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1. Zusammenfassung 

Berostung ist ein Defekt der Apfelfruchthaut (Malus × domestica Borkh.) von großer 

wirtschaftlicher Bedeutung. Es wird angenommen, dass Berostung die Folge 

mikroskopischer Risse (‘Mikrorisse’) in der Kutikula (CM) mit anschließender 

Periderm (PM)-Bildung ist. Um Erkenntnisse über die Entstehung von Berostung  zu 

gewinnen, wurden die mechanischen Eigenschaften von Fruchthautsegmenten 

(excised segment, ES) sowie enzymatisch isolierten CM und PM mit Hilfe von 

Entspannungs- und Zugversuchen untersucht. Die Untersuchungen konzentrierten 

sich auf 1) die Bedeutung der Wachse der Kutikula für die mechanischen 

Eigenschaften, 2) die mechanische Rolle der Kutikula als äußerer Teil des 

Fruchthaut-Komposits und 3) den Vergleich der mechanischen Eigenschaften von 

enzymatisch isolierter Kutikula und Periderm.  

Nach Extraktion der Wachse nahm die Fläche der entwachsten CM (DCM) Scheiben 

ab, so dass die biaxiale Dehnung der CM als Verringerung der Fläche quantifiziert 

werden konnte. Steifigkeit (S), Dehnungsmaximum ( max ) und Maximalkraft ( maxF ) 

wurden durch uniaxiale Zugversuche an ES-Streifen, hydratisierten CM-sowie 

DCM-Streifen untersucht. 

Durch die Wachsextraktion reduzierte sich die Fläche der CM um 24.5±1.3%. Der 

uniaxiale Zugversuch zeigte eine Verringerung von S und maxF , sowie eine Zunahme 

von max  der CM nach Wachsextraktion. Es bestand eine lineare Beziehung 

zwischen der biaxialen Entspannung der CM von Früchten und Blättern 

verschiedener Spezies, S, max und der Menge extrahierter Wachse. maxF dagegen war 

unabhängig von der extrahierten Wachsmenge. Die größten Änderungen der 

mechanischen Eigenschaften traten bei Apfel-CMs auf, die den höchsten 

Wachsgehalt aufwiesen. Allerdings wurde bei Zugversuchen an CMs, die von reifen 

Äpfeln von 22 Sorten mit unterschiedlicher Berostungsanfälligkeit isoliert wurden, 

kein signifikanter Zusammenhang zwischen den oben erwähnten Eigenschaften der 

CM und der Berostungsanfälligkeit festgestellt. 
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Die Untersuchung der mechanischen Eigenschaften von Fruchthautsegmenten (ES) 

und der CM von sich entwickelnden Früchten der Sorte Elstar zeigte, dass zwischen 

S und maxF  im Zeitraum vor (51 bis 141 Tage nach Vollblüte; days after full bloom, 

DAFB) und nach (141 bis 259 DAFB, Kühllagerung bei 4.5°C und 95% relativer 

Feuchte) der Ernte und der Dicke der ES ein positiver Zusammenhang bestand, 

wohingegen max  unabhängig davon war. Die S von ES mit einer Standarddicke von 

0.5 mm und die der CM nahm im Zeitraum vor der Ernte zu und während der 

Lagerung leicht ab. Es bestand kein Unterschied in S zwischen isolierten CM und 

ES. maxF  und max  nahmen sowohl zur Ernte als auch während der Lagerung, 

allerdings mit geringerer Rate, kontinuierlich ab. Sowohl maxF  wie auch max  der CM 

waren erheblich geringer als in den ES. Das erhöhte Auftreten von Mikrorissen in 

der Kutikula während des Zugversuchs von ES belegt, dass Defekte in der CM vor 

Defekten in der ES auftreten. 

Der Vergleich von enzymatisch isolierten CM und PM in uniaxialen Zug- und 

Relaxationsversuchen zeigte, dass S und maxF in der CM höher sind als in PM. 

Gesamtdehnung, sowie elastische, viskoelastische und viskose Dehnung der PM 

Prüfkörper waren stets größer derjenigen der CM.  

