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Abstract: Seasonal distribution of phenolics was studied in leaves of 3 species of the family Lamiaceae: 
Origanum vulgare L., Mentha spicata L., and Clinopodium vulgare L. Phenolic compounds were identi-
fied in fresh leaves by a histochemical test and quantified morphometrically by point-counting analysis. 
The summer leaves (August) of O. vulgare contained the highest amounts of phenolics, as compared 
to M. spicata and C. vulgare. Phenolics were abundant in all leaf tissues (upper and lower epidermis, 
palisade and spongy parenchyma) of O. vulgare, but mainly in epidermal cells of M. spicata. In case of 
C. vulgare, however, phenolics were mostly present in the spongy parenchyma of the mesophyll. High 
amounts of phenolics in the summer leaves of these aromatic plants appeared to impart protection from 
harmful insects, microorganisms, and drought stress, rather than from UV-B radiation.
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INTRODUCTION

Phenolics are secondary metabolites that widely occur in plant tissues. They 
comprise a very large and diverse group of compounds characterized by a benzene 
ring and one or more hydroxyl substituents. These compounds arise biosynthetically 
from the shikimate, phenylpropanoid, and flavonoid pathways, producing monomer-
ic and polymeric phenols and polyphenols (Lattanzio et al. 2006). They have a wide 
spectrum of activities, principally associated with plant defence. They also play an 
important role in plant protection against frost stress (Liu et al. 2007), drought stress 
(Weidner et al. 2009), heavy metal toxicity (Barceló & Poschenrieder 2002), UV-
B radiation (Carletti et al. 2003), excessive light (Tattini et al. 2004), microbial 
infection (Harborne & Williams 2000), insect attack (Lattanzio et al. 2006), etc. It 
is, therefore, essential for the plant to invest a significant amount of photosynthetic 
carbon towards the biosynthesis of phenolics.
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Phenolics accumulate principally in the leaf epidermis as a first line of plant 
defence. They may also accumulate temporarily in the mesophyll (photosynthetic pa-
renchyma) or in idioblastic cells, and are mobilized via the symplast and the apoplast 
to the vascular tissues, through which they reach the sites of defence.

In the present report, the accumulation of phenolics in the summer leaves of 
3 species of aromatic plants was investigated morphometrically (point-counting anal-
ysis) using light and transmission electron microscopy. Summer months comprise the 
most appropriate collection period of these plants since their development and their 
essential oil content reach a maximum then. The findings were expected to indicate 
the significance of the contained phenolics in plant defence and adaptation.

MATERIAL AND METHODS

Plant material
The species Origanum vulgare L., Mentha spicata L., and Clinopodium vulgare 

L. (Lamiaceae) were studied. Origanum vulgare is widely distributed in most of Eu-
rope and Asia. It occurs in all types of ecosystems, ranging from the extremely dry 
Mediterranean regions to mountainous forests, from the sea level up to over 2000 
m of altitude in Greece. Mentha spicata is native only to the Balkan peninsula and 
northern and western Turkey, but the species was introduced and naturalized through-
out most of Europe and North America. It is the most widespread native species of 
Greece, found up to 2000 m of altitude. Clinopodium vulgare is distributed almost 
all over the temperate regions of the northern hemisphere. In Greece, it is scattered 
throughout the mainland and on several of its islands. It occurs in macchia and open 
woodlands at a range of altitudes from near the sea level to about 2200 m of eleva-
tion. 

Native populations of Origanum vulgare, Mentha spicata, and Clinopodium 
vulgare were studied at the foot of Mt. Pangaion (also known as Pangaion Hills) in 
North Greece (200 m a.s.l., 40o55’N, 24o14’E, macchia vegetation). Plant material 
was collected in 1999, at the beginning (June) and end (August) of summer, always 
early in the morning and on the same sites of the populations, so that the results are 
comparable. Young but fully developed leaves of annual stems were sampled from 
different plants, always from their southern side. 

Histochemistry
For identification of phenolic compounds, a histochemical test was conducted 

on fresh leaves. Free-hand sections were treated with equal volumes of reagents in 
the following succession: 10% sodium nitrate, 20% urea, 10% acetic acid for 3 min 
each, and after 3-4 min, with 2 volumes of 2N sodium hydroxide. Positive reaction 
produces a range of colour, from red to yellow (Reeve 1951). 

Microscopy 
Small pieces of leaves were initially fixed in situ for 3 h with 5% glutaraldehyde 

in 0.05 M phosphate buffer at pH 7.2. After washing in the buffer, the specimens were 
post-fixed for 2 h with 2% osmium tetroxide, similarly buffered. The temperature in 
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all solutions was kept at 0ºC to avoid leaching of the phenols during fixation. Samples 
were then dehydrated in an alcohol series and embedded in Spurr’s (1969) epoxy 
resin. Semithin sections for light microscopy were obtained in a Reichert Om U2 
microtome, next stained with toluidine blue O and photographed in a Zeiss III photo
microscope. Ultrathin sections for transmission electron microscopy were cut using 
a Reichert-Jung Ultracut E ultramicrotome, next stained with uranyl acetate and lead 
citrate, and examined in a JEM 2000 FXII transmission electron microscope.

