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Abstract

Abstract

Russeting is a common, economically important fruit skin disorder that occurs in many fruit
crops, including apples (Malus x domestica, Borkh.). This skin disorder is caused by
environmental factors such as high humidity, prolonged periods of surface moisture, and
wounding. While previous studies have focused on the later stages of russeting, the initiation
sequence of this disorder remains unclear. To address this knowledge gap, this dissertation
aimed to: (1) establish an induction system for russeting in apple fruit using prolonged
periods of surface moisture, (2) determine the sequence of russet formation on a histological
level under prolonged periods of surface moisture, (3) investigate the behavior of candidate
genes involved in periderm and cuticle-related processes on the gene expression as well as
metabolic changes, (4) compare the sequence of wound- and moisture-induced russeting, (5)
provide a transcriptomic resource for the initial processes during russet formation in apples,

and (6) to provide preliminary data on potential candidate genes involved in russeting.

Application of surface moisture using a fixed polyethylene tube to developing apple fruit was
found to induce microcracks in the fruit skin during early fruit development, and an increase
in water vapor permeance was observed in microcracked compared to non-microcracked
fruit skins. Microcracked fruit surfaces developed russeting. Histological, gene expression,
and metabolic analyses revealed a biphasic behavior during the formation of russeting in
response to surface moisture. In Phase |, microcracks appeared within 2 d of moisture
treatment and expanded over time, accompanied by a decrease in cuticle-related genes and
cutin- and wax-specific metabolites. In Phase Il, microcracking decreased after moisture
removal, and periderm formation was observed starting 4 d after moisture removal,
accompanied by an increase in periderm related genes and suberin specific metabolites.
Russeting was observed during Phase Il only after at least 6 d of moisture exposure in
Phase |. Histological, gene expression, and metabolic analyses showed that the sequence of
russeting initiation during Phase Il induced by surface moisture was similar to that induced by
skin wounding. Transcriptomic analyses revealed that Phase | was characterized by a
decrease in cell cycle, cell wall, and cuticle-related genes and an increase in stress-related
genes, whereas Phase Il was characterized by an increase in meristematic activity, followed

by an increase in abscisic acid, lignin, and suberin-related genes.

Overall, the studies of this dissertation provide for the first time information on the initial
processes of russeting in apple fruit skin and are a valuable resource for future research on

the molecular mechanisms underlying this phenomenon.

Keywords: Malus x domestica, russet, periderm, cuticle, fruit skin, transcriptomics, histology,

suberin, cutin, wax, lignin



Zusammenfassung

Zusammenfassung

Berostung ist eine weitverbreitete, wirtschaftlich wichtige Fruchthauterkrankung vieler
Obstarten, darunter auch bei Apfeln (Malus x domestica, Borkh.). Berostung wird durch
Umweltfaktoren wie hohe Luftfeuchtigkeit, langere Perioden von Oberflachenfeuchtigkeit und
Verwundung verursacht. Wahrend vorangegange Studien Prozesse wahrend spateren
Stadien der Berostung analysiert haben, ist die Entstehungssequenz dieser Erkrankung nach
wie vor unklar. Um diese Wissensliicke zu schlieen, hatte diese Dissertation folgende Ziele:
(1) ein Induktionssystem fir die Berostung an Apfelfrichten unter Verwendung von
Oberflachenfeuchtigkeit zu etablieren, (2) die Sequenz der durch Oberflachenfeuchtigkeit
entstehenden Berostung auf histologischer Ebene, (3) sowie auf Genexpressionsebene und
Stoffwechselebene zu untersuchen, (4) die Abfolge von wund- und feuchtigkeitsinduzierter
Berostung zu vergleichen, (5) eine transkriptomische Ressource flir die anfanglichen
Prozesse wahrend der Berostungsbildung bei Apfeln bereitzustellen und (6) vorlaufige Daten

hinsichtlich der funktionellen Charakterisierung von potentiellen Kandidaten Genen zu zeigen.

Es wurde festgestellt, dass die Anwendung von Oberflachenfeuchtigkeit mit Hilfe eines
fixierten PolyethylengefalBes auf sich entwickelnde Apfelfrichte wahrend der frihen
Fruchtentwicklung Mikrorisse in der Fruchtschale hervorruft. Mikrorissige Fruchtschalen
zeigten eine erhdhte Wasserdampfdurchlassigkeit im Vergleich zu intakten Fruchtschalen.
Mikrorissige Frichte entwickelten Berostung. Die Reaktion auf Oberflachenfeuchtigkeit
verlief in zwei Phasen. In Phase | traten Mikrorisse innerhalb von 2 Tagen auf, begleitet von
einer Verringerung der Genexpression und Metaboliten, die mit der Cuticula in Verbindung
stehen. In Phase Il verringerten sich die Mikrorisse nach dem Entfernen der Feuchtigkeit und
es bildete ein Periderm, begleitet von einer erhdhten Expression von Periderm assoziierten
Genen und Metaboliten. Die Berostung trat erst nach mindestens 6 Tagen
Feuchtigkeitseinwirkung in Phase | auf. Die Sequenz der Berostung in Phase Il, die durch
Oberflachenfeuchtigkeit verursacht wurde, ist dieselbe wie nach Verwundung. Die
transkriptomische Analyse ergab, dass die Phase | durch eine Abnahme der Expression von
Zellzyklus-, Zellwand- und Cuticula-assoziierten Genen und einen Anstieg der
stressbezogenen Gene gekennzeichnet war, wahrend Phase Il durch einen Anstieg der
meristematischen Aktivitat, gefolgt von einem Anstieg der Abscisinsaure-, Lignin- und

Suberin-assoziierte Gene, gekennzeichnet war.

Zusammenfassend liefern die Studien dieser Dissertation erstmals Einblicke in die
anfanglichen Prozesse der Berostung in Apfelfriichten und dient als wertvolle Ressource flr

zuklnftige Forschungen zu den zugrunde liegenden molekularen Mechanismen.

Schlagworter: Malus x domestica, Berostung, Periderm, Cuticula, Fruchtoberflache,

Transkriptomik, Histologie, Suberin, Cutin, Wachs, Lignin
[l
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Chapter 1 General introduction

1. General introduction

The fruit skin is an important protective barrier that shields the inside of the fruit from various
abiotic and biotic stresses during development. Apples (Malus x domestica, Borkh.), which
are the third most produced fruit in the world (93 million tons in 2021), with China as the
leading producer (46 million tons in 2021), are of immense economic importance (FAOSTAT,

www.fao.org/faostat). The global market for apples and apple products is worth billions of

dollars annually, with a wide range of value-added products such as apple juice and cider
produced in addition to fresh apples. The Rosaceae family, to which apples belong, also
includes other important fruit crops such as pear (Pyrus communis), cherry (Prunus avium),

strawberry (Fragaria x ananassa), plum (Prunus domestica) and almond (Prunus dulcis).

However, in apple production, skin disorders such as skin spot (Grimm et al., 2012; Winkler
et al., 2014), scarf skin (Byers, 1977), and russeting (Faust and Shear, 1972b) can have a
significant economic impact on pre- and postharvest performance (Lara et al., 2014; Lara et
al., 2019; Khanal et al., 2019; Fernandez-Mufioz et al., 2022). While the exact causes of
russeting are not fully understood, this dissertation will focus on investigating the initial steps
that lead to the induction of russeting on apple fruit skins. Understanding the triggers of

russeting is critical to mitigating its impact on fruit appearance and performance.

1.1. Russeting: A significant fruit skin disorder

Russeting, which refers to the replacement of the waxy cuticle by a corky periderm on fruit
skins, is a common skin disorder in various fruits such as apples (Skene, 1982), grapes
(Goffinet and Pearson, 1991), prunes (Michailides, 1991), pears (Scharwies et al., 2014),
and mangoes (Athoo et al., 2020) (Figure 1A). Russeting is an economically important trait
because it negatively affects postharvest performance and consumer appeal due to the dull
unattractive appearance of brownish corky fruit skins. Russeted fruit surfaces have higher
water vapour permeability compared to intact fruit surfaces covered by a cuticle, resulting in
increased water loss and higher mass loss during storage (Khanal et al., 2019).

Russeting can result from biotic stressors such as mechanical wounding (Simons and
Aubertin, 1959), pathogenic infections caused by fungi such as yeasts (Gildemacher et al.,
2004; Gildemacher et al., 2006) and powdery mildew (Daines, 1984), viruses (Welsh and
May, 1967; Wood, 1972; Li et al., 2020), or insect infestations such as mites (Easterbrook
and Fuller, 1986; Duso et al., 2010) . Abiotic stresses such as high humidity (Tukey, 1959;
Knoche and Grimm, 2008) or prolonged surface moisture (Knoche and Grimm, 2008; Winkler
et al., 2014; Khanal et al., 2020a; Chen et al., 2020; Straube et al., 2020) can also induce

russeting.
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In apples, russeting is particularly prevalent during early fruit development in fruits with larger
and more variably sized epidermal and hypodermal cells (Faust and Shear, 1972b; Taylor,
1975, 1978; Simons and Chu, 1978; Wertheim, 1982; Khanal et al., 2020b; Chen et al.,
2020) . During this developmental stage, rapid surface area expansion rates can lead to
increased growth strain (Knoche et al., 2011; Knoche and Lang, 2017). Combined with low
cuticle deposition rates, this can lead to the formation of microscopic cracks, known as
microcracks, in the fruit cuticle (Lai et al., 2016) (Figure 1B). Apple fruit skins are prone to
microcracking, especially when exposed to surface moisture (Knoche and Grimm, 2008) .
Hereby, the pattern of microcracks has been shown to follow the anticlinal cell walls (ridges)
of the epidermal cell layer (Curry, 2009; Curry, 2012; Knoche et al., 2018).

Studies have shown that apples have the ability to repair microcracks through two
mechanisms. The first is the deposition of wax as described by Curry (2009). The second is
the formation of a periderm in the hypodermis in close proximity to microcracks that traverse
the cuticle (Meyer, 1944; Pratt, 1972) (Figure 1C,D). These microcracks are essential for the
development of a russeted fruit skin ( Faust and Shear, 1972a, 1972b; Curry, 2009). In fact,
these changes in the fruit skin have been found to partially restore the functionality of a
microcracked cuticle, such as reducing water loss rates (Khanal et al., 2019). However, the
underlying cause of microcracking remains unclear, as do the triggers for the subsequent
repair mechanisms. Unfortunately, studying the initiation of these processes is challenging
due to the nature of woody perennials such as apple, which only flower once a year. In
addition, russeting can only be induced during early fruit development, further limiting the
window of opportunity. In addition, environmental factors strongly influence the russeting trait,
making it difficult to control the onset of russeting under natural conditions. As a result,
researchers need specific induction techniques to minimize the impact of random factors that

can influence russeting during this critical period.
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Figure 1. Phenotypic characteristics of russeted apple fruit skins. (A) Fully russeted fruit
of the susceptible cultivar ‘Karmijn’ at maturity. (B) Microcracks in the cuticle are visualized
by the accumulation of acridine orange stain. (C) The use of Fluorol Yellow 088 stain allows
visualization of a sectioned, microcracked surface that has been sealed with periderm. The
stain highlights the microcracks within the cuticle, as well as the suberin-containing cell walls
of the phellem, both of which appear yellow after staining. (D) A bright light image capturing
the initial phases of russet formation. Samples were stained with rodamin B, acriflavine, and
astral blue. The blue staining indicates the presence of non-suberized cell walls, while the
pink staining indicates the presence of suberized phellem cell walls. In addition, the pink
stain shows the presence of the plant cuticle. Lignified cell walls appear as a deep red color.

The scale bars for each image are: (A) 1 cm, (B) 200 nm, (C) 50 ym, (D) 20 um.

Several horticultural management strategies have been developed to address the problem of
russeting in apple. Research has shown that the growth regulator gibberellin As+7 can reduce
russeting symptoms in apple (Taylor, 1975). This is likely due to gibberellin As+7 reducing the
size of epidermal cells (Curry, 2012) and the extent of cuticular microcracking (Knoche et al.,
2011) . In addition, protective measures such as bagging the fruit with paper bags or rain
shelters during early fruit development have been shown to reduce russet symptoms (Tukey,

1959; Creasy and Swartz, 1981; Yuan et al., 2019). Furthermore, application of chlorogenic
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acid at 30 DAFB has been shown to inhibit russeting (Wang et al.,, 2014) . To prevent
russeting by breeding less susceptible cultivars, it is imperative to understand the underlying

molecular mechanisms and/or genetic loci associated with russet susceptibility.

