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Abstract 1 

Barrier properties of the hydrophobic plant cuticle depend on its physicochemical 2 

composition. The cuticular compounds vary considerably among plant species but also among 3 

organs and tissues of the same plant and throughout developmental stages. As yet, these 4 

intraspecific modifications at the cuticular wax and cutin level are only rarely examined. 5 

Attempting to further elucidate cuticle profiles, we analysed the adaxial and abaxial surfaces 6 

of the sclerophyllous leaf and three developmental stages of the drupe fruit of Prunus 7 

laurocerasus, an evergreen model plant native to temperate regions. According to gas 8 

chromatographic analyses, the cuticular waxes contained primarily pentacyclic triterpenoids 9 

dominated by ursolic acid, whereas the cutin biopolyester mainly consisted of 9/10,ω-10 

dihydroxy hexadecanoic acid. Distinct organ- and side-specific patterns were found for 11 

cuticular lipid loads, compositions and carbon chain length distributions. Compositional 12 

variations led to different structural and functional barrier properties of the plant cuticle, 13 

which were investigated further microscopically, infrared spectroscopically and 14 

gravimetrically. The minimum water conductance was highlighted at 1 × 10-5 m s-1 for the 15 

perennial, hypostomatous P. laurocerasus leaf and at 8 × 10-5 m s-1 for the few-month-living, 16 

stomatous fruit suggesting organ-specific cuticular barrier demands. 17 

 18 

Keywords: plant cuticle; cuticular waxes; cutin matrix; ATR-FTIR; minimum water 19 

conductance; cuticular water permeability; Prunus laurocerasus 20 
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1. Introduction 1 

The plant cuticle is an essential extracellular layer covering the epidermal cells of almost all 2 

primary aboveground plant surfaces. It acts as the first barrier against abiotic stresses such as 3 

uncontrolled water loss, excessive solar radiation, extreme temperature and mechanical 4 

damage, and biotic stresses as susceptibility to microbial infestation or adverse organ fusion 5 

(Krauss et al. 1997, Reina-Pinto and Yephremov 2009, Martin and Rose 2014). These 6 

protective functions of the plant cuticle depend on the physicochemical properties of its 7 

components (Bernard and Joubès 2013). 8 

The composition of the hydrophobic plant cuticle varies considerably among plant species, 9 

plant organs and tissues of the same plant and throughout developmental stages (Hauke and 10 

Schreiber 1998, Jetter et al. 2006, Bourgault et al. 2020). Basically, the plant cuticle consists 11 

of a cutin biopolymer mainly composed of esterified ω-hydroxy hexadecanoic acids and 12 

octadecanoic acids possessing mid-chain hydroxyl, carbonyl and/or epoxy groups, 13 

polysaccharide moieties originating from epidermal cell walls and cuticular waxes, which 14 

impregnate the cutin matrix (Holloway 1982, Graça et al. 2002, Fich et al. 2016). Cuticular 15 

waxes contain very-long-chain aliphatic compounds and, in some cases, a substantial amount 16 

of pentacyclic triterpenoids (Samuels et al. 2008, Yeats and Rose 2013, Philippe et al. 2020). 17 

All of these components are responsible for the crucial barrier properties of the plant cuticle, 18 

whereas cuticular waxes make a contribution of more than 96% to the barrier against water 19 

loss (Burghardt and Riederer 2006, Leide et al. 2007, Isaacson et al. 2009). Thus, one of the 20 

most important features related to the cuticular waxes is the limitation of the non-stomatal 21 

water loss, which is the minimum and unavoidable water loss of plants (Kerstiens 2006, 22 

Bueno et al. 2019). In leaves, the water permeability varies from 10-7 to 10-4 m s-1 (Kerstiens 23 

1996, Schuster et al. 2017), for example 5 × 10-6 in Prunus laurocerasus, 7 × 10-6 in Prunus 24 

avium, 1 × 10-5 in Malus domestica and 2 × 10-5 in Olea europaea (Kerstiens 1995, Schreiber 25 
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et al. 2006, Huang et al. 2017). The water permeability of fruits was examined only in few 1 

cases, and its variability is lower than that of leaves, such as 5 × 10-5 in M. domestica, 9 × 10-5 2 

in O. europaea and 2 × 10-4 in P. avium (Athoo et al. 2015, Huang et al. 2017, Leide et al. 3 

2018, Diarte et al. 2019). 4 

P. laurocerasus is a laurophyllous shrub of the Rosaceae family frequently used as a model 5 

plant to investigate the physiological significance of cuticular waxes, and how these 6 

compounds contribute to the cuticular water permeability (Schreiber and Riederer 1996, 7 

Kirsch et al. 1997, Schreiber 2001, Zeisler and Schreiber 2016, Staiger et al. 2019). However, 8 

almost all of the prior studies focused exclusively on the astomatous adaxial surface of P. 9 

laurocerasus leaves. The cuticular lipid composition, the cuticle structure or the functional 10 

impact of the abaxial leaf surface of P. laurocerasus have not been extensively studied, 11 

although previous reports by Jetter et al. (2000) and Yu et al. (2008) indicate that both leaf 12 

surfaces differ substantially in their cuticular wax coverage. 13 

For this reason, our study aimed to analyse the interaction of compositional, structural and 14 

functional characteristics of both leaf surfaces and, additionally, the fruit of P. laurocerasus, 15 

whose cuticle profile has never been investigated. To date, the organ specificity of the plant 16 

cuticle has been only rarely documented such as for the leaf and fruit cuticle of O. europaea 17 

(Huang et al. 2017). Using P. laurocerasus as a model plant (Fig. 1A), we aim to improve the 18 

understanding of the relationship between the variability of cuticular lipid composition and its 19 

respective barrier properties by answering the following main questions: 20 

(I) What are the side-specific differences in cuticular lipid composition and load between the 21 

astomatous adaxial and the stomatous abaxial leaf surface (Fig. 1B, 1D)? What functional 22 

effect a discrepancy between both leaf sides may have? 23 

(II) What are the differences at the cuticular level among different plant organs? Does the life 24 

span of a perennial leaf and a few-month-living fruit play any role (Fig. 1C)? 25 
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(III) What are the cuticular alterations of the fruit at different developmental stages (Fig. 1E)? 1 