Morphometry
For the morphometric assessment of the relative volume of the phenolic com-

pounds, a transparent sheet bearing a square lattice of point arrays, 10 mm apart, was 
laid over light micrographs of leaf sections (×800). The point-counting analysis was 
then applied (Steer 1981).

RESULTS AND DISCUSSION

Paradermal sections (cut at the levels of the upper epidermis, palisade paren-
chyma, spongy parenchyma, and lower epidermis) of summer leaves of the 3 species 
were examined. In all cases, the accumulation of phenolics in the leaves emerging in 
August was higher than in those emerging in June (Table 1).

Table 1. Relative volume percentages (by point-counting analysis) of phenolics in summer leaves 
of Origanum vulgare, Mentha spicata, and Clinopodium vulgare

Species
Relative volume (%) of phenolics

June August
Origanum vulgare 6-10 >20
Mentha spicata 1‑5 16-20
Clinopodium vulgare ND 16-20

ND = not detected

Origanum vulgare leaves were found to contain the largest amounts of pheno-
lics. These compounds were present only in the epidermis and not in the mesophyll of 
leaves that emerged during early summer (June), whereas they were abundant in all 
tissues of leaves that emerged in late summer (August) (Fig. 1A-D). Such an abun-
dance of phenolics was not observed in leaves of the other 2 species. August leaves 
of M. spicata and C. vulgare contained more phenolics than June leaves. Moreover, 
June leaves of C. vulgare appeared to contain no such substances in any of their tis-
sues. The high abundance of phenolic compounds in August leaves is mainly due 
to the more stressful conditions (higher temperatures and lower water availability) 
prevailing in late summer than at the beginning of summer.  
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Fig. 1. Origanum vulgare. Serial leaf paradermal sections cut at the levels of the upper epidermis 
(A), palisade parenchyma (B), spongy parenchyma (C), and lower epidermis (D). Phenolics occur 
in all the tissues. Bar = 55 μm. Under the electron microscope, phenolics appear fine-granular in the 
epidermis (E) and dark globular in the mesophyll (F). Bar = 3 μm
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Fig. 2. Mentha spicata. Serial leaf paradermal sections cut at the levels of the upper epidermis (A), 
palisade parenchyma (B), spongy parenchyma (C), and lower epidermis (D). Phenolics mainly 
occur in the upper and lower epidermis. Bar = 55 μm. Under the electron microscope, phenolics 
appear either as scattered irregular electron-dense accumulations (E, arrows; bar = 0.7 μm), or as an 
electron-opaque substance containing transparent droplets (F; bar = 4 μm)
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Fig. 3. Clinopodium vulgare. Serial leaf paradermal sections cut at the levels of the upper epidermis 
(A), palisade parenchyma (B), spongy parenchyma (C), and lower epidermis (D). Phenolics mainly 
occur in the spongy parenchyma. Bar = 55 μm. Under the electron microscope, phenolics appear in 
the vacuoles of spongy parenchyma cells as a fine-granular mass (E; bar = 4 μm)
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Electron microscopic study of leaf sections revealed fine granules of vacuolar 
phenolics in epidermal cells (Fig. 1E), but small dark globules in mesophyll cells 
(Fig. 1F). The relative volume percentages of the phenolics are given in Table 1.

In Mentha spicata, a higher relative volume of phenolics was observed in the 
leaves that emerged in August, as compared to the leaves that emerged in June (Ta-
ble 1). These compounds were mainly present in epidermal cells than in mesophyll 
cells (palisade and spongy parenchyma) (Fig. 2A-D). 

Ultrastructural observations revealed differences in the form of the phenolics. 
In most epidermal cells, vacuolar phenolics appeared as electron-dense individual 
accumulations (Fig. 2E, arrows), while in some others as a homogenous substance 
of low electron density, containing transparent droplets (Fig. 2F). Phenolics having 
analogous forms have been also observed in the leaves of Sarcopoterium spinosum 
(Christodoulakis et al. 1990).

Phenolic compounds had fine granular appearance and were mostly localized 
in the spongy parenchyma cells of C. vulgare mesophyll (Fig. 3C). These appeared 
to fill the vacuoles (Fig. 3E). The relative volume percentage of the phenolics in C. 
vulgare leaves is given in Table 1.

The anatomical analysis revealed that the phenolics accumulated in the leaf epi-
dermal and mesophyll cells of the 3 species particularly during summer (August). An 
earlier report that phenolics play a role in absorption of UV-B irradiance (Kondo & 
Kawashima 2000) was not confirmed in our study. Since UV increases with altitude 
(5-8% per vertical kilometre, Madronich 1993), plants of lowland habitats are ex-
pected to contain low levels of phenolics. Thus it seems more likely that the patterns 
of phenolic accumulation in the studied plants are ecophysiologically implicated in 
defence against harmful insects and microorganisms, which abound in summer in 
lowland habitats (Suzuki 1998). The high air temperature and water deficiency, which 
prevail at low altitudes, may further result in the development of drought stress, while 
phenolics can protect them from this stress (Khan et al. 2011).
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