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A B S T R A C T

Cuticular wax is the main transpiration barrier against uncontrolled water loss for all aerial plant organs. This
study presents water permeability and chemical composition of the cuticle on the petals and leaves of two
cultivars of Rosa chinensis (‘Movie star’ and ‘Tineke’). Numerous cultivar- and organ-specific differences, such as
the water permeability and total cuticular wax, were detected among rose petals and leaves. Overall, the per-
meability to water is higher in petals than in leaves, varying between 1.8× 10−5 m s−1 (‘Tineke’ leaves) and
1.0× 10−4 m s−1 (‘Tineke’ petals). The cuticular wax coverage ranges from 4.9 μg cm−2 (‘Tineke’ petals) to
13.2 μg cm−2 (‘Movie star’ petals). The most prominent components of the waxes are n-alkanes with the odd-
numbered chain lengths C27 and C29 in petals, and C31 and C33 in leaves. The lower water permeability of leaves
is deduced to be associated with the higher weighted average chain length of their acyclic cuticular waxes. This
study on transpiration via the cuticular wax barrier of the leaf and petal of rose provides further insight to link
the chemical composition to the cuticular transpiration barrier properties.

1. Introduction

The plant cuticle is a thin lipophilic film sealing the outer epidermal
surfaces of most leaves, flowers, fruits and non-woody stems. The pri-
mary physiological function of the plant cuticle is to prevent un-
controlled water loss as a result of biotic and abiotic stress (Riederer
and Schreiber, 2001). The cuticle also plays an important role in reg-
ulating gas exchange, chemical transportation, protection against in-
vasion by microorganisms, and shielding of detrimental ultraviolet ra-
diation (Müller and Riederer, 2005). As the plant cuticle is a chemical
and physical structure, its functional properties are largely determined
by its chemical composition and structural arrangement. The plant
cuticle is mainly composed of cutin polymers and waxes. The cutin
polymers are polyesters that are esterified from monomers consisting of
C16 and C18 fatty acids, and hydroxy fatty acids with additional mid-
chain secondary groups such as hydroxy, carboxy, epoxy, and oxo
groups (Fich et al., 2016). The cuticular waxes are embedded within the
cutin polymers (intracuticular waxes) and deposited on its outer surface
(epicuticular waxes). They have been found to be dominated by
straight-chain aliphatic compounds such as fatty acids, primary alco-
hols, n-alkanes, aldehydes, and alkyl esters; and cyclic compounds such

as triterpenoids and sterols (Samuels et al., 2008).
Depending on the plant species or cultivar, and on the organ, the

total amount and composition of the cutin monomers and waxes vary
widely (Martin and Rose, 2014). These differences account for the
differences in barrier properties, especially regarding the transpiration
barrier function of the cuticle. It has long been known that cuticular
waxes, rather than cutin polymers, form the crucial barrier against
uncontrolled water loss (Schönherr, 1976; Riederer, 1995). Structu-
rally, the barrier properties of the wax layer have been proposed to be
the result of its arrangement into partially highly ordered crystalline
and amorphous zones (Reynhardt and Riederer, 1994). This model in-
dicates that the tight arrangement of aliphatic components pre-
dominantly contributes to the layer's high impermeability to water and
organic and inorganic substances (Schreiber and Schonherr, 2009). Due
to the compositional diversity of cuticular waxes, the properties of the
transpiration barrier differ widely among different plants and organs
(Schreiber and Riederer, 1996; Jetter and Riederer, 2016).

