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Abstract

In this study, we assessed various leaf structural and
chemical features as possible predictors of the size of the
phyllosphere bacterial population in the Mediterranean
environment. We examined eight perennial species,
naturally occurring and coexisting in the same area, in
Halkidiki (northern Greece). They are Arbutus unedo,
Quercus coccifera, Pistacia lentiscus, and Myrtus communis
(evergreen sclerophyllous species), Lavandula stoechas
and Cistus incanus (drought semideciduous species), and
Calamintha nepeta and Melissa officinalis (nonwoody
perennial species). M. communis, L. stoechas, C. nepeta,
and M. officinalis produce essential oil in substantial
quantities. We sampled summer leaves from these species
and (1) estimated the size of the bacterial population of
their phyllosphere, (2) estimated the concentration of dif-
ferent leaf constituents, and (3) studied leaf morphological
and anatomical features and expressed them in a quan-
titative way. The aromatic plants are on average more
highly colonized than the other species, whereas the non-
woody perennials are more highly colonized than the
woody species. The population size of epiphytic bacteria
is positively correlated with glandular and nonglandular
trichome densities, and with water and phosphorus con-
tents; it is negatively correlated with total phenolics
content and the thickness of the leaf, of the mesophyll,
and of the abaxial epidermis. No correlation was found
with the density of stomata, the nitrogen, and the soluble
sugar contents. By regression tree analysis, we found that
the leaf-microbe system can be effectively described by
three leaf attributes with leaf water content being the
primary explanatory attribute. Leaves with water content

973% are the most highly colonized. For leaves with water
content G73%, the phosphorus content, with a critical
value of 1.34 mg gj1 d.w., is the next explanatory leaf
attribute, followed by the thickness of the adaxial epi-
dermis. Leaves higher in phosphorus (91.34 mg gj1 d.w.)
are more colonized, and leaves with the adaxial epidermis
thicker than 20.77 mm are the least colonized. Although
these critical attributes and values hold true only within
the Mediterranean ecosystem studied and the range of ob-
servations taken, they are important because they provide a
hypothesis to be tested in other Mediterranean ecosystems
and other biomes. Such comparative studies may give
insight as to the general properties governing the leaf-
microbe system.

Introduction

Leaf microbial communities are very diverse. Bacteria are
the most abundant inhabitants, often found in numbers
averaging 106–107 CFU cmj2 (up to 108 CFU gj1) of leaf
[3, 4, 27]. Bacterial populations on the phyllosphere vary
in size both among and within species and also over
short time scales. At the species level, they vary greatly
not only among individuals, even in close proximity to
each other, but also among leaves of the same individual
[26, 35, 75]. Leaf age and season greatly influence the
epiphytic bacterial population [14, 66].

Studies involving leaf imprints have shown that bac-
teria do not occur in a uniform pattern across leaf surfaces
[38, 72]. As revealed by scanning electron microscopy, the
most common sites of bacterial colonization are the base
of trichomes, stomata, and the epidermal cell wall junc-
tions, especially in the grooves along the veins [41, 42, 56].
Bacteria have been found not only in depressions in theCorrespondence to: D. Vokou; E-mail: vokou@bio.auth.gr
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cuticle [41], but also beneath the cuticle [6] and near
hydathodes [47]. In the Mediterranean species oleander
and olive, Surico [65] found stomatal pits and shields
of pectate hairs to be sites of bacterial colonization,
respectively.

Leaf surface is a nutrient-limited environment [2].
It has been reported that bacteria in the phyllosphere
are primarily carbon- [45, 73, 74] and secondarily
nitrogen-limited [29]. Experimenting with Pseudomonas
fluorescens, Mercier and Lindow [45] argue that the
initial sugar abundance on uncolonized leaves is the
primary determinant of the total bacterial population
size that leaves can support after inoculation. Exogenous
addition of nutrient sources on the leaf surface, such as
aphid honeydew and pollen, has been associated with
increase in the size of the epiphytic microbial community
[11, 17, 63]. It has been also found that nutrient
concentration in plant tissues and leaf surfaces are
positively correlated (loglinearly) [10]. Leaf structural
traits, such as the cuticle covering epidermal cell walls of
higher plants, play a role in making the leaf surface a
nutrient-limited environment. Because of the hydropho-
bic nature of cutin and waxes, its lipid components, the
cuticle forms an effective transport barrier for water and
polar substances. Reduced leaf wetting inhibits leaching
of substances from the leaf interior, and consequently,
low nutrient levels are available to microorganisms living
on leaf surfaces [36]. Despite the barriers and limitations,
high numbers of bacteria usually colonize plants, which
suggests that nutrient- and energy-rich molecules on the
leaf surface are adequate to support large microbial
populations.

Secondary metabolites such as alkaloids, isoprenoids,
and phenolic acids are leached or exuded from the leaf
interior onto the leaf surface [15, 16, 46]. Several of them
have been shown to inhibit growth of fungi, bacteria, and
viruses [22, 54]. For instance, essential oils that are pro-
duced in leaf surface glandular trichomes are reported to
be active against a wide spectrum of microorganisms
[9, 28, 32, 61]. Still, essential-oil effects are not always
negative. In some cases, they enhance microbial growth
[68]. How all the different nutrients, primary and sec-
ondary metabolites of the leaf surface influence the phyl-
losphere microbial colonization remains unresolved.

