass per area (LMA). The leaf
disks were dried at 60 �C for 24 h and weighed.

2.6. Statistical analysis and curve fitting

Variance analysis (ANOVA) was used to test the micro-
climate effect on the phenolic composition of leaves using
Statistica (StatSoft Inc., Maison-Alfort, France). Signifi-
cant differences at P < 0.05 between the three microcli-
mates INT1, INT4, EXT were established using Snedecor
and Cochran’s Student T-test [32].

The mean of four ChlF excitation spectra and its stan-
dard error (SEM) were calculated for each light treatment
using IGOR Pro 4 software (WaveMetrics Inc., Lake
Oswego, OR, USA) (cf. Fig. 6). Curves plotted in Figs. 6
and 7 correspond to the best linear combination of the
spectra of the phenolic compound standard fitted to match
the logFER curves. Spectra of standards dissolved in water
at pH 5.5 (average vacuolar pH) were used. Evaluation of
the fits was carried out by comparing the root mean
squared errors (RMSE) with IGOR Pro-4.

3. Results

3.1. Light effects on leaf properties

The mean LMA of fully expanded leaves decreased 2.9,
5.0 and 5.8 times in the deep shade greenhouse environ-
ment (INT1) relative to full sunlight outdoors (EXT)
(P < 0.01, n = 20), for M. nigra, P. mahaleb and L. indica,
respectively (Table 2). The Chl was highly variable among
fully expanded leaves. However, leaves always had



Table 2
Biomass and contents of photosynthetic pigments for fully-expanded leaves of M. nigra, P. mahaleb and L. indica acclimated to deep shade in the
greenhouse (INT1), to non-shaded greenhouse conditions (INT4), and to full sunlight (EXT)

Light microclimates Morus nigra L. Prunus mahaleb L. Lagerstroemia indica L.

INT1 INT4 EXT INT1 INT4 EXT INT1 INT4 EXT

LMA (g m�2) 23.3 ± 5.0 35.3 ± 5.2 69.9 ± 10.1 12.2 ± 1.7 37.0 ± 5.1 60.0 ± 9.9 8.5 ± 1.1 23.6 ± 3.5 40.0 ± 9.9
Chl a + b(lg cm�2) 51.1 ± 10.2 61.6 ± 10.9 38.1 ± 6.9 33.9 ± 4.4 41.6 ± 4.9 30.4 ± 3.1 45.6 ± 15.7 71.5 ± 13.0 47.0 ± 8.0
Chl a/Chl b 2.5 ± 0.0 3.2 ± 0.3 3.6 ± 0.3 2.8 ± 0.2 3.3 ± 0.2 3.3 ± 0.3 2.7 ± 0.1 2.9 ± 0.2 3.3 ± 0.2
a + b/x + c 5.7 ± 0.2 4.5 ± 0.1 3.3 ± 0.3 7.6 ± 1.0 6.2 ± 1.2 5.0 ± 0.4 6.3 ± 0.2 6.0 ± 0.6 3.8 ± 0.6

Mean and standard deviation were assessed using 20 and 5 leaves for dried leaf mass per area (LMA) and pigment content expressed on an area basis,
respectively. Chl a + b = total chlorophyll content, x + c = total carotenoid content.
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significantly higher Chl (P < 0.05, n = 20) in the green-
house than outdoors. Even when leaf Chl was not signifi-
cantly different, or was only weakly different among
different light treatments (INT1–INT4), the chlorophyll
a/b ratio increased significantly with the PAR ranging from
2.5 to 3.5 (P < 0.05, n = 4) (e.g. for M. nigra). In parallel,
xanthophylls largely decreased, so that the Chl/xantho-
phyll ratio decreased from 3.3 to 5.7 (P < 0.05, n = 4).
These biochemical modifications occurred, and were statis-
tically significant, for the three species. They are known to
be a characteristic of acclimation to shade [33].

3.2. Light effects on soluble leaf Phen

The total amount of Phen was the lowest in INT1- and
the highest in EXT-treated leaves for the three species
(P < 0.05, n = 4, Table 3). The large increase in Phen in
EXT-treated leaves for the three species was mainly due
to an increase in quercetin glycoside derivatives. However,
under each light condition, the three species differed by
their leaf phenolic compositions.

In M. nigra, from the INT1 to the EXT microclimate,
flavonols and gallic acid derivatives increased considerably.
Under INT1, M. nigra leaves contained no detectable
FLAV and exhibited a very low amount of extractable
Phen (Table 3, Fig. 2a). Under INT4 and EXT treatments,
leaves accumulated 11 additional compounds with charac-
teristic spectra of flavonols and flavones (Fig. 2a). The four
major peaks at 360 nm corresponded to: quercetin-3-O-b-
D-glucoside (M8, RT = 21.70 min), a quercetin-3-O-rutino-
side-like compound (M9, RT = 24.35 min), and two
kaempferol glycosides (M11 and M12, with RT = 28.35
and 32.30 min, respectively, Fig. 2a and d). They repre-
sented 39%, 11%, 22% and 11% of the flavonols, respec-
tively. The amount of myricetin derivatives and
compounds with apigenin-like spectra remained quantita-
tively negligible in the three microclimates compared to
quercetin and kaempferol derivatives (less than 3% of
FLAV). Free gallic acid derivatives (RT = 11.35 min)
increased with irradiance. Their relative proportion was
5%, 16% and 100%, for INT1, INT4 and EXT microcli-
mates, respectively.