The flower of many plants is thought to help attract insects and
assist pollinators. It has been proved that petals are covered by cuticles,
which are highly comparable to those in other organs (Whitney et al.,
2011). Notably, several studies have reported cuticular wax
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compositions for different petal cuticles. For example, Solanum tuber-
osum L. (potato) and Antirrhinum majus L. (snapdragon) have been
shown to contain relatively high concentrations of n-alkanes and me-
thyl-branched alkanes (Goodwin et al., 2003; Guo and Jetter, 2017).
Similarly, the major cuticular wax components of Vicia faba L. (faba
bean) and Rubus idaeus L. (raspberry) petals were n-alkanes (Griffiths
et al. 1999, 2000). Primary alcohols (21%) and n-alkanes (29%) were
found in similar amounts in the wax layer of Taraxacum officinale (L.)
Weber ex F.H.Wigg. (dandelion, Guo and Jetter, 2017). In the petal wax
mixture of Solanum tuberosum L. (potato), the relatively abundant
components were n-alkanes (35%), 2-methylalkanes (43%), and 3-me-
thylalkanes (19%) (Guo and Jetter, 2017).

During the past half-century, the barrier properties of the cuticular
wax layers of leaves have been elucidated in much detail. In contrast,
few studies have addressed the barrier properties of petal cuticles for
transpiration taking into account their chemical composition. To date,
only one study on Cosmos bipinnatus Cav. petals (Buschhaus et al.,
2015), has attempted to correlate the surface water barrier properties
with the wax components. The wax layer of C. bipinnatus petals has
relatively high concentrations of C22 and C24 fatty acids and primary
alcohols, which are much shorter than those in leaves. Accordingly, the
petal cuticle exhibited weaker transpiration barrier properties than leaf
cuticles. In addition, a comparative study on the chemical composition
of cuticular waxes between two or more organs such as leaf, stem,
flower, and fruit has been conducted (Guo and Jetter, 2017). However,
the contribution of the cuticular components to cuticle functions, par-
ticularly the transpiration barrier properties, has not been studied
comprehensively for petals. To help fill the gap in our understanding of
surface water barrier properties and wax compositional diversity in
petal cuticles, the present study aims to comparatively investigate
water permeability and cuticular waxes of the leaf and petal of two rose
cultivars of Rosa chinensis, ‘Movie star’ and ‘Tineke’.

2. Materials and methods

2.1. Plant materials

Petals of two rose cultivars (R. chinensis Jacq. ‘Tineke’ and R. chi-
nensis ‘Movie star’) were selected as the experimental materials. Rose
seedlings of these two cultivars were grown in pots with soil under a 12-
h day/12-h night light cycle at 20 ± 2 °C and 60 ± 2% relative hu-
midity in a climate chamber at Zhongkai University of Agriculture and
Engineering. The plants were watered daily to keep the soil moist.
Leaves and petals were picked three to seven days after flowering
started for analysis of the water permeability.

2.2. Determination of water permeability

The water transpiration of whole petals was determined to measure
water loss over time. Ten fresh petals without any defects from each
species or cultivar were selected. Before measurement, the petiole of
the petals was sealed with paraffin wax (melting point 60 °C). Samples
were kept at room temperature. The temperature and relative humidity
of the surrounding atmosphere were monitored using a digital ther-
mometer (Anymetre, Guangzhou, China). The weight loss was recorded
every 30min for 4–6 h using a digital balance with a precision of 0.1mg
(BSA-224S, Sartorius, Beijing, China).

The transpiration rate (flux of water vapour; F in g m−2 s−1) was
obtained from the change in the fresh weight of the samples (W in g)
over time (Δt in s) and surface area (A in m2).

=

×
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Δ

The surface area of the petal (A) was obtained by scanning. The
water permeance (P in m s−1) was calculated from the transpiration
rate (F) divided by the driving force:

=

−
∗
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The water vapour saturation concentration at the actual petal
temperature (water vapour content of air at saturation; ∗cwv) was ob-
tained from tabulated values (Nobel, 2009). The water activity for air
(aair) was the relative humidity. The water activity in petal (apetal) was
assumed to be unity (Burghardt and Riederer, 2003).

