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Abstract

I

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 I, 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 II, 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 II only after at least 6 d of moisture exposure in

Phase I. Histological, gene expression, and metabolic analyses showed that the sequence of

russeting initiation during Phase II induced by surface moisture was similar to that induced by

skin wounding. Transcriptomic analyses revealed that Phase I was characterized by a

decrease in cell cycle, cell wall, and cuticle-related genes and an increase in stress-related

genes, whereas Phase II 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
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Zusammenfassung
Berostung ist eine weitverbreitete, wirtschaftlich wichtige Fruchthauterkrankung vieler

Obstarten, darunter auch bei Äpfeln (Malus x domestica, Borkh.). Berostung wird durch

Umweltfaktoren wie hohe Luftfeuchtigkeit, längere Perioden von Oberflächenfeuchtigkeit und

Verwundung verursacht. Während vorangegange Studien Prozesse während späteren

Stadien der Berostung analysiert haben, ist die Entstehungssequenz dieser Erkrankung nach

wie vor unklar. Um diese Wissenslücke zu schließen, hatte diese Dissertation folgende Ziele:

(1) ein Induktionssystem für die Berostung an Apfelfrüchten unter Verwendung von

Oberflächenfeuchtigkeit zu etablieren, (2) die Sequenz der durch Oberflächenfeuchtigkeit

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 für die anfänglichen

Prozesse während der Berostungsbildung bei Äpfeln bereitzustellen und (6) vorläufige Daten

hinsichtlich der funktionellen Charakterisierung von potentiellen Kandidaten Genen zu zeigen.

Es wurde festgestellt, dass die Anwendung von Oberflächenfeuchtigkeit mit Hilfe eines

fixierten Polyethylengefäßes auf sich entwickelnde Apfelfrüchte während der frühen

Fruchtentwicklung Mikrorisse in der Fruchtschale hervorruft. Mikrorissige Fruchtschalen

zeigten eine erhöhte Wasserdampfdurchlässigkeit im Vergleich zu intakten Fruchtschalen.

Mikrorissige Früchte entwickelten Berostung. Die Reaktion auf Oberflächenfeuchtigkeit

verlief in zwei Phasen. In Phase I traten Mikrorisse innerhalb von 2 Tagen auf, begleitet von

einer Verringerung der Genexpression und Metaboliten, die mit der Cuticula in Verbindung

stehen. In Phase II verringerten sich die Mikrorisse nach dem Entfernen der Feuchtigkeit und

es bildete ein Periderm, begleitet von einer erhöhten Expression von Periderm assoziierten

Genen und Metaboliten. Die Berostung trat erst nach mindestens 6 Tagen

Feuchtigkeitseinwirkung in Phase I auf. Die Sequenz der Berostung in Phase II, die durch

Oberflächenfeuchtigkeit verursacht wurde, ist dieselbe wie nach Verwundung. Die

transkriptomische Analyse ergab, dass die Phase I durch eine Abnahme der Expression von

Zellzyklus-, Zellwand- und Cuticula-assoziierten Genen und einen Anstieg der

stressbezogenen Gene gekennzeichnet war, während Phase II durch einen Anstieg der

meristematischen Aktivität, gefolgt von einem Anstieg der Abscisinsäure-, Lignin- und

Suberin-assoziierte Gene, gekennzeichnet war.

Zusammenfassend liefern die Studien dieser Dissertation erstmals Einblicke in die

anfänglichen Prozesse der Berostung in Apfelfrüchten und dient als wertvolle Ressource für

zukünftige Forschungen zu den zugrunde liegenden molekularen Mechanismen.

Schlagwörter: Malus x domestica, Berostung, Periderm, Cuticula, Fruchtoberfläche,
Transkriptomik, Histologie, Suberin, Cutin, Wachs, Lignin
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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 × 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; Fernández-Muñoz 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 µm, (D) 20 µm.