The pattern was different for HCA, which increased
from INT1 to INT4, but decreased from the INT4 to the
EXT microclimate. Under INT1, there were mainly two
chlorogenic acid derivatives (M2 peak in Fig. 2a with
RT = 5.85 and a much smaller peak at RT = 7.05 min).
The number of HCA compounds and the total amount
of HCA increased from INT1 to INT4 (Table 3, Fig. 2a).
Under INT4 (Table 3) and INT4-UV-B (not shown) micro-
climates, leaves had significantly more HCA than under
INT1 and EXT, and contained the highest amount of caf-
feic acid and sinapic acid derivatives. In the EXT microcli-
mate, HCA were represented by two chlorogenic acid
derivatives (M2 and M3 with RT = 5.10 and 6.90, respec-
tively), two caffeic acid derivatives (RT = 4.50 and 22.65)
and a sinapic acid derivative (RT = 37.65) (Fig. 2a). Four
minor additional HCA were observed in the INT4
treatment, in particular, a p-coumaric acid derivative
(RT = 37.30).

For P. mahaleb leaves, flavonols, flavones, sinapic acid
and coumarin derivatives increased from INT1 to EXT
(Table 3). INT1-treated leaves contained flavonol glycoside
derivatives, one quercetin type, three kaempferol types and
one myricetin type, although these were all very low
amounts (Fig. 2b, Table 3). These FLAV can be considered
as constitutive. They became minor in INT4- and EXT-
treated leaves, which contained six additional quercetin
glycoside derivatives. The latter included the two major
peaks P4 and P6. Five additional kaempferol glycoside
derivatives were present under EXT, including peak P7
(Fig. 2b and e). The total amount of quercetin derivatives
increased slightly, but significantly (P < 0.05), from INT1
to INT4, and increased drastically from INT4 to the
EXT treatment (Table 3). The two predominant flavonols
in EXT-treated leaves were two quercetin glycosides (P4
and P6, RT = 14.40 and 21.50 min, respectively, Fig. 2b).
They accounted for 61% and 13% of the total amount of
flavonols, respectively. Apigenin-like derivatives and phlo-
ridzin contents remained low in all microclimates. Among
HCA, a large quantity of coumarin derivatives (P3 and
P8, at RT = 13.90 and 30.80 min, respectively) increased
from INT1 to EXT. Sinapic acid derivative (P9,
RT = 40.70 min, Fig. 2b) also increased with irradiance
(relative content, 21%, 36%, 100% of HCA, for INT,
INT4 and EXT, respectively).

As for M. nigra, total HCA in P. mahaleb leaves
increased from INT1 to INT4 but decreased from INT4



Table 3
Phenolic compounds in methanol extracts of fully expanded leaves of M. nigra, P. mahaleb and L. indica acclimated to deep shade in the greenhouse (INT1), to non-shaded greenhouse conditions
(INT4), and to full sunlight (EXT)

Phenolic derivative type Morus nigra L. Prunus mahaleb L. Lagerstroemia indica L.

INT1 INT4 EXT INT1 INT4 EXT INT1 INT4 EXT

Quercetin glycoside der. – 21.30 ± 4.60 148.10 ± 34.50 0.02 ± 0.003 0.72 ± 0.06 167.40 ± 46.40 0.87 ± 0.39 7.00 ± 0.61 160.90 ± 32.60
kaempferol glycoside der. – 3.28 ± 0.40 27.00 ± 5.80 0.10 ± 0.02 0.17 ± 0.03 1.05 ± 0.19 0.07 ± 0.01 ns 0.10 ± 0.01 ns 3.80 ± 0.79
Myricetin glycoside der. – 6.80 ± 1.30 1.66 ± 0.46 0.39 ± 0.06 – – 0.07 ± 0.02 ns 0.17 ± 0.02 0.05 ± 0.01 ns
Apigenin-like der. – 0.55 ± 0.12 1.06 ± 0.24 0.08 ± 0.02 ns 0.12 ± 0.02 ns 0.21 ± 0.04 0.14 ± 0.02 0.31 ± 0.03 18.20 ± 3.69
Phloridzine – – – 0.01 ± 0.01 ns 0.03 ± 0.01 ns 2.72 ± 0.67 0.01 ± 0.00 ns 0.02 ± 0.01 ns 11.50 ± 2.46

Sum of flavonoids – 31.90 ± 6.50 177.80 ± 40.90 0.60 ± 0.10 1.04 ± 0.12 171.40 ± 47.30 1.16 ± 0.44 7.60 ± 0.70 194.50 ± 39.30

p-Coumaric a. der. 0.11 ± 0.02 ns 0.16 ± 0.04 ns 0.08 ± 0.02 ns – – – 4.81 ± 1.04 ns 0.09 ± 0.01 2.69 ± 0.74 ns
Caffeic a. der. 0.89 ± 0.10 31.80 ± 9.20 5.70 ± 1.85 61.20 ± 11.20 144.60 ± 36.80 0.30 ± 0.10 3.04 ± 0.30 ns 3.49 ± 1.29 ns 0.33 ± 0.10
Chlorogenic a. der. 0.32 ± 0.10 16.10 ± 3.80 ns 17.20 ± 3.02 ns 0.04 ± 0.01 0.01 ± 0.00 – – – –
Sinapic a. der. – 31.40 ± 9.20 0.15 ± 0.03 5.70 ± 0.50 10.00 ± 1.40 27.40 ± 7.00 0.08 ± 0.01 ns 0.09 ± 0.00 ns 0.24 ± 0.10
Coumarin der. 0.52 ± 0.10 ns 0.83 ± 0.24 ns 0.32 ± 0.10 ns 28.30 ± 2.13 70.60 ± 13.50 156.60 ± 28.20 0.64 ± 0.10 1.45 ± 0.13 4.36 ± 1.00