2.3. Cuticular wax extraction

To extract the cuticular waxes from the surface of leaves and petals,
whole petals and leaves were dipped in chloroform. To avoid contact of
the solvent with the pedicel, the petal and leaf were dipped into
chloroform vertically for 30 s. Each sample was extracted three times
consecutively, and the three extracts were combined. n-Tetracosane
was added to the extracts as an internal standard. The solvent was
evaporated under a gentle stream of nitrogen.

2.4. Wax composition analyses

Prior to further analyses, the dried samples were derivatised with N,
O-bis (trimethylsilyl) trifluoroacetamide in pyridine at 70 °C for 30min.
To determine the quantity of wax components, samples were analysed
using a capillary gas chromatograph (7820A, GC System; Agilent
Technologies, Santa Clara, CA, USA) equipped with a capillary column
(30m×0.32mm, DB-1ms, 0.1 μm film; J&W Scientific, Agilent
Technologies). The GC oven was held at 50 °C for 2min, raised by 40 °C
min−1 to 200 °C, held at 200 °C for 2min, and then raised by 3 °C
min−1 to 320 °C and held at 320 °C for 30min. The carrier gas was
hydrogen. The area of the peaks was compared with that of the internal
standard to achieve the quantity of wax components.

The wax components were analysed using a temperature-controlled
capillary gas chromatograph equipped with a mass spectrometric de-
tector (m/z 50–750, MSD 5975; Agilent Technologies) under the same
gas chromatographic conditions but with helium as carrier gas. Single
compounds were identified based on their electron ionization mass
spectra using authentic standards, the Wiley 10th/NIST 2014 mass
spectral library (W10N14; John Wiley & Sons) or by interpretation of
the spectra according to their retention times and/or by comparison
with literature data.

2.5. Statistical analysis

Statistical analyses were performed using SPSS (23, IBM Corp.,
Armonk, NY, USA) and SigmaPlot 10 (Systat Software, Inc., San Jose,
CA, USA). The normal distribution of data was tested via a
Shapiro−Wilk or Kolmogorov–Smirnov normality test (significance
level, p < 0.05). Comparison analyses were performed by one-way
analysis of variance (ANOVA). SigmaPlot 10 was used to depict the
graphs.

3. Results

3.1. Water permeances and resistances

The water permeability for the petals and leaves of the two cultivars
‘Tineke’ and ‘Movie star’ of R. chinensis, was determined. Owing to the
occurrence of stomata on the abaxial surface of both petals and leaves,
cuticular transpiration was indicated by minimum conductance
(Burghardt and Riederer, 2003). The initial conductance was very high,
and after reaching a certain relative water deficit (RWD), the change of
conductance was constant and linear (Supporting information Fig. S1).
In general, the minimum conductance for rose petals was significantly
higher than in leaves. The overall minimum conductance of petals was
4.1×10−5 m s−1 (‘Movie star’) and 1.0×10−4 m s−1 (‘Tineke’),
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whereas a lower minimum conductance was detected for leaves, of
1.9× 10−5 m s−1 (‘Movie star’) and 1.8× 10−5 m s−1 (‘Tineke’), re-
spectively (Fig. 1).

In addition, to characterize the contribution of the cuticular layer to
the overall barrier properties, the corresponding overall water re-
sistance was calculated for the petals and leaves. The water resistance
of the petals was higher than that of leaves in ‘Tineke’ and ‘Movie star’
(Fig. S2). These results indicate that the overall cuticular barrier
property for water transpiration of rose leaves is better than that of
petals.

3.2. Wax coverage and composition

The chemical composition of the cuticular wax was analysed in both
leaves and petals for comparison. Overall, the cuticular wax layer
coating the petal was 13.2 μg cm−2 for ‘Movie star’, and 4.9 μg cm−2 for
‘Tineke’, a significantly lower wax coverage by comparison (Fig. 2). The
petal waxes mainly consisted of typical very-long-chain fatty acids and
their derivatives (VLCFAs), including fatty acids, primary alcohols, al-
dehydes, n-alkanes, and branched n-alkanes, n-alkenes, etc. (Fig. 3 A B,
Supporting information Fig. S3 and Table S1). In particular, n-alkanes

and n-alkenes were found to be the major components. In the ‘Movie
star’ petal, similar concentrations of n-alkanes (46.8%) and n-alkenes
(47.3%) were detected, whereas n-alkanes occurred in a three-fold
higher concentration (64.3%) than n-alkenes (20.2%) in the petals of
‘Tineke’ (Fig. 3A and B).