1.2. The molecular basis of plant cuticle structure and synthesis

The cuticle plays a crucial role in protecting and regulating the aerial parts of terrestrial plants.
It is a hydrophobic lipid layer covering the epidermal cell layer that forms early during
embryonic development (Szczuka and Szczuka, 2003) . Its primary functions include
regulating water movement in and out of plant tissues (Riederer and Schreiber, 2001;
Schreiber, 2010), controlling gas exchange (O2, COz2) (Yeats and Rose, 2013), and providing
protection against UV light (Krauss et al., 1997; Yeats and Rose, 2013) and pathogens
(Serrano et al., 2014).

Cuticular waxes determine the barrier function of the cuticle in terms of water permeability
(Schoénherr, 1976) . In addition, the cuticle prevents the fusion of organs during plant
development (Sieber et al., 2000; Takahashi et al., 2010; Ingram and Nawrath, 2017). The
outer layer of the cuticle, known as epicuticular waxes, allows self-cleaning of the plant
surface from debris and dust based on the so-called lotus effect (Barthlott and Neinhuis,
1997) . A cuticle-like cell wall structure plays a crucial role in protecting the root meristem
from abiotic stresses during seedling establishment and lateral root formation, facilitating

proper root development (Berhin et al., 2019).

Plant cuticles are primarily composed of a polymerized matrix of cutin, together with organic
solvent-soluble lipids, commonly known as waxes, and a smaller portion of polysaccharides
(Yeats and Rose, 2013) . Cuticles can have either an amorphous or lamellar structure
(Kolattukudy, 1980; Heumann, 1990) . Plant cuticles undergo two stages of ontogeny: the
formation of the “cuticle proper” (CP), followed by the underlying thicker “cuticle layer” (CL)
(Jeffree, 2006) (Figure 2). The CP consists primarily of waxes, whereas the CL is rich in cutin
embedded with polysaccharides and intracuticular waxes (Yeats and Rose, 2013) . The
thickest part of the cuticle is typically found above the anticlinal epidermal cell walls (Jeffree,
2006) . The composition of monomers and components present in plant cuticles varies
between species and even organs (Espelie et al., 1979; Marga et al., 2001; Jeffree, 2006;
Kallio et al., 2006).
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Figure 2. Schematic illustration of plant cuticle structure and associated molecular

o

pathways. The cuticle consists of two major structures: the cuticle layer (CL) and the cuticle
proper (CP). The synthetic pathways responsible for cuticle formation originate from two
crucial cellular compartments, namely the plastids and the endoplasmic reticulum (ER). CER
= ECERIFERUM, CUS = cutin synthase, CYPs = cytochrome P450, ECR = enoyl-CoA
reductase, GPAT = glycerol-3-phosphate acyltransferase, HCD = p-hydroxyacyl-CoA
dehydratase, KCS = (-ketoacyl-CoA synthase, KCR = S-ketoacyl-CoA reductase, LACS

laccase, LTP = lipid transfer protein, MYB = myeloblastosis transcription factor, SHN

SHINE, WSD = wax ester synthase/acyl-coenzyme A: diacylglycerol acyltransferase.

The cutin polymer is typically composed of hydroxylated or epoxy-hydroxylated fatty acids
(predominantly C1s and Cig), that are crosslinked by esterification (Espelie et al., 1979;
Kolattukudy, 1981, 1996; Kolattukudy, 2001). The major C+s cutin monomers are 9- or 10,16-
dihydroxyhexadecanoic acid and 16-hydroxyhexadecanoic acid. Major C1s cutin monomers
are 18-hydroxy-9,10-epoxyoctadecaonoic acid and 9,10,18-trihydroxyoctadecanoic acid and
their monosaturated homologs (Heredia, 2003; Fich et al., 2016). The cuticles covering fast-
growing plant organs such as apple flowers and leaves tend to have higher Cis family
monomers (Kolattukudy and Walton, 1972; Holloway, 1973; Espelie et al., 1979; Kolattukudy,
2001), whereas cuticles covering the apple fruit are dominated by C1s fatty acid-based cutin
monomers (Holloway, 1973; Espelie et al., 1979) . According to Si et al. (2021) , the

deposition of cutin monomers typically occus on the inner surface of the cuticle.

Waxes in plant cuticles are based on a mixture of very long chain fatty acids (VLCFAs;
mainly C20-Ca0) including alcohols, alkanes, aldehydes, ketones and esters as well as

flavonoids, sterols and triterpenes (Kunst and Samuels, 2003; Jetter et al., 2006; Yeats and
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Rose, 2013). In apple cuticles the major constituents are n-nonacosane (Czg) and ursolic acid
(Morice and Shorland, 1973; Belding et al., 1998; Dong et al., 2012). Specifically in apple
fruit cuticles, triterpenes and triterpenoids are major components of the wax fraction, such as
ursolic acid and oleanolic acid (André et al., 2012; Legay et al., 2017). Waxes are deposited
in the inner matrix of the cutin polymer (intracuticular waxes) and on the outer part of the
cuticle (epicuticular waxes). In many plants, triterpenes and triterpenoids are exclusively
deposited in the intracuticular wax layer (Buschhaus and Jetter, 2011). Flavonoids that have
been found in plant cuticles are e.g. chalconaringenin or naringenin (Hunt and Baker, 1980;

Dominguez et al., 2011b).

Polysaccharides in plant cuticles are specifically located in inner matrix adjacent to the
epidermal cell walls and are mainly composed of cellulose, hemicellulose, and pectins
(Norris and Bukovac, 1968; Lopez-Casado et al., 2007; Dominguez et al., 2011a;
Dominguez et al., 2011b; Fernandez et al., 2016).

Another polymer found in cuticles is cutan, which is composed mainly of alkyl moieties with a
carbon chain length of Cz: to Csz (Villena et al., 1999; Schouten et al., 1998; van Bergen et
al., 2004; Deshmukh et al., 2005; Bargel et al., 2006). To date, there is no evidence for cutan

in apple cuticles.

Studies in Arabidopsis (Arabidopsis thaliana) and tomato (Solanum lycopersicum) have
identified important parts of the synthesis pathway of plant cuticles. Genes involved in the
synthesis, transport and polymerization of cuticular lipids and in the regulation of their

synthesis have been identified.

The cutin monomer synthesis pathway begins with de novo synthesis of Cis and Cis fatty
acids in plastids (Figure 2). These fatty acids are transported to the endoplasmic reticulum
(ER), where they are modified into various oxygenated monoacylglycerols. Three steps are
involved: First, esterification of coenzyme A (CoA) to a fatty acid; second, w- or mid-chain
hydroxylation; and third, linkage of the fatty acid-CoA to glycerol (Yeats and Rose, 2013; Fich
et al., 2016).

In the first step, CoA is esterified to a fatty acid by long-chain acyl-CoA synthetases (LACS).
In the second step, proteins of the cytochrome P450 family hydroxylate these fatty acids.
CYP86 enzymes perform the w-hydroxylation (Wellesen et al., 2001; Xiao et al., 2004; Li-
Beisson et al., 2009), while mid-chain hydroxylation is performed by members of the CYP77
subfamily (Li-Beisson et al., 2009; Sauveplane et al., 2009) . Finally, glycerol-3-phosphate
acyltransferases (GPAT) transfer the fatty acid-CoA to glycerol-3-phosphate. GPAT4,
GPAT6 and GPATS are widely recognized for their for role in this process (Li et al., 2007; Li-
Beisson et al., 2009; Petit et al., 2016).
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The early steps of wax synthesis overlap with those of the cutin synthesis pathway. This
includes the de novo synthesis of Cis and Css fatty acids and esterification of CoA to fatty
acids (Yeats and Rose, 2013) . In the next step fatty acids, are elongated to a chain
length >C2o (VLCFAS) by the fatty acid elongation complex (FAE). The FAE consists of four
different enzymes: [-ketoacyl-CoA synthase (KCS), B-ketoacyl-CoA reductase (KCR), -
hydroxyacyl-CoA dehydratase (HCD), and enoyl-CoA reductase (ECR) (Kunst and Samuels,
2009; Yeats and Rose, 2013). After synthesis, VLCFAs are modified by two pathways: The
acyl reduction pathway and the decarbonylation pathway (Kunst and Samuels, 2009). In the
former, primary alcohols and wax esters are formed, and the enzymes ECERIFERUM 4
(CER4) (Wang et al.,, 2018) and wax ester synthase/acyl-coenzyme A: diacylglycerol
acyltransferase 1 (WSD1) (Li et al., 2008) have been shown to be active in this process. The
latter pathway produces aldehydes, alkanes, secondary alcohols, and ketones, and specific
enzymes such as CER1 (Hannoufa et al., 1993; McNevin et al., 1993; Aarts et al., 1995)

have been well characterized for their involvement in this step.

Our current understanding of the transport of cutin monomers and wax moieties is limited.
The transport processes that have been extensively studied rely on ATP-binding cassette
(ABC) transporters that are located in the plasma membrane of the cell. In Arabidopsis the
transporters ABCG11 (Bird et al., 2007; Panikashvili et al., 2010), ABCG13 (Panikashvili et
al., 2011) and ABCG32 (Bessire et al.,, 2011) as well as their orthologs SIABCG36 and
SIABCG42 in tomato (Elejalde-Palmett et al., 2021) have been shown to transport cuticular
lipids. In addition, the transport of waxes to the cuticle by the lipid transfer proteins (LTP)
LTPG1 and LTPG2 has been reported (Debono et al., 2009; Lee et al., 2009a; Kim et al.,

2012). Transport of cutin monomers by LTP’s has not been demonstrated.

Few enzymes have been characterized for the polymerization of cutin monomers. Cutin
synthase 1 (CUS1) has been shown to transesterify major cutin monomers in tomato (Girard
et al., 2012; Yeats et al., 2012). Recent research has demonstrated a function of cutinsomes
(self-assembled cutin monomers) during early cuticle formation and CUS17 activity from the
onset of cell expansion in tomato fruit (Segado et al., 2020). Analysis of CUS family proteins
in evolutionarily diverse plant species revealed a conserved function in catalyzing cutin
polymerization (Yeats et al., 2014) . CUS2, an ortholog of CUST1, is required for the
maintenance of sepal cuticular ridges in Arabidopsis, but its direct relationship to cuticle
synthesis and polymerization remains unclear (Hong et al., 2017) . Moreover, it has been
suggested that the BODYGUARD (BDG) gene family in Arabidopsis, which encodes a/f8

hydrolases, may function in cutin polymerization (Kurdyukov et al., 2006a). The epidermis-

specific bdg1 shows a possible role in polymerization of C1g cutin monomers (Jakobson et al.,
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2016) , while observations on bdg3 knockout lines show possible functions in nanoridge

formation in petals (Shi et al., 2011).

Several transcription factors have been identified in regulatory processes of plant cuticle
synthesis. Most of them belong to the MYB (myeloblastosis) family, such as MYB16 (Oshima
et al., 2013; Oshima and Mitsuda, 2013), MYB41 (Cominelli et al., 2008), MYB94 (Lee and
Suh, 2015; Lee et al., 2016), MYB96 (Lee et al., 2016), and MYB106 (Oshima et al., 2013).
Other transcription factor families have also been implicated in the regulation of cuticle
synthesis. Examples include the AP2/ERF family, especially the SHINE (SHN) clade
(Aharoni et al., 2004). SHN1, SHNZ2 and SHN3 have been shown to be important regulators
of cuticle formation and cuticular lipid synthesis (Aharoni et al., 2004; Shi et al., 2011; Shi et
al., 2013).

Finally, cuticular lipid synthesis in fruits appears to be related to the levels of the
phytohormones abscisic acid (ABA) and ethylene. In cucumber, gene expression of cuticular
alkane synthesis was increased by ABA (Wang, W. et al., 2015a; Wang, W. et al., 2015b). In
orange, a correlation between cuticular wax synthesis and ABA levels was suggested (Wang
et al., 2016). A positive relationship between ethylene and cuticular wax synthesis has been
demonstrated in orange and apple fruit (Ju and Bramlage, 2001; Cajuste et al., 2010; Li et al.,
2017).