The question we address in this study is which of the
leaf structural and chemical features determine the
microbial abundance on the leaf surfaces of perennial
species, native to the Mediterranean environment. In
particular, we examine the size of the phyllosphere
bacterial population in relation to (1) leaf anatomical
and morphological traits (glandular and nonglandular
trichomes, stomata, thickness of the leaf and of indi-
vidual leaf tissues, and specific leaf mass) and (2) leaf
constituents (content in water, N, P, soluble sugars,
phenolic compounds, and essential oils). We also examine

whether species groupings, defined by the species life
form or ability to produce essential oil, are also distin-
guishable by the level of the microbial colonization of
their phyllosphere.

Materials and Methods

Study Area, Plant Material, and Sampling. We exam-
ined eight perennial species, woody and nonwoody,
naturally occurring and coexisting in the same area, in
Halkidiki (northern Greece). The woody species are
Arbutus unedo L., Quercus coccifera L., Pistacia lentiscus
L., Myrtus communis L., Lavandula stoechas L., and Cistus
incanus L., all commonly found in the mediterranean-
type ecosystems of Greece. The two nonwoody peren-
nials, Calamintha nepeta (L.) Savi and Melissa officinalis
L., occur in less arid microsites of the study area; the first
occurs in open spaces, whereas the latter is found exclu-
sively along a seasonal stream. A. unedo, Q. coccifera, P.
lentiscus, and M. communis, which are tall evergreen
shrubs, are major components of maquis, one of the two
types of mediterranean-type ecosystems. C. incanus and
L. stoechas are low, drought semideciduous species, com-
monly found in phrygana, the other mediterranean-type
ecosystem. C. incanus is also common in maquis and in
the shrub layer of Mediterranean conifer forests. Four
species, M. communis, L. stoechas, C. nepeta, and M.
officinalis, produce in substantial quantities essential oils,
which are mixtures of isoprenoid compounds of low
molecular weight giving the producing plants their char-
acteristic odor.

The climate of the area is Mediterranean with rather
mild and wet winters and hot, dry summers. The
temperature of the coldest month is 5.6-C, whereas that
of the hottest month is 26.7-C. August is the driest
month of the year with an average rainfall of 14.3 mm
(data of the meteorological station of Aristotle University
of Thessaloniki, the nearest to the study area).

In August 2001, we sampled leaves from each of these
species to (1) estimate the size of the epiphytic bacterial
population, (2) examine leaf morphological and anatom-
ical features, and (3) estimate the concentration of
different leaf constituents. Sampling took place early in
the morning. In all cases, samples consisted of mature
leaves, collected at random from three individuals per
species. Five samples were taken from each marked
individual, thus making 15 samples per species. For
essential oil estimation, bulkier samples had to be taken.
Whenever the essential oil yield per plant was lower than
the detection limit of the analytical method, we collected
material from plants neighboring each of the three marked
individuals. The essential oil yield was assigned to the
marked individual contributing to the sample. For all
species, sampling took place on the same day and at the
same time (morning).
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Estimation of the Total Bacterial Population. After
sampling, leaves were placed in sterile plastic bags, were
transported to the laboratory in an icebox, and were
analyzed within 24 h. The serial dilution plating method
[39] was used. Each sample was weighed and immersed
in 25-mL sterile phosphate buffer (0.01 M, pH 7.3)
supplemented with 0.1% bactopeptone, in a 100-mL
Erlenmeyer flask. Flasks were sonicated in an ultrasonic
cleaner for 10 min; the temperature of water did not
exceed 20-C. Portions (100 mL) from the original wash
and appropriate dilutions thereof prepared in 0.01 M
phosphate buffer (pH 7.3) were plated onto nutrient agar
(NAG) medium, supplemented with 2.5% (v/v) glycerol,
and amended with 30 mg mLj1 natamycin to prevent
fungal contamination. Bacterial populations were enu-
merated after incubation for 2–5 days at 24-C. Results
are expressed as log(CFU + 1) per gram fresh weight,
where CFU corresponds to colony forming units. The
reasons for the log(CFU + 1) instead of the common
log(CFU) transformation of data are described in detail
in Yadav et al. [75].

Light Microscopy and Measurements. The de-
tailed morphological and anatomical study of the leaves
of the eight Mediterranean perennial species was the scope
of a previous publication [76]. From that publication, we
make use of some data that serve our goal to examine the
relationship between the size of the phyllosphere bacte-
rial population and leaf structural traits. The methods
used for the study of features dealt with in this article are
the following. Leaf samples were cut into small pieces
and were fixed for 3 h with 5% glutaraldehyde in 0.05 M
phosphate buffer (pH 7.2). They were then washed in
buffer and postfixed for 4 h with similarly buffered 1%
OsO4. The temperature in all solutions was kept at 0-C
to avoid leaching of phenolics during fixation. For tissue
dehydration, specimens were treated with graded ethanol
series (50–100%) and propylene oxide. They were then
infiltrated and embedded in Spurr’s resin [62]. Semithin
sections were cut with Reichert OM U2 ultramicrotome;
they were stained with 1% toluidine blue O in 1% borax
and photographed with a Zeiss III photomicroscope.

