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

Experiments were conducted on Phillyrea latifolia plants grown under a dense overstorey of Pinus pinea (shade

plants) or on seashore dunes (sun plants) in a coastal area of Tuscany (42° 46« N, 10° 53« E). Total integrated

photon flux densities averaged 1±67 and 61±4 m mol m−# d−" for shade and sun sites, respectively. A leaf

morphological–structural analysis, a qualitative and quantitative analysis of phenylpropanoids of leaf tissue and

leaf surface, and a histochemical localization of flavonoids were conducted. The area of sun leaves reached 57%

of that of shade leaves, whereas leaf angle (β), sclerophylly index (ratio of leaf d. wt: leaf area), and trichome

frequency (trichome number mm−#) were markedly greater in leaves exposed to full solar radiation than in leaves

acclimated to shade. The total thickness of sun leaves was 78% higher than that of shade leaves, mostly owing to

a greater development of both palisade parenchyma and spongy mesophyll. The concentration, but not the

composition, of leaf tissue phenylpropanoids varied significantly between sun and shade leaves, with a marked

increase in flavonoid glycosides in sun leaves. Flavonoids occurred almost exclusively in the upper epidermal cells

of shade leaves. By contrast, flavonoids largely accumulated in the upper and lower epidermis, as well as in the

mesophyll tissue of leaves that were acclimated to full sunlight. Flavonoid glycosides were found exclusively in

the secretory products of glandular trichomes of P. latifolia leaves exposed to high levels of light; luteolin 7-O-

glucoside and quercetin 3-O-rutinoside were the major constituents. By contrast, verbascoside and an unidentified

caffeic acid derivative constituted 72% of total phenylpropanoids secreted by glandular trichomes of shade leaves,

whereas they were not detected in glandular trichomes of sun leaves. These findings suggest that the light-induced

synthesis of flavonoids in glandular trichomes of P. latifolia probably occurs in situ and concomitantly inactivates

other branch pathways of the general phenylpropanoid metabolism. This is the first report of the key role of

glandular trichomes and of flavonoid glycosides in the integrated mechanisms of acclimation of P. latifolia to

excess light.
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

Phillyrea latifolia is an evergreen sclerophyllous

shrub of the Oleaceae, occurring widely in the

Mediterranean coastal areas (Pignatti, 1982; Gellini

et al., 1983). Phillyrea is usually faced with intense

periods of water deficit during the summer season as

*Author for correspondence (fax ­39 55 755 121; e-mail

tattini!ipsl.fi.cnr.it).

well as with prolonged exposure to high solar

irradiance during both the summer and winter

(Harley et al., 1987). P. latifolia is also distributed on

seashore dunes, where excess soil salinity and salt

spray are additional stressful agents. P. latifolia is

highly tolerant to salinity stress, and excretion of

toxic ions by ‘salt glands’ has previously been

suggested as largely contributing to the salinity

tolerance of the species (Gucci et al., 1997). How-

ever, recent experiments have shown that glandular
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trichomes of P. latifolia should be considered

facultative ‘salt glands’, because their actual con-

tribution to the toxic ion balance within the whole

plant and the leaf is negligible (Gravano et al. 1998;

Tattini & Gucci, 1999).

We therefore hypothesized that the functional role

of the glandular trichomes of P. latifolia might be

related to the species evolution in environments

where excess solar irradiance, in combination with

water deficit, is one of the major environmental

constraints. It has previously been reported that in

several species found in arid environments a dense

covering of wax and trichomes might help in

decreasing water loss by lowering the amount of

light absorbed by the leaf and the accompanying heat

load (Ehleringer et al., 1976; Vogelmann, 1993).

Flavonoids, especially flavonoid aglycones

(Wollenweber, 1993), accumulate on the leaf surface

of species from arid or semi-arid habitats and can act

as filters for UV radiation (Wollenweber & Dietz,

1981; Fahn, 1988). In Olea europaea, another

member of the Oleaceae that is widely distributed in

the Mediterranean basin, the deposition of poly-

phenols in leaf hairs has been suggested to protect

leaf cells from damage by UV radiation

(Karabourniotis et al., 1998). The ability of flavo-

noids to screen out UV wavelengths while main-

taining the normal flux of PAR (400–700 nm) also

decreases the photoinhibition of photosynthesis in

plants suffering from excess light in combination

with other environmental constraints (Bjo$ rkman &

Demmig-Adams, 1995).

