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Abstract: Cork oak (Quercus suber L.) has high economic value given by its sustainable production
of cork, and ecological importance in the Mediterranean region. The species is well adapted to the
dry climate, namely through the sclerophyllous nature of its leaves with a well-developed cuticle,
including cutin and cuticular waxes that contribute to protection against drought. Leaves of cork
oaks were collected along one annual cycle, starting from the young leaves in May to the one-year-old
leaves in March. Leaf cutin content and chemical composition were determined by transesterification
subsequently to the determination of cuticular waxes, and leaf features, and were analyzed along
the leaf cycle. Cutin is a major component of the cuticle, representing on average 72.4% of the cutin
and cuticular waxes. Cutin amounted to 71.0 g/1000 g of dry leaves, without significant seasonal
mass proportion variation, while cutin coverage increased from May to December (429.7 µg/cm2

and 575.4 µg/cm2, respectively). In contrast, a clear seasonality was found in cuticular wax mass
proportion and coverage (18.4 g/1000 g of dry leaves and 113.5 µg/cm2 in May, and 28.5 g/1000 g and
235.2 µg/cm2 in September). Cutin is a glyceridic polyester composed by long-chain acids, mainly
ω-hydroxyacids, followed by fatty acids with a few ω-diacids and alcohols, and by a substantial
proportion of aromatics. Cutin composition varied along time with a proportional increase in ω-
hydroxyacids (45.8% in May; 50.8% in December), and a significant decrease in aromatics (24.2% in
May and 8.5% in March). The cuticle seasonal development in the cork oak contributes to protect the
leaves and the trees from the dry summer conditions.

Keywords: cuticular; cuticular waxes; leaf sclerophylly; glyceridic polyester; specific leaf area

1. Introduction

Plant leaves have one important protection barrier made up by a cuticle that covers
their external surface and builds up a continuous extracellular, mostly hydrophobic, mem-
brane on the epidermis that provides protection from biotic or abiotic stresses, namely
from climatic harsh conditions, e.g., by limiting water loss and in heat insulation [1,2]. The
cuticle includes a polymeric cutin matrix and cuticular waxes, linked to the epidermal
cell wall by polysaccharides, also considered part of the cuticle as a cutin–polysaccharide
matrix. Cutin is a polyester formed predominantly by cross-linking through ester bonds
of C16 and C18 hydroxy fatty acids and glycerol, while cuticular waxes comprise very
long-chain fatty acids and derivatives, alcohols, and alkanes as well as terpenes, sterols,
and aromatics, and are soluble in non-polar solvents [3–6]. Cuticular waxes are located
in the cuticle within the cutin matrix as an intracuticular layer, and on the outer surface
of the cutin as an epicuticular layer [3]. Some cuticles also contain a resistant aliphatic
polymer that is not depolymerized by ester-bond hydrolysis, the cutan, that has only a
small proportion of aromatic moieties [7,8].
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The functional properties of the cuticle are given by the structural and chemical
features of the cuticular wax and cutin. The barrier against water diffusion established by
the cuticle is preferentially given by the intracuticular wax since the epicuticular wax does
not function as a transpiration barrier [9]. Water loss is limited mainly by the very long-
chain aliphatic fraction [10–12], whereas the triterpenoids give mechanical and thermal
stability to the cuticle [13,14]. Cutin provides strength and rigidity to the epidermal cells,
contributing to the nanostructure of the surface, and may be important for the interaction
with pathogenic fungi [15,16].

Several reviews have been published on cutin, often associated with suberin which is
a chemically similar polyester and the main cell wall structural polymer of cork, although
specifics on its protective functions and detailed macromolecular composition and assembly
are lacking [7,17]. Knowledge on variability aspects of cutin is particularly scarce, e.g.,
related to species, environmental conditions, and seasonality, albeit its importance for the
potential protection role of the leaf cuticle under changing climatic conditions. This aspect
is particularly relevant in plants growing in desert or drought conditions, more so under
the context of climatic changes in regions where intensification of dryness is expected to
occur. This is the case of the Mediterranean basin for which climate changes of increasing
temperature and decreasing rainfall are foreseen [18].

Cork oak (Quercus suber L.) is one important species in the western Mediterranean
basin, and a considerable economic asset due to cork production that feeds an important
industrial chain [17]. The trees are well adapted to the regional prevailing conditions with
long dry summers, high solar irradiances, air temperatures and vapor pressure deficits,
and very low rainfall while winters are moderately cold. However, the foreseen harshening
of climatic conditions has brought concerns about the future sustainability of cork oak
ecosystems. While cork oak research has been intense regarding cork biology and properties,
as well as on cork processing and applications (as reviewed in Pereira [17]), comparatively
little is known on cork oak leaves and on the characteristics of their cuticle. Cork oaks
develop the new foliage beginning in April and terminating by June, with a leaf duration of
up to approximately 14 months, with most of the older (1-year-old) leaves falling in spring
when shoot growth starts and new leaves appear [19–22].