1.3. Molecular processes in periderm formation

The periderm is a protective tissue in plants that develops in response to biotic and abiotic
stresses. It is an adaptation of plants to survive in harsh environmental conditions in terms of
regulation of gas exchange (Lendzian, 2006), water loss (Khanal et al., 2019), and acts as a
protective layer against pathogens (Thangavel et al., 2016). Peridermal structures form after
the disruption of primary barriers and are found in stems (Graca and Pereira, 2004), roots
(Wunderling et al., 2018), and fruits (Macnee et al., 2020) of angiosperms and gymnosperms.
Anatomically, a periderm consists of three distinct cell tissues: The phelloderm, the phellogen,
and the phellem (Figure 3A). The phelloderm, which is the innermost layer of the periderm,
shows morphological similarities to the underlying parenchyma cells. The phellogen is a
unicellular layer with meristematic activity. The phellem is a multilayered cell layer composed
mainly of dead cells with suberized cell walls (Evert, 2006; Serra et al., 2022). It is generally
characterized by its stacked cell structure, which is formed as new phellem layers are

produced by the phellogen over time.
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Figure 3. Schematic representation of periderm structure and aliphatic suberin
impregnation in cell walls. (A) The periderm is composed of three distinct cell types:
phelloderm, phellogen, and phellem. Periderm formation occurs in the hypodermis,
specifically during russet formation beneath microcracks. (B) The scheme shows the
molecular pathways involved in the formation of phellem cell walls impregnated with aliphatic
suberin. Before being exported to the cell wall, the w-hydroxy acids and primary alcohols can
undergo feruloylation through the action of cytosolic ASFT. ASFT = aliphatic suberin feruloyl
transferase; CYPs = cytochrome P450; ER = endoplasmic reticulum; EVB = extra vesicular
bodies; FAR = fatty acid reductase; GELP = Gly-Asp-Ser-Leu (GDSL)-type esterasel/lipase
proteins; GPAT = glycerol-3-phosphate acyltransferase; KCS = S-ketoacyl-CoA synthase;
LACS = laccase; LTP = lipid transfer protein; MVB = multivesicular body; MYB =

myeloblastosis transcription factor; NAC = NAC domain containing protein.

The main component of the periderm is the phellem, which consists of both insoluble and
soluble fractions. The insoluble fraction includes suberin, lignin, and polysaccharides such as
cellulose and hemicellulose. On the other hand, the soluble fraction includes waxy

constituents and phenolic compounds (Serra et al., 2022).
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Suberin has been identified as the major component of the phellem cell wall, accounting for
up to 50% of the total composition (Silva et al., 2005). Previous studies have characterized
suberin as a heteropolymer consisting of two distinct domains: the suberin poly(aliphatic)
domain (SPAD) and the suberin poly(phenolic) domain (SPPD) (Bernards, 2002) . The
inclusion of both domains within the suberin polymer itself remains a subject of debate
(Woolfson et al., 2022). Some researchers suggest that only the chemically distinct SPAD is
truly part of the suberin polymer (Serra and Geldner, 2022) . The SPPD domain has more
similarities with lignin or lignin-like polymers and is often found in association with suberin
(Serra and Geldner, 2022). Recent research has shown that the SPPD domain is critical for
suberin impregnation in cell walls and that both domains are interconnected (Andersen et al.,
2021). The connection between the lignin of the primary cell wall and the suberin lamellae is
proposed to be achieved by ferulic acid, a major compound found in the SPAD and SPPD
domains (Bernards, 2002; Graga and Santos, 2007; Graga, 2010) . Although there is an
ongoing debate, this section will emphasize the composition of the SPAD domain as an
important component of suberin, as opposed to SPPD. Aliphatic suberin is a complex
biopolymer composed mainly of oxygenated fatty acid derivatives, with monomers dominated
by w-hydroxy fatty acids and a,B-dicarboxylic acids with a carbon chain length ranging from
C16 to Cao as well as glycerol (Schreiber et al., 1999; Graca and Pereira, 2000; Franke and
Schreiber, 2007). In particular, C2o, C22, C24 w-hydroxy fatty acids are both major and unique
compounds found in suberin polymers (Franke et al., 2005). The suberin found in apple fruit
skins is primarily composed of primary alcohols, fatty acids, w-hydroxy fatty acids, and a,83-

dicarboxylic acids with carbon chain lengths ranging from Cx to C24 (Legay et al., 2017).

The lignin found in phellem cells is mainly composed of guaiacyl (G) units and, to a lesser
extent, syringyl (S) monolignol units (Marques and Pereira, 2013; Fagerstedt et al., 2015;
Lourenco et al., 2016; Dou et al., 2018). Commonly found are hydroxycinnamic acids such
as coumaric acid, caffeic acid, ferulic acid and sinapic acid and their derivates (Woolfson et

al., 2022). Ferulic acid is a major component found in apple periderm (Legay et al., 2017).

The waxes found in the periderm are consist mainly of alkanes, fatty alcohols (C1s-Czs), fatty
acids (C14-C24), glycerol, triglycerides, and up to 50% of triterpenes belonging to the fridelin
and lupine families (Castola et al., 2002; Silva et al., 2005). The wax constituents present in
the peridermal structures of apple fruit skins are a combination of lupine-type triterpenoids,
C16-C20 carboxylic acids, C24-C3o primary alcohols, and several alkyl hydroxycinnamates
(Legay et al., 2017) . The water barrier properties of the periderm are determined by the
waxes present (Soliday et al., 1979). It has been shown that ferulic acid esters appear to be

a key factor in maintaining the water barrier of the periderm (Serra et al., 2010).
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The synthesis of the SPAD domain, particularly alipathic suberin, which is chemically very
similar to cutin, begins with the use of Cis and Cis long-chain fatty acids (LCFAs) as a
starting point (Serra and Geldner, 2022) (Figure 3B). In the ER, LCFAs are modified by
LACS to form acyl-CoA thioesters. Among the LACS enzymes, LACS2 has been identified
as suberin-specific (Ayaz et al., 2021; Renard et al., 2021). In addition, in the ER, long-chain
fatty acyl-CoA (LCFA-CoA) are elongated into very long-chain fatty acyl-CoA (VLCFA-CoA)
of various chain lengths by FAE, primarily through the action of the enzyme KCS. Suberin-
specific enzymes involved in this process include KCS2 (Franke et al., 2009), KCS6 (Serra et
al., 2009a) , KCS20 (Lee et al., 2009b) , and possibly KCS1 (Todd et al., 1999) . During
suberin synthesis, two pathways have been identified to follow up: First, the reduction of the
VLCFA-CoA; second, the hydroxylation of unmodified fatty acids or primary alcohols.
Specific enzymes associated with the first step are the fatty acyl reductases FAR1, FAR4
and FARS to produce fatty alcohols (Domergue et al., 2010; Vishwanath et al., 2013; Wang
et al.,, 2021) , while the latter step is mediated by enzymes of the CYP86A, CYP86B and
CYP94B monooxygenase families that w-hydroxylate fatty acids (Hofer et al., 2008;
Compagnon et al., 2009; Molina et al., 2009; Serra et al., 2009b; Krishnamurthy et al., 2020;
Krishnamurthy et al., 2021) . The w-hydroxy fatty acids can be used to synthesize a,G-
dicarboxylic acids (Agrawal and Kolattukudy, 1977) . However, it remains unclear whether
suberin-specific enzymes are involved in this step. During cutin synthesis, the enzyme
HOTHEAD is responsible for the synthesis of a,8-dicarboxylic acids from w-hydroxy fatty

acids (Kurdyukov et al., 2006b). This function may also occur during suberin synthesis.

w-hydroxy acids and primary alcohols can be esterified with feruloyl-CoA from the
phenylpropanoid pathway via alipathic suberin feruloyl-transfere (ASFT) (Gou et al., 2009;
Molina et al., 2009) or fatty w-hydroxy acid/fatty alcohol hydroxycinnamoyl transferase (FHT)
to generate feruloylated suberin precursors (Serra et al., 2010; Boher et al., 2013). Another
crucial step in suberin synthesis is the transfer of glycerol to fatty acyl-CoA derivatives, which
is facilitated by suberin-specific glycerol-3-phosphate transferases such as GPATS (Beisson
et al., 2007) and possibly GPAT7 (Yang et al., 2012) . This transfer occurs at the 2-sn
position, resulting in the formation of 2-monoacylglycerol. After formation, the feruloylated

and glycerylated suberin precursors are transported to the cell wall.

Several ABCG transporters have been identified as suberin monomer transporters in plants,
including ABCG1 in Solanum tuberosum and its ortholog in Arabidopsis (Landgraf et al.,
2014; Shanmugarajah et al., 2019), ABCG2, ABCG6, ABCG11, and ABCG20 in Arabidopsis
(Panikashvili et al., 2010; Yadav et al., 2014) , and RCN1/ABCGS5 in rice (Oryza sativa)
(Shiono et al., 2014). In addition, lipid transfer proteins (LTP) have also been shown to play a
role in suberin transport. In Arabidopsis, LTPI-4 (Deeken et al., 2016) and LTPG15 (Lee and
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Suh, 2018)

extracellular vesiculo-tubular structures play a critical role in suberin monomer transport via

have been identified in suberin transport. Recent evidence suggests that

an exocytosis pathway (Bellis et al., 2022).

Gly-Asp-Ser-Leu (GDSL)-type esterase/lipase proteins (GELPs) are the primary mediators of
suberin polymerization in the cell wall. Recent work by Ursache et al. (2021) has identified
several GELPs involved in suberin polymerization Arabidopsis roots. In addition to GELPs,
suberin lamellae in the cell wall are likely to form to a lesser extent by self-assembly between

ferulic acid or sinapic acid, w-hydroxy fatty acids, and glycerol (Kligman et al., 2022).

The incrustation of cell walls with suberin is regulated by several transcription factors,
including primarily members of the MYB, NAC, and WRKY families. Table 1 lists the currently

known transcriptional regulators involved in the process of suberin synthesis.

Table 1. List of transcriptional regulators associated with the suberin synthesis pathway.

Gene Description of function Species Reference
MYB1 Phellem specific activity, activator Quercus suber (Capote et al., 2018)
of lignin and suberin synthesis
MYB9 Activator of suberin synthesis A. thaliana (Lashbrooke et al., 2016)
MYB39 Activator of suberin synthesis A. thaliana (Cohen et al., 2020)
MYB41 Activator of suberin synthesis A. thaliana, Actinidia ~ (Kosma et al., 2014; Wei et al.,
chinensis 2020; Shukla et al., 2021)
MYB53 Activator of suberin synthesis A. thaliana (Shukla et al., 2021)
MYB70 Repressor of suberin synthesis A. thaliana (Wan et al., 2021)
MYB74 Activator of suberin synthesis Solanum tuberosum (Wahrenburg et al., 2021)
MYB78 Activator of suberin synthesis Saccharum (Figueiredo et al., 2020)
officinarum
MYB92 Activator of suberin synthesis A. thaliana (Shukla et al., 2021)
MYB93 Activator of suberin synthesis Malus x domestica, (Legay et al., 2016; Shukla et
A. thaliana al., 2021)
MYB102  Activator of suberin synthesis S. tuberosum (Wahrenburg et al., 2021)
MYB107  Activator of suberin synthesis A. thaliana, (Lashbrooke et al., 2016; Gou
A. chinensis et al., 2017; Wei et al., 2020)
MYC2 Activation of FAR, ABA-mediated A. chinensis (Wei et al., 2020)
wound suberization
ANACO046  Activator of suberin synthesis A. thaliana (Mahmood et al., 2019)
ANAC103 Repressor of suberin synthesis S. tuberosum (Verdaguer et al., 2016)
WRKY1 Regulation of phenylpropanoid S. tuberosum (Yogendra et al., 2015)
synthesis
WRKY9 Activator of suberin synthesis A. thaliana (Krishnamurthy et al., 2021)
WRKY33  Activator of suberin synthesis Avicennia officinalis (Krishnamurthy et al., 2020)
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Similar to cuticle lipid biosynthesis, phytohormones also play a role in suberin deposition in
response to various stresses. An increase in ABA induced by salt stress has been observed
to promote suberization in Arabidopsis roots (Barberon et al., 2016) . Upon wounding,
increased levels of ABA mediate the accumulation of primary fatty alcohol in the suberin of
kiwi fruit (Actinidia chinensis) (Wei et al., 2020). Recent research has shown that ABA levels
directly regulate several transcription factors associated with suberization in Arabidopsis (Xu,
H. et al., 2022) . Conversely, ethylene-based signaling was found to decrease suberization
levels during iron deficiency (Barberon et al., 2016). In addition, Lu et al. (2022) highlighted
that increased serotonin (5-hydroxytryptamine) levels are associated with a reduction in root

suberization in both rice and Arabidopsis.