Sum of HCA 1.83 ± 0.19 80.20 ± 22.50 23.50 ± 5.02 95.20 ± 10.80 225.20 ± 51.70 184.30 ± 35.30 8.60 ± 1.30 5.10 ± 1.30 7.60 ± 1.75

Vanillin-like – – – 31.10 ± 6.10 ns 33.30 ± 5.60 ns 32.30 ± 7.00 ns 0.92 ± 0.17 ns 0.81 ± 0.08 ns –
Coniferyl alcohol – – – – – – – – 104.30 ± 18.50
Gallic and gallic a. der. 2.51 ± 0.36 7.50 ± 2.70 47.90 ± 13.80 0.42 ± 0.03 ns 2.62 ± 0.19 ns 0.63 ± 0.03 ns 33.70 ± 4.80 98.70 ± 10.20 73.70 ± 4.86

Sum of HBA and other der. 2.51 ± 0.36 8.00 ± 2.70 48.00 ± 13.80 32.00 ± 6.20 36.00 ± 5.70 33.00 ± 7.10 35.00 ± 4.80 100.00 ± 10.20 178.00 ± 4.80

Total identified phenolic der. 4.34 ± 0.55 120.00 ± 31.70 249.00 ± 59.72 128.00 ± 17.10 262.00 ± 57.52 388.60 ± 89.70 44.70 ± 6.54 112.70 ± 12.20 380.10 ± 45.85

Mean ± standard deviation of three replicates are expressed in nmol cm�2 of leaf for the three treatments. Ellagic acid derivatives are expressed in gallic acid equivalents. ns = not significantly different
treatment (P > 0.05).
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Fig. 2. HPLC-DAD chromatograms of methanol extracts from leaves developed in full sunlight (EXT) and in a greenhouse with heavy shading (INT1)
for M. nigra (a and d), P. mahaleb (b and e) and L. indica (c and f). Chromatograms were acquired at 280 and 360 nm. Absorbance values are shown in
arbitrary units. Underlined peak numbers refer to FLAV. Absorbance spectra of major chromatographic peaks from full sunlight-grown leaves (EXT) are
plotted on the right-hand side (d, e and f). Other peaks: M1, unknown compound; P1, unknown compound at RT = 8.00 min, kmax = 261.5 nm; P6 and P8
quercetin glycoside derivatives; P7, kaempferol glycoside derivative; L1, ellagic acid der. at RT = 2.70 min, kmax = 256.7 nm; L4, p-coumaric acid der.; L5
and L8 quercetin glycoside derivatives; L9, apigenin-like compound. Std, the internal standard, phloretin. The flavonol identity of M8, M9, M11, M12, P4
and P6 peaks was confirmed by acid hydrolysis of the extract. Basic hydrolysis did not modify their retention time and their absorbance spectra.
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to EXT (Table 3). This evolution was related to the varia-
tion in the amount of caffeic acid derivatives. However,
among the eight identified caffeic acid derivatives, the one
corresponding to the P5 peak did not follow this trend.
Some of the caffeic acid derivatives might be precursors
of the sinapic acid derivative (P9, RT = 41.50 min,
Fig. 2b). An unidentified compound with a vanillin-like
spectrum, (peak P2, RT = 10.60 min) was insensitive to
light treatment (Table 3) but largely contributed to the
leaf’s UV-B absorbance (Fig. 2e). By contrast, the total
amount of gallic acid derivatives remained low in all
microclimates.

In L. indica, total FLAV and ellagic acid derivatives
increased from INT1 to EXT, whereas total HCA
remained stable between treatments (Table 3). Among
FLAV, the major compounds produced under the EXT
microclimate were three quercetin glycoside derivatives
(L7, L8, and L10 corresponding to RT = 20.90, 21.50
and 28.10 min, respectively, Fig. 2c and f). The relative
content of quercetin in INT1-, INT4- and EXT-treated
leaves was 0.5%, 4.4% and 100%, respectively. Apigenin-
like derivatives also increased from INT1 to EXT microcli-
mates. Among the six apigenin derivatives present, only
one was quantitatively important (L9, RT = 23.70 min,
Fig. 2c). Like kaempferol glycoside derivatives, there were
significant accumulations of phoridzin in leaves, but only
under the EXT microclimate. The response of HCA to
light microclimates was different from that of FLAV.
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INT1-treated leaves already contained coumarin deriva-
tives and these compounds accumulated in INT4 and
EXT treatments. The proportions were 15%, 33% and
100%, for the INT1, INT4 and EXT treatment, respec-
tively. However, caffeic acid and p-coumaric acid deriva-
tives decreased with irradiance leading to a stable and
low total HCA level in all microclimates. So, in contrast
to the two previous species, the HCA of L. indica remained
at low levels and were not always significantly different for
the three treatments (P < 0.05). HBA, more than HCA,
played a major role in UV-B screening in L. indica. EXT-
treated leaves of L. indica produced three coniferyl alcohol
derivatives with similar spectra (L3 at RT = 5.10 min, and
two other peaks at RT = 5.95, 7.80 min, Fig. 2c and f). A
few HBA, with absorbance spectra characteristic of gallic
acid derivatives and with varying RT among treatments,
were also found (L2, RT = 3.70 min, Fig. 2c and f). These
derivatives accumulated more under INT4 than under the
EXT microclimate (Table 3). Finally, one compound with
an anthocyanin-like spectrum was found at a detectable
level with an RT of 10.15 min in INT4 and EXT leaves
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standard error (SEM) are presented. The emission wavelength was set at 685 nm
and 590 nm equals one, in order to take into account differences in Chl conte
(not shown). EXT-microclimate leaves contained two addi-
tional unknown compounds which contributed largely to
UV-B absorbance (Fig. 2c and f). The first one, (L1,
RT = 2.70 min), had an absorbance peak at 256.7 nm.
The second (L6, RT = 18.30 min) had a first peak at
254.5 nm, a minimum at 328.0 nm and a second peak at
363.6 nm (Fig. 2f).