The leaves are sclerophilic, covered by a substantial cuticle with high amounts of cutin
(corresponding to 518 µg/cm2 of leaf area) and of cuticular waxes (154.3–235.1 µg/cm2) that
contributed to the building up of a nearly impermeable membrane [23,24]. The proportion
and composition of cutin and cuticular waxes were shown to be independent of tree seed
provenance for trees growing in the same environment [23,24].

The seasonal variation in the cork oak leaf cuticle along the leaf cycle will help to
understand the role of the cuticular components on their protective function in association
along leaf development, thereby contributing to design potential adaptation measures for
climate change scenarios. The results obtained for the seasonal variation in the cuticular
waxes from the young leaves in spring to one-year leaves before falling were already
studied and published by our group, showing that the chemical variation in cuticular
waxes along the leaf cycle gives support to the role taken by the intracuticular waxes and
the long-chain lipids as a transpiration barrier during summer droughts [25]. The present
paper addresses the seasonal dynamics of cutin deposition and chemical composition, in
parallel with the associated cuticular wax deposition under the specific leaf morphological
characteristics, thereby allowing a full insight into the cuticle development along the leaf
cycle in association with leaf development and season climatic features. It is hypothesized
that cutin coverage increases in the developing leaves and shows a compositional variation
along the cycle that, in conjunction with the cuticular waxes, will favor the strengthening
of the leaf and the cuticle development for establishing a transpiration barrier. It should be
noted for the sake of experimental accuracy that when referring to cutin it is the material
solubilized by transesterification of the solvent-extracted leaves that is meant while cuticular
waxes refer to the Soxhlet solvent solubilized compounds.
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2. Materials and Methods
2.1. Sampling

Leaves were collected from 21-year-old Quercus suber L. trees grown in a provenance
trial at Herdade Monte Fava, Santiago do Cacém, in central Portugal (38,000′ N, 08070′ W,
altitude 79 m) from seedlings obtained with seeds from different geographical provenances.
The site has a Mediterranean-type climate with dry and hot summers, mildly cold and
wet winters, with most rainfall between October and May, and a long term mean annual
temperature of 15.8 ◦C and mean annual precipitation of 587 mm. A detailed trial and site
description is given elsewhere [26,27]. The leaves were collected from several branches
on the south exposed lower part of the canopy below a height of approximately 2 m,
from two trees from six provenances: Portugal (PT35), Spain (ES11), Italy (IT13), France
(FR3), Morocco (MA27), and Tunisia (TU32). The sampling was carried out along one
annual leaf cycle with five leaf collections: in May 2019, when the new leaves from the
current year spring flushing are almost fully expanded, in September 2019, December 2019,
January 2020, and March 2020. The same trees were sampled in the different periods.
Each sampling amounted to about 100 leaves per tree, therefore, making up a total of
approximately 1200 leaves at each sampling date.

2.2. Morphological Variables

Leaf area and specific leaf area (SLA, cm2/g of leaf dry mass) were measured in
40 leaves for each provenance and sampling time. The detailed methodology based on
image analysis of the leaves was reported in Simões et al. [25].

2.3. Determination of Cuticular Waxes

Whole fresh leaves corresponding to approximately 1.5 g dry mass were extracted
with dichloromethane during 6 h in a Soxhlet apparatus for removal of the epicuticular
and intracuticular waxes from both leaf sides. The amount of the solubilized cuticular
material was determined and expressed on a dry weight basis (g/1000 g dry leaf mass)
and on a leaf surface area (as µg/cm2), corresponding to a leaf surface coverage, and the
area being the two-sided leaf surface area. The detailed methodology was already reported
showing that little amounts of internal lipids or polysaccharides were solubilized under
these conditions [25].

2.4. Determination of Cutin Content

The depolymerization of cutin was carried out by transesterification with a sodium
methoxide (NaOMe)-catalyzed methanolysis applied to the whole leaves after removal of
the cuticular waxes. The protocol followed the methodology applied to cork suberin de-
polymerization [28] and previously adapted to cutin determination in cork oak leaves [24].
A sample of approximately 1.5 g dewaxed leaves was refluxed during 3 h with 100 mL of
a methanolic 3% NaOCH3 solution, filtrated, washed with CH3OH, refluxed again with
100 mL CH3OH during 15 min, and filtrated. The combined filtrates were acidified to
pH 6 with 2 M H2SO4, and evaporated to dryness. The residue was suspended in 50 mL
of water and extracted successively three times with dichloromethane (50 mL each). The
combined dichloromethane extracts were dried over anhydrous Na2SO4 and evaporated to
dryness. Cutin was quantified by determining the mass loss by methanolysis after drying
and weighing the leaves residue, and was expressed in percent of the initial dry weight
basis (g/1000 g dry leaf mass) and on a leaf surface area (as µg/cm2), corresponding to a
leaf surface coverage, the area being the two-sided leaf surface area.
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2.5. Chemical Composition of Cutin