The synthesis of the SPPD domain, especially lignin, occurs via the phenylpropanoid
pathway. The phenylpropanoid pathway begins with the enzyme phenylalanine ammonia-
lyase, which catalyzes the conversion of the shikimate pathway derived phenylalanine to
cinnamate (Havir and Hanson, 1970) . Cinnamate is then hydroxylated to 4-hydroxy
cinnamate (p-coumaric acid) by cinnamate 4-hydroxylase (C4H) (Russell and Conn, 1967;
Russell, 1971; Mizutani et al., 1997) , followed by conversion to p-coumaroyl-CoA by the
enzyme 4-coumarate-CoA ligase (4CL) (Schneider et al., 2003). p-Coumaroyl-CoA serves as
a precursor for flavonoid synthesis or for the synthesis of other common hydroxycinnamic
acids such as caffeoyl-CoA, ferulic acid, and sinapic acid. Caffeoyl-CoA is derived through
the enzymatic activity of p-coumaroyl-quinate/shikimate 3’-hydroxylase (C3’H) (Knollenberg
et al., 2018) and hydroxycinnamoyl-CoA transferase (HCT) (Hoffmann et al., 2003), ferulic
acid by methylation of caffeoyl-CoA by caffeoyl-CoA-O-methyltransferase (CCoAOMT) (Do et
al., 2007), and sinapic acid by ferulate 5-hydroxylase (F5H) (Meyer et al., 1996), along with
caffeic acid O-methyltransferase (COMT) (Humphreys et al., 1999).

The mechanism by which monolignols are transported to the cell wall is not fully understood,
although three potential pathways have been proposed: First, passive diffusion across the
plasma membrane; second, exocytosis facilitated by vesicles derived from the ER and Golgi
apparatus; and third, active export mediated by ABC transporters (Miao and Liu, 2010; Liu et
al., 2011; Liu, 2012; Perkins et al., 2019; Vermaas et al., 2019). To date, only ABCG29 has

been identified as a transporter in this process (Alejandro et al., 2012).

Polymerization of lignin and the SPPD domain is thought to be mediated by peroxidases and
H2O. (Espelie et al., 1986) . In potato, an anionic peroxidase has been implicated in the
polymerization of hydroxycinnamic acids present in the SPPD domain of suberin (Bernards
et al., 1999) . Peroxidase 64 (PER64) and a dirigent-like protein (ESB1) were found to
significantly contribute to lignin polymerization during observations of Casparian strip

lignification (Hosmani et al., 2013; Lee et al., 2013). The peroxidase TPX1 was found to be
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involved in the polymerization of suberin and lignin in tomato (Quiroga et al., 2000). Recent
research using Arabidopsis loss-of-function mutants has shown that peroxidases, but not

laccases, play critical role in lignin polymerization (Rojas-Murcia et al., 2020).

The transcriptional regulation of lignin synthesis has been extensively studied in several plant
species, revealing a complex network of interactions. Among the transcription factors
involved in this process, members of the MYB and NAC family have been found to play a

primary role. Table 2 provides an overview of the known transcriptional regulators in this

pathway.

Table 2. List of transcriptional regulators associated with the lignin synthesis.

Gene Description of function Species Reference
BP Repressor of lignin synthesis A. thaliana (Mele et al., 2003)
LIM1 Activator of lignin synthesis Nicotiana tabacum (Kawaoka et al., 2000)
LTF1 Repressor of lignin synthesis Populus deltoides x (Gui et al., 2019)
Populus euramericana
PAP1 Activator of lignin synthesis A. thaliana (Borevitz et al., 2000)
MYBJS1  Activator of lignin synthesis N. tabacum (Galis et al., 2006)
MYB1 Activator of lignin synthesis Pinus taeda (Patzlaff et al., 2003b)
MYB2 Activator of lignin synthesis Eucalyptus gunnii (Goicoechea et al., 2005)
MYB3 Activator of lignin synthesis Populus trichocarpa (McCarthy et al., 2010)
MYB4 Repressor of lignin synthesis in A. thaliana, Pinus taeda  (Jin et al., 2000; Patzlaff et al.,
Arabidopsis, activator of lignin 2003a)
synthesis in P. taeda
MYB5a Repressor of lignin synthesis Vitis vinifera (Deluc et al., 2006)
MYBS8 Activator of lignin synthesis P. taeda (Bomal et al., 2008)
MYB11 Repressor of lignin synthesis Zea mays (Vélez-Bermudez et al., 2015)
MYB20 Activator of lignin synthesis Populus trichocarpa, A. (McCarthy et al., 2010; Geng
thaliana et al., 2020)
MYB21a Repressor of lignin synthesis Populus tremula x (Karpinska et al., 2004)
tremuloides
MYB26 Activator of lignin synthesis A. thaliana (Yang et al., 2007)
MYB31 Repressor of lignin synthesis Z. mays (Fornalé et al., 2006)
MYB32 Repressor of lignin synthesis A. thaliana (Preston et al., 2004)
MYB42 Activator of lignin synthesis in A. thaliana, Z. mays (Fornalé et al., 2006; Zhong et
Arabidopsis, Repressor of lignin al., 2008; Sonbol et al., 2009;
synthesis in Zea mays Geng et al., 2020)
MYB43 Activator of lignin synthesis A. thaliana (Geng et al., 2020)
MYB46 Activator of cellulose, xylan, and A. thaliana (Zhong et al., 2007)
lignin synthesis
MYB52 Activator of lignin synthesis Malus x domestica (Xu, X. et al., 2022)
MYB58 Activator of lignin synthesis A. thaliana (Zbou et al., 2009)
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Table 2 continued

MYB61 Activator of lignin synthesis A. thaliana (Newman et al., 2004)
MYB63 Activator of lignin synthesis A. thaliana (Zhou et al., 2009)
MYB83 Activator of lignin synthesis A. thaliana (McCarthy et al., 2009)
MYB85 Activator of lignin synthesis A. thaliana (Zhong et al., 2008; Geng et
al., 2020)
MYB103  Activator of lignin synthesis A. thaliana (Ghman et al., 2013)
MYB156  Repressor of lignin synthesis Populus tomentosa (Yang et al., 2017)
MYB308 Repressor of lignin synthesis Antirrhinum majus (Tamagnone et al., 1998)
MYB330 Repressor of lignin synthesis A. majus (Tamagnone et al., 1998)
NST1 Activator of lignin synthesis A. thaliana (Mitsuda et al., 2007)
NST2 Activator of lignin synthesis A. thaliana (Mitsuda et al., 2005)
NST3 Activator of lignin synthesis A. thaliana (Mitsuda et al., 2007)

While the synthesis of waxes was introduced in Section 1.1, it will not further be elaborated

on in this section in relation to the periderm.

Periderm formation parallels the vascular cambium, where several transcriptional regulators
have been identified as important for cambial activity. These regulators include
AINTEGUMENTA (Randall et al., 2015), several auxin responsive factors (ARF) (Brackmann
et al., 2018; Smetana et al., 2019) , ethylene response factor 018 (ERF18) and ERF109
(Etchells et al., 2012), WUSCHEL-related homebox 4 (WOX4) (Hirakawa et al., 2010; Ji et al.,
2010; Suer et al., 2011), and WOX14 (Etchells et al., 2013). In a recent study by Zhang, J. et
al. (2019), a large number of additional transcription factors were found to be active in the
vascular cambium. Among them, WOX4, WOX14, KNOTTED-like from Arabidopsis thaliana
1 (KNAT1), NAC domain-containing protein 15 (ANACO015), and LOB domain-containing
protein 3 (LBD3) were found to promote cambial activity. Conversely, petal loss (PTL),
response to ABA and salt 1 (RAS1), short vegetative phase (SVP), and MYB domain 87
(MYB87) were found to inhibit cambial activity. The study also identified WOX4 and KNAT1
as master regulators of cambial activity. In poplar, regulation of cambial cell division and
radial growth is mediated by WOX4 downstream of fracheary element differentiation
inhibitory factor and phloem intercalated with xylem (TDIF-PXI) signaling through clavate 3
(CLV3)/embryo surrounding region (ESR)-related 41 (CLE41) genes (Hirakawa et al., 2010;
Kucukoglu et al., 2017). Recent research has shown that the zinc finger transcription factor
vascular cambium-specific 2 (VCS2) regulates the proliferation rate of cambial cells in poplar
by modulating the acetylation status of the WOX4 promoter (Dai et al., 2023) . In addition,
MYB84 has been identified as a potential regulator of cambial activity. In cork oak (Qercus
suber), its ortholog MYB1 showed specific expression in phellem cells (Almeida et al., 2013a;
Almeida et al., 2013b), whereas in Arabidopsis, MYB84 was found to be active in phellogen

and phellem (Wunderling et al., 2018) . Leal et al. (2022) showed that MYB84 was less
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expressed in the phellem-specific translatome, compared to the whole root translatome. This
suggests a possible involvement of MYB84 in the phellogen. While the phellem-specific
translatome revealed several additional transcriptional regulators, these are primarily
associated with suberin formation rather than periderm initiation processes. Vulavala et al.
(2019) examined a phellogen-specific transcriptome and identified several genes associated
with cell division and differentiation processes, providing insights into the molecular
mechanisms underlying periderm development. Although significant progress has been
made in understanding peridermal structures, there is still a need for further investigation to

fully understand the complex network of factors that regulate periderm associated processes.

1.4. Genetic and metabolic factors associated with russeting in apple

Russet susceptibility in fruit has a genetic basis that varies among cultivars (Khanal et al.,
2013a), mutants (Falginella et al., 2021), and segregating populations (Falginella et al., 2015;
Lashbrooke et al.,, 2015; Macnee et al., 2021; Jiang et al.,, 2022) . Investigations on
segregating apple populations have identified several quantitative trait loci (QTLs) associated
with this trait. Studies by Falginella et al. (2015) and Lashbrooke et al. (2015) found three
major QTLs on linkage group 12 and chromosome 2 and 15. More recently, Powell et al.
(2023) identified seven QTLs associated with russeting on linkage groups 2, 6, 7, 9, 12, 13,
and 15. Genes involved in cuticle formation and epidermal patterning, such as SHN3 and
ABCG11, have been found to be associated with the russeting trait (Falginella et al., 2015;
Lashbrooke et al., 2015). Specifically, SHN3 shows distinctive gene expression patterns that
correlate with russeting susceptibility (Lashbrooke et al.,, 2015) . Legay et al. (2015)
conducted an RNA-Seq study on mature apple fruit skins, which revealed that genes
involved in cuticle-related functions were downregulated, while genes in the suberin and
phenylpropanoid pathways were upregulated. To demonstrate the regulatory role of MYB93
in suberin synthesis, Legay et al. (2016) performed heterologous overexpression in N.
benthamiana leaves, confirming its importance as a major regulator. Further research has
identified additional transcriptional regulators involved in suberin deposition in angiosperms.
Lashbrooke et al. (2016) showed that MYB9 and MYB107 from Solanum lycopersicum, as
well as their homologs in apple, have regulatory functions in suberin deposition. In addition,
MdOSC5 was found to be involved in triterpene synthesis on russeted apple fruit skins, and
promotor binding assays indicate that MdMYB52 and MdMYB66 activate MdOSC5
(Falginella et al., 2021). In their recent research, Xu, X. et al. (2022) identified MdMYB52 as
a positive regulator of G-unit lignin monomers, while MdMYBG68 plays a critical role as a
master regulator of suberin, as well as regulating modifications in hemicelluloses and pectins

(Xu et al., 2023) . In addition, using transcriptomic and proteomic approaches, Yuan et al.
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(2019) identified two peroxidases, a shikimate O-hydroxycinnamoyl transferase, and a
cinnamyl alcohol dehydrogenase associated with lignification of russeted surfaces. André et
al. (2022) discovered a lipid transfer protein (LTP3) critical for maintain the cuticle integrity in
apple fruit skins, as well as several BAHD (HXXD-motif) acyltransferases associated with
triterpene hydroxycinnamate synthesis in russet fruit skins using a systems biology approach

involving metabolomics, proteomics, and transcriptomics.

Legay et al. (2017) compared the metabolic composition of mature russeted and waxy apple
skins of the semi-russeted ‘Cox Orange Pippin’ and found a shift in cutin, suberin, triterpene,
and wax content. Russeted fruit skins contained higher levels of Czo, C22, and Co4 fatty acids,
alkyl hydroxycinnamates, and betulinic acid, and lower levels of C4s and Cig fatty acids,
oleanolic acid and ursolic acid. Additionally, Gutierrez et al. (2018) found higher phloridzin
content in the fruit skins of russeted apple sports compared to low-russeted apple sports at
maturity. When comparing a subset of russeted and non-russeted sports of ‘Golden
Delicious’ apples, it was found that phloroidzin content in the peel was higher during the
vegetative phase of the fruit compared to the mature stage, especially in the former
(Gutierrez et al., 2018).

Despite these advances, the earliest steps in the development of russeting in apple fruit
remain poorly understood. This knowledge gap can be attributed to the fact that most studies
have focused primarily on the later stages of russeting, highlighting the need for further

research in this area.