Die Ergebnisse zeigen, dass 1) kutikuläre Wachse wirkungsvoll die reversible 

elastische Dehnung der CM durch Umwandlung in irreversible plastische Dehnung 

fixieren. Dieser Effekt wurde bei allen untersuchten Apfelsorten beobachtet; 2) es 

bestand jedoch kein signifikanter Zusammenhang zwischen den mechanischen 

Eigenschaften der CM und der Berostungsanfälligkeit innerhalb der Apfelsorten; 3) 

die epidermalen und hypodermalen Zellschichten bilden das strukturelle ‘Rückgrat’ 

der Apfelfruchthaut, während der Beitrag der CM zu den mechanischen 

Eigenschaften der Fruchthaut marginal ist; und 4) bei der Berostung von 

Apfelfrüchten ein plastisches Periderm eine steife Kutikula ersetzt. 

Schlagwörter:  Dehnung, Kutikula, Periderm, Epidermis, Hypodermis.  
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2. Abstract 

Russeting is a commercially important disorder of the apple (Malus × domestica 

Borkh.) fruit skin  and thought to result from microscopic cracking of the cuticle 

(cuticular membrane; CM) and subsequent periderm (PM) formation. The CM is a 

natural lipoidal polymer composed out of cutin, wax, and polysaccharides. The PM has 

a cellular structure comprising phellem (cork), phellogen, and phelloderm. To develop a 

better understanding of the russeting disorder, mechanical properties of excised skin 

segments of apple fruit (ES) and enzymatically isolated CM and PM were studied using 

strain relaxation and tensile tests.  

Biaxial strain release was quantified as the decrease in area of CM discs following wax 

extraction. Stiffness (S), maximum strain ( max ), and maximum force ( maxF ) were 

determined in uniaxial tensile tests using strips of ES, hydrated CM and hydrated 

dewaxed CM (DCM).  

Upon wax extraction the area of CM discs decreased indicating a release of biaxial 

strain (24.5±1.3%). Further, uniaxial tensile tests resulted in decreased S and maxF , 

whereas the max  of the CM increased. Across fruit and leaf CM of a range of different 

species biaxial strain release, S and max  but not maxF , were all linearly related to the 

amount of wax extracted. The largest changes occurred in apple CM that had the highest 

wax content.  However, when performing tensile tests using CM isolated from mature 

fruit of 22 apple cultivars of differing susceptibility to russeting, there was no 

significant relationship between any of the above properties of the CM and russeting 

susceptibility. 

Determining mechanical properties of skin segment (ES) and CM of developing ‘Elstar’ 

fruit revealed that S and maxF  were positively related to ES thickness during the 

preharvest (51 to 141 days after full bloom; DAFB) and postharvest periods (141 to 259 

DAFB, cold storage at 4.5°C, 95% RH,) whereas max  was independent of ES thickness. 

The S of an ES of 0.5 mm standard thickness and that of the CM both increased during 

preharvest period and then slightly declined during storage. There were no differences 
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in S recorded for isolated CM and ES. maxF  and max  decreased steadily towards harvest 

and continued to decrease in storage but at a lower rate. The maxF  and max  were 

markedly lower for CM than for ES. The increased incidence of microcracking of the 

cuticle when subjecting ES to tensile tests indicated that CM failure preceded ES 

failure.  

Comparing enzymatically isolated CM and PM in standard uniaxial, creep/relaxation, 

and stepwise creep tests revealed that the S and the maxF were higher in CM than in PM. 

Total strain, elastic strain, viscoelastic strain and viscous strain were always greater in 

PM than in CM.  

The data demonstrate that 1) cuticular wax effectively fixes reversible elastic strain of 

the CM by converting into irreversible plastic strain resulting in to less extensible CM. 

This effect was consistent among the CM of various apple cultivars differing in 

russeting susceptibility; 2) there was no significant relation between mechanical 

properties of the CM and russeting susceptibility across the apple cultivars; 3) the 

epidermal and hypodermal cell layers represent the structural ‘backbone’ of an apple 

skin whereas the contribution of the CM to the mechanical performance of the fruit skin 

is marginal; and 4) in apple fruit russeting a plastic periderm replaces a stiff cuticle.  