The cutin monomers obtained by transesterification of the dewaxed leaves were
solubilized in dichloromethane and derivatized into silylated derivatives for GC–MS
analysis. Aliquots (5 mL) of the dichloromethane extracts were evaporated under N2
flow and were dried overnight at ambient conditions under a vacuum. The samples were
derivatized in 100 µL of pyridine with 100 µL of bis(trimethylsilyl) trifluoroacetamide at
60 ◦C for 30 min, in order to trimethylsilylate (TMS) the hydroxyl and carboxyl groups
into ethers and esters, respectively. The derivatized samples were immediately injected
in a GC–MS Agilent 5973 MSD with the following GC conditions: Zebron 7HG-G015-02
column (30 m, 0.25 mm; ID, 0.1 µm film thickness), flow 1 mL/min, injector 280 ◦C, oven
temperature program, 100 ◦C (1 min), rate of 8 ◦C/min up to 250 ◦C, rate of 5 ◦C/min up
to 300 ◦C (5 min), rate of 5 ◦C/min up to 350 ◦C (5 min), rate of 10 ◦C/min up to 380 ◦C
(5 min). The MS source was kept at 220 ◦C and the electron impact mass spectra (EIMS)
taken at 70 eV. The compounds were identified as TMS derivatives by comparing with
a GC–MS spectral library (Wiley, NIST) and with published data, as reported in Simões
et al. [24]. The peak area in the GC–MS total ion chromatograms was integrated, and each
peak was quantified in area proportion of the total chromatogram area. Duplicate analyses
were made (with standard deviation below 5%).

2.6. Statistical Analysis

The results are given for each sampling time as the means and their standard deviation
of the six independent provenances’ samples which were analyzed in duplicate, i.e., with
two trees. One-way repeated measures analysis of variance (ANOVA) was performed to
compare the different sampling times. Pairwise differences were evaluated with a Holm–
Sidak post hoc test. Statistical significance was set at p < 0.05. Sigmaplot® (Version 11.0,
Systat Software, Inc., Chicago, IL, USA) was used for all statistical analyses.

3. Results

The seasonal changes in cuticle composition of Quercus suber leaves were followed
along their first year, starting with the young leaves in late spring (May), and ending with
the one-year-old leaves in early spring (March) of the following year before leaf fall. Leaf
size and specific leaf area were measured, and the cuticle development was analyzed in
relation to content and leaf coverage of cuticular waxes and of cutin, as well as with the
study of cutin compositional variation. Microscopic observations of Q. suber leaf anatomy
were already published by our group and are not repeated here [23].

3.1. Leaf Area and Specific Leaf Area

The average leaf area was constant along the studied period at 6.1 ± 2.0 cm2 (Figure 1).
Leaf size variability was large, as shown by the standard deviation of the mean at each
sampling period, and the differences that occurred along the period were statistically
significant (p = 0.002) with the March value different from all the others. Specific leaf area
(SLA) was high in the young leaves (83.7 cm2/g) and declined subsequently to a mean
value of 62.8 cm2/g. The differences were highly significant (p < 0.001), with the May value
being different from all the others (Figure 1).
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Figure 1. Variation in leaf area (LA, empty circles) and specific leaf area (SLA, filled circles) in
Quercus suber along one year (mean of six provenances with two trees per provenance and standard,
deviation as bars).

3.2. Cutin and Cuticular Wax Contents

The variation in cutin and cuticular waxes along the year is summarized in Table 1
as proportion of the leaf dry mass, in g/1000 g, and shown in Figure 2 as leaf coverage,
in µg/cm2.

Table 1. Seasonal variation in cuticular waxes (as solubles by dichloromethane), cutin (as monomers
solubilized by transesterification), and cuticle (as the sum of cutin and cuticular waxes), in mass
proportion of dry leaf mass (g/1000 g) in leaves of Quercus suber (mean of six provenances with
two trees per provenance and standard deviation).