From light micrographs of leaf cross-sections
(�800), we measured the thickness of the leaf, of the
mesophyll, and of the epidermis (adaxial and abaxial) for
each species. The density of stomata was estimated using
micrographs of leaf paradermal sections. We estimated
the specific leaf mass (SLM) as the ratio of leaf dry mass
to leaf area [55]. Dry leaf mass was determined by oven
drying the leaves at 70-C for 72 h [5], and leaf area was
measured with a leaf area meter (Eijkelkamp, Agrisearch
equipment, Netherlands).

From stereoscopic photographs of the adaxial and
abaxial leaf surfaces, we estimated the density of glandular
and nonglandular trichomes. They were counted over a

defined area on the photograph. Their density was
computed after the magnification of the photograph. In
the case of the very pubescent L. stoechas, the density of
nonglandular trichomes was estimated by counting them
over a fixed area under the stereoscope.

Leaf Chemical Constituents. Leaf samples were
oven dried at 60-C for 48 h and ground. Total nitrogen
content was determined by the semimicro Kjeldahl
method using Foss Tecator Kjeltec Auto 2200 Analyzer.
Phosphorus was determined colorimetrically by the
molybdenum blue method [1]. Soluble sugars were
extracted from powdered dry material with 60% ethanol
and were determined colorimetrically according to the
phenol-sulfuric acid method [12]. For the estimation of
total phenolics, dry leaf samples were crushed into
powder in a test tube and extracted with 50% aqueous
methanol. They were further measured colorimetrically
by the Folin–Ciocalteu method [71]. Results are
expressed in tannic acid equivalents (TAE) per amount
of leaf extracted. Calibration was made with tannic acid
solutions. Air-dried leaves (30–50 g) of the aromatic
plants, M. communis, L. stoechas, C. nepeta, and M.
officinalis, were water distilled in a Clevenger apparatus
for 3 h. Their content in essential oil is expressed in mL
per 100 g of dry leaves. Leaf water content (LWC) was
computed after the following equation: LWC = [(leaf
fresh weight j leaf dry weight)/leaf fresh weight] � 100
[21].

Statistical Analyses. Differences of the attributes
examined were determined by analysis of variance
(ANOVA) and Tukey’s B test for multiple comparisons.
ANOVA assumptions were checked and data were trans-
formed when necessary. Pearson correlation was used to
examine relationships among various leaf features. To
further investigate the pattern of leaf attributes, a principal
component analysis was run on the two data sets con-
cerning (1) the leaf structural traits and (2) the leaf
chemical constituents. In both correlation and principal
component analysis, there are three points per attribute
for each species representing the number of individual
plants (three) examined per species. Each of the three
points is the average of five values representing the
number of samples taken per individual. In principal
component analysis (PCA), since all species do not bear
trichome (glandular or nonglandular) on their leaves,
those not bearing were assigned the value 1 and those
bearing them were assigned the value 2. All the above sta-
tistical analyses were performed by use of the software
package SPSS for Windows (11.5.1, SPSS Inc., USA).

To relate the abundance of the phyllosphere bacterial
population to the leaf chemical and structural variables,
we used the technique of regression trees. Trees comple-
ment or represent an alternative to many traditional
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statistical techniques, including multiple regression,
analysis of variance, loglinear models, etc. Among their
main advantages are (1) the flexibility to handle a broad
range of response types, (2) the ease and robustness of
construction, (3) the ease of interpretation, and (4) the
ability to handle missing values in both response and
explanatory variables [8]. Trees can be used for data
exploration, description, and prediction of patterns and
processes and are best suited for complex ecological data
requiring flexible and robust analytical methods, which
can deal with nonlinear relationships, high-order inter-
actions, and missing values, giving at the same time easily
understandable and interpretable results. The suitability
of trees in analyzing ecological data has been repeatedly
explored and proved in the recent years [7, 8, 19, 33].

Regression trees predict the value of a response
variable from a set of explanatory variables. The basic
assumption of the method is that the functional
dependency among system variables is not uniform in
the whole domain, but can be approximated as such on
smaller subdomains. Recursive partitioning is the tech-
nique used in tree construction. It works by repeatedly
splitting data into homogeneous subsets (minimizing the
sum of squares within groups). The most informative
attribute is identified at each repetition, and the data set
is divided according to the values of this attribute. A split
is defined by values less than and greater than some
chosen value, and, therefore, at each split, the data are
partitioned into two mutually exclusive groups. The
process is repeated for each subset until pure data sets
(e.g., where all cases have the same value) are produced
or data sets that cannot be divided further. The latter
data sets are the terminal Bleaves^ of the tree. The relative
lengths of the vertical lines associated with each split
represent graphically the proportion of the total sum of
squares explained by each split.