3.3. Chlorophyll fluorescence excitation spectra of fully

expanded leaves

Fig. 3 shows the mean ChlF excitation spectra corre-
sponding to INT1, INT4 and EXT microclimates for the
three species. In order to distinguish the relative contribu-
tion of UV-absorbers more easily to the form of the spec-
trum, the measured spectra of Fig. 3a, b and c were
equalised in the yellow band and plotted in Fig. 3d, e
and f, as described in Method and Materials. For the three
species, leaf ChlF excitation by UV-A radiation decreased
from INT1 to the EXT microclimate, in agreement with the
accumulation of quercetin glycoside derivatives found by
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HPLC-DAD in each species (cf. Fig. 2). M. nigra was the
only species in which UV-B radiation could excite ChlF.
This was observed only in the INT1-treated leaves
(Fig. 3a and d) that contained the lowest amount of Phen
(cf. Table 3). The shape of ChlF spectra in the UV-A
do main was similar for the three species under the EXT
microclimate, but it was different under INT1 and INT4
microclimates. This shows that, under UV-B free microcli-
mates, the ChlF spectra expressed genotypic differences in
leaf-soluble Phen compositions. These differences are
masked under EXT treatment because of the large accumu-
lation of quercetin glycoside derivatives that largely screens
ChlF excitation in all species.

3.4. Epidermal contribution to UV absorbance in outdoors-

grown leaves

In the three species, no surface aglycon FLAV were
detected by HPLC-DAD in chloroform leaf wash, using
the protocol proposed by Vogt et al. [34]. Leaf Phen
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detected by HPLC-DAD can therefore be present either
in the epidermis or in the mesophyll, or in both. We used
the logFER method to localise the Phen responsible for
UV screening (Fig. 4). We compared intact leaves with
naked mesophylls (epidermis scraped away). ChlF excited
in the UV increased substantially when the epidermis was
removed from the leaf (Figs. 4a, b, and c). Naked meso-
phyll had a similar ChlF excitation spectrum measured
from either the adaxial or abaxial side. This was especially
true for normalised spectra of M. nigra that continuously
overlapped both in the UV and visible parts of the spec-
trum (Fig. 4a).

The logarithm of the ChlF excitation ratio, logFER,
between an intact leaf and its mesophyll corresponds to
the absorbance spectrum of compounds present in the epi-
dermis (EAbs). For the three species, logFER was flat and
close to zero from 600 nm to around 420 nm, indicating
very low epidermal absorbance in the visible part of the
spectrum, whereas it increased dramatically below 420–
400 nm in accordance with the absorption spectra of Phen.
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Therefore, in Figs. 4d, e and f, the measured logFER were
compared to the linear combination of absorption spectra
of the compounds identified by HPLC-DAD.

For M. nigra, a linear combination of the five major
compounds present in extracts: quercetin-3-O-glucoside
(55.2 nmol cm�2); kaempferol-3-O-glucoside (16.6 nmol
cm�2); rutin (9.9 nmol cm�2); chlorogenic acid (14.4 nmol
cm�2); and caffeic acid (13.4 nmol cm�2), permitted us to
fit the adaxial EAbs from 280 to 430 nm using concentra-
tions indicated in brackets (Fig. 4d). In this example, flavo-
nols contributed 68%, 82% and 95% to the absorbance at
320, 360 and 375 nm, respectively. The first two wave-
lengths are usually used to estimate the contribution of
HCA and FLAV to EAbs (e.g. [35]), and the third is used
for the non-destructive estimation of EAbs in commercial
leaf-clips [35]. Chlorogenic acid derivatives contributed
38%, 17% and 5% to EAbs at these three wavelengths,
respectively. Overall, this first fit explained 91%, 97% and
100% of the logFER at the three wavelengths considered.
Similarly, abaxial logFER could be fitted by the sum of
only one flavonol for lower amounts, rutin (17.3 nmol
cm�2), a larger amount of chlorogenic acid (28.8
nmol cm�2) and p-coumaric acid (19.6 nmol cm�2), and
by subtracting small amounts of sinapic acid
(�8.4 nmol cm�2) (not shown). The choice of p-coumaric
and sinapic acid in the last example is only one among
several possible HCA combinations to fit EAbs due to
the similarity of HCA absorption spectra (cf. Fig. 2).