May 2019 September 2019 December 2019 January 2020 March 2020

Cutin (g/1000 g dry leaves) 71.0 ± 16.2 66.2 ± 6.2 71.2 ± 8.7 63.5 ± 6.8 65.5 ± 1.6
Cutin (% of cuticle) 79.3 ± 5.5 70.1 ± 5.0 75.7 ± 4.9 66.3 ± 4.7 70.4 ± 3.4

Cuticular waxes (g/1000 g
dry leaves) 18.4 ± 5.8 28.5 ± 6.0 22.8 ± 4.7 32.8 ± 8.6 b 27.6 ± 4.0

Cuticular waxes (% of cuticle) 20.7 ± 5.5 29.9 ± 5.0 24.3 ± 4.9 33.7 ± 4.7 29.6 ± 3.4

Cuticle (cutin + cuticular waxes)
(g/1000 g dry leaves) 89.3 ± 18.3 94.6 ± 9.0 94.0 ± 8.4 96.3 ± 13.8 93.1 ± 3.3
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Figure 2. Variation in cuticular waxes and cutin contents in Quercus suber L. leaves along one year
(mean of six provenances with two trees per provenance and standard deviation as bars).

In the young leaves in May, cuticular waxes amounted to an average of 18.4 g/1000 g,
and cutin to 71.0 g/1000 g, corresponding to a summed mass of 88.4 g/1000 g. Cuticular
waxes increased substantially during the following summer months to 28.5 g/1000 g in
September, and maintained that proportion with some variations, for instance 22.8 g/1000 g
in December and 32.8 g/1000 g in January (Table 1). The seasonal variation in the cuticular
wax mass proportion in the cork oak leaves was statistically significant (p = 0.004), with
the May value being significantly different from the September, January, and March values.
As regards cutin mass proportion variation along the leaf cycle (Table 1), overall constant
values were found with some small differences (e.g., from 71.2 g/1000 g to 63.5 g/1000 g,
respectively, in December and January) that were not statistically significant (p = 0.510).
Cutin is the major component of the cuticle in cork oak leaves, representing on average
72.4% of the cuticle across the leaf cycle (Table 1).

The cuticular wax coverage was lowest in the young leaves in May (113.5 µg/cm2) and
increased sharply to 235.2 µg/cm2 in September, decreased to 191.3 µg/cm2 in December,
and increased subsequently with the highest value in March (281.2 µg/cm2). The seasonal
variation in the cuticular wax quantity deposited in the cuticle of the cork oak leaves was
statistically significant (p = 0.005), with the May value being significantly different from the
September and March values (Figure 2).

Cutin also showed the lowest coverage in the young leaves in May (429.7 µg/cm2)
and increased steadily in September and December when the highest value was attained
(575.4 µg/cm2), after which a small decrease was observed (Figure 2). The seasonal varia-
tion in the cutin deposited in the cuticle of the cork oak leaves was statistically significant
(p = 0.032), with the January value being significantly different from the December and
March values.



Forests 2023, 14, 334 7 of 13

3.3. Cutin Chemical Compostion

The leaf cutin chemical composition grouped by major chemical families is shown in
Figure 3 in proportion of the total solubilized monomers as determined by GC–MS. Overall,
the major components of cutin are aliphatic long-chain compounds, mainlyω-hydroxyacids
followed by fatty acids and a lower amount of α,ω-diacids and alcohols, accompanied by
a substantial proportion of aromatics. Small amounts of cuticular waxes such as alkanes,
terpenes, and sterols, representing on average 0.3%, 1.1%, and 1.4%, respectively, were
found in the cutin extracts.

Figure 3. Seasonal variation in the cutin chemical families of Quercus suber leaves, in % of the total
monomers released by transesterification of the extracted leaves (mean of six provenances with
two trees per provenance and half standard deviation as bars).

Cutin showed a compositional variation along the leaf development cycle. In the new
spring leaves in May, cutin was composed mainly ofω-hydroxyacids (45.8% of the total
compounds), aromatics (24.2%), and carboxylic acids (16.5%), while α,ω-diacids repre-
sented only 1.6% and alkanols 2.0%. After the summer, the proportion ofω-hydroxyacids
increased (48.4% in September and 50.8% in December) while the proportion of aromatics
decreased significantly from September on (e.g., 21.0% in September, 13.6% in December,
and 8.5% in March).

The complete chemical composition of cutin is summarized in Table 2, showing that
the main monomers are 10,16-dihydroxyhexadecanoic and 9,10,18-trihydroxyoctadecanoic
acid for the ω-hydroxyacids, hexadecanoic acid and 2-hydroxytetradecanoic acid for
the fatty acids, and methyl p-coumarate for the aromatics. The proportion of 10,16-
dihydroxyhexadecanoic (29.3% in May and 18.4% in March) and of the methyl-p-coumarate
(23.0% and 6.3%, respectively) decreased along the leaf cycle.
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Table 2. Seasonal variation in cutin composition in cork oak (Quercus suber) leaves (mean of
six provenances with two trees per provenance), as determined by GC–MS, as a % of total peak
area (only compounds with a proportion over 0.10% are included).