Does the fruit cuticle share common features with fruits of other rosaceous plant species? 2 

 3 

2. Materials and methods 4 

2.1. Plant material 5 

Prunus laurocerasus L. cultivar `Herbergii´ plants were cultivated in the Botanical Garden of 6 

Würzburg, Germany. Fully expanded leaves and fruits at the mature green (green), the turning 7 

red (red) and the fully ripe purple-black (black) developmental stage were investigated. 8 

 9 

2.2. Functional trait measurements 10 

The surface area of the leaf lamina without the petiole was determined according to the pixel 11 

values of the planar surface scanned at high resolution (600 dpi) in comparison to a reference 12 

area (Corel PHOTO-PAINT 2018). Fruits were assumed to be perfect spheres to calculate the 13 

fruit surface area. Fruit diameter was standardised as the mean between its vertical and 14 

horizontal diameter. The fresh weight and the dry weight after five-day dehydration at 60°C 15 

(Memmert UF55) were measured (Sartorius MC-1 AC210S). For the relative water content, 16 

the fresh weight of leaves and fruits was related to their respective dry weight. The specific 17 

surface area was calculated as quotient from the leaf surface area or fruit surface area and the 18 

oven-dry weight. 19 

 20 

2.3. Cuticular membrane isolation 21 

Cuticular membranes were enzymatically isolated by incubating small sections of leaves and 22 

fruits at room temperature with 1% (v/v) pectinase (Trenolin SuperPlus, Erbslöh), and 1% (v/v) 23 

cellulase (Celluclast, Novo Nordisk AIS) in 20 mM citric acid (Roth), pH 3.0, containing 1 24 
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mM sodium azide (Sigma-Aldrich). The enzyme solution was exchanged weekly. Isolated 1 

cuticular membranes were extensively washed in deionised water and air-dried. 2 

 3 

2.4. Microscopic examinations 4 

2.4.1. Auto-fluorescence microscopy 5 

Small sections of leaves and fruits were cut out and embedded in a tissue-freezing medium 6 

(Sakura Tissue-Tek O.C.T.) at -20°C. Afterwards, slices with a thickness of approximately 30 7 

µm were cut with a microtome (Leica CM1900 Cryostat) and examined with a Leica DMR 8 

HC microscope (excitation filter BP 355 to 425, suppression filter LP 470) coupled with a 9 

Leica DC 50 camera (Leica IM 1000 image software). 10 

 11 

2.4.2. Scanning electron microscopy 12 

The isolated cuticle of leaves and fruits was mounted on an aluminium holder using a 13 

conductive double-sided adhesive tape (Plannet Plano). Surfaces were sputter-coated with 10 14 

nm to 15 nm gold/palladium (80/20, 25 mA, partial argon pressure 0.05 mbar; Balzers Bal-15 

Tec SCD 005) for 150 s and examined with a field emission scanning electron microscope 16 

(JEOL JSM-7500F) at 5 kV acceleration voltage and a 10 nm working distance. 17 

A 200 times magnified scanning electron micrograph was used for the determination of the 18 

stomatal density. 19 

 20 

2.5. Determination of water permeability 21 

2.5.1. Minimum water conductance 22 

The minimum water conductance was gravimetrically determined and represented the lowest 23 

and unavoidable water loss of stomatous leaves and fruits when their stomata are maximally 24 

closed. Stomatal closure was induced by a dehydration process in darkness. The weight loss 25 
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of leaves and fruits was monitored over time (Sartorius MC-1 AC210S). Petioles and 1 

peduncles were sealed with high-melting paraffin (Roth). Silica gel (AppliChem) was used to 2 

control the atmospheric humidity. The water vapour flux was calculated from the loss of fresh 3 

weight over time and the total surface area defined as: water vapour flux = ∆fresh weight / 4 

(∆time × surface area). 5 

Dividing the water vapour flux by the driving force for water loss from the outer epidermal 6 

cell wall to the surrounding atmosphere, the minimum water conductance was obtained: 7 

minimum water conductance = water vapour flux / (cwv sat × αapo – cwv sat air × αair). The driving 8 

force for water vapour-based conductance is defined by the difference between the saturation 9 

concentration of water vapour in leaves or fruits at the actual temperature (cwv sat) and the 10 

surrounding atmosphere (cwv sat air) multiplied by the water activity in the epidermal apoplast 11 

(αapo) or in the atmosphere (αair). The water activity in the epidermal apoplast (αapo) adjacent 12 

to the inner side of cuticle was assumed to be ≈ 1, and the water activity of the atmosphere 13 

(αair) over silica gel was ≈ 0. The actual temperature of leaves and fruits was measured at 14 

intervals of 30 min using an infrared laser thermometer (Harbor Freight Tools), and the 15 

corresponding, temperature-depending saturation concentration of water vapour was derived 16 

from tabulated values (Nobel 2009). 17 

 18 

2.5.2. Cuticular water permeability 19 

The cuticular water permeability of the astomatous adaxial leaf surface was gravimetrically 20 

determined using three different experimental techniques (Fig. 1F). At first, the stomatous 21 

abaxial leaf surface was masked with adhesive aluminium tape in order to avoid stomatal 22 

effects, and the petiole was sealed with high-melting paraffin (Roth). In this technique, the 23 

leaf was enveloped (Hoad et al. 1996). Secondly, leaf discs were placed into stainless steel 24 

transpiration chambers with the astomatous adaxial surface outwards (Schreiber 2001). 25 
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Thirdly, the isolated cuticle of the adaxial leaf surface was mounted into transpiration 1 

chambers (Schönherr and Lendzian 1981). The transpiration chambers were closed with a 2 

steel ring, filled with deionised water and the interfaces sealed with Teflon paste (Roth) and 3 

adhesive tape (Tesa). 4 

The water vapour flux was calculated from the weight loss (Sartorius MC-1 AC210S) over 5 

time per surface area defined as: water vapour flux = ∆fresh weight / (∆time × surface area). 6 

The cuticular water permeability was determined from the water vapour flux divided by the 7 

driving force for water loss, which was determined by the saturation concentration of water 8 

vapour (c*wv; Nobel 2009): cuticular water permeability = water vapour flux / c*wv × (α – 9 