Keywords: strain, cuticle, periderm, epidermis, hypodermis  
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3. General Introduction 

Peel appearance is an important quality criterion in most fruit crops. Visible defects of 

the surface impair the fresh market quality of the fruit and cause significant economic 

loss. Russeting is a well-known surface defect in many fruit crops including apple 

(Malus × domestica Borkh.) and pear (Pyrus communis L.). It is a common problem in 

production worldwide. 

In partly russeted apple the surface comprises two anatomically different surfaces, i.e. 

the primary and secondary fruit skin. The primary fruit skin consist out of a polymeric 

component, the outermost layer of cuticle and a cellular component, a single layer of 

epidermal cells and 5-8 layers of collenchymatous hypodermal cells (Evert 2006). The 

cuticle is a lipoidal polymer composed mainly of cutin, wax, and polysaccharides. Cutin 

is a polyester of oxygenated C16- and C18-fatty acids, cross-linked by ester bonds 

(Heredia 2003). It forms a matrix that contains cuticular wax (Petracek and Bukovac 

1995). Cuticular wax deposited in the cutin matrix is termed ‘intracuticular wax’, that 

deposited on the surface of the matrix ‘epicuticular wax’. Cuticular wax comprises a 

complex mixture of long-chain (C20–C40) alcohols, aldehydes, fatty acids, and alkanes 

(Dominguez et al. 2011a, Kunst and Samuels 2003). In the apple fruit cuticle 

triterpenoids (Ursolic acid) is the most dominating wax component whereas alkanes are 

the second largest component (Belding et al. 1998, Kolattukudy 1996). Polysaccharides 

from the epidermal cell walls are localized at the inner side of the cuticle and comprise 

cellulose, hemicelluloses, and pectins (Jeffree 1996). Other CM constituents in some 

species are cutan (Bargel et al. 2006, Jeffree 1996), sterol and flavonoids (Kunst and 

Samuels 2003, Samuels et al. 2008). The cuticle is the major protective barrier in water 

movement into and out of the fruit, and in pathogen defense (Kerstiens 1996, Kunst and 

Samuels 2003, Riederer and Schreiber 2001). Therefore, failure of the cuticle impairs 

the barrier function of the cuticle. 

The secondary fruit skin has periderm on the outer surface. A periderm is composed out 

of 3 distinct tissues of different cell types.  Phellem or cork cells are the outermost, 

suberized dead cells. These cells form a multilayered (~6 layers) structure which is a 

protective barrier in secondary fruit skin. The phellogen is the next layer underlying the 
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phellem cells. It is a single layer of meristematic cells (cork cambium) that divides and 

produces phellem cells on the outer side and phelloderm cells on the inner side. 

Phelloderm cells forms the innermost tier of the periderm. They are living cells and 

resemble the cortical parenchyma cells (Evert 2006, Lulai and Freeman 2001). The 

periderm causes the brown, corky, and dull appearance of a russeted fruit surface.  

Study on the etiology of russeting indicated that russeting is preceded by the formation 

of microscopic cracks in the cuticle (Faust and Shear 1972a, b). These microcracks may 

be limited to the outer portion of the cuticle, but sometimes traverse the cuticle. Those 

that further extend into the epidermal and hypodermal cell layers apparently trigger the 

formation of a periderm that then forms in the hypodermal cell layers (Meyer 1944, 

Verner 1938). The nature of this signal is currently unknown. Russeting therefore is 

considered to be a repair process of a cracked surface where the periderm replaces the 

primary surface comprising a fractured cuticle and an epidermis. Subsequently, cuticle 

and the epidermis overlying the periderm dry and are shed before the periderm becomes 

visible. 

Three categories of factors are involved in the formation of microcracks in the cuticle. 