May
2019

September
2019

December
2019

January
2020

March
2020

n-Alkanols
Hexadecan-1-ol 0.24 ± 0.12 0.65 ± 0.48 1.00 ± 0.54 0.77 ± 0.45 0.84 ± 0.51
Octadecan-1-ol 0.21 ± 0.08 0.26 ± 0.13 0.15 ± 0.08 0.10 ± 0.03 0.16 ± 0.06

Eicosan-1-ol 0.17 ± 0.09 0.14 ± 0.09 0.14 ± 0.08 0.13 ± 0.05 0.22 ± 0.33
Docosan-1-ol 0.22 ± 0.10 0.16 ± 0.06 0.18 ± 0.04 0.15 ± 0.02 0.21 ± 0.06

Tetracosan-1-ol 0.81 ± 0.42 0.44 ± 0.23 1.17 ± 0.30 0.65 ± 0.36 0.39 ± 0.15
Hexacosan-1-ol 0.16 ± 0.21 0.40 ± 0.26 0.34 ± 0.12 0.17 ± 0.03 -

1,2-Dodecanediol 0.04 ± 0.07 0.25 ± 0.23 0.27 ± 0.09 0.12 ± 0.09 0.27 ± 0.11

Alkanes
Heptacosane 0.22 ± 0.01 0.06 ± 0.05 0.06 ± 0.03 0.06 ± 0.01 0.07 ± 0.04
Nonacosane 0.08 ± 0.01 0.21 ± 0.16 0.08 ± 0.04 0.17 ± 0.17 0.39 ± 0.34
Triacontane – 0.11 ± 0.06 0.06 ± 0.01 0.06 ± 0.02 0.08 ± 0.03

α,ω–Diacids
Butanedioic acid 0.03 ± 0.02 0.24 ± 0.22 0.02 ± 0.01 0.67 ± 0.20 0.04 ± 0.01
Nonanedioic acid 0.58 ± 0.39 – 0.61 ± 0.25 – 0.74 ± 0.34
Decanedioic acid 1.12 ± 0.66 0.45 ± 0.33 0.13 ± 0.02 9.99 ± 5.40 6.50 ± 3.78

Hexadecanedioic acid 0.40 ± 0.16 0.55 ± 0.21 0.50 ± 0.12 0.31 ± 0.19 0.47 ± 0.11
Eicosanedioic acid 0.54 ± 0.45 0.37 ± 0.28 – – –

Octadecanedioic acid 0.08 ± 0.03 0.08 ± 0.02 0.13 ± 0.02 0.13 ± 0.06 0.15 ± 0.02
Tetracosanedioic acid 0.07 ± 0.03 0.11 ± 0.05 0.05 ± 0.02 0.07 ± 0.04 0.08 ± 0.05

Cis-4-Decene-1,10-dioic acid 0.02 ± 0.01 – 0.10 ± 0.05 – 0.04 ± 0.01
9-Octadecenedioic acid

1,18-dimethyl ester 0.14 ± 0.13 0.24 ± 0.12 0.15 ± 0.09 0.13 ± 0.06 0.10 ± 0.03

10,12-Docosadiynedioic acid 0.09 ± 0.04 – 0.04 ± 0.01 2.10 ± 1.77 –
9,10-Dihydroxyoctadecanedioic acid 0.31 ± 0.17 0.38 ± 0.16 0.43 ± 0.26 0.54 ± 0.61 0.39 ± 0.09

2-Hydroxydecanedioic acid 0.48 ± 0.43 – 0.17 ± 0.11 0.34 ± 0.34 0.30 ± 0.15
2-Hydroxy-3-isopropylsuccinic acid 0.13 ± 0.05 0.17 ± 0.11 0.07 ± 0.03 0.07 ± 0.03 0.11 ± 0.05

ω–Hydroxyacids
16-Hydroxyhexadecanoic acid 1.24 ± 1.02 1.82 ± 1.22 2.66 ± 0.83 1.41 ± 0.92 2.20 ± 0.27

22-Hydroxydocosanoic acid 0.37 ± 0.29 0.45 ± 0.24 1.43 ± 0.79 2.87 ± 2.15 2.02 ± 1.05
9-Octadecenoic acid 18-hydroxy-

methyl ester 1.15 ± 1.78 2.69 ± 1.82 2.08 ± 1.17 1.09 ± 0.69 0.50 ± 0.40

10,16-Dihydroxyhexadecanoic acid 29.28 ± 8.32 25.93 ± 4.15 26.47 ± 3.92 20.22 ± 3.22 18.39 ± 3.46
9,10-Epoxy-18-

hydroxyoctadecanoic
acid

2.30 ± 2.09 2.14 ± 1.91 6.51 ± 2.63 0.49 ± 0.25 8.96 ± 3.82

9,16-Dihydroxyhexadecanoic acid 0.49 ± 0.25 0.30 ± 0.16 0.43 ± 0.13 9.59 ± 5.63 1.41 ± 3.41
9,12-Octadecadienoic acid
18-hydroxy- methyl ester 0.60 ± 0.61 0.30 ± 0.26 0.24 ± 0.10 0.18 ± 0.11 0.50 ± 0.32