αair). The water activity (a) in leaves or transpiration chambers was assumed to be ≈ 1, and the 10 

water activity in the surrounding atmosphere (αair) over silica gel (AppliChem) was ≈ 0. 11 

The water permeability was measured at temperatures ranging from 10°C to 50°C with an 12 

interval of 5°C (Memmert IPP110). The atmospheric humidity and temperature were 13 

controlled throughout the experiments (Testoterm Thermo-/Hygrometer 6010). 14 

 15 

2.6. Extraction and gas chromatographic analysis of cuticular waxes 16 

Cuticular waxes were extracted from the isolated cuticle with trichloromethane (Roth) at 17 

room temperature for 20 min. For the gas chromatographic analysis, n-tetracosane (C24 n-18 

alkane; Fluka) was added as internal standard. Afterwards, the extracted cuticular waxes were 19 

dried under a continuous flow of nitrogen and derivatised with N,O-bis-trimethylsilyl-20 

trifluoroacetamide (Macherey-Nagel) and pyridine (1:1, v/v; Merck) at 70°C for 60 min, in 21 

order to obtain trimethylsilyl ether and esters from hydroxyl or carboxyl groups. 22 

For the quantification and identification of the cuticular waxes, extracts were diluted with 23 

trichloromethane and injected in a gas chromatograph (Agilent Technologies 6850 Network 24 

GC system) coupled to a flame ionisation detector and a gas chromatograph (Agilent 25 
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Technologies 6890N Network GC system) coupled to a mass spectrometer (Agilent 1 

Technologies 5977A MSD) in on-column mode. Capillary columns (Agilent J&W DB-1HT, 2 

30 m length × 0.32 mm diameter × 0.10 µm film) were used and hydrogen or helium as the 3 

carrier gas. The gas inlet pressure was programmed at 50 kPa for 5 min, 3 kPa min-1 to 150 4 

kPa, and at 150 kPa for 40 min. Temperature-programmed gas chromatographic conditions 5 

consisted of injection at 50°C for 2 min, then raised to 200°C by 40°C min-1, holding for 2 6 

min at 40°C, then raised to 320°C by 3°C min-1, and, finally, held for 30 min at 320°C. 7 

Cuticular waxes were identified by the electron ionisation-mass spectra. 8 

The distribution of carbon chain lengths was calculated as the average of carbon chain 9 

lengths, defined as: ACL = Σ (Cn × n) / Σ (Cn), where Cn was the abundance of aliphatic 10 

moieties with n carbon units (Poynter and Eglinton 1990). 11 

 12 

2.7. Fourier transform infrared spectroscopy of cuticular waxes 13 

Infrared spectra of cuticular waxes were obtained with a Fourier transform infrared 14 

spectrometer (Bruker Tensor 27) in horizontal attenuated total reflection (ATR) mode using 15 

the BIO-ATR II unit (Bruker) equipped with a zinc selenide crystal. The extracted cuticular 16 

waxes were applied to the crystal as a solution of trichloromethane (Roth). After evaporation 17 

of the organic solvent at 90°C, the temperature was adjusted at 20°C by a stainless-steel 18 

envelope as part of the BIO-ATR II unit and a custom-made sample holder connected to the 19 

water circuit of a thermostat (Thermo Scientific Haake DC30-K20). Infrared spectra were 20 

scanned in a wavenumber range from 4000 cm-1 to 670 cm-1. The resolution was set to 2 cm-1 21 

with an acquisition time of 120 scans. The BIO-ATR II unit was continuously purged with 22 

dry, carbon dioxide-free air (K-MT-LAB 3, Parker Hannifin). The OPUS 7 (Bruker) software 23 

was used to analyse the spectra. 24 
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For melting curve analysis of cuticular waxes, infrared spectra were recorded from 20°C to 1 

92°C using the asymmetric stretching vibration of methylene groups between 2916 cm-1 and 2 

2924 cm-1. The initial temperature was set to 20°C and, then, raised at temperature intervals of 3 

4°C to 44°C and in 1°C steps to 92°C. 4 

 5 

2.8. Transesterification, extraction and gas chromatographic analysis of cutin monomers 6 

The isolated, dewaxed cuticle was transesterified with boron trifluoride in methanol (Sigma-7 

Aldrich) overnight at 70ºC to obtain methyl esters of cutin acid monomers. Afterwards, 8 

sodium-chloride saturated aqueous solution and trichloromethane (1:1, v/v; Roth) and n-9 

dotriacontane (C32 n-alkane; Sigma) as internal standard were added. From this two-phase 10 

system, the transmethylated cutin monomers were extracted three times with 11 

trichloromethane. The combined organic phases were dried over anhydrous sodium sulphate 12 

(AppliChem) and filtered. Subsequently, the organic solvent was evaporated under a 13 

continuous flow of nitrogen. Derivatisation and gas chromatographic analysis were performed 14 

according to the cuticular wax analysis with the same equipment. Separation of cutin 15 

monomers was carried out at 50 kPa for 60 min, 10 kPa min-1 to 150 kPa, and at 150 kPa for 16 

30 min. The gas chromatographic conditions consisted of injection at 50°C for 1 min, then 17 

raised by 10°C min-1 to 150°C, held for 2 min, and by 3°C min-1 to 300°C, held at this 18 

temperature for 30 min. 19 

 20 

2.9. Statistical analysis 21 

Statistical analysis was performed using Kruskal-Wallis analysis of variance (Dell Statistica 22 

13.1). Values of p < 0.05 were considered significantly different. 23 

 24 

3. Results 25 
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3.1. Functional attributes of Prunus laurocerasus leaves and fruits 1 