Phenolic acids, the secoiridoids oleuropein and

oleuropein aglycone, verbascoside and the flavonol

glycosides (i.e. glycosides of luteolin, apigenin, and

quercetin) have previously been detected as the

major phenylpropanoids in the leaf mesophyll of

Phillyrea spp. (Romani et al., 1996). Some of the

phenylpropanoids already mentioned have interest-

ing antioxidant properties (Takahama, 1989; Yama-

saki et al., 1997) in addition to their ability to screen

off excess UV radiation (Caldwell et al., 1983;

Shirley, 1996), and might protect cell metabolism

from the detrimental effects of reactive oxygen

species that occur under severe stress (Husain et

al., 1987).

The objective of this study, which was conducted

on P. latifolia plants that had developed in the shade

or in full sunlight, was to look for the possible role of

glandular trichomes and their secretory products in

the plants’ integrated mechanisms of acclimation to

high solar radiation. We performed morphological

and structural analyses of the leaves, histochemical

localization of flavonoids, and identification and

quantification of phenylpropanoids in leaf tissue and

on the surface. Our results suggest strongly that

flavonoid secretion by glandular trichomes is a

central part in the acclimation mechanisms to excess

light that operate in P. latifolia.

  

Plant material and growing conditions

Leaves were collected from Phillyrea latifolia L.

plants growing in the south of Tuscany at Castiglione

della Pescaia (lat 42° 46« N, long 10° 53« E) at the end

of September 1998. Plants were grown either under

a dense overstorey of Pinus pinea L. (shade plants) or

on seashore dunes approx. 2 m above sea level (sun

plants). Plants acclimated to shade were small trees,

whereas sun plants had several shoots (15–20 cm

long) that emerged slightly from the sand (Fig. 1a,b).

Total integrated photon flux densities were

monitored on several clear days before and after the

sampling date with a 1800 LI-COR spectro-

radiometer (LI-COR, Lincoln, NE, USA) and

averaged 1±67 and 61±4 mol m−# d−" for shade and sun

sites, respectively. Midday PAR values averaged 54

and 2037 µmol m−# s−" for shade and sun sites,

respectively. Predawn leaf water potentials were

measured as reported by Tattini et al. (1995) and

averaged ®0±6 and ®1±8 MPa for shade and sun

leaves, respectively.

Leaf morphological–structural analysis and

histochemical localization of flavonoids

Leaf area was measured with a LI-COR LI-3100

area meter, and d. wt was measured after drying the

leaves at 65°C to constant weight. The sclerophylly

index (g d. wt m−#) was then calculated as the ratio

between leaf d. wt and leaf area. Leaf angle (β) was

measured with respect to the horizontal plane, as

proposed by Ehleringer & Comstock (1987), with an

inclinometer. Shoot portions were immersed in

distilled water in Erlenmeyer flasks, sealed with

plastic bags and maintained at 4°C for not more than

12 h until the structural or histochemical analyses

were started. Transverse sections of fresh leaf tissue

were cut with a Reichert-Jung 2800 Frigo Cut

(Cambridge Instruments, Nussloch, Germany). The

total leaf thickness and the thickness of upper and

lower cuticular, upper and lower epidermal, palisade

parenchyma and spongy mesophyll layers were

quantified by means of a Zeiss Axioplan microscope

(Carl Zeiss, Jena, Germany) equipped with a high-

resolution TK 870 E JVC video camera (JVC,

Yokohama, Japan). Trichome frequency was esti-

mated by counting the number of glandular

trichomes per unit leaf area at a magnification of

¬50 (Gravano et al., 1998). Histochemical

localization of flavonoids was performed by modi-

fying the protocol proposed by Schnitzler et al.

(1996). Transverse sections (30 µm) of fresh leaf

tissue were stained for 1±5 min in 1% diphenylboric

acid 2-amino-ethyl ester (Sigma) in ethanol

(Naturstoff reagent). Section thickness and staining

time were optimized in preliminary experiments in
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(a) (b)

(c) (d)

(e) (f)

Fig. 1. Morphological features of Phillyrea latifolia plants acclimated to shade (a) or to full solar irradiance (b).