In P. mahaleb, fitting of adaxial EAbs was successful in
the 250–450 nm domain (Fig. 4e). The best fit was obtained
for a combination of kaempferol-3-O-glucoside (24.9 nmol
cm�2), rutin (22.3 nmol cm�2), caffeic acid (32.3 nmol
cm�2), coumarin (52.1 nmol cm�2) and the unknown com-
pound with a vanillin-like spectrum present in the extract
(41.6 nmol cm�2) (cf. Fig. 2e). According to this fit, the
sum of flavonols contributed 35%, 95% and 99% to of
the absorbance at 320, 360 and 375 nm, respectively. Caf-
feic acid, coumarin and the vanillin-like compound con-
tributed to a smaller degree to absorbance, and mostly
for wavelengths below 310 nm. In contrast to the adaxial
side, abaxial EAbs needed a very low amount of flavonols
(6.5 nmol cm�2 of rutin) combined with caffeic acid
(8.1 nmol cm�2), coumarin (63.0 nmol cm�2) and the vanil-
lin-like compound (46.5 nmol cm�2) (not shown).

In L. indica, the spectrum of quercetin-3-O-glucoside
(42.0 nmol cm�2) alone fitted quite well the major log-
FER peak of the adaxial side of the leaf (Fig. 4f), despite
the fact that a large number of compounds were found in
the methanol extract. However, the shape of the logFER
for wavelengths shorter than 350 nm could not be
explained unless the spectrum of compounds absorbing
only at shorter wavelength is subtracted. Furthermore,
the ChlF excitation spectrum below 320 nm was below
the detection limit for several prepared adaxial side
mesophylls. Still, the fitted contribution of quercetin
derivatives was 99% and 96% of the adaxial EAbs at
360 and 375 nm, respectively.
To sum-up, we showed that logFERs between meso-
phyll and intact EXT-treated leaves reflect EAbs in the
UV-domain, as long as the ChlF amplitude is high enough.
LogFER is meaningful for wavelengths longer than 280,
310 and 330 nm for Fig. 4d, e and f, respectively. Fig. 5
shows the close agreement between the EAbs obtained by
logFER between the mesophyll and the intact leaf (cf.
Fig. 4) and between intact leaves grown under EXT com-
pared to INT1 microclimates. This confirms that the latter
non-destructive comparison (logFER) is a good measure of
Phen accumulated in the epidermis. Fig. 5 shows that
adaxial and abaxial epidermides accumulated HCA in
outdoor grown leaves of M. nigra.

3.5. Light acclimation of M. nigra leaves

Light acclimation was analysed in the three species by
using the INT1-treated leaves as references since they had
the lowest UV EAbs.

In M. nigra, when INT4-UV-B and INT1 growth condi-
tions were compared, the EAbs difference spectrum of the
abaxial leaf side had the shape of a typical HCA absorp-
tion spectrum (Fig. 6a). Among the common HCA that
were tested, the best fit was obtained with the pure spec-
trum of chlorogenic acid. Chlorogenic acid was the major
HCA found in the extract for this species (Table 3). A large



 Abaxial side 

 Adaxial side 

0.3

0.2

0.1

0 L
o

g
F

E
R

 (
IN

T
4-

U
V

-B
 / 

IN
T

1)
 

a

Morus

 LogFER
 Chlorogenic a.

 ab

0.3

0.2

0.1

0 L
o

g
F

E
R

  (
IN

T
4 

/ I
N

T
4-

U
V

-B
)

 Mean LogFER
 Flavonoids
 HCA
 Fit to LogFER

 b ab

1.5

1.0

0.5

0.0

-0.5

 L
o

g
F

E
R

 (
E

X
T

 / 
E

X
T
-U

V
-B

)

600500400300

 Wavelength (nm)

Mean LogFER
 Flavonoids
 HCA
 Fit to LogFER

d AD

1.0

0.5

0

 L
o

g
F

E
R

 (
IN

T
4 

/ I
N

T
4-

U
V

-B
)

Mean LogFER
 Flavonoids
 HCA
 Fit to LogFER

 c
 AD

Fig. 6. EAbs differences calculated using logFERs of intact leaves of M.

nigra among light treatments. Leaves were compared pair-wise among the
most shaded leaves (INT1), greenhouse-grown leaves additionally pro-
tected from UV-B (INT4-UV-B), greenhouse-grown leaves (INT4), leaves
protected from UV-B outdoors (EXT-UV-B), and leaves grown outdoors
in full sunlight (EXT). Dotted lines represent the best fits to the logFER
obtained as a linear combination of spectra of pure phenolic compounds
found in leaf methanol extracts. Means of four logFERs were plotted in b,
c and d. A single logFER is plotted in (a) because of a high level of
variability. In (d), the vertical line indicates the detection limit for a
reliable logFER fit. Abaxial and adaxial side EAbs are shown in a and b,
and c and d, respectively.

174 L.P.R. Bidel et al. / Journal of Photochemistry and Photobiology B: Biology 88 (2007) 163–179
variability of the amplitude of individual logFERs was
observed among leaves from the four successive nodes,
but their shape always corresponded to the chlorogenic
acid spectrum. Fits revealed that the abaxial epidermis
accumulated up to 15.7 nmol cm�2 of chlorogenic acid in
INT4-UV-B compared to the INT1 treatment.