In order to characterise both plant organs, different functional leaf and fruit traits of P. 2 

laurocerasus were measured. Total leaf surface area with 94.3 cm2 (Fig. 2A), specific leaf 3 

surface area with 6.1 m2 kg-1 (Fig. 2B), and leaf fresh weight with 2.0 g (Fig. 2C) were 24 4 

times, six times and two times higher compared to black fruits, respectively. Leaves and black 5 

fruits exhibited a relative water content of about 60% but the relative water content of green 6 

and red fruits was higher averaging at 73% (Fig. 2D). A contrasting juxtaposition of fruits at 7 

different developmental stages showed that the functional traits were equal in green and red 8 

fruits. However, black fruits had a 1.3 times higher total surface area with 3.9 cm2 and a two 9 

times higher fresh weight with 1.0 g in comparison to green and red fruits, whereas the 10 

specific surface area with 1.0 m2 kg-1 was only a half that of the less mature fruits. 11 

 12 

3.2. Cuticular structure of Prunus laurocerasus leaves and fruits 13 

Cross sections of P. laurocerasus leaves and fruits illustrated the cuticle thickness and 14 

revealed differences in cuticle structure between both plant organs. Auto-fluorescence 15 

micrographs highlighted the continuous cuticularisation of the outer periclinal, epidermal cell 16 

wall in leaves and fruits. Furthermore, these micrographs showed that cuticular pegs 17 

indicating to a thickening of the cuticle between anticlinal, epidermal cell walls were only 18 

present in fruits (Fig. 3A-3E). 19 

Electron microscopic studies showed that the adaxial and abaxial leaf surfaces were covered 20 

with a smooth epicuticular wax film accompanied by irregular small wax platelets or scales 21 

(Fig. 3F-3G). Moreover, leaves of P. laurocerasus were hypostomatous having stomata only 22 

on the abaxial leaf surface. The stomatal density averaged at 130.3 pores mm-2. The surface 23 

structure of green fruits was comparable to that of P. laurocerasus leaves, whereas red and 24 

black fruits had a rough epicuticular wax crust with irregular small wax platelets (Fig. 3H-3J). 25 
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The stomatal density of fruits with about 32.4 pores mm-2 was four times lower compared to 1 

the abaxial leaf surface. 2 

 3 

3.3. Cuticular lipid composition of Prunus laurocerasus leaves and fruits 4 

3.3.1. Cutin matrix of Prunus laurocerasus leaves and fruits 5 

The total amount of cutin monomers on the adaxial leaf surface of P. laurocerasus was twice 6 

as high as the cutin deposition on the abaxial leaf surface (Fig. 4A). Despite these quantitative 7 

differences of 136.4 µg cm-2 and 68.6 µg cm-2, the cutin matrix composition was similar on 8 

both leaf surfaces incorporating ω-hydroxy alkanoic acids, α,ω-dicarboxylic acids, alkanoic 9 

acids, primary alkanols and hydroxy cinnamic acids. Predominant aliphatic cutin monomers 10 

were 9/10,ω-dihydroxy hexadecanoic acid, 9,10-epoxy ω-hydroxy octadecanoic acid and 11 

9,10,ω-trihydroxy octadecanoic acid (Fig. 5A). These cutin monomers together represented 12 

75% of the total cutin deposition on the adaxial leaf surface and 71% on the abaxial leaf 13 

surface. The main aromatic cutin monomer was trans 4-hydroxy cinnamic acid with about 2% 14 

of the total cutin deposition. 15 

The cutin matrix on green and red fruit surfaces was significantly reduced compared to both 16 

leaf surfaces. The cutin monomeric load was quantified to only 34.1 µg cm-2 and 30.6 µg cm-
17 

2, respectively. Their cutin composition corresponded to the adaxial leaf surface and was 18 

dominated by 9/10,ω-dihydroxy hexadecanoic acid, 9,10-epoxy ω-hydroxy octadecanoic acid 19 

and 9,10,ω-trihydroxy octadecanoic acid (> 70% total cutin monomers; Fig. 5B). In addition 20 

to these three ω-hydroxy alkanoic acid derivatives, black fruits exhibited substantial amounts 21 

of hexadecanoic acid and octadecanoic acid, as well as a comparatively high abundance of 22 

3,4-dihydroxy cinnamic acid on their surface. Thus, black fruits accumulated a total of 60.5 23 

µg cm-2 cutin, which was in the same range as the cutin deposition on the abaxial leaf surface 24 

but with a distinctly different cutin matrix composition. 25 
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The average carbon chain length of long-chain ω-hydroxy alkanoic acids representing 1 

characteristic cutin monomers was proportionally lower on the abaxial leaf surface with 16.8 2 

compared to the adaxial leaf and the green, red and black fruit surfaces with about 17.4. This 3 

shift highlighted the reduced proportion of 9,10-epoxy ω-hydroxy octadecanoic acid and 4 

9,10,ω-trihydroxy octadecanoic acid on the abaxial leaf surface. Very-long-chain primary 5 

alkanols and alkanoic acids up to a carbon chain length of 34 were identified in the aliphatic 6 

cutin fractions of P. laurocerasus leaf and fruit surfaces but at a substantially lower level than 7 

the long-chain aliphatic cutin monomers. Both compound classes exhibited a carbon chain 8 

length distribution similar to that of the cuticular waxes. 9 

 10 

3.3.2. Cuticular waxes of Prunus laurocerasus leaves and fruits 11 

The total amount of cuticular waxes was significantly different between the adaxial and 12 

abaxial leaf surfaces of P. laurocerasus (Fig. 4B). The highest cuticular wax load was 13 

detected on the adaxial leaf surface with 79.8 µg cm-2. Distinctly lower was the cuticular wax 14 

coverage of the abaxial leaf and the fruit surfaces at the three developmental stages at an 15 

average of 65.3 µg cm-2. Compound classes of the cuticular waxes were very-long-chain 16 

alkanoic acids, n-alkanes, secondary alkanols, primary alkanols, alkyl acetates and alkyl 17 

esters, as well as tetracyclic sterols and pentacyclic triterpenoids but with organ- and side-18 

specific distributions. 19 

The cuticular wax composition of leaves and fruits was dominated by pentacyclic 20 

triterpenoids (about 87% of the total cuticular waxes). The alicyclic compounds ursolic acid 21 