9,10,18 Trihydroxyoctadecanoic acid 10.37 ± 6.08 14.97 ± 4.07 11.23 ± 1.49 9.41 ± 4.15 11.57 ± 2.22

Carboxylic acids
Ethanoic acid 0.55 ± 0.42 – 0.13 ± 0.11 0.37 ± 0.22 0.23 ± 0.12
Octanoic acid 2.34 ± 3.17 0.51 ± 0.69 0.52 ± 0.72 0.47 ± 0.90 0.84 ± 0.78
Nonanoic acid 0.18 ± 0.09 0.06 ± 0.11 0.17 ± 0.05 0.10 ± 0.11 0.26 ± 0.09

Dodecanoic acid 0.20 ± 0.27 0.07 ± 0.02 0.08 ± 0.06 0.12 ± 0.10 0.08 ± 0.05
Tetradecanoic acid 0.16 ± 0.19 0.13 ± 0.21 0.30 ± 0.10 0.23 ± 0.21 0.42 ± 0.10
Hexadecanoic acid 3.24 ± 2.52 2.68 ± 1.38 5.49 ± 0.98 5.86 ± 1.74 7.25 ± 1.32
Octadecanoic acid 0.31 ± 0.20 0.43 ± 0.30 0.34 ± 0.10 0.26 ± 0.19 0.41 ± 0.20

Eicosanoic acid 0.21 ± 0.10 0.32 ± 0.20 0.29 ± 0.08 0.22 ± 0.14 0.24 ± 0.10
Docosanoic acid 0.49 ± 0.29 0.31 ± 0.26 0.23 ± 0.15 0.29 ± 0.11 –

Tetracosanoic acid 1.22 ± 1.01 0.38 ± 0.10 0.26 ± 0.07 0.50 ± 0.15 0.69 ± 0.36
Octacosanoic acid 0.07 ± 0.04 0.17 ± 0.17 0.10 ± 0.04 0.13 ± 0.14 0.11 ± 0.04
Triacontanoic acid 0.16 ± 0.13 0.29 ± 0.28 0.23 ± 0.07 0.20 ± 0.19 0.31 ± 0.12

7-Hexadecenoic acid (Z)- – 0.03 ± 0.01 0.06 ± 0.02 – 0.12 ± 0.15
9-Hexadecenoic acid (Z)- – 0.14 ± 0.19 0.03 ± 0.01 0.07 ± 0.01 0.17 ± 0.44

9,12,15-Octadecatrienoic acid
(Z,Z,Z)- 0.42 ± 0.85 0.85 ± 0.71 0.39 ± 0.28 1.36 ± 1.33 0.30 ± 0.27

9,12-Octadecadienoic acid (Z,Z)- 0.38 ± 0.62 2.09 ± 2.28 – 0.40 ± 0.20 0.10 ± 0.08
9-Octadecenoic acid (Z)- 0.20 ± 0.21 1.35 ± 1.81 1.39 ± 1.01 1.35 ± 0.73 0.09 ± 0.08

3,6,9-Octadecatrienoic acid 0.30 ± 0.38 0.23 ± 0.12 – 0.15 ± 0.04 0.11 ± 0.02
13-Octadecenoic acid – – 0.15 ± 0.07 0.12 ± 0.06 0.17 ± 0.06

5,8,11-Eicosatriynoic acid 1.96 ± 2.66 0.20 ± 0.18 0.83 ± 0.47 1.34 ± 0.95 1.51 ± 0.46
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Table 2. Cont.

May
2019

September
2019

December
2019

January
2020

March
2020

2-Oxobutanoic acid 0.11 ± 0.04 0.13 ± 0.11 0.05 ± 0.03 0.07 ± 0.03 0.04 ± 0.02
9-Oxononanoic acid 0.13 ± 0.07 0.14 ± 0.02 0.10 ± 0.04 0.13 ± 0.07 0.24 ± 0.08

Methyl 10-oxo-8-decenoate 0.07 ± 0.04 0.30 ± 0.12 0.06 ± 0.04 0.15 ± 0.08 0.36 ± 0.15
12-Methyl tetradecanoic acid 0.08 ± 0.04 0.07 ± 0.02 0.08 ± 0.08 0.06 ± 0.01 0.13 ± 0.05
14-Methyl hexadecanoic acid 0.08 ± 0.02 0.09 ± 0.03 0.15 ± 0.06 0.11 ± 0.04 0.14 ± 0.04

7-Hydroxyoctanoic acid 0.22 ± 0.15 0.19 ± 0.11 0.27 ± 0.12 0.20 ± 0.09 0.28 ± 0.09
21-Methyl docosanoic acid 0.11 ± 0.04 0.07 ± 0.07 0.14 ± 0.01 0.16 ± 0.04 0.19 ± 0.07