1.5. Transcriptomics in horticultural crops with a focus on apple

The transcriptome refers to the complete set of RNA molecules expressed by a cell or tissue
at a given time. In the 1980s, researchers began using Sanger sequencing as a method to
identify expressed sequence tags (ESTs) (Sutcliffe et al., 1982; Putney et al., 1983). Later on,
cDNA microarrays were introduced by Schena et al. (1995) as a tool for studying gene
expression levels. However, these methods were limited in their ability to efficiently generate
large amounts of data. Today, next-generation sequencing (NGS) is the preferred method for
generating transcriptomic datasets due its higher throughput and cost efficiency. Popular
NGS platforms include Roche 454, lon Torrent, PacBio, Oxford Nanopore, SOLID, and
lllumina, which is currently the most widely used platform for transcriptomics (Ravisankar and
Mathew, 2022). Through the development of several bioinformatics algorithms, researchers
now have the ability to comprehensively explore the nuances of transcriptomic dynamics.
This includes assembly of reference genomes and transcriptomes (Kim et al., 2013; Pertea

et al., 2015), mapping reads to them (Dobin et al., 2013; Kim et al., 2019), counting reads
17
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(Anders et al., 2015), and using software to explore expression data (Robinson et al., 2010;
Love et al., 2014).

RNA sequencing (RNA-Seq) analysis involves three primary tasks: First, to identify gene
structure, including intron-exon boundaries; second, to identify expressed and non-
expressed regions of the genome; and third, to detect differences in expression profiles
between genotypes, tissues, external factors, or developmental stages. To achieve these
goals, various approaches have been developed over time to generate reliable
transcriptomic data. Two popular methods for investigating these tasks are bulk
transcriptomics and single-cell transcriptomics, with the latter gaining traction in recent years
(Kulkarni et al., 2019; Kaur et al., 2023).

The increasing accessibility of genome sequences for horticultural crops has greatly
improved the detection and analysis of genes important in various biological processes. For
example, the first report of the apple (Malus x domestica) reference genome for ‘Golden
Delicious’ was published by Velasco et al. (2010). In subsequent years, the apple genome
has undergone significant improvements, and currently genome sequences for numerous
cultivars are readily available (Daccord et al., 2017; Zhang, L. et al., 2019; Sun et al., 2020;
Khan et al., 2022). Furthermore, the genomes of several wild relatives have been sequenced
in recent years, including Malus baccata (Chen, X. et al., 2019) , Malus sieversii, Malus
sylvestris (Sun et al., 2020) and Malus prunifolia (Li et al., 2022) . By incorporating these
genomes, a pan-genome for apple was constructed (Sun et al., 2020), which may facilitate
the identification of genes related to fruit quality traits. For example, a similar approach was
taken for tomato, where pan-genome analysis led to the discovery of several genes

associated with fruit flavor (Gao et al., 2019).

Transcriptomic approaches were used to study developmental and quality-related traits of
apple fruits. Red coloration of apple fruits was found to be regulated by MYB10 (El-Sharkawy
et al., 2015) and MYB114 (Jiang, S.-H. et al., 2019) through investigations using
transcriptomics. Wang, N. et al. (2015) used transcriptomic profiling of a segregating F1
population to identify molecular processes and genes associated with the red-fleshed
phenotype in apples. Using long non-coding RNA sequencing (IncRNA-Seq) analysis of
apple fruit peels, INcRNAs were found to play a role in the anthocyanin pathway (Yang et al.,
2019). Moreover, a combination of transcriptomics and metabolomics was recently used to
study the pre-harvest browning of fruit skin and revealed that the major regulator of this
undesireable trait is WRKY31, which regulates LACS7 (Wang et al., 2023). An investigation
of the transcriptional networks associated with pre- and post-ripening has highlighted the

potential of ABA, in addition to ethylene, in the ripening process (Onik et al., 2018).
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These findings demonstrate the utility of transcriptomic approaches in identifying key genes

for important horticultural traits, particularly in apple.

1.6. Objectives

The aim of this dissertation is to identify the genetic and molecular mechanisms involved in
the initiation of russeting in apple fruit skins using a combination of morphological,
transcriptomic and metablomic analyses. By unraveling the complexity of this trait, this
research aims to provide valuable insights for the development of apple cultivars with
increased resistance to russeting. Previous studies have focused on the analysis of naturally
russeted fruit without a clear starting point. In contrast, our research provides detailed

information on the early stages of russeting, which are currently unknown.
Therefore, this dissertation will highlight new findings on the following major objectives:

¢ Chapter 2: Establishment of a system for inducing russeting in apple fruit.

o Chapter 3: Characterization of the sequence of morphological changes that occur on the
apple fruit skin during the formation of russeting.

o Chapter 4: Investigation of changes in gene expression of candidate genes identified
from the literature, along with compositional changes that occur during the process of
russet formation.

o Chapter 5: Investigate and contrast the morphology, gene expressions, and metabolic
constitution of the periderm (russeting) induced by moisture and wounding.

o Chapter 6: Identification of transcriptomic events that occur during microcracking and
initiation of russet formation in apple fruit skins.

e Chapter 7: Functional characterization of candidate genes identified by transcriptomic

analyses.
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ABSTRACT

e Surface moisture induces microcracking in the cuticle of fruit skins. Our objective was
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to study the effects of surface moisture on cuticular microcracking, the permeance to
water vapour and russeting in developing ‘Pinova’ apple fruit.

Surface moisture was applied by fixing to the fruit a plastic tube containing deionized
water. Microcracking was quantified by fluorescence microscopy and image analysis
following infiltration with acridine orange. Water vapour permeance was determined
gravimetrically using skin segments (ES) mounted in diffusion cells.

Cumulative water loss through the ES increased linearly with time. Throughout devel-
opment, surface moisture significantly increased skin permeance. The effect was lar-
gest during early development and decreased towards maturity. Recovery time courses
revealed that following moisture treatment of young fruit for 12 days, skin permeance
continued to increase until about 14 days after terminating the moisture treatment.
Thereafter, skin permeance decreased over the next 28 days, then approaching the
control level. This behaviour indicates gradual healing of the impaired cuticular bar-
rier. Nevertheless, permeance still remained significantly higher compared with the
untreated control. Similar patterns of permeance change were observed following
moisture treatments at later stages of development. The early moisture treatment
beginning at 23 DAFB resulted in russeting of the exposed surfaces. There was no rus-
set in control fruit without a tube or in control fruit with a tube mounted for 12 days
without water.

The data demonstrate that surface moisture increases microcracking and water vapour
permeance. This may lead to the formation of a periderm and, hence, a russeted fruit

surface.

INTRODUCTION

The cuticle is a biopolymer that envelopes all primary surfaces
of terrestrial plants. It covers the fruits of most species and all
leaf surfaces. The cuticle performs important functions as a
barrier to pathogen invasion (Yeats & Rose 2013; Guan et al.
2015) and in regulating the passage of water and other sub-
stances across the surface. Depending on organ, circumstances
and chemistry of the penetrant, the transcuticular movements
can be either inwards or outwards (Kerstiens 1996; Schreiber &
Schonherr 2009; Dominguez et al. 2011; Yeats & Rose 2013).
Obviously, the maintenance of an appropriate level of regula-
tory function throughout fruit development requires the cuti-
cle to remain intact. Compared with a leaf, maintenance of
cuticular integrity in a fruit is particularly challenging. This is
because fruits differ from leaves in that fruit expansion com-
monly occurs over a lengthy period — commonly around
5 months (Knoche & Lang 2017). The ongoing growth subjects
the fruit cuticle and its subtending dermal layers (which
together make up the skin) to continuous tangential strain
(Skene 1982). The epidermal and hypodermal cell layers can
accommodate this strain by ongoing anticlinal cell divisions
and by gradual changes in cell anticlinal aspect ratio, from

portrait to landscape (Tukey & Young 1942). The polymeric
cuticle, however, is not ‘alive’ in the same sense and so must
sustain the ongoing strain, which sometimes leads to thinning
as the surface area increases (Lai et al. 2016). If critical thresh-
olds in the rate of strain are exceeded, cuticular failure occurs;
microcracks develop that compromise the cuticle’s barrier
function. Moreover, exposure of the strained cuticle to surface
moisture, or even just to high humidity, can exacerbate micro-
cracking in a number of fruit crop species, including apple
(Knoche & Grimm 2008; Knoche et al. 2011) and sweet cherry
(Knoche & Peschel 2006). Incidentally, extended periods of
surface wetness or high humidity are also conducive to this
russeting (Tukey 1959; Creasy 1980; Winkler et al. 2014).

Microcracking of the cuticle is the first step in the develop-
ment of a number of fruit skin disorders, including shrivelling
(Knoche et al. 2019), macrocracking (Schumann et al. 2019),
russeting (Faust & Shear, 1972a,b; Winkler ef al. 2014) and skin
spotting (Grimm et al. 2012; Winkler et al. 2014). Taken
together, these skin disorders are of considerable commercial
importance. Although in most cases they do not affect the
nutritional quality of the fruit or the taste, etc., they do affect
fruit appearance and so compromise fruit value at the point of
sale.

Plant Biology © 2020 The Authors. Plant Biology published by John Wiley & Sons Ltd on behalf of German Society for Plant Sciences, Royal Botanical Society of the Netherlands 1
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Many fruit crop species are capable of repair processes that
restore the functionality of the damaged cuticle barrier
(Knoche & Lang 2017). For example, in russeting, a periderm
is formed in the subtending hypodermal layer when the cuticu-
lar surface is breached by multiple microcracks (Meyer 1944;
Faust & Shear, 1972a,b). The phellogen divides and produces
stacks of cork cells that replace the barrier function of the pri-
mary surface. From a biological perspective, the formation of a
periderm is beneficial as it restores (in part at least) the lost
barrier functions of the primary surface in respect to the pas-
sage of water (Khanal et al. 2019). Unfortunately, the rough,
brownish appearance of a russeted fruit usually leads to its
downgrading and even rejection in high-end markets.

A second repair process is the deposition of wax in the
microcracks. The filling of cracks with wax has been docu-
mented using scanning electron microscopy (SEM) for apple
fruit surfaces on a number of occasions (Roy et al. 1999; Curry
2009; Curry & Arey 2010). In contrast to russeting, such wax
deposition does not involve a morphological change in skin
structure. Hence, this process is more rapid than the formation
of a periderm. In addition, wax deposition in the strained cutin
polymer alleviates stress by strain fixation (Khanal et al.
2013a). It is known that microcracks increase the water vapour
permeance of the apple fruit surface (Maguire et al. 1999), but
whether this secondary wax deposition and filling of microc-
racks completely restores the barrier properties of the fruit skin
is not known. Also, it is not known, whether a filling of wax
alters the subsequent susceptibility of the fruit surface to rus-
seting.

The objectives of this study were: (a) to establish the effect of
surface moisture on the formation of microcracks and the per-
meance of the skin to water vapour in developing apple fruit,
and (b) to identify the effects of repair processes thereon.
Because of the significance of russeting in commercial apple
fruit production, (c) the relationship between microcracking
and russeting was also quantified.

MATERIAL AND METHODS
Plant material

‘Pinova’ apple (Malus X domestica Borkh.) grafted on M9
rootstocks were grown in the experimental orchards of the
Horticultural Research Station of Leibniz University in Ruthe,
Germany (52° 14’ N, 09° 49" E). Trees were cultivated
according to the current regulations for integrated fruit
production.

Fruit growth measurement

Fruits were sampled at 1- to 3-week intervals between full
bloom and maturity (two fruits per tree, one from each side,
for a total of 15 trees). Fruit mass was determined using a digi-
tal balance and fruit diameter was calculated from fruit mass,
assuming a spherical shape and a density of 1. A sigmoidal
regression model was fitted through the plot of fruit surface
area versus time. Surface area growth rate (cm2~day_l) was cal-
culated as the first derivative of this regression model. The rela-
tive growth rate at any time (cmz-cm_2~day_') was obtained by
dividing the growth rate at that time by the surface area at that
time.

Khanal, Imoro, Chen, Straube & Knoche

Moisture treatment

Fruits, free of visual defects, were selected and tagged at repre-
sentative stages of development. For the moisture treatment, a
polyethylene tube (8-mm inner diameter) was cut from the tip
of a disposable Eppendorf reaction tube and glued to the fruit
surface in the equatorial plane using fast-curing silicone rubber
(Silicone RTV; Dow Toray, Tokyo, Japan).

After curing, tubes were filled with 1 ml deionized water
using a disposable syringe. The hole in the tip of the tube was
then sealed with silicone rubber. The tubes were inspected
every 2 days and resealed when necessary. A untreated area in
the equatorial region — usually opposite the tube — was left
unprotected (without tube) on the same fruit and served as
control.