Compared to the petal wax, the amount of leaf wax varied only
slightly, from 5.8 μg cm−2 for ‘Tineke’ leaves to 6.7 μg cm−2 for ‘Movie
star’ leaves (Fig. 2). Similar to petal wax, the VLCFAs dominated the
leaf wax mixture, including n-alkanes (36.8% for ‘Movie star’ and
37.4% for ‘Tineke’) and primary alcohols (13.5% and 12.8%); small
amounts of fatty acids and aldehydes were detected in addition to the
dominant components (Fig. 3C and D, Supporting information Fig. S3
and Table S1). Remarkably, relatively high concentrations of alkyl es-
ters (23.9% and 18.1%) were detected in leaf waxes, which were not
found in petal waxes. In addition, leaf waxes were also identified to
contain a fraction of cyclic constituents, such as pentacyclic triterpe-
noids, steroids, and tocopherols (Fig. 3C and D).

3.3. Chain length distribution of acyclic compounds

The acyclic fraction of VLCFAs and their derivatives dominated the
wax in both leaves and petals, which could be regarded as forming a
homologous series. The chain-length distributions were found to be
similar between compound classes within cultivars, while the pre-
dominant carbon chain lengths were substantially different between
leaf and petal. Fatty acids occurred in a fairly broad range of even-
numbered chain lengths (C20 to C34) and were predominated by C30 in

Fig. 1. Permeance for water via the surface of petal and leaf of Rosa chinensis
‘Movie star’ and ‘Tineke’. Data are given as means ± standard deviation
(n=10). The different lowercase letters on the bars indicate significant dif-
ferences (p < 0.05).

Fig. 2. Total amount of cuticular wax on the petal and leaf of Rosa chinensis
‘Movie star’ and ‘Tineke’. Data are given as means ± standard deviation
(n=5). The different lowercase letters on the bars indicate significant differ-
ences (p < 0.05).

Fig. 3. Composition of cuticular wax in Rosa chinensis ‘Tineke’ (A, C) and
‘Movie star’ (B, D). (A, B) Petal; (C, D) leaf. Data are given as means ±
standard deviation (n=5).
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the leaf waxes of both cultivars, while only traces of or no fatty acids at
all were detected in the studied petal waxes (Fig. 4). The primary al-
cohol fraction of leaf wax contained a range of even-numbered chain
lengths from C22 to C34 and were predominated by C26, whereas they
ranged from C26 to C30, with a prominent accumulation of C28 in petals
(Fig. 4). The aldehydes ranged from C26 to C33, with a dominant chain
length of C28, in leaf waxes; small amounts of aldehydes, ranging from
C27 to C29, was also found in ‘Movie star’ petals (Fig. 5). The un-
branched alkyl esters, which were only detected in leaf waxes, ranged
from C38 to C50 (Fig. 5).

The most abundant aliphatic fraction in both leaf and petal waxes
consisted of n-alkanes. The chain lengths of the n-alkanes, which were
predominantly odd-number carbon chains, ranged from C19 to C33, with
mostly C27 alkanes in petals, and from C25 to C34, with C31 and C33

predominating, in leaves, respectively (Fig. 6). In addition, the chain
lengths of unsaturated n-alkanes, n-alkenes, which were only detected
in petal waxes, ranged from C19 to C33, with C27 and C29 being present
in the greatest amounts (Fig. 6).