Histochemical visualization of flavonoids in leaf tissue (c,d) and in glandular trichomes (e,f) of shade (c,e) or

sun (d,f) plants. Fluorescence was observed in conventional microscopy (excitation at 365 nm) with transverse

sections (30 µm) of fresh leaf material stained for 1±5 min with Naturstoff reagent. The yellow fluorescence

indicates the localization of flavonoid metabolites. Bars: 200 µm, (c,d) ; 50 µm, (e,f).

which the thickness ranged between 10 and 50 µm

and the staining time between 30 s and 5 min.

Fluorescence micrographs were taken with a Zeiss

Axioplan fluorescence microscope with a 365 nm

exciter filter, and a FT-395 chromatic beam splitter.

A barrier filter operated at 420 nm. The yellow
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fluorescence of the stained material was consistent

with the occurrence of flavonoids, as reported

previously (Schnitzler et al., 1996).

Identification and quantification of phenylpropanoids

in leaf surface and leaf tissue

Leaves were weighed fresh and rinsed with 70 ml of

95% (v}v) ethanol in 250 ml Erlenmeyer flasks for 45

s; the ethanol washing solution was maintained

under ice in the dark before analysis. Leaves were

quickly blotted dry on absorbing paper, frozen in

liquid nitrogen and stored at ®80°C. The qualitative

and quantitative analysis of phenylpropanoids in leaf

tissue was performed by following a protocol similar

to that of Romani et al. (1996).

Freeze-dried leaf tissue (after the removal of

midribs), ground under liquid nitrogen in a mortar

with a pestle, was extracted four times with 100 ml of

ethanol in water (adjusted to pH 2±5 with formic

acid; 80:20, v}v). The ethanolic solution was

concentrated under vacuum (Rotavapor 144 R;

Bu$ chi, Switzerland) and 50 ml was extracted four

times with 30 ml of n-hexane. The ethanol phase was

dried under reduced pressure, rinsed with 15 ml of

water, pH 2±5, and deposited on an Extrelut2 20

prepacked cartridge (Merck, Darmstadt, Germany).

Elution was performed with (1) 200 ml of n-hexane

to collect a colourless eluate, (2) 250 ml of ethyl

acetate, and (3) 250 ml of methanol adjusted to pH 2

with formic acid. Finally, the ethyl acetate fraction

was reduced to dryness under reduced pressure,

diluted with 1 ml of pH 2 water:methanol :

acetonitrile (20:60:20, v}v}v) and analysed by

HPLC. Phenylpropanoids secreted by glandular

trichomes were analysed in the rinsing ethanol

solution, which was reduced to dryness under

vacuum and rinsed with 1 ml of 95% (v}v) ethanol

adjusted to pH 2±5 with formic acid.

Phenylpropanoids were separated by using an HP

1090L liquid chromatograph equipped with a diode

array detector (DAD) and managed by a HP 9000

workstation (Hewlett Packard, Palo Alto, CA, USA).

The column was a 4±6 mm¬250 mm LiChrosorb2
RP18 (5 µm) (Merck) maintained at 26°C and

equipped with a 4 mm¬10 mm LiChrosorb2 RP18

precolumn. The eluent was a four-step linear

gradient of acetonitrile in water (adjusted to pH 3±2
with phosphoric acid), from 100% water to 100%

acetonitrile over a 106-min period, at a flow rate of

1±0 ml min−", as reported previously (Romani et al.

1999b). UV–visible spectra were recorded in the

range 190–450 nm and chromatograms were

acquired at 254, 280, 330 and 350 nm. The

identification of individual polyphenols was per-

formed by comparison of their retention times and

UV–visible spectra with those of authentic standards

(Extrasynthese S. A., Lyon Nord, Genay, France) or

isolated compounds. Elenolic acid and verbascoside

were extracted and isolated from O. europaea tissues

as reported in Romani et al. (1999a). When necess-

ary, the identification of phenylpropanoids was made

by interfacing the HPLC–DAD with an HP1100

MSDI API–electrospray mass spectrometer

(Hewlett Packard) operating in the negative-ion

ionization mode as reported previously (Romani et

al., 1999b). Quantification of individual compounds

was performed with four-point calibration curves (r#

& 0±99) in the range 0–40 µg. In detail, phenolic

acids, tyrosol and hydroxytyrosol were quantified at

280 nm with syringic acid and tyrosol as references,

respectively. Oleuropein and the elenolic acid de-

rivative were calibrated and quantified at 254 nm

with oleuropein as standard; verbascoside and an

unknown caffeic acid derivative were calibrated and

quantified at 330 nm. The actual concentrations of

phenylpropanoids were determined after applying

corrections for changes in molecular mass. The

flavonoids were quantified at 350 nm with the use of

authentic standards.