When INT4 and INT4-UV-B conditions were com-
pared, the shape of the mean logFER spectrum changed
in the UV-B domain (Fig. 6b). The fit revealed that the
abaxial epidermis accumulated additional amounts of three
HCA: chlorogenic acid (6.0 nmol cm�2), caffeic acid
(8.1 nmol cm�2), and sinapic acid (3.9 nmol cm�2). They
corresponded to the three major HCA found in methanol
extracts for INT4-grown leaves (cf. Table 3). The accumu-
lation of a small amount of flavonols (equivalent to
5.0 nmol cm�2 of rutin) concomitant to a small UV-B
exposure in INT4 was the main difference compared to
the pure effect of PAR described in Fig. 6a. Below
320 nm, the fit was improved when gallic acid was added
(2.6 nmol cm�2). This compound was also found in the
extract (Table 3). The predominant accumulation of sev-
eral HCA associated with a low proportion of flavonols
was also found when comparing EXT to INT4 conditions
for the abaxial leaf side that is known to be less exposed to
UV radiation than the adaxial side (Fig. 7a).

The logFER spectrum between INT4 and INT4-UV-B
obtained for the adaxial side of the leaves (Fig. 6c) was
roughly similar to that obtained for the abaxial side
(Fig. 6b). The amplitude of logFER, i.e. the EAbs differ-
ence, was higher for the adaxial than the abaxial side.
However, the fits show that both leaf sides from green-
house-grown leaves accumulated similar phenolic com-
pounds; only the proportions of individual HCA and
FLAV changed for the best fit.

The adaxial EAbs differences between the EXT and the
EXT-UV-B treatment showed a peak at 363 nm (Fig. 6d).
The curve fitting revealed that it corresponded to an addi-
tional accumulation of flavonols comprising 57.6 nmol
cm�2 of quercetin-3-O-glucoside, 24.9 nmol cm�2 of
kaempferol-3-O-glucoside and 4.7 nmol cm�2 of rutin.
The mean logFER plotted in Fig. 6d had a deep valley
located between the benzoyl and the hydroxycinnamoyl
band of flavonols. According to the best fit, it can be
explained by a decrease in chlorogenic acid (�44.5 nmol
cm�2) associated to a smaller accumulation of its precur-
sor, caffeic acid (+26.9 nmol cm�2). Similar results were
obtained when the logFER was measured and fitted to
compare the adaxial side of INT4- and EXT-treated leaves
(Fig. 7b). This was in agreement with the decrease by 30%
in total HCA and the increase in FLAV by about 7 times in
the whole leaf methanol extract (Table 3). Figs. 6d and 7b
show that UV-B radiation promoted a simultaneous
decrease in HCA and an increase in FLAV in the adaxial
epidermis of M. nigra.

In Figs. 6 and 7, changes in the visible part of the spec-
trum can also be seen in the adaxial logFERs (Fig. 4a).
They are attributed to changes in leaf carotenoids (cf.
[13]). Although interesting per se, light absorption by
carotenoids and its transfer to chlorophyll is beyond the
scope of the present study.
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3.6. Light acclimation of P. mahaleb and L. indica leaves

Both P. mahaleb and L. indica INT1-treated leaves
strongly absorbed UV-B by their adaxial side compared
to M. nigra leaves (cf. Fig. 3). Consequently, the logFER
calculation according to Method and Materials could only
be reliable in the UV-A radiation and visible spectral
domains (Figs. 7c–f). Fig. 7 shows that both leaf sides of
P. mahaleb and L. Indica leaves absorbed more UV-A
radiation in the EXT treatment than in the INT4 treatment.
This UV-A radiation absorption is fitted mainly by flavo-
nols, and it is higher in adaxial than in abaxial epidermides
of EXT-treated leaves (Figs. 7b and c vs. 7e and f). Fig. 7
shows the means of four logFER (as for Fig. 6b–d), that
were plotted and fitted, but without SEM. In P. mahaleb,
the fit of the abaxial logFER revealed that the epidermis
accumulated flavonols, equivalent to 14.9 nmol cm�2 of
rutin and 3.3 nmol cm�2 of kaempferol-3-O-glucoside
(Fig. 7c). The best fit of the adaxial logFER was obtained
for an additional amount of pure rutin (59.5 nmol cm�2).
The decrease of the total HCA amount found in the meth-
anol extract (Table 3) cannot be observed on the logFER
spectra because of the high UV-B absorber content which
screens too much the ChlF excitation, whatever the treat-
ment (see Fig. 3 for adaxial ChlF spectra).

In L. indica, the fit to the abaxial logFER includes
mainly flavonols, equivalent to 44.5 nmol cm�2 of two
quercetin glycosides, and 1.7 nmol cm�2 of kaempferol-3-
O-glucoside, associated with a small amount of an apige-
nin-like compound (2.8 nmol cm�2). The latter was also
found in the extract (cf. Table 3). Finally, 29.6 nmol cm�2

of caffeic acid completed the logFER. EAbs differences for
the adaxial side and showed a major peak centred on
363 nm. The best fit was obtained for a mixture of
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quercetin-3-O-glucoside (63.2 nmol cm�2) and kaempferol-
3-O-glucoside (14.9 nmol cm�2). The fit using only flavo-
nols was still reliable between 300 and 320 nm.