Altogether, the weighted average chain lengths (ACLs) of acyclic
compounds, which were calculated based on the molar concentration of
VLCFAs, were 34.5 and 33.4 for ‘Movie star’ and ‘Tineke’ leaf waxes,
respectively, whereas lower ACL values of 26.6 and 26.7, respectively,
were found for petal waxes compared to that of leaves (Table 1).

4. Discussion

The present study aimed to elucidate the characteristics of the water
permeability of rose petals and leaves as well as the composition of

Fig. 4. Chain length distribution of fatty acids and primary alcohols in the cuticular wax of Rosa chinensis ‘Movie star’ and ‘Tineke’. (A, C) Petal; (B, D) leaf. Data are
given as means ± standard deviation (n=5).

Fig. 5. Chain length distribution of aldehydes and alkyl esters in the cuticular wax of Rosa chinensis ‘Movie star’ and ‘Tineke’. (A, C) Petal; (B, D) leaf. Data are given
as means ± standard deviations (n=5).
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their cuticular waxes as constituents of the barrier against uncontrolled
water loss. As the primary function of the cuticle is considered to be the
formation of a barrier to protect the aerial plant organs from excessive
water loss, bulk investigations have been conducted on leaves, focusing
on the properties of the cuticular layer as a transpiration barrier. The
permeance for water of investigated leaves varied between
2.6×10−7 m s−1 (Zamioculcas zamiifolia (Lodd.) Engl.) and
4× 10−3 m s−1 (Ipomoea batatas (L.) Lam.) after removing some of the
extreme outliers; most of them were lower than 2× 10−4 m s−1

(Schuster et al., 2017). In addition, a water permeability for leaves in
the range of 1.0× 10−5 m s−1 to 7.2×10−5 m s−1 with an overall
median value of 3.6× 10−5 m s−1 was found for the central 50% of the
investigated species. However, to the best of our knowledge, to date,
only one study has attempted to characterize water transpiration via the
cuticular wax barrier in petals, in C. bipinnatus ‘Sensation Pinkie’
(Buschhaus et al., 2015). The water permeability in C. bipinnatus was
6.7×10−5 m s−1, which was comparable to the range of leaf perme-
abilities for the central 50% of the investigated species (Schuster et al.,
2017). Similar to these results, a relative high-water permeability was
detected in whole petals of ‘Movie star’ (4.1× 10−5 m s−1) and ‘Ti-
neke’ (8.9× 10−4 m s−1). Significant lower values were observed for
their leaves at 1.9× 10−5 m s−1 (‘Movie star’) and 1.8× 10−5 m s−1

(‘Tineke’, Fig. 1).
Accordingly, the water resistance provided by the cuticular barrier

for petals was less effective than that for leaves (Fig. S2). Combining
this result with the data described previously for the resistance to ex-
cessive water loss in C. bipinnatus, the petal cuticles were found to have
relatively poor barrier properties for water transpiration. This might be
related to the special functions that petals have for attraction and

pollination. The fast rates of transpiration for the petals is of great
importance in terms of attracting pollinators, as fast transpiration rates
may be accompanied by the volatilization of aroma components. This
can support the hypothesis that the lower barrier properties of petals
help in the faster volatilization of aroma components, which can help in
the pollination of plants. Further, normally, plants flower only when
environmental conditions are favourable, and petals are relatively
short-lived organs. It is probably not necessary to form such a perfect
transpiration barrier, compared to those of long-lived green leaves.
Similar results and phenomena have been reported based on the com-
parative investigation of cuticular water permeability of plant species
from different habitats (Schreiber and Riederer, 1996) and different
organs such as fruits and leaves (Huang, 2017).