(about 59%), oleanolic acid (about 11%) and hederagenin (about 7%) were identified in high 22 

quantities in the cuticular waxes of both plant organs (Fig. 6A-6C). The aliphatic wax fraction 23 

of the adaxial and abaxial leaf surfaces mainly consisted of very-long-chain n-alkanes, 24 

primary alkanols and alkyl esters (about 14% of the total cuticular waxes). The mixture of n-25 
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alkanes, alkanoic acids and primary alkanols constituted the main proportion of the aliphatic 1 

wax fraction of P. laurocerasus fruits (about 10%). The principal aliphatic wax compounds in 2 

leaves were n-nonacosane (C29 n-alkane) and n-hentriacontane (C31 n-alkane) with 8% of the 3 

total cuticular waxes on the adaxial and 5% on the abaxial leaf surfaces, but n-nonacosane 4 

(C29 n-alkane) and triacontanoic acid (C30 alkanoic acid) predominated in fruits with 4% for 5 

green, 6% for red and 7% for black fruits. 6 

Hence, the proportionate distribution of the alicyclic and the aliphatic wax fractions was 7 

different, with the highest aliphatic proportion found on the adaxial leaf surface and the 8 

lowest on the surface of green fruits. An organ- and side-specific carbon chain length 9 

distribution resulted from different aliphatic wax compound classes with varying predominate 10 

wax compounds. The average of carbon chain length distribution calculated for the aliphatic 11 

wax fraction amounted to 31.8 for the adaxial and 33.4 for the abaxial leaf surfaces, and 29.7 12 

for P. laurocerasus fruit surfaces. 13 

 14 

3.4. Spectroscopic features of Prunus laurocerasus leaf and fruit cuticular waxes 15 

By means of infrared spectral studies of cuticular waxes, absorbance maxima were obtained 16 

by stretching and bending vibrations of hydrocarbons and oxygen-bearing moieties, 17 

respectively. The infrared spectra of leaf cuticular waxes were dominated by asymmetric and 18 

symmetric hydrocarbon stretching vibration of methylene groups located at 2916 cm-1 and 19 

2848 cm-1 (Fig. 6D). Moreover, hydrocarbon bending vibration led to absorbance intensities 20 

at 1462 cm-1, 1377 cm-1 and 719 cm-1. Strong carbon-oxygen double bond stretching vibration 21 

of carbonyl groups centred at 1688 cm-1. Intermediate absorbance at 1255 cm-1 and at 1039 22 

cm-1 showed carbon-oxygen stretching vibration of hydroxyl groups and at 1166 cm-1 23 

asymmetric carbon-oxygen-carbon stretching vibration of esters bonds. High absorbance at 24 
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1641 cm-1 indicated a stretching vibration of unsaturated hydrocarbons containing a carbon-1 

carbon double bond but predominately for the adaxial leaf surface. 2 

Infrared spectral properties of fruit cuticular waxes were similar to those of the abaxial leaf 3 

surface (Fig. 6E). The main difference was found for the ratio of absorbance intensities of 4 

methylene group stretching vibrations versus carbonyl group stretching vibrations, which 5 

were distinctly lower for cuticular waxes of green and red fruits in comparison to black fruits 6 

and both leaf surfaces. 7 

 8 

3.5. Cuticular barrier properties of Prunus laurocerasus leaf and fruit cuticle 9 

The minimum water conductance was determined for P. laurocerasus leaves and fruits with 10 

maximally closed stomata (Fig. 7A). Leaves exhibited a minimum water conductance of 1.2 × 11 

10-5 m s-1 and, thus, a six times lower value compared to fruits with about 8.2 × 10-5 m s-1 12 

regardless of the developmental stage. 13 

The cuticular water permeability was examined for the astomatous adaxial leaf surface of P. 14 

laurocerasus using three different techniques, leaf envelops and leaf discs and isolated leaf 15 

cuticles placed into transpiration chambers (Fig. 7B). A contrasting juxtaposition of minimum 16 

water conductance of leaves and cuticular water permeability of the adaxial leaf surface 17 

resulted in an equivalent water permeability of about 1.4 × 10-5 m s-1. The minimum water 18 

conductance of leaves and the cuticular water permeability of the adaxial leaf surface were 19 

constant throughout a temperature range of 10°C to 40°C and only slightly increased at 20 

temperatures higher than 40°C. 21 

Melting curves of cuticular waxes were analysed within the temperature range of 20°C and 22 

92°C. As indicated by infrared spectroscopy, midpoints of the melting range of cuticular 23 

waxes were at 63.7°C for the adaxial and at 63.3°C for the abaxial leaf surfaces (Fig. 7C). 24 
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Melting midpoints of cuticular waxes of green, red and black fruits were detected at 67.7°C, 1 

63.7°C and 64.4°C, respectively (Fig. 7D). 2 

 3 

4. Discussion 4 

4.1. Prunus laurocerasus as a model plant in cuticle research 5 

Evergreen Prunus species are woody shrubs or trees that are native to temperate regions with 6 

seasonal cold and moderate humid climate. P. laurocerasus is an evergreen, broad-leaved 7 

woody shrub with drupe fruits consisting of a thin exocarp, a fleshy mesocarp and a lignified 8 

endocarp. Studies, which have been focused on its leaf attributes, documented a relative water 9 

content of sclerophyllous P. laurocerasus leaves between 61% and 65% (Ceccato et al. 2001). 10 

The specific surface area of these mesophyll-sized leaves, which possessed a fresh weight of 2 11 

g, was between 6 m2 kg-1 and 7 m2 kg-1 (Leide et al. 2020). Additionally, our analysis showed 12 

that P. laurocerasus fruits had a smaller surface area and specific surface area, as well as a 13 

lower fresh weight compared to leaves. On the other hand, the relative water content of leaves 14 

and black fruits was similar but the water gradient within both plant organs differed 15 

significantly. 16 

These functional traits have important consequences for both the perennial leaf and the few-17 

month-living fruit of P. laurocerasus, for example regarding their growth rate, nutrient 18 

conservation and water balance. A longer life span often implicates a crucial investment in 19 

plant protection, which also affects most likely the properties of the plant cuticle as a 20 

protective barrier. 21 

 22 

4.2. Implications of side specificities of the plant cuticle: adaxial and abaxial leaf surface 23 

analysis of Prunus laurocerasus 24 
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P. laurocerasus leaves exhibit visually diverse surfaces: a shiny dark-green, adaxial leaf side 1 

and a dull green, abaxial leaf side. Microscopically, the leaf surfaces of P. laurocerasus are 2 

covered by a smooth epicuticular wax film (Jetter et al. 2000). The cuticle profile of the 3 

astomatous adaxial leaf surface has been extensively analysed over the past five decades. 4 