Several horticultural management strategies have been developed to address the problem of

russeting in apple. Research has shown that the growth regulator gibberellin A4+7 can reduce

russeting symptoms in apple (Taylor, 1975). This is likely due to gibberellin A4+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, CO2) (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

(Schönherr, 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
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 = β-hydroxyacyl-CoA

dehydratase, KCS = β-ketoacyl-CoA synthase, KCR = β-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 C16 and C18), that are crosslinked by esterification (Espelie et al., 1979;

Kolattukudy, 1981, 1996; Kolattukudy, 2001). The major C16 cutin monomers are 9- or 10,16-

dihydroxyhexadecanoic acid and 16-hydroxyhexadecanoic acid. Major C18 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 C16 family

monomers (Kolattukudy and Walton, 1972; Holloway, 1973; Espelie et al., 1979; Kolattukudy,

2001) , whereas cuticles covering the apple fruit are dominated by C18 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-C40) 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 (C29) 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;

Domínguez 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; López-Casado et al., 2007; Domínguez et al., 2011a;

Domínguez et al., 2011b; Fernández et al., 2016).

Another polymer found in cuticles is cutan, which is composed mainly of alkyl moieties with a

carbon chain length of C22 to C32 (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 C16 and C18 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, ω- 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 ω-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 GPAT8 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 C16 and C18 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 >C20 (VLCFAs) by the fatty acid elongation complex (FAE). The FAE consists of four

different enzymes: β-ketoacyl-CoA synthase (KCS), β-ketoacyl-CoA reductase (KCR), β-

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 SlABCG36 and

SlABCG42 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 CUS1 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 CUS1, 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 α/β
hydrolases, may function in cutin polymerization (Kurdyukov et al., 2006a) . The epidermis-

specific bdg1 shows a possible role in polymerization of C18 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, SHN2 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 (Graça 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 ω-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 esterase/lipase

proteins; GPAT = glycerol-3-phosphate acyltransferase; KCS = β-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; Graça and Santos, 2007; Graça, 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 ω-hydroxy fatty acids and α,β-dicarboxylic acids with a carbon chain length ranging from

C16 to C30 as well as glycerol (Schreiber et al., 1999; Graça and Pereira, 2000; Franke and

Schreiber, 2007). In particular, C20, C22, C24 ω-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, ω-hydroxy fatty acids, and α,β-

dicarboxylic acids with carbon chain lengths ranging from C20 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;

Lourenço 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 (C18-C26), 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-C30 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 C16 and C18 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 FAR5 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 ω-hydroxylate fatty acids (Höfer et al., 2008;

Compagnon et al., 2009; Molina et al., 2009; Serra et al., 2009b; Krishnamurthy et al., 2020;

Krishnamurthy et al., 2021) . The ω-hydroxy fatty acids can be used to synthesize α,β-

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 α,β-dicarboxylic acids from ω-hydroxy fatty

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

ω-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 ω-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 GPAT5 (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/ABCG5 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) have been identified in suberin transport. Recent evidence suggests that

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

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, ω-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

of lignin and suberin synthesis

Quercus suber (Capote et al., 2018)

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

chinensis

(Kosma et al., 2014; Wei et al.,

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

officinarum

(Figueiredo et al., 2020)

MYB92 Activator of suberin synthesis A. thaliana (Shukla et al., 2021)

MYB93 Activator of suberin synthesis Malus x domestica,

A. thaliana

(Legay et al., 2016; Shukla et

al., 2021)

MYB102 Activator of suberin synthesis S. tuberosum (Wahrenburg et al., 2021)

MYB107 Activator of suberin synthesis A. thaliana,

A. chinensis

(Lashbrooke et al., 2016; Gou

et al., 2017; Wei et al., 2020)

MYC2 Activation of FAR, ABA-mediated

wound suberization

A. chinensis (Wei et al., 2020)

ANAC046 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

synthesis

S. tuberosum (Yogendra et al., 2015)

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

H2O2 (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

Populus euramericana

(Gui et al., 2019)

PAP1 Activator of lignin synthesis A. thaliana (Borevitz et al., 2000)

MYBJS1 Activator of lignin synthesis N. tabacum (Gális 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

Arabidopsis, activator of lignin

synthesis in P. taeda

A. thaliana, Pinus taeda (Jin et al., 2000; Patzlaff et al.,

2003a)

MYB5a Repressor of lignin synthesis Vitis vinifera (Deluc et al., 2006)