The cuticular wax of plants is considered to be the main cuticular
element that contributes to the efficacy of the transpiration barrier
(Riederer, 1995; Riederer and Schreiber, 2001). Thus, the cuticular
waxes of both petals and leaves were comprehensively analysed. The
total wax covering of the petal surfaces varied between 13.2 μg cm−2

(‘Movie star’ petals) and 4.9 μg cm−2 (‘Tineke’ petals), which falls well
within the reported range for other organs like leaves and stems (Jetter
and Riederer, 2016; Guo and Jetter, 2017). A variable wax load was
also detected in different flower petals. The wax load of C. bipinnatus
petals is relatively low at 2.7 μg cm−2 (Buschhaus et al., 2015). How-
ever, the petal wax load can be as high as 37 μg cm−2 in T. officinale
petals (Guo and Jetter, 2017). In comparison to the reported total wax
load in petals, the total wax load detected for leaves here is relatively
low, with 5.8 μg cm−2 for ‘Tineke’ and 6.7 μg cm−2 for ‘Movie star’
(Fig. 2). A similar or higher total wax coverage was found in previous
studies. The wax coverage was 10.1 and 6.2 μg cm−2 for ‘Apollo Parade’

Fig. 6. Chain length distribution of n-alkanes and n-alkenes in the cuticular wax of Rosa chinensis ‘Movie star’ and ‘Tineke’. (A, C) Petal; (B, D) leaf. Data are given as
means ± standard deviations (n=5).

Table 1
Amount of very long chain acyclic fraction and cyclic fraction (μg cm−2) of wax, ratio of very long chain acyclic fraction to cyclic fraction, and weighted average
chain length (ACL) of the very long chain acyclic fraction of Rosa chinensis ‘Movie star’ and ‘Tineke’ petal and leaf. Data are given as means ± standard deviation
(n=5).

Very long chain acyclic fraction Cyclic fraction Very long chain acyclic fraction/cyclic fraction ACL

‘Tineke’ petal 4.35 ± 0.83 26.67 ± 0.17
‘Movie star’ petal 12.62 ± 2.13 26.59 ± 0.03
‘Tineke’ leaf 4.38 ± 1.72 0.20 ± 0.09 23.32 ± 7.32 33.41 ± 0.32
‘Movie star’ leaf 5.27 ± 1.81 0.20 ± 0.08 26.77 ± 4.54 34.47 ± 0.33
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and ‘Charming Parade’ rose leaves (Jenks et al., 2001), respectively,
and was 28 μg cm−2 for R. canina (Buschhaus et al., 2007). Therefore,
the wax load for petals is also species- and cultivar-specific. In addition,
the cuticular layer contributes significantly more to the overall water
resistance of leaves than to that of petals. Although the total wax load
for leaves and petals varies across a wide range, it could further be
ascertained that there is no significant relationship between the cuti-
cular water permeability and the total accumulation of wax (Riederer
and Schreiber, 2001; Jetter and Riederer, 2016).

The wax mixtures detected in the presently investigated flower
petals and leaves were highly comparable to the typical wax composi-
tions previously reported from petals, leaves or other plant organs. A
recent study on the wax of different vegetative organs in T. officinale
found that n-alkanes and primary alcohols dominated the petal waxes
(Guo and Jetter, 2017). In addition, in flowers of V. faba (Griffiths et al.,
1999) and A. majus (Goodwin et al., 2003), relatively high concentra-
tions of n-alkanes were detected. The wax mixtures on the petals of C.
bipinnatus and Petunia hydrida Vilm. W115 (Petunia) differed largely
from the other investigated petals, which were dominated by primary
alcohols and alkyl esters, while n-alkanes and triterpenoids were found
at low amounts (King et al., 2007; Buschhaus et al., 2015). For the
‘Movie star’ and ‘Tineke’ flowers investigated here, the wax mixtures of
the petals were dominated by n-alkanes (46.8% and 64.3%) and n-al-
kenes (47.3% and 20.2%) (Fig. 3, Supporting information Table S1); no
n-alkenes have been detected in other reported petals. Like in T. offi-
cinale flower wax (Guo and Jetter, 2017), a small amount of aldehydes
was also identified in the petal wax of ‘Movie star’ (Fig. 3). However,
several other compounds that have been reported in relatively minor
amounts in leaf and petal wax mixtures of rose, such as iso-alkanes and
anteiso-alkanes (Goodwin et al., 2003; Guo and Jetter, 2017), n-ketones
(Stoianova-Ivanova et al., 1971), lactone (Hadjieva et al., 1974) and
trialkyltrioxane (Mladenova et al., 1976), could not be positively
identified here.