First, fruit growth stress results in formation of microcracks in the cuticle (Maguire 

1998, Skene 1982). During fruit growth, fruit volume and surface area increase. The 

expanding surface exerts a tangential stress on the fruit skin and on the cuticle. To cope 

with the expansion and increasing stress, either the fruit has to continuously build up 

and deposit new layer of polymer or the existing polymer layer on the surface is 

stretched. If the later process is dominating over the first, stress and strain will develop 

in the polymer. When stress and strain exceed the extensibility limits of the polymer, 

failure occurs. Apple fruit follows a sigmoid pattern of growth, where growth rates 

increase rapidly and peak at about 3 weeks after full bloom. During this phase fruit 

surface is exposed to the highest growth stress. This period also coincides with the 

highest susceptibility to russeting (Knoche et al. 2011, Wertheim 1982). 

Second, in apple the distribution of growth stresses on the expanding surface is affected 

by the pattern of cell division in dermal tissue and this might contribute to increased 

russeting (Faust and Shear 1972a). Periclinal cell division in the epidermis and 
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hypodermis produce irregular shaped cells with cuticular pegs of variable thickness 

(Eccher 1975, Le 2013, Meyer 1944). Occasionally, epidermal cells become completely 

encased in the cuticle (Meyer 1944, Miller 1982). Therefore, the epidermis becomes 

irregular and uneven which causes inhomogenous stress/strain distribution and localized 

stress concentration in the cuticle. This phenomenon may differ among cultivars and 

could in part account for differential russet susceptibility.  

Third, external biotic and abiotic factors may induce or suppress apple fruit russeting. 

For example, insects and micro-organisms (Gildemacher 2006), agrochemicals (Creasy 

and Swartz 1981), freezing temperatures (Faust and Shear 1972a), extended periods of 

high humidity and surface wetness (Fogelman et al. 2009, Knoche and Grimm 2008, 

Tukey 1969) induce russeting. In contrast, warm and dry climate (Fogelman et al. 

2009), application of few agrochemicals (Gildemacher 2006, Reuveni et al. 2001) and 

plant growth regulators such as giberellins (GA4 and GA7, Fogelman et al. 2009, 

Knoche et al. 2011, Reuveni et al. 2001) suppress incidence of russeting in many apple 

cultivars.  

Despite, largely established knowledge in apple fruit russeting, several aspects still 

remain unclear.  

(1) Cuticular wax constitutes about 50% mass of apple fruit cuticle which is much 

higher than in cuticles of fruit of other crops or their leafy counterparts. What role does 

the wax play in terms of cuticle mechanics and possibly in russeting?  

(2) Susceptibility to russeting differs among apple cultivars (Faust and Shear 1972a). 

For example, in a given climate ‘Karmijn de Sonnaville’ and ‘Egremont russet’ are 

highly susceptible, ‘Golden Delicious’ and ‘Elstar’ are medium susceptible, and 

‘Idared’ and ‘Granny Smith’ are insensitive. Is susceptibility to russeting related to the 

cuticular mechanics?  

(3) Collenchymatous dermal tissue of the plant is considered as structural tissue which 

gives mechanical strength to the plant organs (Evert 2006). There is also some believe 

that the cuticle is the load bearing structure (Bargel et al. 2006). These two statements 

are contradictory and raise the question about the contribution of cuticle, epidermal and 

hypodermal cell layers to the mechanical properties of the skin composite?  
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(4) The surface of a partly russeted fruit is a compound surface in that it comprises 

regions covered by primary and by secondary dermal tissue. Often the fruit remains 

regular in shape which is surprising considering the polymeric structure of the cuticle 

and the cellular structure of the cork produced by the periderm. Are these two types of 

dermal tissue similar in mechanical properties? 

The objectives of this research therefore were to (1) identify the role of waxes in 

cuticular mechanics (2) quantify physical properties of cuticle of various apple cultivars 

and their relation to susceptibility to russeting, (3) determine the relative contributions 

of the different components of the fruit skin composite such as cuticle, epidermis and 

hypodermis to the mechanical properties of the composite , and, (4) compare the 

mechanical properties of primary and secondary apple fruit skins and compound fruit 

skins and potential relationship to the spread of russet. 
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4. Intracuticular Wax Fixes and Restricts Strain in Leaf and 

Fruit Cuticles 

This article is originally published in 2013 in the international journal ‘New 

Phytologist’. 