We used the program S-Plus 6.1 for windows
(Insightful Corp., 2002) for tree construction. The re-
sponse variable of the regression tree is the size of the
phyllosphere bacterial population. The variables exam-
ined as to their explanatory value are the following: the
thickness of the adaxial epidermis, of the abaxial epider-
mis, of the mesophyll, and of the leaf, the density of
stomata, of glandular, and of nonglandular trichomes,
SLM, and water, nitrogen, phosphorus, soluble sugar,
essential oil, and phenolics contents. The effectiveness of
the regression tree to explain the variation of the popu-
lation size of epiphytic bacteria was examined by the
Pearson correlation coefficient.

Results

Phyllosphere Bacterial Population. The size of the
total epiphytic bacterial population varies significantly
among species (Fig. 1). Overall, A. unedo and P. lentiscus

are the least populated. Although members of different
groups do not always differ regarding the size of the
epiphytic bacterial population, the aromatic plants are on
average more colonized than the other species, and the
nonwoody perennials are more colonized than the
evergreen sclerophyllous and the drought semideciduous
species. There is no difference between the two groups of
the woody Mediterranean species.

Leaf Structural and Chemical Traits. Thickness-
related variables differ significantly among species (Fig. 2).
The evergreen sclerophyllous species are clearly dis-
tinguished from the rest by having thicker leaves and
mesophyll (Figs. 2c, d). Leaf and mesophyll thickness are
highly correlated (Table 1). The same holds true for the
thickness of the adaxial and abaxial epidermis. In all
species, the epidermis is thicker in the adaxial part of the
leaf (p G 0.05; Figs. 2a, b).

Specific leaf mass (SLM) corresponding to the ratio
of leaf dry mass to leaf area differs significantly among
species (Table 2). It is lowest in the two nonwoody
perennials, but also in the woody M. communis. In all
species, stomata are present on the abaxial leaf surface. In

Figure 1. Total bacterial populations [log (CFU + 1)] on the
leaves of the Mediterranean species Arbutus unedo (Au), Quercus
coccifera (Qc), Pistacia lentiscus (Pl), Myrtus communis (Mc),
Lavandula stoechas (Ls), Cistus incanus (Ci), Calamintha nepeta
(Cn), and Melissa officinalis (Mo). In the inset, given are the
averages per species group, evergreen-sclerophyllous (ES), drought
semideciduous (DS), nonwoody perennials (NW), aromatic plants
(A), and nonaromatic plants (NA). Bars represent standard errors
of the means (n = 15). Different letters at the top of the columns
show significant differences among species at p G 0.05.
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L. stoechas, C. incanus, C. nepeta, and M. officinalis, a few
stomata are also present on the adaxial surface, but their
extremely low number makes density calculation im-
practical. Stomatal density differs significantly among
species, but there is no apparent group-related trend
(Table 2).

Trichomes were not found on the leaves of the
evergreen sclerophyllous species. The drought semide-
ciduous and the nonwoody species bear both glandular
and nonglandular trichomes, except for C. incanus, in
which glandular trichomes were not detected. The
density of both types of trichomes is highest on the
abaxial leaf surface; only in M. officinalis the density of
nonglandular trichomes is similar on both surfaces. Over
all species and for either leaf surface, the density of both
glandular and nonglandular trichomes is highest in L.
stoechas (Table 2).

The concentration of the leaf constituents examined
varies significantly among species (Fig. 3). Nitrogen and
phosphorus contents are highest in the nonwoody
perennials. The representatives of the evergreen sclero-
phyllous species are clearly differentiated from the rest by
having considerably lower phosphorus content. Levels of
leaf soluble sugars vary among species but without any
discernible group-related trend; the highest value was
recorded in A. unedo (53.4 mg gj1) and the lowest in P.
lentiscus and C. incanus (21.1 mg gj1). The concentra-
tion of total phenolics ranges from 36 mg TAE gj1 (in
M. communis) to 131.3 mg TAE gj1 (in C. incanus); it is
remarkably lower in essential oil-producing species
(Fig 3d). The highest essential oil yield (2.01 mL/100 g)
was recorded in C. nepeta (Fig. 3e), whereas the lowest
(0.1 mL/100 g) in M. officinalis. Leaf water content varies
among species in a group-consistent way; it is highest in
the two nonwoody perennials and lowest in the ever-
green sclerophyllous species (Fig. 3f).

Correlation analysis of the leaf constituents gave
significant results in a number of cases. Highly correlated
are the nitrogen and phosphorus contents (positively)
and the essential oil and the total phenolics contents
(negatively) (Table 3). The leaf water content is corre-
lated with all leaf constituents examined, except with
soluble sugars; it is most highly correlated with phos-
phorus content.