2-Hydroxytetradecanoic acid 2.87 ± 2.07 2.50 ± 1.23 4.15 ± 1.03 4.16 ± 1.48 4.07 ± 1.24
2-Hydroxypentanoic acid – – 0.30 ± 0.41 0.18 ± 0.06 0.35 ± 0.40

Aromatic compounds
Methyl p-coumarate 22.99 ± 12.0 19.58 ± 4.07 11.35 ± 2.01 11.79 ± 2.61 6.29 ± 1.23

Other aromatic compounds 1.09 ± 0.42 2.14 ± 0.36 2.04 ± 0.84 1.24 ± 0.36 2.14 ± 0.36

Glycerol + derivatives
Ethylene glycol 0.13 ± 0.10 0.21 ± 0.16 0.04 ± 0.05 0.12 ± 0.10 0.07 ± 0.05

Glycerol 0.02 ± 0.01 – 0.03 ± 0.02 0.05 ± 0.02 0.10 ± 0.06
Oleoylglycerol 0.20 ± 0.17 0.22 ± 0.18 0.44 ± 0.16 0.32 ± 0.18 0.18 ± 0.06
Monopalmitin – 0.26 ± 0.34 – – –

9,12-Octadecadienoic acid (Z,Z)-
2,3-dihydroxypropyl ester 0.22 ± 0.10 0.29 ± 0.21 0.30 ± 0.18 0.25 ± 0.10 0.37 ± 0.14

Terpernes
Phytol – 0.10 ± 0.10 0.11 ± 0.05 0.11 ± 0.04 –

β-Amyrin 0.24 ± 0.16 0.35 ± 0.20 0.26 ± 0.16 0.35 ± 0.27 0.26 ± 0.09
α-Amyrin 0.16 ± 0.12 0.10 ± 0.10 0.22 ± 0.14 0.10 ± 0.06 0.17 ± 0.15

Germanicol 0.15 ± 0.17 0.13 ± 0.07 0.14 ± 0.14 0.27 ± 0.26 0.16 ± 0.13
Lupeol – 0.33 ± 0.10 0.25 ± 0.18 0.14 ± 0.10 0.24 ± 0.20

D:A-Friedooleanan-7-ol (7α)- 0.07 ± 0.02 0.36 ± 0.39 0.09 ± 0.03 – 0.08 ± 0.04
Friedelan-3-one – 0.19 ± 0.10 0.05 ± 0.02 0.07 ± 0.04 0.09 ± 0.09

Betulin 0.11 ± 0.11 0.08 ± 0.01 – – 0.04 ± 0.02

Steroids
Epimethendiol 0.07 ± 0.03 0.11 ± 0.03 0.14 ± 0.14 0.12 ± 0.06 0.11 ± 0.13

12α-Hydroxy-5α-pregnane-
dimethyl(isopropyl)silyl ether 0.74 ± 0.45 1.01 ± 0.43 1.29 ± 0.24 0.88 ± 0.21 1.08 ± 0.29

β-Sistosterol – 0.46 ± 0.36 0.32 ± 0.24 0.14 ± 0.10 0.27 ± 0.13

Vitamin E
α-Tocospiro A 0.14 ± 0.18 0.13 ± 0.10 0.10 ± 0.05 0.28 ± 0.28 0.39 ± 0.73
α-Tocospiro B 0.10 ± 0.02 0.11 ± 0.05 0.11 ± 0.05 0.11 ± 0.04 0.11 ± 0.04

Other compounds
2-Pentadecanone 6,10,14-trimethyl- – 0.18 ± 0.12 0.10 ± 0.04 0.12 ± 0.05 0.14 ± 0.09

D-Pinitol 0.04 ± 0.01 – 0.08 ± 0.04 0.05 ± 0.05 0.10 ± 0.11
Sitosteryl-3β-D-glucopiranoside 0.08 ± 0.01 0.17 ± 0.11 – 0.021 ± 0.002 0.04 ± 0.01

4. Discussion

The results reported here are the first to be published on the variation in cutin content
and chemical composition in the cuticle along the development of Quercus suber leaves in
association with cuticular wax deposition. Our group recently published data that revealed
a significant seasonal variation in leaf area, specific leaf area, and content and composition
of cuticular wax in cork oak leaves [25].