MYB8 Activator of lignin synthesis P. taeda (Bomal et al., 2008)

MYB11 Repressor of lignin synthesis Zea mays (Vélez-Bermúdez et al., 2015)

MYB20 Activator of lignin synthesis Populus trichocarpa, A.

thaliana

(McCarthy et al., 2010; Geng

et al., 2020)

MYB21a Repressor of lignin synthesis Populus tremula x

tremuloides

(Karpinska et al., 2004)

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

Arabidopsis, Repressor of lignin

synthesis in Zea mays

A. thaliana, Z. mays (Fornalé et al., 2006; Zhong et

al., 2008; Sonbol et al., 2009;

Geng et al., 2020)

MYB43 Activator of lignin synthesis A. thaliana (Geng et al., 2020)

MYB46 Activator of cellulose, xylan, and

lignin synthesis

A. thaliana (Zhong et al., 2007)

MYB52 Activator of lignin synthesis Malus x domestica (Xu, X. et al., 2022)

MYB58 Activator of lignin synthesis A. thaliana (Zhou 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 (Öhman 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 (ANAC015), 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 tracheary 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 MdMYB68 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 C20, C22, and C24 fatty acids,

alkyl hydroxycinnamates, and betulinic acid, and lower levels of C16 and C18 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, Ion Torrent, PacBio, Oxford Nanopore, SOLiD, and

Illumina, 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
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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 (lncRNA-Seq) analysis of

apple fruit peels, lncRNAs 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.

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

 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.

 Chapter 5: Investigate and contrast the morphology, gene expressions, and metabolic

constitution of the periderm (russeting) induced by moisture and wounding.

 Chapter 6: Identification of transcriptomic events that occur during microcracking and

initiation of russet formation in apple fruit skins.

 Chapter 7: Functional characterization of candidate genes identified by transcriptomic

analyses.
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3.1. Supplementary data Chapter 3

Electronical File E1. Meteorological data (XLSX) (access through electronical appendix)



Chapter 4 Russeting in apple is initiated after exposure to moisture ends.
Molecular and biochemical evidence

50

4. Russeting in apple is initiated after exposure to moisture ends.
Molecular and biochemical evidence

Jannis Straube1, Yun-Hao Chen2, Bishnu P. Khanal2, Alain Shumbusho2, Viktoria Zeisler-

Diehl3, Kiran Suresh3, Lukas Schreiber3, Moritz Knoche2, Thomas Debener1

1Institute of Plant Genetics, Molecular Plant Breeding Section, Leibniz University Hannover,

Herrenhäuser Straße 2, 30419 Hannover, Germany
2Institute of Horticultural Production Systems, Fruit Science Section, Leibniz University Hannover,

Herrenhäuser Straße 2, 30419 Hannover, Germany
3Institute of Cellular and Molecular Botany (IZMB), Department of Ecophysiology, University of

Bonn, Kirschallee 1, 53115 Bonn, Germany

Type of authorship: First author

Type of article: Research article

Contribution to the article: Designed and performed experiments to study histology

and gene expression. Analyzed all data. Wrote the

original draft of the manuscript and designed all figures

and tables.

Contribution of other authors: Y.-H. Chen performed field work and prepared cuticles

for GC-MS analysis. B.P. Khanal prepared bark samples

for GC-MS analysis and contributed to writing, reviewing,

and editing of the manuscript. A. Shumbusho conducted

moisture treatment experiments during the 2016 season.

V. Zeisler-Diehl and K. Suresh generated the GC-MS

data. L. Schreiber contributed to writing, reviewing, and

editing the manuscript. M. Knoche and T. Debener

contributed to the design of the study and to writing,

reviewing, and editing the manuscript.