Results of PCA of the leaf structural traits are pre-
sented in Fig. 4. The first two components of the PCA
explain 77.5% of the total variance. Evergreen sclero-
phyllous species are clearly separated from the drought
semideciduous and the nonwoody species along the first
axis, which explains 48.4% of the total variance. The

Figure 2. Average thickness of (a) the adaxial
epidermis, (b) the abaxial epidermis, (c) the meso-
phyll, and (d) the leaf of the species studied. Species
abbreviations are as in Fig. 1. Bars represent
standard errors of the means (n = 15). Different
letters at the top of the columns show significant
differences among species at p G 0.05.

Table 1. Matrix of correlation coefficients (R) showing
relationships between structural leaf traits [leaf thickness,
thickness of different leaf tissues, and specific leaf mass
(SLM); n = 24]

Adaxial
epidermis Mesophyll

Abaxial
epidermis Leaf

Mesophyll ns
Abaxial

epidermis
0.83*** ns

Leaf ns 0.99*** 0.42*
SLM ns 0.54** ns 0.57**

ns: Nonsignificant.
*p G 0.05.
**p G 0.01.
***p G 0.001.
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density of the glandular and nonglandular trichomes,
and the thickness of the leaf and of the mesophyll, are the
traits primarily responsible for this separation. Along the
second axis, explaining 29.1% of the total variance,
species are separated after the epidermis thickness.

Results of PCA of the leaf constituents are presented
in Fig. 5. The first two components of the PCA explain
70.9% of the total variance. All evergreen sclerophyllous
species and C. incanus are located along the negative side
and the nonwoody species and L. stoechas along the

Table 2. SLM and density of stomata and trichomes (glandular and nonglandular) on the adaxial and abaxial leaf surfaces (n = 15,
average ± SE)

Species
SLM
(mg cmj2)

Stomata
(no. mmj2)

Trichomes (no. mmj2)

Nonglandular Glandular

Adaxial
epidermis

Abaxial
epidermis

Adaxial
epidermis

Abaxial
epidermis

Arbutus unedo 10.3 T 0.02e 459.2 T 17.3bc 0 0 0 0
Quercus coccifera 15.6 T 0.08a 409.3 T 22.8bcd 0 0 0 0
Pistacia lentiscus 13.6 T 0.03b 244.9 T 6.2f 0 0 0 0
Myrtus communis 7.7 T 0.01g 394.7 T 15.2cd 0 0 0 0
Lavandula stoechas 11.5 T 0.00d 532.8 T 21.9a 150.2 T 4.3 247.6 T 6.6*** 14.3 T 0.5 17.9 T 1.0**
Cistus incanus 13.3 T 0.15c 317.4 T 12.9e 7.2 T 0.3 8.7 T 0.3** nd nd
Calamintha nepeta 9.2 T 0.00f 465.8 T 12.7b 6.49 T 0.3 21.0 T 0.8*** 4.2 T 0.3 12.9 T 1.2***
Melissa officinalis 6.1 T 0.05h 369.6 T 21.1de 2.5 T 0.2 2.3 T 0.2 nd 4.1 T 0.2

Different letters in the same column indicate significant differences among species at p G 0.05. Asterisks (associated with the abaxial epidermis) indicate
significant differences between adaxial and abaxial leaf surfaces at p G 0.01 (**) and p G 0.001 (***); nd = nondetectable.

Figure 3. (a) Nitrogen, (b) phosphorus, (c) soluble
sugar, (d) total phenolics, (e) essential oil, and (f)
water contents of the leaves of the species studied.
Species abbreviations are as in Fig. 1. Bars represent
standard errors of the means (n = 15). Different
letters at the top of the columns show significant
differences among species at p G 0.05.
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positive side of the first axis, which explains 49.9% of the
total variance. Water, phosphorus, nitrogen, and essen-
tial oil contents have positive scores, whereas total
phenolics content has a high negative score in the first
component axis. The position of species along the second
axis, which explains 21% of the total variance, is deter-
mined by the soluble sugar content.

Relationships of the Epiphytic Bacterial Population

with Leaf Structural and Chemical Traits. The size of
the phyllosphere bacterial population is correlated with a
number of traits, both chemical and structural. It is
positively correlated with water and phosphorus content
and negatively with total phenolics content (Table 4). Of

the structural traits, it is positively correlated with the
trichome density (both glandular and nonglandular) and
negatively with the thickness of the leaf, of the mesophyll,
and of the abaxial epidermis. For trichome density, the
nonparametric Spearman’s correlation analysis was used
because the evergreen sclerophyllous species do not bear
trichomes.

Regressions were run between the size of the phyllo-
sphere bacterial population and (1) the first component
scores of the species, after their structural attributes, and
(2) the first component scores of the species, after their
chemical attributes. Regressions for both analyses are
significant (Table 5). This means that microbial abun-
dance in the phyllosphere of the species examined is
influenced by the patterns of both the structural and the
chemical attributes. Results showed that 35% of the
variation in the size of the phyllosphere bacterial popu-
lation is explained by the leaf structural profile, whereas
38% of the variation is explained by the leaf chemical
profile. Given these values as well as the fact that the first
component of the species structural and chemical attri-
butes explains 48.4 and 49.9% of the total variation, res-
pectively, it derives that the chemical attributes have
slightly higher contribution in determining the size of the
phyllosphere bacterial population.