The leaf developmental pattern of increasing area during the late spring and early
summer to a maximum in the fully expanded leaves in September, followed by a rather
unchanged leaf area throughout the winter [22,29,30], was confirmed in the present study
that showed an average constant leaf area from May to March. The young leaves in May
were already substantially expanded, with only a small leaf area increase to the maximal
area of the fully developed leaves in September (Figure 1). Leaf maturation in the context
of leaf mass development as measured by the specific leaf area (SLA) was highest in the
young leaves in May (Figure 1), showing that in this period leaves expanded quickly and
the tree invested less in dry matter per leaf [31], while after the summer, leaf mass increased
by retention of photosynthetized compounds, and therefore SLA declined since leaf area
remained particularly stable in the fully expanded leaves. Such leaf structure modifications
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facilitate an adaptation to droughts [32,33]. The present results of the seasonal variation
in cork oak leaf morphological traits along the life cycle closely accord with previous
reports [24,34]. Nevertheless, further studies should be carried out with a more extensive
sampling that may elucidate aspects of leaf structural variability within the canopy, since
the present sampling was carried out in the lower canopy, and in trees grown under
different edapho-climatic conditions.

A significant seasonal variation in the cuticular wax quantity by unit area of the
leaf surface has been previously reported [25]. This was confirmed here (Figure 2) with
the lowest cuticular wax leaf coverage in May, in the newly developed leaves, but that
significantly increased subsequently. This suggests that in the spring, with overall mild
temperatures and water availability, priority was given to leaf growth in relation to wax
lipids biosynthesis, since leaves did not yet require special protection. However, in the
dry summer months, from May to September, biosynthesis of leaf wax lipids increased
significantly by a factor of 1.6 (Table 1), allowing for transpiration protection. Reports on
cuticular waxes variation along the development of Q. suber leaves are limited to the present
results and to the previously reported data from our group [25]. Information is also scarce
for other species, but the few available studies also confirm that cuticular wax content
is lower in the initial development stage than in mature leaves after their full expansion,
e.g., in Quercus robur [35], Fagus sylvatica [36], Hedera helix [37], and Actinidia deliciosa [38].
Increasing wax accumulation and building up of a continuous outer leaf coverage are one
strategy to cope with drought conditions [39,40], as a protective mechanism to decease
water loss through the cuticular layer [31,35,36,41]. The need to have a continuous outer
leaf coverage is shown by the regeneration of a wax layer whenever the original epicuticular
wax layer was removed from leaves of various species [42,43].

Cutin biosynthesis and accumulation on the outer surface of the leaf epidermis was
always higher than that of the cuticular waxes (Table 1). While the mass proportion of cutin
in the leaves was constant along the leaf cycle, which may indicate a similar photosynthate
allocation to the cutin monomers, in terms of mass surface coverage, there was an increase
from spring onwards until December (Figure 2), suggesting a structural evolution of the
leaves with a higher increase in thickness than in surface expansion. Detailed anatomical
studies on cork oak leaf development are needed to clarify these dynamics.

As regards cutin chemical composition, the present results clearly show a composi-
tional variation between the young and the mature leaves regarding the proportion of
each chemical family (Table 2). One striking aspect is the fact that methyl coumarates
are important cutin components in the young leaves, with a proportion of 23.0% of the
total monomers, but decreased substantially afterwards to 6.3% in March (Table 2). It is
argued that methyl coumarates are bridging to the polysaccharide layer on the epidermal
cell walls [44], thereby anchoring the cutin macromolecule on the epidermis and overall
strengthening the leaf structure. This process is therefore established in the first leaf de-
velopment stage and out-phased subsequently. The strong links to the polysaccharide
layer on the epidermal cells through esterification may be one of the reasons that justify
the difficulty in isolating the cuticle from cork oak leaves using the applied enzymatic
treatments, as discussed in Simões et al. [24]. With an opposite trend, the proportion of
alkanoic acids increased in the later stages of the leaf cycle (Figure 3).

Cork oak leaf cutin composition is reported only in one previous publication referring
to one single sampling made in March before leaf fall, and its results match those obtained
now for the same sampling time of March (Table 2), respectively,ω-hydroxyacids 44.4% and
45.5%, fatty acids 20.7% and 29.9%, α,ω-diacids 6.5% and 2.9%, and aromatics 12.8% and
8.5% [24]. The findings reported here are the first ones reported on the cutin compositional
variation along the leaf cycle, showing that the cork oak leaf cuticle has seasonal dynamics
in its cutin and cuticular waxes components with most differences occurring between the
young leaves from May and the fully expanded and mature leaves after summer.
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5. Conclusions

The dynamics of cutin proportion and composition in the cuticle of cork oak leaves
were characterized for the first time along one annual development cycle. Cutin builds up
over two thirds of the sum of the cuticle cutin and waxes, and is an important strengthening
component that accompanies the sclerophyllous development of the leaf in the dry summer
months after the major spring surface expansion. There was a seasonal variation in cutin
monomeric moieties, and methyl coumarates were important components during the early
leaf development, in accordance with their potential bridging role onto the epidermal
polysaccharide cell wall layer. The cuticular waxes also accompanied the deposition
pattern associated to maximize protection against dehydration in the summer months of
the Mediterranean climate.
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