Previous findings regarding the adaxial leaf surface were verified in our study for the P. 5 

laurocerasus cultivar `Herbergii´ and compared with the corresponding stomatous abaxial 6 

leaf surface. In general, the cuticular composition was similar on both leaf surfaces but the 7 

cuticular lipid load differed significantly. 8 

The polymeric cutin matrix exhibited ω-hydroxy alkanoic acids, α,ω-dicarboxylic acids, 9 

alkanoic acids, primary alkanols and hydroxy cinnamic acids, whereas the long-chain 10 

aliphatic 9/10,ω-dihydroxy hexadecanoic acid, 9,10-epoxy ω-hydroxy octadecanoic acid and 11 

9,10,ω-trihydroxy octadecanoic acid significantly dominated the cutin composition (Graça et 12 

al. 2002, Leide et al. 2020). Cutin deposition on the adaxial leaf surface was substantiated at 13 

136 µg cm-2, whereas it was reduced by 50% on the abaxial leaf surface mainly due to a lower 14 

amount of 9,10-epoxy ω-hydroxy octadecanoic acid and 9,10,ω-trihydroxy octadecanoic acid. 15 

Hydroxy cinnamic acids contributed only to a minor extent to the cutin matrix of P. 16 

laurocerasus leaves but the abundance of these aromatic cutin acids was three times higher on 17 

the adaxial leaf surface compared to the abaxial leaf surface. 18 

These side-specific differences between the adaxial and abaxial cutin matrix of P. 19 

laurocerasus leaves documented for the total cutin load, the proportion of aromatic cutin 20 

acids and the aliphatic cutin acids with differing carbon chain lengths and functional groups 21 

might be evidence of a varying polymeric cross-linking, toughness and/or microbial defence 22 

on both leaf surfaces (Isaacson et al. 2009, Reina-Pinto and Yephremov 2009). 23 

The abaxial surface of P. laurocerasus leaves also had a 15% lower cuticular wax load 24 

compared to the adaxial leaf surface. The latter exhibited a cuticular wax amount of about 80 25 
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µg cm-2 (Schreiber and Riederer 1996). Cuticular waxes of P. laurocerasus leaf surfaces 1 

composed of pentacyclic triterpenoids in substantial quantities, tetracyclic sterols and very-2 

long-chain aliphatic compounds most notably n-alkanes, alkanoic acids, primary alkanols, 3 

secondary alkanols, alkyl acetates and alkyl esters. Previous studies additionally detected n-4 

alkanals in small quantities (Jetter et al. 2000, Zeisler and Schreiber, 2016, Leide et al. 2020). 5 

The alicyclic wax fraction was dominated by hydroxy pentacyclic triterpene acids. Ursolic 6 

acid (3-hydroxy ursenoic acid) was the principal alicyclic wax compound and n-nonacosane 7 

(C29 n-alkane) and n-hentriacontane (C31 n-alkane) were the major aliphatic wax compounds 8 

on both leaf surfaces. Carbon chain lengths of the aliphatic wax compounds ranged from C20 9 

to C50 with even-numbered alkanoic acids, primary alkanols, alkyl acetates, alkyl esters and 10 

odd-numbered of n-alkanes and secondary alkanols. Accordingly, the cuticular wax mixture 11 

varied by the amount of aliphatic and alicyclic compound classes, functional groups and 12 

carbon chain length distribution. Altogether, differences in cuticular composition and 13 

structure between the adaxial and abaxial leaf surfaces of P. laurocerasus may arise by 14 

reasons of differential physical and physiological demands such as mechanical stress, sun 15 

exposure or stomatal gas and water exchange resulting in a different microclimate at both 16 

boundary layers and, thus, requiring side-specific cuticular barrier properties. 17 

A comparison of the evergreen shrub P. laurocerasus with other rosaceous plant species 18 

brings out interspecific characteristics. Lower cuticular wax coverages from 5 µg cm-2 to 31 19 

µg cm-2 have been reported for leaves of deciduous shrubs Rosa rubiginosa, Rosa chinensis 20 

and Rosa canina, respectively (Buschhaus et al. 2007, Wissemann et al. 2007, Cheng et al., 21 

2019). Similarly, leaves of the deciduous trees P. avium and Prunus persica showed lower 22 

cuticular wax loads ranging from 20 µg cm-2 to 54 µg cm-2 depending on cultivar, climate, 23 

leaf canopy position, leaf age and leaf side (Baker et al. 1979, Hunsche and Noga 2011). 24 

 25 
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4.3. Implications of developmental changes and organ specificities of the plant cuticle: fruit 1 

surface analysis of Prunus laurocerasus 2 

Throughout the late developmental stages, stomatous P. laurocerasus fruits were subjected to 3 

a multitude of alterations reflecting in colour change due to anthocyanin accumulation, fruit 4 

surface expansion, fresh weight increase and, simultaneously, reduction in specific surface 5 

area and relative water content. However, the epicuticular structure varied only slightly 6 

between green, red and black fruits. Fruits at these different developmental stages had a 7 

similar cuticular composition and load except for black fruits that also possessed an 8 

uncommon, striking accumulation of 3,4-dihydroxy cinnamic acid, hexadecanoic acid and 9 

octadecanoic acid in their cutin matrix. This divergence in the cutin deposition resulted finally 10 

in a doubling of the cutin load on the surface of black fruits of P. laurocerasus compared to 11 

green and red fruits. These findings might indicate an increased stabilising impact of the cutin 12 

matrix composition, load and structure on the cuticle integrity due to modified stress-strain 13 

properties at fruit ripening to meet specific requirements of fruit pericarp softening and 14 

changes in turgor pressure (López-Casado et al. 2007). 15 

Thus, cutin and cuticular wax loads of stomatous black fruits were comparable to the 16 

stomatous abaxial leaf surface of P. laurocerasus. However, the composition of both cuticular 17 

components differed considerably. On the black fruit surface, ursolic acid was the principal 18 

alicyclic wax compound but n-nonacosane (C29 n-alkane) and triacontanoic acid (C30 alkanoic 19 

acid) were the major aliphatic wax compounds. An organ-specific preference of aliphatic wax 20 

compound classes resulted in a modified carbon chain length distribution between P. 21 

laurocerasus leaves and fruits. 22 

Despite cuticular differences between leaves of the evergreen shrub P. laurocerasus and the 23 

deciduous tree P. avium, the stomatous surfaces of their drupes that are also referred to as 24 

cherry fruits have numerous cuticular features in common. The cutin deposition of P. avium 25 
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fruits ranged from 35 µg cm-2 to 85 µg cm-2 depending on the cultivar (Peschel et al. 2007, 1 