The regression tree explaining the abundance of the
phyllosphere bacteria in terms of leaf structural and
chemical attributes is four-leaved (Fig. 6). The first split
is based on the leaf water content, which is the primary
explanatory attribute. The resulting right branch is

Table 3. Matrix of correlation coefficients (R) showing relation-
ships between quantitative chemical leaf traits (n = 24)

Nitrogen Phosphorus
Soluble
sugars

Total
phenolics

Essential
oils

Phosphorus 0.62**
Soluble sugars ns ns
Total

phenolics
ns ns ns

Essential oils 0.45* ns ns j0.65**
Water

content
0.47* 0.80*** ns j0.46* 0.52**

ns: Nonsignificant.
*p G 0.05.
**p G 0.01.
***p G 0.001.

Figure 4. Projection of the eight Mediterranean species on the first
two principal components on the basis of their structural
attributes. The first axis accounts for 48.4% of the total variance
and the second for 29.1%. Also inserted are the original attributes,
with their vectors intersecting at (0, 0). The length of each
attribute vector is proportional to its contribution to the principal
component axis. The attributes are thickness of the adaxial
epidermis (AdE), thickness of the abaxial epidermis (AbE), leaf
thickness (LT), mesophyll thickness (MT), specific leaf mass
(SLM), density of stomata (ST), density of glandular trichomes
(GH), and density of nonglandular trichomes (NGH).

Figure 5. Projection of the eight Mediterranean species on the first
two principal components on the basis of their chemical attributes.
The first axis accounts for 49.9% of the total variance and the second
for 21.0%. Also inserted are the original attributes, with their
vectors intersecting at (0, 0). The length of each attribute vector is
proportional to its contribution to the principal component axis.
The attributes are nitrogen content (N), phosphorus content (P),
soluble sugar content (SU), total phenolics content (PH), essential
oil yield (EO), and water content (WC).
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strongly homogeneous and is not subsequently divided,
forming a leaf with mean rating 4.43. This means that
whenever the water content exceeds 73%, the bacterial
population size is high, with a mean value of 4.43
log(CFU + 1) gj1 f.w. The left branch, comprising
samples with leaf water content G73%, is further divided
after leaf phosphorus content that separates samples
containing phosphorus in concentrations above and
below 1.34 mg gj1 d.w. When phosphorus content is
above this value, the mean population size of epiphytic
bacteria is 4.03 log(CFU + 1) gj1 f.w. When it is lower, a
third variable, the thickness of the epidermis, explains
the size of the bacterial population. Low bacterial abun-
dance is associated with thicker epidermis (920.77 mm).
This means that the abundance of the phyllosphere
microbial population can be explained in terms of only 3
of the 14 leaf structural and chemical variables examined.
The Pearson correlation coefficient between observed
and predicted values of the regression tree is equal to
0.78. It is noteworthy that neither the nitrogen nor the
sugar contents are among the explanatory attributes.

Discussion

A number of features varying among species distinguish
the groups examined. Evergreen sclerophyllous species
(A. unedo, Q. coccifera, P. lentiscus, and M. communis) are
separated from the rest by their thick leaves and
mesophyll, low water and phosphorus contents, and ab-
sence of trichomes. The nonwoody perennials (C. nepeta
and M. officinalis) differ from all other species in having
high nitrogen, phosphorus, and water contents. Es-
sential oil-producing plants (M. communis, L. stoechas,
C. nepeta, and M. officinalis) have the lowest total phe-
nolics content. The different leaf structural and chemical
profiles of the species examined are reflected in the size
of epiphytic bacterial populations; the aromatic plants
are on average more highly colonized than the other
species, and the nonwoody perennials are more highly
colonized than the woody species.

Regarding the chemical traits of the species that we
studied, we must note the following. The leaf nitrogen
levels of A. unedo, Q. coccifera, and P. lentiscus are similar
to those reported for summer leaves from different
locations in Greece [37, 43]. The low foliar phosphorus
concentration of the evergreen sclerophyllous species is
in agreement with previous findings regarding members
of this group from other countries [24, 25]. The soluble
sugar content of P. lentiscus leaves is comparable to
that reported previously [43], but this is not the case for
A. unedo and Q. coccifera; in their leaves, the soluble
sugar content is considerably lower than that reported
by Meletiou-Christou et al. [43]. The high soluble sugar
content of M. communis is comparable to that re-
ported for both sun and shade summer leaves of the
species from Portugal [44]. Comparisons regarding the
structural traits of the species studied with previous
reports have been made in Yadav et al. [76].

The evergreen sclerophyllous species (except for the
essential oil-producing M. communis) and C. incanus are
characterized by high total phenolics content. In con-
trast, all essential oil-producing species have low total
phenolics content. Among them, M. officinalis has the
highest concentration of total phenolics, while having the

Table 4. Results of correlation analysis between leaf structural or
chemical traits and the size of the bacterial population of the
phyllosphere

Structural traits R Chemical traits R

Adaxial epidermis
thickness

ns Nitrogen ns

Mesophyll thickness j0.42* Phosphorus 0.65**
Abaxial epidermis

thickness
j0.41* Soluble sugars ns

Leaf thickness j0.50* Total phenolics j0.43*
Stomatal density ns Essential oils ns
Glandular trichome

density
0.66*** Water 0.58**

Nonglandular trichome
density

0.50*

SLM ns

ns: Nonsignificant.
Given are the correlation coefficient (R) values (n = 24).
*p G 0.05.
**p G 0.01.
***p G 0.001.