Finally, the fluorescence responses of leaf surface

phenylpropanoids were compared with those of

authentic standards or isolated compounds by high-

performance thin-layer chromatography (HPTLC):

10 µl of the concentrated (1 ml) rinsing ethanolic

solution was deposited on 5 cm¬5 cm Silica Gel 60

F
#&%

HPTLC plates (Merck), and eluted with ethyl

acetate :methanol :water : formic acid (77:13:10:4,

v}v}v}v), in a Desaga horizontal separating chamber

equipped with a tightly fitting glass lid (Carlo Erba,

Milano, Italy). The plates were then dried at room

temperature and sprayed with Naturstoff reagent

and spots identified by their fluorescence charac-

teristics at 365 nm.

Experimental design and statistics

The experimental design was a complete random,

with six plants (replicates) at each site. Morpho-

logical measurements were performed on 10 leaves

per plant randomly sampled from the medial part of

the shoots. Leaf structural analysis was performed

on six leaves per plant, by sampling two leaves from

the medial part of three shoots per plant. Measure-

ments were subjected to ANOVA and means were

compared by least significant differences. The analy-

sis of phenylpropanoids in both the leaf tissue and

the leaf surface was performed on 20 leaves per

plant, sampled as already described on four plants

per site. Samples were collected three times during

the day on 2 consecutive days. Results are reported

as means³SD (n ¯ 24).



Leaves of plants acclimated to shade or full solar

irradiance differ markedly in their morphological

characters (Fig. 1a,b, Table 1). The leaf area of sun

leaves reached only 57% of that of shade leaves,
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Table 1. Morphological and structural features of Phillyrea latifolia leaves

acclimated to shade or to full solar irradiance, collected at the end of

September in a coastal area of Tuscany (lat 42° 46« N, long 10° 53« E )

Morphological–structural

Site

parameter Shade Sun

Leaf area (cm#) 4.9³0.3 2.8³0.2**

Sclerophylly index (g d. wt m−#) 12.8³1.7 24.2³2.5**

Leaf angle (degrees) 8.4³4.6 71.7³9.8**

Trichome frequency (mm−#) 3.7³0.5 7.1³0.4**

Total leaf thickness (µm) 200.9³19.5 357.8³32.4**

Upper cuticle (µm) 7.1³0.3 19.3³0.6**

Upper epidermis (µm) 10.9³0.9 16.1³1.4*

Palisade parenchyma (µm) 80.4³5.4 147.5³14.7**

Spongy parenchyma (µm) 81.7³8.8 150.4³19.3**

Lower epidermis (µm) 8.7³1.4 11.2³2.3

Lower cuticle (µm) 7.1³0.7 8.8³1.1

Leaf area, leaf angle and sclerophylly index were measured on 60 leaves

randomly sampled from the medial part of the shoot, from six plants.

The thickness of the whole leaf and leaf tissue layers were estimated on 36 leaf

transverse sections from six plants as reported in Materials and Methods section.

Results are means³SD (n ¯ 6). Asterisks indicate least significant differences

at the 5% (*) or the 1% (**) level.

(a) (b)

Ol Ve ShP Qu Lu SuP

Fig. 2. High-performance thin-layer chromatography

(HPTLC) analysis of phenylpropanoids secreted by

glandular trichomes of Phillyrea latifolia leaves acclimated

to shade (a) or to full solar irradiance (b). Fluorescence

responses of leaf surface phenylpropanoids were compared

with those of authentic standards or isolated compounds,

after spraying with Naturstoff reagent (details in the

Materials and Methods section). Ol, oleuropein; Ve,

verbascoside; ShP, shade phenylpropanoids; Qu, quer-

cetin 3-O-rutinoside; Lu, luteolin 7-O-glucoside; SuP,

sun phenylpropanoids.