4. Discussion

The results show a genotypic specificity of soluble phe-
nolic compositions in leaves that contrast with the unifor-
mity of the response to UV-B radiation: all three species
produced quercetin glycoside derivatives. This leads us to
distinguish constitutive and specific leaf Phen from non-
specific and inducible Phen during acclimation to light
microclimates, in agreement with Tattini et al. [19]. Results
also show that, if conventional HPLC analysis gave the
total leaf Phen composition, logFER calculations and
curve fitting could reveal the distribution of the major
UV absorbers on each side of the leaf. A linear combina-
tion of spectra of individual Phen allowed a quantitative
estimation of their contribution to abaxial and adaxial epi-
dermal sunscreening under different light microclimates.
Most importantly, spectra of Phen dissolved in water at
the supposed pH of the vacuole (pH 5.5) could be used
for the fitting procedure without needing to invoke spectral
shifts, as needed for photosynthetic pigments [36]. Hence,
specific and non-specific leaf Phen could be probed by
monitoring in vivo logFER spectra between two green-
house microclimates and between greenhouse and outdoor
microclimates, respectively. In horizontal leaves, specific
and non-specific leaf Phen could also be identified by the
comparison of abaxial and adaxial logFER, respectively.

As suggested by Bate-Smith [26] in the chemotaxono-
mical framework, each species differed by its constitutive
protection against high natural irradiance. Leaves of P.

mahaleb were poor in HBA, but may be constitutively pro-
tected in the UV-B domain by caffeic acid derivatives, the
vanillin-like compounds, and coumarin, since the logFERs
showed that these compounds accumulated in the epider-
mis. Inversely, L. indica leaves remained poor in HCA in
all treatments, but may be constitutively protected by high
amounts of HBA. Compared to these two species, M. nigra

leaves lacked constitutive phenolics all together, at least the
ones extractible by our methanol protocol. Still, this behav-
iour might be restricted to well-fertilised seedlings grown
under the experimental conditions described here.

Two general trends emerged from the comparison of the
three PAR and UV-B protection strategies: firstly, flavo-
nols were accumulated with increasing irradiance in the
three species to the same final amount. The most shaded
leaves are devoid of flavonols and flavones in M. nigra,
and low in P. mahaleb and L. indica. The accumulation
response of flavonols to low UV-radiation levels appeared
to be more intense in M. nigra, a species lacking constitu-
tive UV-B-absorbing phenolic compounds; secondly, in
M. nigra and P. mahaleb, HCA increased with irradiance
under greenhouse conditions, characterised by very low
UV-B radiation levels, but decreased in full sunlight. The
different HCA compounds had their proper dynamics
among species and microclimates. Flavonoids may be syn-
thesised at the expense of HCA since they are both derived
from the same phenylalanine precursor [37]. In full sun-
light, coniferyl alcohol derivatives and phloridzin seem to
confer additional UV-B protection in L. indica. Similarly,
coumarin largely participated in UV-B protection for P.
mahaleb.

Quercetin was not present in shaded leaves of M. nigra,
and was only present at residual levels in the two other spe-
cies, but it was highly inducible under high irradiance for
the three species. The logFER method shows that they
accumulated in the epidermis, mainly on the adaxial side.
This trend has been commonly observed in other species
(in Vitis vinifera L. [12]; in Lactuca sativa L. [38]; in Fago-
pyrum tartaricum Gaertn [39]; in Brassica napus L. [40]).
Kaempferol derivatives accumulated in significant amounts
only in M. nigra. They increased much less with irradiance
than quercetin derivatives for the three plant species, which
is in accordance with the findings of Markam et al. [41].
Measured amounts of flavonols ranged from 4 to 20 mg
g�1 of leaf dry weight, corresponding to values usually
found for well fertilised deciduous woody species grown
in full sunlight (Phillyrea latifolia L. [19]; Quercus robur

L. [42]; Quercus rubra L. [43]; Ligustrum vulgare L. [21];
Betula pendula Roth [44]).

Epidermal vacuolar flavonols contribute to protection
against UV radiation and high PAR and also against
excess production of reactive oxygen species by leaves
exposed to high irradiance. They react with hydrogen
peroxide during oxidative stress, which occurs in various
conditions: freezing or chilling; water or saline stress;
severe mineral starvation [6]; aluminium toxicity; high irra-
diance; and UV-B exposure [45]. Ortho-dihydroxylated
flavonols, such as quercetin derivatives that have high anti-
oxidant potential, increased to a greater extent than ortho-
monohydroxylated flavonols of the kaempferol type (in
Petunia · hybrida Vilm. [46]; in Brassica napus L. [40]; in
Trifolium repens L. [47]). Furthermore, the conversion of
quercetin derivatives to aglycones is up-regulated by UV-
radiation [48]. For example, for tartary buckwheat, Fago-

pyrum tataricum Gaertn, the main epidermal UV-absorber
is rutin, a quercetin rutinoside whose accumulation and
conversion into free quercetin is UV-B dependent [39]. In
addition to flavonols, ortho-dihydroxylated flavones, such
as luteolin, increased considerably in comparison to
ortho-monohydroxylated flavones, such as apigenin, with
lower antioxidant potential (in Ligustrum vulgare L. [21];
in Marchantia polymorpha L. [49]). Hence, the inducible
and non-specific quercetin glycoside accumulation could
be considered as a general leaf trait of sun-exposed leaves,
in addition to high LMA, high area-based Chl content, and
a high photosynthetic capacity.