Table 5. Results of the regression analysis between the size of the phyllosphere bacterial population and the first component scores of
the species structural or chemical attributes (derived from analyses shown in Figs. 4 and 5)

Model

First component scores of the
species structural attributes vs. size

of the phyllosphere bacterial population

First component scores of the
species chemical attributes vs. size

of the phyllosphere bacterial population

Value Significance Value Significance

Constant 4.003 G0.001 4.003 G0.001
b j0.235 0.004 0.248 0.002
R 0.589 (0.347a) 0.011 0.617 (0.381a) 0.006

a
Correspond to R2.
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lowest essential oil yield. The inverse accumulation
patterns of phenolics and isoprenoids seem to reflect a
trade-off in carbon allocation among the different types
of secondary metabolites.

Results of correlation analysis revealed significant
relationships with 8 out of the 14 leaf traits examined, four
positive (with both glandular and nonglandular trichome
density, phosphorus and water contents) and four nega-
tive (total phenolics content and thickness of the leaf, of
the mesophyll, and of the lower epidermis). Among the
structural traits, the density of glandular trichomes is the
most highly correlated, followed by the density of non-
glandular trichomes. As suggested earlier [41, 65], these
structures provide conducive habitats for bacterial colo-
nization because they facilitate adherence of bacterial cells
on the leaf surface [67], they insure free water availability
on the leaf surface by increasing the boundary layer and
concomitantly decreasing water loss because of transpira-
tion [20], they regulate leaf heat load by reflecting the
visible and infrared radiations [13], and they protect the
leaf from UV-B exposure [31]. Our findings agree with
recent observations of Monier and Lindow [49]. These
authors found that Pseudomonas syringae preferentially
forms aggregates at the base of glandular trichomes and
argue that glandular trichomes probably offer optimal
conditions for microbial growth because of their ability
to retain water droplets and secrete a diversity of chemi-
cal compounds that promote bacterial growth.

Although stomata have been found to be sites of
bacterial colonization of leaf surfaces [18, 57, 65], no
significant correlation was found between the size of the

epiphytic bacterial population and stomatal density. This
also agrees with Monier and Lindow [49], who found
that aggregates of P. syringae were associated with all
anatomical features of the leaf surface except stomata.

The population size of epiphytic bacteria is negatively
correlated with the thickness of the leaf, and also of its
mesophyll and of its epidermis (abaxial), but not with
SLM. Leaf constituents have been found correlated with
leaf structural traits [50, 52]. On this ground, we can
argue that these negative relationships are due to the re-
sulting low availability of compounds necessary for mi-
crobial growth, when the length of the diffusion path and
the associated barriers influence their diffusion to the leaf
surface. There are a number of barriers in the movement
of molecules from the leaf interior to the leaf surface.
Molecule flow, which has variable duration, depends on
specific factors associated with their physicochemical
properties, the plant species, and tissue densities [10].
For instance, a thick and compact mesophyll, as is the
case with the evergreen sclerophyllous species [76], may
hinder free movement of compounds. By limiting
diffusion of nutrients and reducing wetting of leaf sur-
faces [36, 40], cuticular waxes constitute a barrier in
metabolite transport, and this might affect the phyllo-
sphere microbial colonization.

The total phenolics content is negatively correlated
with the size of the epiphytic bacterial population. This
may be related to the antimicrobial activity of phenolic
compounds [22, 54, 60]. However, no such relationship
was found with essential oils, despite their well-known
antimicrobial activity [9, 28, 32, 48, 61]. In fact, the
density of glandular trichomes is positively correlated
with the size of the epiphytic bacterial population. In
another study with Mediterranean aromatic plants, other
than the ones used in the current work [32], we have also
found that the richest in essential oil species were not
always the least colonized. It seems, therefore, that the
nature of the relationship between essential oils and
microbes is not a simple one. We should also note that
although the antimicrobial activity of essential oils is very
well known, it is not universal against all microbes. Some
soil bacteria can use them as carbon and energy source
[23, 69, 70]. It is possible that some phyllosphere bacteria
also have such a property.

Correlation analysis gives some insight as to which of
the leaf traits examined are related with the abundance of
microbes on leaf surfaces. However, in cases of complex
systems, there are a number of variable interdependencies.
To have a comprehensible description of the leaf-microbe
system’s behavior, we used regression tree analysis. As a
result, we found that three parameters can explain to a
large degree the size of the epiphytic bacterial population.
The leaf water content proved by far the best explanatory
variable, followed by the phosphorus content and to a less
extent by the thickness of the adaxial epidermis.