Khanal, B.P., Grimm, E., Finger, S., Blume, A. and Knoche, M. (2013). 

Intracuticular wax fixes and restricts strain in leaf and fruit cuticles. New 

Phytologist 200, 134-143. DOI:10.1111/nph.12355. 
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5. Russeting in Apple Seems Unrelated to the Mechanical 

Properties of the Cuticle at Maturity 

This article is originally published in 2013 in the international journal 

‘HortScience’. 

Khanal, B.P., Shrestha, R., Hückstädt, L. and Knoche, M. (2013). Russeting in 

apple seems unrelated to the mechanical properties of the cuticle at maturity. 

HortScience 48, 1135-1138. 
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6. Mechanical Properties of Apple Skin Are Determined by 

Epidermis and Hypodermis 

This article is originally published in 2014 in the international journal ‘Journal of 

the American Society for Horticultural Science’. 

Khanal, B.P. and Knoche, M. (2014). Mechanical properties of apple skin are 

determined by epidermis and hypodermis. Journal of the American Society for 

Horticultural Science 139, 139-147. 
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7. Russeting in Apple and Pear: A Plastic Periderm 

Replaces a Stiff Cuticle 

This article is originally published in 2013 in the international journal ‘AoB 

Plants’. 

Khanal, B.P., Grimm, E. and Knoche, M. (2013). Russeting in apple and pear: a 

plastic periderm replaces a stiff cuticle. AoB Plants 5, Pls048. 

DOI:10.1093/aobpla/pls048. 
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8. General Discussion 

The data presented provide several new and important findings:  

1. Cuticular wax effectively fixes the elastic strain of the apple fruit cuticle by 

filling the strained cutin matrix as indicated by the release of significant strain 

on wax extraction. This effect is a linear function of the amount of wax present 

in the cuticle and also observed in leaf and fruit cuticles of other species 

(Chapter 4).  

2. Physical and mechanical properties of the cuticle at maturity are not related to 

the difference in russet susceptibility across a range of 22 apple cultivars 

(Chapter 5). 

3. Epidermis and hypodermis represent the mechanical backbone of the skin 

whereas the cuticle’s contributions to the mechanical properties of the skin 

composite is small and negligible. At the same time the cuticle represents the 

outermost protective barrier of the fruit surface and here, the contributions of 

epidermal and hypodermal cell layers are marginal (Chapter 6). 

4. In russeting of apple fruit a plastic periderm replaces a stiff cuticle (Chapter 7). 

For discussions of the individual findings mentioned above the reader is referred to the 

respective chapters 4 to 7. In the general discussion below, these findings together with 

data from the literature are integrated into a unifying concept explaining how the apple 

surface copes with the increase in surface area during development.  

Fruit growth stress is the major factor causing strain in the fruit skin (Maguire 1998, 

Skene 1982). This strain is inevitably associated with the increase in volume and mass 

of a growing spherical organ where the continuous increase in fruit volume the 

associated enlargement of the surface (Knoche et al. 2011) exerts a tensile stress in the 

skin. As the outermost layer of the skin, the cuticle is exposed to the highest growth 

stresses and strains. To cope with fruit enlargement, epidermal and hypodermal cells (1) 

increase in number by cell division and (2) elongate in periclinal direction (Meyer 

1944). Cell elongation can occur either by stretching of cell walls and compensatory 

synthesis of cell wall material or by peeling apart the abutting portions of two epidermal 

cells’ anticlinal walls (Maguire 1998). This phenomenon further increases and focuses 
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the stress in the overlying cuticle layer (Maguire 1998). Thus, it is challenging for the 

cuticle to maintain intact surface during fruit growth and development. 

The fruit of apple has various mechanisms to accommodate increasing strain on the 

cuticle. (1) Continuous biosynthesis and deposition of cutin constituents (Knoche et al. 