Belge et al. 2014a). Furthermore, the cuticular wax coverage of P. avium fruits composed of 2 

pentacyclic triterpenoids mainly ursolic acid as well as n-alkanes, primary alkanols, 3 

secondary alkanols, alkanoic acids and sterols within a cultivar-specific range of 10 µg cm-2 4 

and 48 µg cm-2 (Peschel et al. 2007, Hunsche and Noga 2011, Belge et al. 2014a). Comparing 5 

with P. laurocerasus and P. avium fruits, substantial differences in cuticular composition, 6 

load and/or structure have been reported for drupes of P. persica and Prunus domestica 7 

(Ismail et al. 1977, Storey and Price 1999, Fernández et al. 2011, Belge et al. 2014b, 8 

Konarska 2015). 9 

 10 

4.4. Functional impact of the plant cuticle and the effect of temperature: organ-specific 11 

barrier properties of Prunus laurocerasus 12 

It is well established that the cutin matrix and polysaccharides from the underlying cell walls 13 

essentially contributes to the physical integrity of fruits and leaves, whereas cuticular waxes 14 

provide their main barrier against uncontrolled water loss (Schönherr 1976, Isaacson et al. 15 

2009, Philippe et al. 2020). In case of maximally closed stomata, the minimum water 16 

conductance was 1 × 10-5 m s-1 for the hypostomatous P. laurocerasus leaves and 8 × 10-5 m 17 

s-1 for the stomatous black fruits. This difference in the minimum water conductance possibly 18 

rooted in an unequal efficiency of stomatal closure taking into account a potential residual 19 

stomatal conductance even under conditions of darkness and desiccation (Kerstiens 2006, 20 

Duursma et al. 2019). Our comparison of the minimum water conductance of leaves and the 21 

cuticular water permeability of the astomatous adaxial leaf surface showed that an assumed 22 

stomatal effect could be excluded, at least for the P. laurocerasus leaves. Already in 23 

numerous previous studies, the cuticular water permeability of the adaxial leaf surface of P. 24 
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laurocerasus was also detected between 5 × 10-6 and 2 × 10-5 m s-1 (Schreiber and Riederer 1 

1996, Schreiber 2001, Schreiber et al. 2001, Schreiber et al. 2006).  2 

Moreover, the congruence of minimum water conductance and cuticular water permeability 3 

held for a temperature range between 10°C and 50°C. Temperature-dependent water 4 

permeability measurements of P. laurocerasus leaves showed a slight increase at 5 

temperatures higher than 40°C (Schönherr et al. 1979, Schreiber 2001). Although, the actual 6 

midpoint of the melting range of the leaf cuticular waxes was located at temperatures higher 7 

than 60°C, this reduction of cuticular barrier properties indicates changes in the physical 8 

arrangement within the plant cuticle. These alterations are attributed to arising micro-cracks 9 

caused by volume expansion of the cutin matrix or the incipient melting of cuticular waxes 10 

(Eckl and Gruler 1980, Schreiber and Schönherr 1990, Merk et al. 1998). A decline of 11 

cuticular barrier properties of the isolated leaf cuticle specifies the volume expansion of the 12 

polymeric cutin matrix at elevated temperatures and, consequently, the stabilising impact of 13 

the absent, underlying cell wall for the integrity of the cuticular transpiration barrier 14 

(Schreiber and Schönherr 1990). 15 

Nevertheless, it is most likely that differences in the minimum water conductance of P. 16 

laurocerasus leaves and fruits were based on the cuticle itself. Differing leaf and fruit 17 

cuticular waxes point to divergent cuticular barrier properties against the uncontrolled water 18 

loss. Tsubaki et al. (2013) and Schuster et al. (2016) proposed that high amounts of 19 

pentacyclic triterpenoids physically strengthen the cutin matrix and, thus, donate cuticle 20 

fracture toughness, whereas very-long-chain aliphatic wax compounds were shown to be the 21 

key factor for determining the cuticular water permeability (Riederer and Schreiber 1995, 22 

Vogg et al. 2004). 23 

Noteworthy, the very-long-chain aliphatic wax fraction amounted to 14 µg cm-2 on the adaxial 24 

and 10 µg cm-2 on the abaxial leaf surfaces, whereas that in fruits was only between 5 µg cm-2 25 
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and 9 µg cm-2 depending on the developmental stage. In accordance with the amount of 1 

aliphatic wax compounds, the compound class preference and/or the carbon chain length 2 

distribution are suggested to be crucial factors in cuticular permeability. N-alkanes were the 3 

principal aliphatic compound class of P. laurocerasus leaves with 53% of the aliphatic wax 4 

fraction on the adaxial and 42% on the abaxial leaf surfaces. The aliphatic wax fraction of P. 5 

laurocerasus fruits composed mainly of alkanoic acids (about 42%). Alkanoic acids have a 6 

significantly lower impact on the cuticular barrier properties against the uncontrolled water 7 

loss compared to n-alkanes (Grncarevic and Radler 1967), probably, due to the functional 8 

group, which affects hydrophilic and/or physical properties of cuticular waxes. A higher 9 

carbon chain length of aliphatic wax compounds might have a beneficial impact on the 10 

waterproofing properties of cuticular waxes (Bueno et al. 2019). The average carbon chain 11 

length was distinctly lower for P. laurocerasus fruits with 29 to 30 compared to leaves with 12 