To assure that water and not the tube was causal in inducing
microcracking and subsequent russeting, an independent con-
trol experiment was conducted with three treatments:
untreated control (no tube, no water), control with tube
attached without water (with tube, no water), moisture treat-
ment (with tube, with water). To prevent the accumulation of
high humidity or rainwater inside the tube, the tube was cut in
half and the cylindrical, non-tapered portion was glued to the
equatorial surface of the fruit at 28 days after full blooming
(DAFB). The tube was left open. After 12 days, the tubes were
removed. Digital photographs of the surface of developing
fruits were taken at 105 DAFB to document the presence or
absence of a periderm.

The time course of moisture-induced microcracking was
studied beginning at 29 DAFB. The duration of moisture expo-
sure was 0, 2, 4, 8 or 12 days. Thereafter, the tubes were
removed from the surface. The tubes detached very easily, there
was no physical stress or damage to the fruit surface associated
with tube removal. The effect of development stage on mois-
ture-induced microcracking was studied beginning at 23, 44,
73 or 100 DAFB over 12-day periods of moisture exposure.
Moisture-treated fruits were either harvested immediately after
treatment or left on the tree to monitor the progress of any
repair processes of the microcracked surfaces or to assess the
extent of russeting at maturity. The fruits were processed
immediately on the day of harvest or held overnight at 2 °C
and 95% RH.

Water vapour permeance

The loss of water vapour through excised skin segments (ES)
was quantified using stainless steel diffusion cells similar to
those described by Geyer & Schonherr (1988). The ES (1.0- to
1.5-mm thick) were excised from the moisture-treated area or
a untreated control area in the equatorial plane of the fruit.
The cut surface of the ES was carefully blotted using soft tissue
paper. The ES were then mounted on the diffusion cells using
high-vacuum grease (Korasilon-Paste; Kurt Obermeier, Bad
Berleburg, Germany). Diffusion cells were filled with deionized
water through a port in the base and then sealed using clear
transparent tape (Tesa film; Beiersdorf, Norderstedt, Ger-
many). Following equilibration overnight, diffusion cells were
incubated in a polyethylene box containing freshly dried silica
gel at 24 °C. The diffusion cells in the polyethylene box were
placed upside down on a metal grid such that the ES faced the
silica gel. The amount of water loss from the diffusion cells was

2 Plant Biology © 2020 The Authors. Plant Biology published by John Wiley & Sons Ltd on behalf of German Society for Plant Sciences, Royal Botanical Society of the Netherlands
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quantified gravimetrically by weighing cells at regular intervals
up to 4.5 h or 8.0 h. The rate of water loss (F in g-h_l) was
obtained as the slope of a linear regression line fitted through a
plot of cumulative transpiration versus time. The permeance
(P; m-s™") of the ES was calculated using the following equa-
tion:

Permeance (P) = (ACiFXA) .

In this equation, F represented the flow rate (g-h™'/3600) of
water vapour, A the area of the transpiring surface of the ES
(m?) and AC the difference in water vapour concentration
between the inside and the outside of the diffusion cells
(g-mfs). Because the water vapour concentration above dry sil-
ica gel is close to zero (Geyer & Schonherr 1988), the water
vapour concentration at saturation at 24 °C (21.8 gm™;
Nobel 1999) represents the driving force for transpiration.

Microcracks

Microcracking of the cuticle was followed using the fluorescent
tracer acridine orange. Fruits were dipped in a 0.1% (w/w)
aqueous solution of acridine orange (Carl Roth, Karlsruhe,
Germany) for 10 min. Subsequently, fruits were removed from
the solution, rinsed with deionized water and blotted using soft
tissue paper. Fruits were viewed under a fluorescence binocular
microscope (MZ10F; Leica Microsystems, Wetzlar, Germany).
Calibrated images of the moisture-exposed and of the
untreated control regions were prepared under incident fluo-
rescence light (Camera DP71; GFP-plus filter, 480-440 nm
excitation, >510 nm emission wavelength). Three to four
images per fruit and per treatment (control versus moisture
treatment) were taken on a total of seven to ten fruits. The area
infiltrated by the acridine orange solution was quantified using
image analysis (Cell’; Olympus Europa, Hamburg, Germany).
Under the above-mentioned conditions, tissue infiltrated with
acridine orange exhibits yellow and green fluorescence. Follow-
ing setting of appropriate colour thresholds, all images were
processed using the same thresholds. The areas exhibiting yel-
low and green fluorescence were quantified.

Using the experimental setup described above, the time
course for different moisture exposure durations at 29 DAFB,
the developmental time course of a 12-day moisture exposure
period imposed at 23, 44, 73 or 100 DAFB and the recovery
time courses following a 12-day moisture exposure that began
at 23, 44, 73 or 100 DAFB were studied.

Russeting

Developing fruits exposed to moisture were tagged and har-
vested at 159 DAFB, when the fruit was fully mature. To iden-
tify the region treated with surface moisture through until
harvest, the area of skin included within the tube was marked
when the tube was removed by applying four dots on the fruit
surface at approximately equal intervals around the perimeter
using a black permanent marker. Calibrated images of the por-
tion of the fruit surface that was exposed to moisture were
taken (Canon EOS 550D, lens: EF-S 18-55 mm, Canon Ger-
many, Krefeld, Germany). Images of the untreated surface on

Surface moisture increases water vapour permeance

the same fruit served as control. The proportion of russeted
area was quantified with image analysis (software package
Cell’; Olympus).

Statistical analysis

Data are presented as means + SE. Where error bars are not
visible, they were smaller than the data symbols. Pairwise t-tests
and regression analyses were carried out using the statistical
software package SAS (version 9.1.3; SAS Institute, Cary, NC,
USA). Significance of the coefficient of determination at 0.05,
0.01 and 0.001 is indicated by *, ** and ***, respectively.

RESULTS

Fruit mass and surface area increased in a sigmoidal pattern
with time (Fig. 1). The growth rate in surface area reached a
maximum of 1.6 cm®-day™" at about 77 DAFB (Fig. 1 upper
left inset). The relative area growth rate (the rate of expansion
per unit surface area) was maximal at the start of fruit develop-
ment and decreased thereafter (Fig. 1 lower right inset).

The cumulative water loss through the ES exposed to mois-
ture for up to 12 days increased linearly with time, indicating a
constant rate of water loss (Fig. 2). The rate of water loss from
an ES after 12 days of exposure to surface moisture was five-
times higher than from a untreated control (Fig. 2).

When exposed to moisture at 29 DAFB, skin permeance
increased rapidly, whereas the skin permeance of a untreated
control surface on the same fruit decreased only slightly. After
2 days of moisture exposure (31 DAFB), the permeance
increase was significant compared to the untreated control.
After 8 days of moisture exposure (37 DAFB), the permeance
reached a maximum and remained constant thereafter up to
12 days (41 DAFB), when the moisture treatment was termi-
nated (Fig. 3a).
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Fig. 1. Time course of changes in surface area and mass in developing
‘Pinova’ apple (main graph). The equations for the sigmoidal regression
models were:Surface area (cm?) = 180.26/(1 + exp(—(time(DAFB) — 93.19)/
22.77, R*=0.99Mass (g) = 150.12/(1 + exp(—(time(DAFB) — 76.80)/
22.96; R? = 0.99. Insets: Surface area growth rate (inset upper left corner)
and relative surface area growth rate (inset lower right corner) in developing
fruit. Arrows indicate the development stages when moisture treatments
were imposed. Data represent mean =+ SE, n = 30, x-axis scale in days after
full bloom (DAFB).
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Fig. 2. Time course of water loss through excised skin segments (ES) of
apple fruit exposed to moisture for 12 days, beginning at 29 days after full
bloom (DAFB) until 41 DAFB. ES from the untreated surface of the same fruit
served as control. Data represent mean =+ SE of 15 fruits.
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Fig. 3. Permeance (a) and acridine orange infiltrated area (b) as affected by
the duration of exposure of the fruit surface to moisture. The surface was
exposed to moisture beginning at 29 days after full bloom (DAFB) until 41
DAFB. Untreated surface of the same fruits served as control. Values repre-
sent mean + SE, n = 12-15 (a) or 7-10 (b). * and *** indicate significant
difference between control and moisture treatment at P < 0.05 and 0.001,
respectively.

Moisture treatment increased the area infiltrated by acridine
orange, indicating increased microcracking of the fruit surface.
After 2 days of moisture treatment (31 DAFB), numerous, small,
spot-like microcracks appeared (Fig. 4a—d). After 8 days, networks
of long, wide microcracks had formed which were all infiltrated
by the acridine orange (Fig. 4e,f). After 12 days, the area of infil-
tration of microcracks with acridine orange was reduced; many
microcracks were visible, but they were not infiltrated by acridine
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orange (Fig. 4g—j). Quantifying the areas infiltrated by acridine
orange indicates that the extent of infiltration varied markedly
with time. At all times, the infiltrated areas were larger for mois-
ture-treated fruit than for untreated control fruit (Fig. 3b).

When fruits were treated with moisture for 12 days at later
stages of development (44 to 56 DAFB, 73 to 85 DAFB and 100
to 112 DAFB), the increases in permeance due to moisture
treatment were markedly smaller, but they were still significant
relative to the controls, even between 100 and 112 DAFB
(Fig. 5a). Also, the area infiltrated by acridine orange was lar-
gest when young fruits (from 23 to 35 DAFB) were treated with
moisture. At later stages of development (44 to 56 DAFB, 73 to
85 DAFB or 100 to 112 DAFB), the effect of moisture was smal-
ler and not significant (Fig. 5b).

Interestingly, following the moisture treatment of young
fruit from 23 to 35 DAFB, skin permeance continued to
increase and peaked at about 49 DAFB; this was 14 days after
termination of the moisture treatment. Thereafter, permeance
decreased rapidly within 28 days, but remained significantly
higher than the untreated controls (Fig. 6a). The change in area
infiltrated by acridine orange essentially mirrored the change
in permeance (Fig. 6b).

Performing the same experiment, but at later stages of fruit
development, resulted in similar qualitative changes, i.e.
decreases in permeance, but at markedly reduced levels following
termination of the moisture treatment (Fig. 6a inset, b inset).
Recovery of permeance was complete when microcracks were
induced by moisture treatments between 73 to 85 DAFB and
100 to 112 DAFB, but not between 44 and 56 DAFB. As during
early microcrack induction, the permeance remained higher in
the moisture-treated fruits than in the untreated controls.

Monitoring infiltration of the ES with acridine orange
revealed the same general trends — a transient increase in the
infiltrated area up to about 49 DAFB (Fig. 7a,b). At this time, a
dense network of open cracks had formed (Fig. 7c,d); the infil-
trated area then decreased (Fig. 6b). The microcracks remained
visible but they were not infiltrated by acridine orange
(Fig. 7e-h). The fruits which were treated with moisture at 23
to 35 DAFB developed a significant amount of russet (Table 1,
Fig. 8). There was no russet in the two control treatments
regardless of the presence of the tube on the fruit surface, indi-
cating that water exposure and not the tube was causal in russet
formation (Fig. 8). Fruits which were treated at later stages of
development (44 to 56 DAFB, 73 to 85 DAFB and 100 to 112
DAFB) did not produce russet at maturity (Table 1).

Across all development stages, permeances of fruit skins and
the areas infiltrated by the fluorescent tracer acridine orange
were positively related (Fig. 9). The regression equation for the
relationships was:

Permeance (x10°m -s!) =8.3(40.7) x Area (%)
—4.6(£2.4); R? = 0.78#%%, n = 40.

DISCUSSION
The most important findings of our study were:
1 A rapid increase in apple fruit skin microcracking and a

corresponding increase in water vapour permeance in
response to surface moisture.
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Fig. 4. Microscope images of fruit surfaces prepared after 10 min infiltra-
tion with a 0.1% aqueous solution of acridine orange. The surface was
exposed to moisture beginning at 29 days after full bloom (DAFB) for 0 (b),
2 (d), 8 (f) or 12 (h) days. An untreated surface of the same fruit served as
control (a, ¢, e, g). The image in (j) represents the magnified view of the area
in (h) enclosed by the dotted rectangle. The scale bar (400 um) in (a) is repre-
sentative of images (b) to (f) of the composite. Scale bar in (j) = 100 pm.

2 A marked decrease (with some delay) in both microcracking
and permeance following the termination of a moisture
treatment; both values gradually approaching the control
values.

3 A consistent effect of development stage on skin responses
to exposure to moisture in terms of microcracking, of water
vapour permeance and of russeting.

Microcracking and permeance to water vapour increase
rapidly during and beyond the period of exposure to surface
moisture

The effect of surface moisture observed in our in vivo study
confirms earlier reports obtained in vitro using excised skin
segments (Knoche & Grimm 2008; Knoche ef al. 2011). As in
earlier studies, the extent of moisture-induced microcracking
depended markedly on the stage of fruit development (Knoche
et al. 2011). Whole fruits and ES were most sensitive during
early development (Wertheim 1982). During this stage, the
growth strains are high as determined by the high relative area
growth rates (Skene 1980; Lai et al. 2016).