Figure 6. Regression tree analysis of the size of the phyllosphere
microbial population. Each of the three splits (nonterminal
nodes) is labeled with the variable and its values that determine
the split. Each of the four leaves (terminal nodes) is labeled
with the mean rating and (in parenthesis) the number of
observations in the group. The vertical length of each split is
proportional to the variation explained.
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The effects of leaf wettability, relative humidity, free
moisture, and water potential of various tissues on
epiphytic microbial colonization have been repeatedly
examined [30, 53, 57, 78]. Abundance of water is the most
important factor limiting microbial growth on interfacial
surfaces [78] like the leaf surface. Water supply on the
phyllosphere is of crucial importance for germination
and growth of the leaf-associated microbial popula-
tions. Under arid climatic conditions, passive movement
of water molecules down a water potential gradient
supplies water on leaf surfaces. In absence of rain, fog,
or dew, water in the leaf is the only source of water on the
leaf surface, and this explains why the leaf water content
proved the primary attribute explaining the size of the
phyllosphere bacterial population in the Mediterranean
ecosystem that we studied.

When the leaf water content is less than 73%, the
phosphorus content plays a major role in explaining the
population size of epiphytic bacteria, which suggests
that bacterial abundance on leaf surfaces is primarily
P-limited. Neither the nitrogen nor the sugar contents are
important in this respect. These results are in agreement
with Schönherr and Baur [58], who state that (1) only
relatively lipophilic molecules can be expected to pene-
trate cuticles in significant amounts, (2) monosaccharides
do not diffuse across intact cuticles in rates required to
sustain growth of epiphytic microorganisms, (3) epicu-
ticular waxes are a potential source of organic carbon,
especially since epicuticular waxes can be regenerated
if removed, (4) nitrogen is not expected to be a growth-
limiting factor particularly because there is ample depo-
sition of nitrogenous compounds from the atmosphere,
and (5) for ATP or other polar P-containing com-
pounds, being unlikely to penetrate cuticles in significant
amounts, availability of phosphorus may well be growth-
limiting for epiphytic microbes. Results regarding phos-
phorus, nitrogen, and soluble sugar contents, obtained
through regression tree analysis, are in agreement with the
conclusions and predictions of these authors, made after
their observations and estimations at the physiological
level. We must also note that in a study with Q. coccifera
from Halkidiki (one of the species that we examined
and from the same area), Papatheodorou and Stamou
[51] reported that it is a low-P species and also that it
is P- rather than N-limited. Our results, besides showing
that Q. coccifera is a low-P species (as all evergreen
sclerophyllous species that we studied are), provide evi-
dence that the growth of microbes on its leaves is also
P-limited.

For values of water content less than 73% and of
phosphorus content less than 1.34 mg gj1 d.w., the
population size of the epiphytic bacteria can be predicted
after a leaf structural trait, the thickness of the upper leaf
epidermis; leaves with an upper epidermis thicker than
20.77 are less colonized. The importance of a thick epi-

dermis in limiting epiphytic microbial growth could be
related to barriers that this leaf trait imposes for
transport and release of compounds, necessary for
microbial growth. Cuticular waxes constitute the main
transport barrier in plant cuticles; cuticle permeability to
water increases by up to 1500-fold and to organic com-
pounds by up to 9200-fold, when waxes are extracted
[58]. Yet, they amount to only a few percent of the mass
of cuticles so that cuticle thickness is not related to
permeability [34, 59]. Given the above, the relationship
between the epidermis thickness and the population size
of the epiphytic bacterial population cannot be fully
explained.

As final remarks, we must stress the following points.
(1) We quantified the population sizes of culturable
bacteria only. However, stress has been found to affect
culturability of bacteria, and many plant-associated
bacterial species have not been cultured yet [77]. There-
fore, the bacterial population size and composition of the
leaves of plants growing under dry and hot conditions
may be more complex than what plating onto culture
media can reveal. (2) Because this study was carried out
with samples from a single time point, it cannot be clearly
established that the factors found to control the popula-
tion sizes of epiphytic bacteria are indeed related to
bacterial growth rather than to bacterial survival under the
arid conditions of Mediterranean summer. Also, instan-
taneous measures of constituents only provide a snapshot
of variable leaf constituents over time and may fail to
distinguish between leaf constituents that differ in their
importance to phyllosphere bacterial populations [64].
For these reasons, we are currently conducting a long-
term study with parallel estimations of microbial abun-
dance and leaf constituents over regular time intervals to
have clearer answers regarding these concerns. (3) Regres-
sion trees are descriptive models, and thus, their predic-
tions are valid only within the range of the observed values
of the attributes examined. This means that the depen-
dence of bacterial abundance primarily on the water and
phosphorus contents of the leaves holds true only within
the Mediterranean ecosystem and the range of plant
species that we studied. Despite this, the importance of
this finding is that it provides a hypothesis to be tested
in other Mediterranean ecosystems and in other biomes.
As the background information is limited, comparative
studies of this type may convey new knowledge, reveal
unknown patterns, and give insight as to the general prop-
erties, particularly regarding critical leaf attributes and
their values, governing the leaf-microbe system.
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