32 on the adaxial and 33 on the abaxial surfaces. 13 

 14 

5. Conclusions 15 

Based on a common genetic background, P. laurocerasus leaves and fruits generate different 16 

cuticle profiles indicating the phenotypic plasticity of the cuticular transpiration barrier. 17 

Strengthening and waterproofing functions of the plant cuticle can be attributed to different 18 

cuticular components. The deposition of cutin and pentacyclic triterpenoids, which are mainly 19 

responsible for the physical stability and integrity of the cuticle, were distinctly higher for P. 20 

laurocerasus leaves but only on the astomatous adaxial surface. Moreover, the adaxial leaf 21 

surface exhibited a higher proportion of aliphatic ω-hydroxy octadecanoic acids and aromatic 22 

hydroxy cinnamic acids compared to the stomatous abaxial leaf surface suggesting side-23 

specific polymeric characteristics to cope with unequal challenges. 24 
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Compared to P. laurocerasus fruits, the amount of very-long-chain aliphatic wax compounds 1 

was also higher for leaves but in this case on both the adaxial and the abaxial leaf surfaces. 2 

This quantitative factor and, additionally, a higher average carbon chain length of aliphatic 3 

wax compounds plus an organ-specific clear preference for n-alkane accumulation constituted 4 

a strikingly higher efficiency of the cuticular transpiration barrier of leaves compared to 5 

stomatous fruits of P. laurocerasus. This higher investment in the atmosphere-exposed 6 

surface of hypostomatous P. laurocerasus leaves is essential since perennial leaves have to 7 

cope with different abiotic and biotic stresses during the seasonal course and the protective 8 

cuticle is the boundary layer of the plant to its abiotic and biotic environment. 9 
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 17 

Figure legends 18 

Fig. 1. Photographs of rosaceous Prunus laurocerasus evergreen woody shrub (A) with 19 

perennial, lanceolate leaves. Flowers have five white petals and numerous yellow stamens 20 

(B). The fruit is a drupe that ripens within few months until early autumn (C). Fully expanded 21 

leaves have a shiny dark-green, adaxial and a dull green, abaxial leaf surface (D). Late stages 22 

in fruit development are mature green fruits, turning red fruits and fully ripe purple-black 23 

fruits (E). Sample preparation for water permeability measurements of leaves using different 24 

experimental techniques (F). Minimum water conductance was determined by means of intact 25 
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leaves, which petioles were sealed. Cuticular water permeability was examined by leaf 1 

envelopes, which abaxial leaf surface and petiole were sealed, as well as leaf discs and 2 

isolated leaf cuticles inserted into transpiration chambers. 3 

 4 

Fig. 2. Functional leaf and fruit traits of Prunus laurocerasus. Total surface area (A), specific 5 

surface area (B), fresh weight (C) and relative water content (D) were determined for fully 6 

expanded leaves and mature green fruits, turning red fruits and fully ripe purple-black fruits. 7 

Data are shown as mean ± SD (n = 20). Different letters indicate significant differences 8 

between both plant organs (p < 0.05, Kruskal-Wallis ANOVA). 9 

 10 

Fig. 3. Auto-fluorescence and scanning electron micrographs of Prunus laurocerasus leaf and 11 

fruit surfaces. Structural characteristics were detected on the adaxial (A, F) and abaxial (B, G) 12 

surface of fully expanded leaves and on the surface of mature green fruits (C, H), turning red 13 

fruits (D, I) and fully ripe purple-black fruits (E, J) at different magnifications. The outside 14 

margin of the cuticle in cross sections (A-E) and stomata on plan views (F-J) are marked with 15 

arrowheads. 16 

 17 

Fig. 4. Gas chromatographic analysis of cuticular leaf and fruit lipid composition of Prunus 18 

laurocerasus. Compound classes of the cutin matrix (A) and cuticular waxes (B) were 19 

examined on the adaxial and abaxial surface of fully expanded leaves and on the surface of 20 

mature green fruits, turning red fruits and fully ripe purple-black fruits. Data are shown as 21 

mean ± SD (n = 5). Different letters indicate significant differences between both plant organs 22 

(p < 0.05, Kruskal-Wallis ANOVA). 23 

 24 
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Fig. 5. Gas chromatographic analysis of the cutin matrix of Prunus laurocerasus. Cutin 1 

monomeric composition was investigated on the adaxial and abaxial surface of fully expanded 2 

leaves (A) and on the surface of mature green fruits, turning red fruits and fully ripe purple-3 

black fruits (B). Data are shown as mean ± SD (n = 5). 4 

 5 

Fig. 6. Gas chromatographic analysis of cuticular waxes of Prunus laurocerasus. Cuticular 6 

wax composition was investigated on the adaxial and abaxial surface of fully expanded leaves 7 

(A) and on the surface of mature green fruits, turning red fruits and fully ripe purple-black 8 

fruits (B). Data are shown as mean ± SD (n = 5). Chemical structures of pentacyclic 9 

triterpenoids and very-long-chain aliphatic compounds mainly present in leaf and fruit 10 

cuticular waxes (C). Fourier transform infrared spectra of cuticular waxes of leaves (D) and 11 

fruits (E) were scanned. Absorbance maxima of stretching (ν) and bending (δ) vibrations of 12 

aliphatic and oxygen-bearing moieties are marked. 13 

 14 

Fig. 7. Minimum water conductance was determined for fully expanded leaves and mature 15 

green fruits, turning red fruits and fully ripe purple-black fruits (A). Data are shown as mean 16 

± SD (n = 20). Different letters indicate significant differences between both plant organs (p < 17 

0.05, Kruskal-Wallis ANOVA). Temperature-dependent comparison of minimum water 18 

conductance of fully expanded leaves and cuticular water permeability of the adaxial leaf 19 

surface measured via leaf envelops, leaf discs and isolated leaf cuticles (B). Melting curve of 20 

cuticular waxes of the adaxial and abaxial surface of fully expanded leaves (C) and the 21 

surface of mature green fruits, turning red fruits and fully ripe purple-black fruits (D) detected 22 

by the temperature-dependent shift of the asymmetric stretching vibration (νas) of methylene 23 

groups. Transition midpoints of the melting curve are marked with arrows. 24 