The present work clearly highlights that epidermis also
contain HCA. Initially, the accumulation of HCA was con-
sidered to be independent from intercepted light for devel-
oping primary leaves in rye [18]. In agreement with results
of Kolb et al. [12] for Vitis vinifera cv leaves, we found that
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methanol-extractable HCA content increased with increas-
ing UV-A and PAR irradiance in the greenhouse for M.

nigra and P. mahaleb. The nature of the HCA accumulated
was species-specific. The content of caffeic acid derivatives
of the whole limb was particularly enhanced in P. mahaleb.
Derivatives of sinapic acid, caffeic acid and chlorogenic
acid also increased with irradiance under low UV radiation
levels in M. nigra. In L. indica, the HCA remained at very
low levels, the UV-B screening function being carried out
by gallic acid derivatives that largely increased with irradi-
ance under greenhouse conditions, but decreased under
outdoor conditions. Under full sunlight outdoors, coniferyl
alcohol derivatives take over. In addition, HCA content
cannot be considered as a whole, each individual com-
pound having its own dynamics among the three microcli-
mates and among the species (Table 3). Still, judging from
the logFER, under low UV-B radiation (Figs. 6a and b),
HCA appeared to be present in the epidermis in higher
amounts than flavonols for the three species.

Upon transfer to full sunlight, the HPLC analysis of leaf
methanol extracts revealed that there was a decrease in the
total amount of HCA that paralleled flavonol accumula-
tion in reaction to increasing solar UV-B radiation in the
three species (Table 3). These results are in line with those
of Tattini et al. [19], who found a light-induced decrease in
HCA/FLAV ratios at the whole-leaf level for Ligustrum

vulgare L. In M. nigra, containing a large amount of
HCA, logFER analysis convincingly showed that this
decrease occurred in the adaxial epidermis whereas the
abaxial epidermis, protected from direct UV-B radiation,
continued to accumulate a large amount of HCA (Figs.
6a and b). The abaxial epidermis of the two other species
presented similar behaviour. These findings are consistent
with observations by Olsson et al. [11] in Brassica napus

L., where kaempferol glycosides were the most abundant
FLAV compounds of the adaxial epidermis, whereas the
abaxial epidermis chiefly contained HCA. Likewise, Tattini
et al. [19] found that full-sun exposed leaves of Phyllirea
latifolia L. accumulate FLAV in the adaxial and abaxial
epidermides, subepidermal layers and trichomes, whereas
less-exposed leaves accumulate HCA in these tissues. In
Ligustrum vulgare L, Tattini et al. [21] found that palisade
parenchyma of sun-exposed leaves mainly accumulated
FLAV, whereas it accumulated HCA in the spongy meso-
phyll. All these results suggest a complete deactivation of
the hydroxycinnamate-branch pathways in favour of
FLAV biosynthesis when exposed to acute UV-radiation
stress [19].

For the three typical outdoor-grown leaves analysed in
Fig. 4, at 375 nm, FLAV compounds could explain up to
95%, 99% and 96% of the adaxial epidermal absorbance
and up to 83%, 100% and 97% of abaxial absorbance for
M. nigra, P. mahaleb and L. indica, respectively. Except
for the most shaded leaves, HCA had a reduced contribu-
tion to epidermal absorbance at 360 nm, and a negligible
contribution at 375 nm. This is in agreement with results
obtained in field-grown leaves of Eucalyptus nitens Maiden
[25] and of Vicia faba L. [16]. In the latter case, Markstä-
dler et al. found that HCA accounted for only 5% of the
absorbance at 366 nm of methanol extracts from peeled
epidermides. Our study confirmed that the measurement
of ChlF screening at 375 nm using portable fluorimeters
like the Dualex [50] and UV-A PAM [35] is a reliable
means to non-destructively assess flavonoid content of
the epidermides in the three woody species studied. This
can probably be extended to other woody species (cf. [51]).

In conclusion, the accumulation of epidermal UV-
absorbers seems to be primarily governed by maximal irra-
diance and the spectral quality of the intercepted light.
Both abaxial and adaxial leaf epidermides seem to conform
to the same photocontrol, despite their contrasting ana-
tomical characteristics of typical dicotyledonous species.
Epidermis removal experiments showed that the in vivo

absorbance at 375 nm deduced from ChlF excitation
resulted exclusively from flavonols and flavones for the
three deciduous species belonging to different chemo-
taxons. The spectral logFER method [13] was extended
by the curve fitting of spectra of individual compounds.
This approach applied to light-induced leaf acclimation
combined to an HPLC-DAD analysis of the Phen present
in the whole leaf, allowed us to localise and identify the dif-
ferent responses of HCA and FLAV to light.

5. Abbreviations

Chl chlorophyll a and b content per leaf area
ChlF chlorophyll fluorescence
EAbs epidermal absorbance
FarRED far-red radiation [725–735 nm]
FLAV flavonoids
HBA hydroxybenzoic acids
HCA hydroxycinnamic acids
HPLC-DAD high-performance liquid chromatography

with a diode-array detector
LMA leaf mass per area
logFER logarithm of the fluorescence excitation ratio
PAL phenylalanine ammonia-lyase
PAR photosynthetically active radiation [400–700 nm]
Phen phenolic compounds
QSEU quinine sulphate-equivalent units
RT retention time
RED [655–665 nm]
UV ultraviolet radiation
UV-B ultraviolet radiation [280–315 nm]
UV-A ultraviolet radiation [315–400 nm]
UVBE biologically effective UV radiations
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