whereas the sclerophylly index (g d. wt m−#) was

89% higher for sun leaves than for shade leaves. The

frequency of glandular trichomes (number mm−#)

was also considerably higher in sun leaves than in

shade leaves (­92%). Leaves of P. latifolia plants

acclimated to full solar radiation developed with a

steep leaf angle (b), whereas shade leaves were

positioned approximately parallel to the horizontal

plane (Fig. 1a,b, Table 1). Total leaf thickness was

78% higher in sun leaves than in shade leaves, and

was mostly accounted for by an increase in thickness

of the palisade parenchyma and spongy mesophyll

layers. The thicknesses of upper cuticle and epi-

dermis were also significantly higher in sun leaves

than in shade leaves, whereas the development of

both lower epidermal and cuticular layers did not

significantly differ between the two types of leaf

(Table 1). Marked changes in tissue compactness

were also detected for leaves that had developed

under different light conditions. In fact, the palisade

parenchyma of sun leaves consisted of three or four

layers of columnar cells with very reduced inte-

rcellular spaces, whereas the palisade parenchyma of

shade leaves consisted of one or two layers of cells

with larger intercellular spaces (Fig. 1c,d). Similarly,

the spongy mesophyll layer of sun leaves seemed

more compact than the corresponding tissue of shade

leaves, as a result of a greater number of cells and

smaller intercellular spaces (Fig. 1c,d). Glandular

trichomes of shade and sun leaves did not differ in

width and height (results not shown).

The occurrence of flavonoids in shade leaves, as

evidenced by the weak yellow fluorescence of

transverse sections stained with Naturstoff reagent,

was minor and confined to the cells of the upper

epidermis (Fig. 1c). By contrast, the intense yellow

fluorescence of stained transverse sections of sun

leaves clearly indicated a great accumulation of

flavonoidic compounds. Flavonoids accumulated in

cells of the upper and lower epidermis and also in

those of palisade parenchyma, and were apparently

bound to the cell wall (Fig. 1d). Flavonoids were also

detected in guard cells of stomata of sun leaves.

Fluorescence responses of glandular trichomes of

leaves acclimated to shade or to full sunlight were

also markedly different (Fig. 1e,f), and similar to

those of the secretory products analysed by HPTLC.

Surface phenylpropanoids of shade leaves gave a

series of brightly blue spots, when sprayed with
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Table 2. The concentration of individual phenylpropanoids in the leaf tissue and on the leaf surface of

Phillyrea latifolia plants acclimated to shade or to full solar irradiance

Phenylpropanoid

Leaf tissue concentration

(µmol g−" d. wt)

Leaf surface concentration

(µmol g−" d. wt)

Shade Sun Shade Sun

Syringe acid 1.01³0.34 1.12³0.17 15.3³1.2 25.3³6.8

Elenolic acid 0.91³0.14 1.02³0.25 7.6³2.5 21.4³4.3

Tyrosine 0.44³0.14 1.26³0.44 74.7³21.5 34.5³13.2

Hydroxytyrosine 0.38³0.06 1.62³0.32 58.2³14.4 73.2³17.4

Luteolin 7-O-glucoside 0.31³0.07 3.64³0.22 nd 94.6³6.6

Luteolin derivative 0.09³0.06 0.63³0.09 nd 29.1³3.4

Luteolin 0.08³0.04 0.28³0.03 nd nd

Apigenin 7-O-rutinoside 1.12³0.11 0.92³0.32 nd 36.3³1.5

Apigenin 7-O-glucoside 0.72³0.21 3.37³0.16 nd 35.2³2.1

Quercetin 3-O-rutinoside 0.46³0.08 5.81³0.48 nd 108.1³5.7

Oleuropein 0.49³0.14 0.40³0.03 234.0³65.2 362.4³26.8

Verbascoside 0.20³0.06 0.14³0.03 558.2³34.9 nd

Caffeic acid derivative nd nd 446.3³67.8 nd

Leaves were collected from four plants at the two sites, three times a day on two consecutive days, as shown in Table

1. Phenylpropanoids in the leaf tissue were identified and quantified after the leaves had been rinsed with 95% (v}v)

ethanol for 45 s, by using HPLC equipped with a diode array detector, and by HPLC–MS analysis. The concentration

of phenylpropanoids in the secretory products of glandular trichomes was estimated by analysing the rinsing ethanol

solution. Results are means³SD (n ¯ 24). nd, not detected.

Naturstoff reagent, that were consistent with a large

quantity of phenolic acids (Wagner & Bladt, 1996)

and verbascoside. In addition, the white–yellow spot

corresponded to the fluorescence response of an

authentic standard of oleuropein (namely, the upper

band of the three-band series of the commercial

oleuropein standard) (Fig. 2a). By contrast, in the

secretory products of sun leaves, the series of intense

yellow–orange spots indicated a large quantity of

flavonoids, which were identified as quercetin-3-O-

rutinoside and luteolin-7-O-glucoside in addition to

oleuropein (Fig. 2b).