Surface moisture increases water vapour permeance

Further indirect evidence for a relationship between russet
and growth strain comes from studies in European pear (Pyrus
communis), where a higher incidence of russet on the cheek as
compared to the neck has been attributed to higher growth
rates (Scharwies et al. 2014). Earlier studies established that the
cuticle suffers from lower fracture strains compared to the
underlying cellular layers of the dermis (Khanal & Knoche
2014), and that the fracture pattern of the cuticle is determined
by the underlying cellular layers (Knoche et al. 2018). This is
because the epidermal and hypodermal cell layers, and not the
cuticle, represent the structural backbone of the apple fruit skin
(Khanal & Knoche 2014). These arguments further suggest that
microcracking, and the effect of surface moisture thereon, are
also affected by the underlying cellular layers. It may be specu-
lated that a swelling of anticlinal cell walls facilitates cell-to-cell
separation along the abutting anticlinal walls as cell shape
changes during growth from ‘portrait’ to ‘landscape’ (Meyer
1944; Maguire et al. 1999; Knoche et al. 2018). In sweet cherry,
the swelling of cell walls reduces cell-to-cell adhesion, causing
epidermal cells to partially separate at low rates of strain
(Briiggenwirth & Knoche 2017). Whether this also applies for
moisture-induced microcracking of apple fruit skin remains to
be shown. The effect of moisture may be further exacerbated
by decreases in the cuticle’s fracture force and fracture strain
due to hydration; this has often been reported for isolated cuti-
cles (Knoche & Peschel, 2006; Khanal et al., 2013b). In addi-
tion, surface wetness and high RH both decrease the
biosynthesis and deposition of wax (Shepherd & Griffiths,
2006) and possibly also of cutin; this may lead to a thinner and
mechanically weaker cuticle. However, direct evidence for
effects of surface wetness and/or humidity on cutin and/or wax
deposition in apple is lacking.

The changes in permeance observed in skins exposed to sur-
face moisture throughout our study were a linear function of
the extent of microcracking, as recorded by the areas infiltrated
by acridine orange. This confirms an earlier report for Brae-
burn apples (Maguire et al. 1999).

It is interesting to note that the increase in microcracking
and in water vapour permeance induced by surface moisture
extended, and even increased further, well beyond the time
when the surface moisture treatment was terminated. This
observation is probably due to the ongoing growth strains
causing gaping of the microcracks, before the cuticular repair
processes were sufficiently active.

It could be argued that the moisture-induced russet is an
artefact caused by the silicone and/or the Eppendorf tube.
However, the following considerations make this possibility
highly unlikely. First, when developing this technique, we also
applied surface moisture using wet paper towels or wet tissue
paper, or medical patches soaked and filled with water. All
these rested loosely onto the fruit surface. These techniques
were all equally effective in inducing russeting. However, these
approaches were abandoned here because they were unreliable
under field conditions. Second, natural moisture-induced
microcracking and russeting can be seen in the stem cavity of
most apple cultivars. During rain, the stem cavity fills with
water. The area of skin beneath the ‘puddle’ so formed,
remains wet for an extended period after the rain has stopped.
Third, moisture-induced russeting has often been observed
under field conditions (Tukey 1959; Creasy 1980); this is con-
sistent with the findings reported herein. Fourth, we also
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Fig. 5. Effect of surface moisture on permeance (a) and microcracking as
shown by the area infiltrated by acridine orange (b) during fruit develop-
ment. A selected area of the surface of a developing fruit was exposed to
moisture for 12 days at four different stages of fruit development (from 23
to 35 days after full bloom (DAFB), 44 to 56 DAFB, 73 to 85 DAFB or 100 to
112 DAFB). The water vapour permeances and the surface areas infiltrated
by acridine orange were quantified immediately after termination of the
moisture treatment. Values represent mean + SE of 18-20 (a) and 7-10
fruits (b). *** indicates significant difference between control and moisture
treatment at P < 0.001.

observed moisture-induced microcracking of the cuticle in ear-
lier studies using excised epidermal segments of the apple fruit
skin (Knoche & Grimm 2008). Fifth, if the silicone and/or the
Eppendorf tube restricted growth, the fruit would be visibly
deformed — it was not. Also, it would not be necessary to
repeatedly reseal the tube to maintain surface wetness. The sili-
cone we used attaches only very loosely to the fruit surface; it is
thus very easily removed, without physical stress or damage to
the fruit skin. Sixth, an empty tube (cylindrical, cut to only half
length and left open) glued on the fruit did not produce any
russet. Last, neither the silicone used nor the polyethylene
Eppendorf tube release any chemicals that are phytotoxic.
These arguments exclude possible artefacts due either to the sil-
icone or to the Eppendorf tube.

For routine experimentation, we preferred to not mount
empty tubes as control treatments. An empty tube may
result in elevated humidity inside the tube and this would
likely have induced microcracking and russeting (Knoche &
Grimm 2008). Furthermore, condensation would likely have
formed on the enclosed skin area due to the widely fluctuat-
ing temperatures in the field. Thus, unprotected exposure to
the atmosphere (no tube) was selected as the most appropri-
ate control.
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Fig. 6. Change in the permeances (a) main and inset) and acridine orange
infiltrated areas (b) main and inset) of moisture-treated surfaces of develop-
ing fruits with time after termination of the moisture treatment. A selected
portion of the fruit surface was exposed to moisture for 12 days, from
23 days after full bloom (DAFB) to 35 DAFB (main graphs) and from 44
DAFB to 56 DAFB (insets). Fruits were sampled at various stages of fruit
development and the permeances and acridine orange-infiltrated areas of
the fruit surface were quantified. Values represent mean + SE of 18-20 (a,
ainset) and 7-10 fruits (b, b inset). *, **, *** indicate significant difference
between control and moisture treatment at P < 0.05, 0.01 and 0.001,
respectively.

Microcracking and permeance to water vapour decrease after
removal of surface moisture

Our results demonstrate that following microcracking, fruit
surface integrity recovers as demonstrated by parallel decreases
in acridine orange infiltration and in water vapour permeance.
Within 4 weeks of exposure to surface moisture, the barrier
function was largely restored. Nevertheless, water vapour per-
meance remained slightly and significantly higher than in con-
trol fruit. Some microcracks remained visible but were not
infiltrated by acridine orange. The decrease in the area of skin
infiltrated by acridine orange was proportional to the decrease
in skin permeance. The basis of this recovery effect may be
twofold, as described below.

First, a likely candidate process is the deposition of wax in
the microcracks. Indirect evidence comes from SEM images
that show microcracks filled with wax crystals (Roy et al. 1999;
Curry 2009; Curry & Arey 2010; Konarska 2013). Unfortu-
nately, an attempt to gain direct quantification of microcrack
infilling by wax crystals using interferometry was not successful
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Fig. 7. Time course of changes in microcracking as recorded by acridine
orange infiltration of the surface of developing apple fruit. Fruits were
exposed to moisture for 12 days from 23 days after full bloom (DAFB) to 35
DAFB. Images were prepared from moisture-treated (b, d, f, h) and
untreated (a, ¢, e, g) surfaces of the same fruit. The scale bar (400 pm) in (a)
is representative of all images of the composite figure.

due to the high variability of microcracking over the apple fruit
surface (B.P. Khanal, unpublished data). The wax that fills the
microcracks in the cuticle surface is not necessarily derived
from de novo synthesis in the epidermis and subsequent diffu-
sion to the surface. Instead, wax deposition in microcracks is
thought more likely derived from a redistribution of wax
already within the cuticle. This view is based on the observation
that wax is a highly dynamic structure that re-assembles itself if

Table 1. Effect of fruit development on surface moisture-induced russeting
in ‘Pinova’ apple. Surface moisture was applied for 12 days at four stages of
fruit development. The areas of russeting on the treated and untreated sur-
faces were quantified at harvest maturity. n = 21, DAFB = days after full
bloom.

Russeted area (% of
treated area)

Stage of development

Frequency of fruit with

(DAFB) russet (%) Moisture Control
23to 35 100 371+73 0
44 to0 56 0 0 0
731085 0 0 0
100 to 112 0 0 0

Surface moisture increases water vapour permeance

Fig. 8. Russet formation in ‘Pinova’ apple 105 days after full bloom (DAFB).
(a) Untreated control fruit without tube and without water; (b) untreated
control fruit with tube, but without water; (c) moisture-treated fruit with
tube and with water. The tubes were mounted 28 DAFB, left on the fruit for
12 days and then removed. The dashed circle marks the original footprint of
the tube. The moisture treatment, but neither of the two controls revealed
marked russeting. The scale bar (2 cm) in (a) is representative of all images
of the composite picture. For details see the Material and methods.

its structure is disturbed — either mechanically or by heat
(Neinhuis et al. 2001; Koch et al. 2004). Also, the decrease in
water vapour permeance of cuticles during storage has
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Fig. 9. Relationship between permeances and acridine orange infiltrations
of the surface of apple fruits at various stages of development. Open circles
are for moisture-treated skins, closed circles for untreated skins. Values rep-
resent mean =+ SE of 12-20 (permeance) and 7-10 (infiltrated area) fruits.
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previously been attributed to a recrystallization of pre-existing
wax (Geyer & Schonherr 1990). This behaviour is also consis-
tent with its function during growth as a filler in the cutin
polymer (Knoche et al. 2018).

Second, the formation of a subtending periderm in response
to cuticular microcracking may also contribute to a decrease in
microcracking and in water vapour permeance. However, the
water vapour permeance of the periderm remains significantly
higher than that of the cuticle on the primary surface (Khanal
etal. 2019).

Effect of fruit development on microcracking, water vapour
permeance and russeting

The effect of surface moisture on cuticular microcracking, skin
permeance and russeting is consistent with the view that
microcracking is the first visible symptom of cuticular damage,
with increased permeance being the immediate consequence
and this the probable trigger for russeting. Because surface
moisture-induced microcracking is substantially limited to the
early stages of fruit development, so susceptibility to russeting
is also highest during the early stages of fruit development
(Wertheim 1982). In the later stages of fruit development,
apple fruit skin does not respond to the presence of surface
moisture to nearly the same extent — in respect either to micro-
cracking or to russeting.

The decrease in the response to surface moisture with
increasing fruit maturity may be a characteristic of the culti-
var ‘Pinova’ fruit investigated here. We note that in ‘Elstar’

Khanal, Imoro, Chen, Straube & Knoche

apples, late-season exposure to surface moisture results in a
skin spot disorder and this is also a consequence of surface-
moisture-induced microcracking (Grimm et al. 2012; Win-
kler et al. 2014).

The relationship between exposure to surface moisture and
microcracking of apple fruit skin is important from a practical
point of view. Because of their high capital and maintenance
costs, the provision of rain shelters for apples is uneconomic.
Instead, the method of choice to decrease the duration of sur-
face moisture and, hence, the incidence of microcracking is to
train the apple orchard to an open canopy structure. This
could be augmented by a typical gibberellin (GA; or GA,.7)
spray application programme that works to minimize cuticular
microcracking (Knoche et al. 2011) and russeting (Wertheim
1982).
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Abstract: Russeting (periderm formation) is a critical fruit-surface disorder in apple (Malus x domestica
Borkh.). The first symptom of insipient russeting is cuticular microcracking. Humid and rainy weather
increases russeting. The aim was to determine the ontogeny of moisture-induced russeting in ‘Pinova’
apple. We recorded the effects of duration of exposure to water and the stage of fruit development at
exposure on microcracking, periderm formation and cuticle deposition. Early on (21 or 31 days after
full bloom; DAFB) short periods (2 to 12 d) of moisture exposure induced cuticular microcracking—but
not later on (66 or 93 DAFB). A periderm was not formed during moisture exposure but 4 d after
exposure ended. A periderm was formed in the hypodermis beneath a microcrack. Russeting
frequency and severity were low for up to 4 d of moisture exposure but increased after 6 d. Cuticle
thickness was not affected by moisture for up to 8 d but decreased for longer exposures. Cuticular
ridge thickness decreased around a microcrack. In general, moisture did not affect cuticular strain
release. We conclude that a hypodermal periderm forms after termination of moisture exposure and
after microcrack formation. Reduced cuticle deposition may cause moisture-induced microcracking
and, thus, russeting.