2011) into the strained cutin polymer matrix maintains or even increases cuticle 

thickness and is expected to fix the strain of the cuticle to some extent. This argument is 

consistent with the absence of strain release in apple upon isolation of the CM. Also, 

earlier findings indicate that in sweet cherry (Knoche et al. 2004), plum (Knoche and 

Peschel 2007), Ribes berries (Khanal et al. 2011) and grape (Becker and Knoche 2012) 

there is a mismatch of fruit surface expansion and cuticle deposition causing strain of 

the CM as indicated by the relaxation of the CM on isolation. The cuticles of apple and 

sweet cherry mark the extremes found in cuticle strain in fruit with continuous 

deposition of cuticle and essentially no release of strain on isolation of the cuticle in 

apple (Knoche et al. 2011), but the essential absence of cuticle deposition and a 

substantial release of strain upon isolation of the cuticle in sweet cherry (Knoche et al. 

2004).  This observation is consistent with the idea that deposition of cutin fixes strain.  

(2) In apple, wax is continuously deposited in the cuticle on the expanding surface 

(Knoche et al. 2011). This filling of the cutin matrix with wax effectively converts 

reversible elastic strain of the cuticle into a strain that, in vivo in the plant, is irreversible 

and plastic (Khanal et al. 2013a). Further, this wax deposition increases the failure force 

and stiffness of the cuticle thus making the cuticle less extensible (Khanal et al. 2013a). 

The plastic deformation of the cuticle avoids localized stress concentration and 

therefore minimizes the risk of failure. By the same mechanism, further extension is 

limited (Khanal et al. 2013a).  

If the deposition of materials (cutin and wax) and the fixing of strain of the cuticle is 

insufficient or does not keep pace with the enlargement of the fruit surface then failure 

of the fruit skin occurs. The data presented herein demonstrate conclusively, that failure 

(microcracking) of the cuticle precedes that of the skin.  

Microcracks in the cuticle impair the barrier function of the CM but have limited 

relevance for the mechanical properties of the skin composite because the load bearing 
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structure of the fruit skin are epi- and hypodermal cell layers. Provided that underlying 

epi- and hypodermal cell layers underneath the microcracks remain intact crack healing 

mechanism may be induced. 

There is substantial evidence in the literature for deposition of wax in microcracks in the 

cuticle (Curry 2008, Curry 2009, Roy et al. 1999). This may be attributed to 1) the 

shorter distance from the site of wax biosynthesis in the epidermal cells to the base of a 

microcrack as compared to the non-cracked surface of the cuticle and 2) decreased 

diffusive resistance of the microcrack. Both mechanism will result in preferential 

deposition of wax in the microcracks and  a natural ‘filling’ or ‘healing’ of these cracks. 

Provided that the deposition of wax in microcracks re-establishes the barrier function of 

the cuticle, then these microcracks are expected to pass without causing any visible 

defects on the fruit surface. We expect the effect of wax synthesis and deposition to 

depend on genetic and environmental factors which could account for effects of cultivar 

and weather conditions on russet susceptibility (Faust and Shear 1972a). Unfortunately, 

direct evidence is not available. 

If wax deposition and filling of microcracks was too slow or insufficient, microcracks 

are expected to extend into the epidermis and hypodermis where formation of a 

periderm will be triggered by as yet unknown factors (Faust and Shear 1972a, Meyer 

1944). Periderm form in the hypodermal region underlying the microcracks (Meyer 

1944, Verner 1938). The periderm then replaces the cuticle of the primary fruit skin 

causing the well known russeting symptoms of the fruit skin (Khanal et al. 2013b). The 

susceptibility to russeting differs among the various apple cultivars but there is no 

significant relationship between russeting susceptibility and the mechanical or physical 

properties of their cuticle (Khanal et al. 2013c). Therefore, other factors must be 

dominating in determining russeting susceptibility of the cultivars. 

The cuticle (outermost layer of the primary fruit skin) and the periderm (outermost layer 

of the secondary fruit skin) differ in their mechanical properties. The periderm is more 

plastic than the cuticle (Khanal et al. 2013b). During fruit surface expansion the 

periderm can deform plastically more and faster than the cuticle. Thus the periderm can 

cope with the expanding fruit surface without stress concentration (Considine and 
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Brown 1982).  A uniform distribution of growth stresses is an essential prerequisite for 

regular-shaped fruit even though the surface is a composite one comprising primary, 

i.e., cuticle with epidermis and hypodermis, and secondary, i.e. periderm, dermal tissue. 