Relatively few studies so far have quantitatively or qualitatively
compared the variety in the chemical composition of petal and leaf
waxes. In comparison to the petal wax mixtures, the predominant
VLCFAs building the wax layer of the ‘Movie star’ and ‘Tineke’ leaf
cuticles, such as n-alkanes (36.8% and 37.4%), alkyl esters (23.9% and
18.1%) and primary alcohols (13.5% and 12.8%; Fig. 3, Supporting
information Table S1 and Fig. S3), were much more diverse. Notably,
higher amounts of n-alkenes were accumulated in the cuticle of ‘Movie
star’ petals than in that of ‘Tineke’ petals. This difference might provide
some distinct benefit to ‘Movie star’ petals. The major compound classes
identified here highly matched the waxes that were detected in R. ca-
nina leaves (Buschhaus et al., 2007). Moreover, as in R. canina leaves,
small amounts of fatty acids, aldehydes and pentacyclic fractions were
identified in the present study. Comparison of the petal and leaf waxes
for T. officinale at the intraspecific level showed that the wax of both
organs was dominated by n-alkanes and branched n-alkanes (Guo and
Jetter, 2017). C. bipinnatus contains high concentrations of primary
alcohols in the petal wax, while n-alkanes and primary alcohols are the
prominent components of their leaf wax (Buschhaus et al., 2015). Thus,
the compositional variety of waxes may help to further develop our
understanding of the physiological function of differences in the prop-
erties of the wax barrier on the surface of different plant organs.

Comparisons of the acyclic components in the wax profile of flower
and leaf surfaces, in most cases, revealed a distribution of shorter chain
lengths in petal waxes. The aliphatic components of C. bipinnatus petal
wax were shown to be dominated by C22 and C24 primary alcohols and
fatty acids, which were much shorter than the C28 and C30 chains of
fatty acids and primary alcohols as well as the C29 and C31 chains of n-
alkanes in its leaf waxes (Buschhaus et al., 2015). The flowers and
leaves of T. officinale contained C27 to C31 and C27 to C33 branched and
non-branched n-alkanes, respectively (Guo and Jetter, 2017). Similar
prominent components of ester alcohols with chain lengths of C22 to C28

and C28 to C32 were found in P. hydrida flowers and leaves, respectively

(King et al., 2007). The dominant flower wax in Arabidopsis was C29

alkane compared to C31 in leaves (Jenks et al., 1995; Shi et al., 2011). In
the investigated ‘Movie star’ and ‘Tineke’ leaves, the predominant chain
length was C31 and C33 for n-alkanes, C26 for primary alcohols, C30 and
C32 for fatty acids, and C42 for alkyl esters (Figs. 4–6). In contrast to the
chain length distribution in leaf, relative short C27 and C29 carbon
chains of n-alkanes and n-alkenes as well as small amounts of C28 pri-
mary alcohols were detected in the petal waxes of the two cultivars
(Figs. 4 and 6). These results highly matched the typical chain length
distributions, ranging from C22 to C34, for acyclic waxes on flowers or
other vegetative organs (Buschhaus et al., 2015; Jetter and Riederer,
2016). As a result, the predominant pattern for flower waxes displayed
shorter carbon chains than that of leaf waxes.