Keywords: russeting; periderm; Malus X domestica; surface moisture; cuticle; strain

1. Introduction

Russeting is a commercially important surface disorder of many fruit crop species, worldwide.
Among other species affected are: apple [1], pear [2], grape [3] and prune [4]. The rough, brownish
appearance of russeting renders a fruit unattractive to the consumer. Russeting also increases rates of
postharvest moisture loss that lead to shriveling (fruit lose their fresh glossiness, so look old) and to
higher rates of mass loss during storage, transport and retail (fruit are priced to the consumer on a
per-kg basis) [5].

In anatomical terms, russeting represents a periderm comprising the phellem, a phellogen and
a phelloderm [6,7]. The phellem cells (also referred to as cork cells) have suberized cell walls that
are responsible for the dull and brownish color of a russeted fruit. These cork cells typically occur in
stacks, resulting from division of the phellogen cells [8].

Information on how such a periderm is initiated in apple fruit skin is limited. Empirical evidence
indicates that a range of factors may be involved. These include mechanical wounding [9], certain
agrochemicals [10-12], epiphytic microorganism [13], insects (rust mites) [14] and diseases [15].
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Of particular interest here is the effect of moisture on russeting in apple. Numerous studies indicate that
exposure to surface wetness [16-18] or to high humidities [19] can be the cause of russeting in apple.
Surface moisture, applied either as liquid-phase water or as vapor-phase water, induces microcracking
in a number of fruit crop species, including apple [16]. Microcracks in the apple fruit skin are the first
visible symptom of insipient russeting [20-22]. The mechanism of water-induced microcracking is not
clear. It is possible that one of the factors is modification of the mechanical properties of the cuticle
induced through changes in hydration [23].

We recently developed a system that reliably induces microcracking and russeting by local
exposure of patches of the apple fruit surface to moisture [24]. Briefly, a length of tube is attached to
the fruit surface using a non-phytotoxic silicone rubber. The tube is filled with water and periodically
resealed to the fruit surface. The patch of skin included within the tube footprint first develops
microcracks and, later, displays symptoms of russeting. These symptoms are microscopically identical
to those observed on a fruit naturally exposed to surface moisture in the field. This system may
be helpful in studying the mechanistic basis of russeting. It also avoids confusions associated with
comparisons of different fruit genotypes or of different individual fruit or of different regions on
the fruit surface. It allows critical comparisons to be made by imposing a moisture treatment to a
defined patch of fruit skin, while an untreated (control) patch is defined in an equivalent region on the
surface of the same fruit. It thereby allows standardization for a range of potential sources of response
variability including stage of fruit development, differences in micro-environment, in orientation and
in management (tree center vs. periphery etc.).

The specific objectives here were to identify the sequence of events that culminate in
moisture-induced russeting. We were particularly interested to determine when and where a periderm
is formed in relation to the location of moisture exposure. We focused on apple because apples are an
important fruit crop species in both the northern and southern hemispheres and because russeting
presents a problem to producers of this fruit crop.

2. Results

Following a 12 d exposure to moisture, a periderm had developed after an additional 8 d without
moisture as indexed by stacks of fluorescing phellem cells visible in cross-sections of the skin (Figure 1).
Furthermore, the typical russeting symptoms were visible at the fruit surface. There was no periderm
and no russet visible in either of the moisture controls, regardless of the presence (or not) of the tube.
Hence, we conclude that the periderm resulted from moisture exposure and not from the mounting
of the tube. Because of this finding, there was no need to mount an empty tube as a control in
subsequent experiments.
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Dry (empty tube)

Dry (no tube)

12d wet + 8 d dry

Figure 1. Effects of mounting tubes on the fruit surface without and with added moisture for 12 d, on the
formation of periderm 8 d after removal of the tubes. (a) control that had a tube without water mounted
for 12 d. (b) control without tube. (c) moisture treatment that had a tube containing water mounted for
12 d. The experiment comprised two phases: Phase I consisted of mounting the tube without or with
water and Phase II marks the period after termination of moisture treatment. Micrographs taken under
transmitted white light (upper) or incident fluorescent light (lower) (filter module U-MWB) following
staining with Fluorol Yellow 088. The scale bar in (a) is 50 um long and representative of all images in

the composite (n = 3).
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Moisture exposure of the fruit surface at the young stage induced microcracks in the cuticle as
indexed by increased infiltration of the fluorescent tracer acridine orange (Figure 2). Moisture exposure
periods of 2 to 12 d resulted in significantly higher acridine orange infiltration as compared to the
non-exposed control (Phase I, Figure 2). When the moisture exposure was terminated, the area
infiltrated with acridine orange decreased to a level similar to that of the non-treated control (Phase II).
The only exception was at 8 d after termination of the moisture treatment. By this time, rainfall had
occurred in the orchard (Phase II, Figure 2).

® Dry/Dry
By (]L o Wet/Dry
S0t %,
]
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<—— Phase| ——= < Phase || >
Time (d)

Figure 2. Time course of moisture-induced microcracking. Microcracking of the cuticle was indexed by
quantifying the percentage of treated area infiltrated with acridine orange. The experiment comprised
two phases: The first period of moisture exposure (Phase I) and the second period after termination
of moisture exposure (Phase II). The end of Phase I and the beginning of Phase II is indicated by the
dashed vertical line. The moisture treatment is referred to as ‘wet/dry” and the control as ‘dry/dry.”
Data symbols present means + SE (1 = 6 to 20).

During exposure to moisture (Phase I), there was no indication of periderm formation from
microscopy of cross-sections stained with Fluorol Yellow 088, regardless of exposure duration (6 or
12 d; Figure 3). Microcracks had formed that traversed the cuticle. Following termination of moisture
exposure (Phase II), a periderm developed by 4 d below the epidermis in the hypodermal cell layers.
Periderm formation was indexed by stacks of cells that stained with Fluorol Yellow 088. These cells
represented the typical cork cells (phellem) that originate from an underlying phellogen. There was no
apparent difference between the periderms that formed after a 6 d or a 12 d period of moisture exposure.

Varying the duration of moisture exposure (Phase I) revealed that a minimum moisture period
of 6 d was needed to induce a periderm within 4 d after moisture termination (Phase II). As in the
previous experiment, there were no detectable changes in the fruit skin during moisture exposure
except for the formation of microcracks. These were observed after 4 d of moisture exposure (Figure 4).

The frequency of russeted fruit and the percentage of russeted area were low for moisture
exposures up to 4 d (Phase I) at the young stage (from 31 DAFB onwards) but increased markedly for
moisture exposures of 6 d or longer. There was little difference in frequency of russeted fruit beyond
6 d moisture exposure (Figure 5a). However, the russeted areas continued to increase from 6 to 16 d
of moisture exposure (Figure 5b). There was no moisture-induced russeting at maturity (156 DAFB),
when surfaces were exposed to moisture for 12 d at 66 DAFB or at 93 DAFB (1 = 10-15; data not shown).

Fruit exposed to moisture for 12 d beginning at 31 DAFB had developed russet at maturity
(156 DAFB) and a multistack phellem typical for russeted apples was visible (Figure 6). By maturity,
the cuticle and the remains of the epidermis and hypodermis had sloughed off and the brown
color of the periderm was fully exposed at the surface. Furthermore, the micromorphology of the
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skin of moisture-treated fruit was identical to that of naturally russeted fruit of the same cultivar
(data not shown).

Phase |

Phase Il

Figure 3. Effect of moisture exposure for 6 d (a,c,e,g,i) or for 12 d (b,d,f,h,j) on the time course of
periderm development established at 0 d (a,b), 1 d (c,d), 2 d (e,f), 3 d (gh) or 4 d (i,j) after termination
of moisture exposure. The experiment comprised two phases: Phase I of moisture exposure and Phase
1I after termination of moisture exposure. Micrographs taken under transmitted white light (upper) or
incident fluorescent light (lower) (filter module U-MWB) following staining with Fluorol Yellow 088.
The scale bar in (a) is 50 um long and representative of all images in the composite (1 = 3).
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Phase Il

4 d wet

Phase |

8 d wet

12 d wet

16 d wet

Figure 4. Effect of moisture exposure for 2d (a,b), 4 d (c,d), 6 d (e,f), 8 d (g,h), 12 d (i,j) or 16 d (k1)
on periderm formation. The experiment comprised two phases: Phase I—time of moisture exposure
and Phase II—time after termination of moisture exposure. Phase I was recorded immediately after
termination of moisture exposure (0 d) (a,c,e,g,i k). Phase II was recorded 4 d after termination of
moisture exposure (b,d,f,h,j,1). Micrographs taken under transmitted white light (upper) or incident
fluorescent light (lower) (filter module U-MWB) after being stained with Fluorol Yellow 088. The scale
bar in (a) is 50 pm long and representative of all images in the composite (1 = 3).
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Figure 5. Effect of duration of moisture exposure (Phase I) on the frequency of russeted fruit (a) and the
percentage of the moisture-exposed area that is russeted at maturity (156 days after full bloom; DAFB)
(b). Fruits were exposed to moisture starting from 31 DAFB for 0, 2, 4, 6, 8, 12 or 16 d. Data represent
means + SE (n = 9-31).

12 d wet

Figure 6. Macrographs (a,b) and micrographs (c,d) of mature (156 days after full bloom; DAFB) ‘Pinova’
apple fruit following exposure to surface moisture for 12 d at 31 DAFB (wet). Fruit without moisture-exposure,
served as controls (dry). Micrographs represent cross-sections of the fruit skin in the moisture-exposed region
and the dry region. Micrographs were taken under transmitted white light (upper) or incident fluorescent
light (lower) (filter module U-MWB) after being stained with Fluorol Yellow 088. The area enclosed by the
dotted circle represents the footprint of the moisture-treated patch of skin that subsequently developed
russet. Scale bar in (a) and (b) is 2 cm long and that in (c) and (d) is 50 um long.

37



Chapter 3 Russeting in apple is initiated after exposure to moisture ends—I.
Histological evidence

Plants 2020, 9, 1293 80f18

The developmental time course revealed that 12 d moisture exposure induced periderm at
31 DAFB but not at 66 or 93 DAFB (Figure 7). Interestingly, microcracks were observed only following
moisture exposure at 31 DAFB but not at 66 or 93 DAFB (Figure 7).

12 d wet + 8 d dry

31 DAFB

66 DAFB

93 DAFB

Figure 7. Effect of a 12 d moisture exposure (wet; Phase I) on periderm development in the skin of apple
fruit. Cross-sections were prepared 8 d after termination of moisture exposure (dry; Phase II). The fruit
surface was exposed to moisture starting at 31 days after full bloom (DAFB) (a) or 66 DAFB (b) or 93
DAFB (c). Cross-sections were prepared from the moisture-treated surface of the fruit. Images were
taken under transmitted white light (upper) or incident fluorescent light (lower) (filter module U-MWB)
after being stained with Fluorol Yellow 088. The scale bar in (a) is 50 um long and representative of all
images in the composite (1 = 3).
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Moisture had no effect on cuticle thickness during the first 8 d of exposure, nor on the ridges of
the cuticular membrane (CM) above the anticlinal cell walls, nor on the lamellae above the periclinal
cell walls (Phase I, Figure 8). From the day of moisture removal onwards, the thickness of the cuticle of
the previously exposed patch increased at a lower rate comparable to that of the non-exposed control
patch (Phase II, Figure 8).
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Figure 8. Effect of moisture exposure on the thickness of the cuticle above the anticlinal cell walls
(ridge) (a) and above the periclinal cell walls (lamella) (b) of the apple fruit skin. In Phase I, the fruit
was exposed to moisture for 12 d. Phase I began following termination of moisture exposure (indicated
by the dotted vertical line) and the surface remained dry thereafter (wet/dry). Fruit surface without
moisture exposure served as control (dry/dry). *** indicate significant difference between ‘dry/dry” and
‘wet/dry’ treatment at p < 0.001. Data represent means + SE (1 = 6).

The thicknesses of the CM ridges were lowest in the immediate vicinity of a microcrack. As distance
increased, the CM thickness increased and approached the mean thickness averaged across the
micrograph. This was also the case 4 d and 8 d after termination of the moisture treatment (Phase II,
Figure 9).

Neither moisture exposure (Phase I) and nor the termination of moisture exposure (Phase II) had
an effect on strain release following preparation of the excised skin segments (ES) and isolation of
the CM (Figure 10a). However, the strain release after wax extraction was higher during Phase I and
after exposure to moisture (Phase II) than of the non-exposed control (Figure 10b). The difference in
strain release between exposed and non-exposed CM increased up to about 6 d after the beginning
of exposure and then remained approximately constant (Figure 10b). Calculating total strain from
the two component strains revealed that the &4 increased during moisture exposure (Phase I).
The rate of increase was somewhat higher for the ¢;o; from the moisture treatment than for the control.
The difference in &+ decreased slightly when moisture exposure was terminated (Phase II; Figure 10c).
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