While the above sequence of events accounts for a number of genetic and 

environmental factors in russeting, it is difficult to explain the lack of russeting in late 

stages of development (Faust and Shear 1972a). The most likely explanation is that the 

hypodermal cells are unable of producing periderm in later stages. Then, microcracks 

traversing the cuticle are not filled with wax and would remain open. These unhealed 

microcracks enhance the transpirational water loss and fruit shriveling in storage (eg. cv 

‘Golden Delicious’). Furthermore, microcracks possibly result in death of epidermal 

cells in their immediate vicinity thereby leading to the development of the skin spot 

disorder as demonstrated for ‘Elstar’ apple. In this disorder a protective barrier is 

reestablished by lignin deposition in the cell wall that essentially seals off the collapsing 

cells from the remaining fruit (Grimm et al. 2012a). 

From the above discussion the following conclusion are drawn. Maintaining an intact 

fruit surface is essential for high quality fruit. This may be achieved by 1) synchronized 

surface expansion and cutin deposition such that cuticle thickness remains constant or 

increases and 2) simultaneous wax deposition that decreases elastic strain of the cuticle.  

Both phenomena result in plastic deformation of the cuticle thereby minimizing stress 

concentration and microcracking. Once the microcracks formed in the cuticle, two 

possible crack repair mechanisms may be induced  (1) sealing these cracks by wax 

production and deposition into the cracks or (2) formation of periderm underneath the 

cracks (russeting). This requires the underlying mechanically relevant cell layers to 

remain intact. Furthermore, the rate of wax deposition and filling of cuticular cracks, the 

mechanical properties of epi- and hypodermal cell layers of the developing fruit, and 

their morphological characteristic of epi- and hypodermal cells are likely variables that 

should be related to russet susceptibility of apple cultivars. Given the importance of peel 

appearance and the detrimental effects of cuticle damage thereon, this subject merits 

further study. 
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10. Abbreviations 

max  maximum stress at failure of the specimen 

CMA  area of CM 

80CMA  area of CM heated at 80
o
C 

DCMA  area of dewaxed CM 

ESA  area of ES 

PMA  area of PM 

PSA  area of PS 

maxF  maximum force at failure of the specimen 

maxF  change in maxF   

max  change in max   

biaxial  biaxial strain 

80CM

biaxial  biaxial strain release of the CM on heating of CM at 80
o
C 

DCM

biaxial  biaxial strain release of the CM on dewaxing 

max  strain of the specimen at maxF  

ANOVA (statistics) analysis of variance 

AO acridine orange (fluorescent dye) 

ATR attenuated total reflectance 

CM  cuticular membrane 

CM80  CM heated at 80
o
C 

Corr (statistics) correlation 

cv cultivar 

DAFB days after full bloom 

DCM dewaxed CM 

DSC differential scanning calorimetry 

E (location) east (longitude) 

ECW epicuticular wax 

ES epidermal Segment or Fruit skin segment 

Fig figure 

FT-IR fourier transform infrared spectroscopy 

L or l total length of the test specimen at the end of test 

L0 or l0   total length of the test specimen at the beginning of test 
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MCT mercury cadmium telluride 

n number (replication) 

N (location) north (latitude) 

P (statistics) probability level 

PM periderm 

PS fruit skin segment obtained from the russeted (periderm) surface 

R (statistics) pearson’s correlation coefficient 

R
2 

(statistics) coefficient of determination 

Reg (statistics) regression 

RH relative humidity 

S stiffness 

SE (statistics) standard error 

SEM scanning electron microscopy 

v/v (concentration) volume by volume 

vs symmetric stretching of CH2  

vas antisymmetric stretching of CH2 

w/v (concentration) weight by volume 

wk week 

ΔL or Δl change in length of the test specimen after test 

ΔS change in S  

ε strain 
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