Detailed information about the phenylpropanoid

composition and concentration of both leaf tissue

and on the surface is given in Table 2, and is in

complete agreement with the qualitative results of

fluorescence microscopy and of HPTLC (Figs 1,2).

Leaf tissue of plants acclimated to shade or sun had

identical phenylpropanoid compositions, but phenyl-

propanoid concentration was 3±2-fold higher in sun

leaves than in shade leaves. The increase was largely

accounted for by the accumulation of flavonoids

except for apigenin 7-O-rutinoside, which did not

vary between shade and sun leaves (Table 2).

Changes in the concentration of both tyrosol and

hydroxytyrosol, which also increased in sun leaves,

were of minor importance. The situation was very

different when the composition and concentration of

phenylpropanoids in the leaf surface were considered

(Table 2). Secretory products of glandular trichomes

of P. latifolia leaves acclimated to shade did not

contain flavonoids; verbascoside and an unidentified

caffeic acid derivative accounted for 72% of leaf

surface phenylpropanoids, and 17% consisted of the

secoiridoid oleuropein. By contrast, both the leaf

surface and the leaf tissue of sun plants had very

similar flavonoidic compositions. Oleuropein was

the main component (44%) of the total phenyl-

propanoids secreted by glandular trichomes of sun

leaves, but the contribution of flavonoid glycosides

was also relevant (37%). Esters of caffeic acid were

not detected in the secretory products of glandular

trichomes of sun leaves (Table 2).



Phillyrea latifolia seems an interesting case study for

elucidating the integrated mechanisms of acclimation

to high solar radiation operating at morphological–

structural and biological levels in woody species of

the Mediterranean basin. Morphological features of

leaves exposed to full solar radiation, such as steep

angle, reduced area, and high sclerophylly index

(Table 1), might help P. latifolia plants in mini-

mizing light absorption (Ehleringer 1988;

Vogelmann, 1993) as usually occurs in species

growing in excessive light under conditions of heat

or drought stress (Ludlow & Bjo$ rkman, 1984;

Koller, 1986; Groom & Lamont, 1997). P. latifolia

plants exposed to full sunlight actually suffered

water stress, because predawn leaf water potential

averaged ®1±8 MPa at the end of September. The

frequency of glandular trichomes, which was higher

in sun leaves than in shade leaves (Table 1), might

help in decreasing air movement at the leaf surface

and increasing leaf surface reflectance, and conse-

quently might decrease water loss by P. latifolia

leaves (Ehleringer et al., 1976; Fahn, 1986). The

superior thickness of sun leaves (Fig. 1b,c, Table 1),

as detected in P. latifolia, has been also proposed as
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a mechanism of acclimation to excess light operating

in evergreen sclerophylls (Rhizopoulou et al., 1991),

resulting in better water use efficiency than thinner

leaves (Yun & Taylor, 1986). It has been previously

suggested that, in thicker leaves, cells of more

structured palisade parenchyma allow the light to

penetrate farther into the leaf and to have a more

equal distribution of directional light to cell layers

within the leaf that are specifically devoted to

photosynthetic processes (Cui et al., 1991;

Vogelmann, 1993). From this standpoint, the

changes in compactness of palisade parenchyma

tissue between shade and sun leaves of P. latifolia

(Fig. 1c,d, Table 1) is not surprising (Chazdon &

Pearcy, 1991).

Changes in the UV optical properties of leaves

acclimated to shade or to high solar radiation, in

addition to morphological–structural changes, seem

to have a key role in the acclimation mechanisms of

P. latifolia to short-wave radiation (Caldwell et al.,

1983; Karabourniotis et al., 1992). Leaf tissue of P.

latifolia plants acclimated to shade or to full solar

radiation differed greatly in flavonoid concentration

but not in composition (Table 2), confirming a

general response of plants exposed to excess UV and

visible light wavelengths (Beggs et al., 1987; Dixon

& Paiva, 1995; Lavola, 1998). The accumulation of

flavonoids in the epidermal cells of P. latifolia sun

leaves (Fig. 1d) might attenuate the major proportion

of the UV radiation reaching physiological targets

(Caldwell et al., 1983; Day et al., 1984). The

synthesis of flavonoids has been suggested to be

confined to cells of epidermal layers (Schmelzer et

al., 1988) and the accumulation of flavonoids in the

epidermal layers of sun leaves has been reported as

constituting a primary adaptation of several species

to the impact of short-wave radiation from the sun

(Krauss et al., 1997). However, the fact that

flavonoids accumulated in the mesophyll tissue of P.