The variety in total wax coverage, compositional loading, and
carbon chain length distribution in petals and leaves could help to
determine their correlation with the transpiration barrier properties.
Previous studies have attempted to address possible correlations be-
tween the total amount of wax and the properties of the transpiration
barrier; however, such a correlation could not be found, based on data
for leaves (Riederer and Schreiber, 2001) and fruits (Huang, 2017),
either independently or in combination. Therefore, the function of cu-
ticular wax barriers to block excessive water loss was deduced to be
more likely contributed by the wax components (Jetter and Riederer,
2016). For both leaf and petal of the roses ‘Movie star’ and ‘Tineke’, the
major wax components were VLCFAs. The VLCFAs are thought to be the
primary elements forming the transpiration barrier, which were pro-
posed to be tightly aligned and form obstacles in the cuticle in the form
of impermeable flakes (Riederer and Schneider, 1990). As a result,
molecules can only pass through the amorphous zones, which consist
mainly of pentacyclic compounds such as triterpenoids and sterols
(Riederer and Schneider, 1990; Riederer and Schreiber, 2001). The
tight and highly ordered crystalline zones were largely related to the
very-long-chain aliphatic compounds, which are thought to be the
primary elements forming the transpiration barrier. For these aliphatic
compounds, straight carbon chain and carbon chain-length distribute
into highly ordered crystalline zones, while the branched groups or
unsaturated bonds in some aliphatic compounds may largely affect the
crystallinity in the wax layer (Reynhardt and Riederer, 1994). There-
fore, most of the aliphatic compounds in both leaf and petal waxes were
straight carbon chains and saturated. However, notably, the occurrence
of unsaturated compounds, especially n-alkenes in petal waxes, are
essentially absent in leaf waxes of the two cultivars of rose studied here.
Due to the double bonds of n-alkenes in petal wax, the formation of
highly ordered crystalline waxes at the molecular level might be sig-
nificantly disturbed, thus leading to increased rates of cuticular tran-
spiration for petals when compared to leaves.

On the other hand, the chain-length distribution of aliphatic com-
pounds in wax layers plays an important role in barrier properties. In
petals of C. bipinnatus ‘Sensation Pinkie’ (Buschhaus et al., 2015), the
relatively short chain length distribution of acyclic compounds (C22 and
C24 primary alcohols and fatty acids) might broaden the volume for
water transportation in the wax layer, thus leading to a relatively high
water permeability. Likewise, the relatively short chain lengths of the
predominant VLCFA compounds in ‘Movie star’ and ‘Tineke’ were
overall between C26 and C29 in petals, in contrast to those in leaves,
which ranged from C29 to C33. Consequently, the ACL was remarkably
short for petals with 26.6 and 26.7, while it was 34.5 and 33.4 for
leaves, respectively. The ACL has been widely used as a proxy to in-
dicate the wax compositional quality (Poynter, 1989). The results
presented here corroborate the hypothesis that a higher ACL of acyclic
components might be one of the important parameters leading to the
detected lower permeability in olive leaf compared to that in its fruit
(Huang et al., 2017). The longer the chain length of the acyclic com-
ponents is, the higher is the crystallinity of the wax layer; thus, the
longer the pathway that controls water transpiration, the more effective
the barrier. Therefore, the relatively short ACLs in rose petals might be
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one of the main factors for the less efficient transpiration barrier
properties, compared to that of their leaves.

In conclusion, the transpiration of the petals of the two rose culti-
vars is significantly higher than their leaves. The most abundant ali-
phatic compounds in the rose petals were n-alkanes and n-alkenes,
whereas large amounts of primary alcohols, n-alkanes, alkyl esters and
cyclic components were detected in leaf waxes. As a consequence, the
lower ACL in petals, compared to that in leaves, could be a prominent
factor leading to a higher cuticular permeability. Altogether, the pre-
sented results provide further evidence for linking cuticular chemical
composition with the physiological function of blocking water tran-
spiration and a reference for future further exploration of the properties
of the cuticle as a barrier to water in different organs. Additionally, the
diversity in chemical composition may also be related to special func-
tions of petals, such as the effects of the macrostructure of surfaces on
UV reflection and plant–pollinator interactions, which should be further
investigated.
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