latifolia leaves acclimated to full solar irradiance (i.e.

palisade parenchyma cells ; Fig. 1d), as occurs in

analogous tissues of Oenothera stricta and Avena

sativa (Robberecht & Caldwell, 1983; Knogge &

Weissenbo$ ck, 1986), supports the idea that each

tissue type is autonomous in flavonoid biosynthesis

and accumulation (Ibrahim, 1992; Lois, 1994). It

should also be taken into account that in the leaves of

plants exposed to high levels of light, UV-A

radiation penetrates farther than UV-B and can

reach and damage target sites deep within the leaf

(Bornman & Vogelmann, 1988). Flavonoid glyco-

sides detected in P. latifolia leaves, such as quercetin

3-O-rutinoside and luteolin glycosides (Table 2),

have relative maxima of absorbance in the UV-A

region of the spectrum (320–350 nm) and might

effectively protect cells specifically designated for

photosynthesis from the formation of free radicals

and other UV-A-induced damage (Takahama, 1989;

Yamasaki et al., 1997; Olsson et al., 1998).

Although this experiment was not undertaken to

elucidate the cellular distribution of phenyl-

propanoids in P. latifolia leaves, our fluorescence

microscopy results suggest that flavonoids are prob-

ably bound to the epidermal and palisade paren-

chyma cell walls (Fig. 1c,d). The cellular distribution

of flavonoids is still a matter of debate, because early

reports on their unique vacuolar accumulation

(Wagner, 1982) have been more recently confuted by

both compartmental analysis and immuno-

localization studies on flavonoid conjugates

(Hrazidina, 1992; Ibrahim, 1992). Instead, our

findings confirm previous results on the specific

localization of hydrophilic flavonol glycosides,

such as astragalin, quercetin 3-O-rutinoside and

kaempferol 3-O-glucoside in several conifer species

(Strack et al., 1988; Schnitzler et al., 1996;

Fischbach et al., 1999). The deposition of poly-

phenols in the cell wall has also been reported to

occur in leaf hairs of O. europaea and Quercus ilex

(Karabourniotis et al., 1998).

Finally, the striking differences in phenyl-

propanoid composition between leaf tissue and

secretory products of shade or sun leaves might help

in elucidating the functional role of the glandular

trichomes in the acclimation mechanisms to high

levels of light that operate in P. latifolia. Differential

conditions of light irradiance affected only the

relative concentrations of constitutive metabolites of

leaf tissue (Lois, 1994; Lavola et al., 1997), whereas

they deactivated branch pathways of the phenyl-

propanoid metabolism leading to the biosynthesis of

caffeic acid esters or flavonoids in sun or shade

trichomes, respectively (Table 2). These findings

closely resemble the mutual deactivation induced by

UV radiation and pathogens of furanocoumarain

and flavonoid branch pathways in parsley cells

(Schmelzer et al., 1989; Douglas et al., 1992) and

suggest further that phenylpropanoids accumulated

in and secreted by glandular trichomes are

synthesized in the cells of the secretory organs

(Fahn, 1988). In this regard, it should be pointed out

that glandular trichomes occur almost exclusively on

the lower surface of P. latifolia leaves (Gucci et al.,

1997 and results not shown). As a consequence, in

leaves that had developed with a steep angle,

glandular trichomes were irradiated for a long time

during the day by direct or reflected sunlight from

the sand, and biosynthesis of flavonoids was activated

(Lois, 1994; Katz & Weiss, 1998). By contrast,

under shade conditions both the low irradiance rates

(total integrated photon flux density 1±64 mmol m−#

d−" ; PAR at midday 54 µmol m−# s−") and the leaf

angle did not allow light to reach glandular

trichomes. Thus the signal that triggers the bio-

synthesis and the accumulation of flavonoids did not

operate, whereas the syntheses of phenolic acids and

of caffeic acid esters were unaffected (Lewis et al.,

1998). In conclusion, our results suggest that light-
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induced changes in the morphological–structural

features of leaves strongly affect the phenyl-

propanoid metabolism of glandular trichomes, thus

clarifying their protective role in the integrated

mechanisms of acclimation to excess light that

operate in P. latifolia.
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