Journal: Plants

Date of publication: 30.12.2020

Impact factor: 4.658 (2021)

DOI: 10.3390/plants10010065



Chapter 4 Russeting in apple is initiated after exposure to moisture ends.
Molecular and biochemical evidence

51



Chapter 4 Russeting in apple is initiated after exposure to moisture ends.
Molecular and biochemical evidence

52



Chapter 4 Russeting in apple is initiated after exposure to moisture ends.
Molecular and biochemical evidence

53



Chapter 4 Russeting in apple is initiated after exposure to moisture ends.
Molecular and biochemical evidence

54



Chapter 4 Russeting in apple is initiated after exposure to moisture ends.
Molecular and biochemical evidence

55



Chapter 4 Russeting in apple is initiated after exposure to moisture ends.
Molecular and biochemical evidence

56



Chapter 4 Russeting in apple is initiated after exposure to moisture ends.
Molecular and biochemical evidence

57



Chapter 4 Russeting in apple is initiated after exposure to moisture ends.
Molecular and biochemical evidence

58



Chapter 4 Russeting in apple is initiated after exposure to moisture ends.
Molecular and biochemical evidence

59



Chapter 4 Russeting in apple is initiated after exposure to moisture ends.
Molecular and biochemical evidence

60



Chapter 4 Russeting in apple is initiated after exposure to moisture ends.
Molecular and biochemical evidence

61



Chapter 4 Russeting in apple is initiated after exposure to moisture ends.
Molecular and biochemical evidence

62



Chapter 4 Russeting in apple is initiated after exposure to moisture ends.
Molecular and biochemical evidence

63



Chapter 4 Russeting in apple is initiated after exposure to moisture ends.
Molecular and biochemical evidence

64



Chapter 4 Russeting in apple is initiated after exposure to moisture ends.
Molecular and biochemical evidence

65



Chapter 4 Russeting in apple is initiated after exposure to moisture ends.
Molecular and biochemical evidence

66



Chapter 4 Russeting in apple is initiated after exposure to moisture ends.
Molecular and biochemical evidence

67



Chapter 4 Russeting in apple is initiated after exposure to moisture ends.
Molecular and biochemical evidence

68



Chapter 4 Russeting in apple is initiated after exposure to moisture ends.
Molecular and biochemical evidence

69



Chapter 4 Russeting in apple is initiated after exposure to moisture ends.
Molecular and biochemical evidence

70



Chapter 4 Russeting in apple is initiated after exposure to moisture ends.
Molecular and biochemical evidence

71



Chapter 4 Russeting in apple is initiated after exposure to moisture ends.
Molecular and biochemical evidence

72



Chapter 4 Russeting in apple is initiated after exposure to moisture ends.
Molecular and biochemical evidence

73



Chapter 4 Russeting in apple is initiated after exposure to moisture ends.
Molecular and biochemical evidence

74

4.1. Supplementary data Chapter 4

Figure S1. Time course of expressions of genes related to cutin, wax (a-f) and suberin and lignin
synthesis (g-l) of apple fruit skin during exposure to moisture (Phase I) and after exposure to moisture
ceased (Phase II). During Phase I, a patch of the fruit skin was exposed to moisture for 12 d beginning
at 23 days after full bloom (DAFB) (wet). During the subsequent Phase II, moisture exposure was
discontinued and the patch was exposed to the atmosphere (Dry). Moisture exposed patches of fruit
skin are referred to as wet/dry, unexposed (control) patches as dry/dry. The end of the period of
moisture exposure is indicated by the vertical dashed line. The expression values are means ± SE of
three independent biological replicates comprising six fruit each. The ‘*’ indicates significant difference
between dry/dry and wet/dry at p ≤ 0.05 (Student’s t-test).



Chapter 4 Russeting in apple is initiated after exposure to moisture ends.
Molecular and biochemical evidence

75

Figure S2. Time course of expressions of genes related to cutin, wax (a-f) and suberin and lignin
synthesis (g-l) of Apple fruit skin during exposure to moisture (Phase I) and after exposure to moisture
was discontinued (Phase II). During Phase I, a patch of the fruit skin was exposed to moisture for 12 d
beginning at 21 days after full bloom (DAFB) (wet). During the subsequent Phase II, moisture
exposure was discontinued and the patch exposed to the atmosphere (Dry). Moisture exposed
patches of fruit skin are referred to as wet/dry, unexposed (control) patches as dry/dry. The end of the
period of moisture exposure is indicated by the vertical dashed line. The expression values are means
± SE of three independent biological replicates comprising six fruit each. The ‘*’ indicates significant
difference between dry/dry and wet/dry at p ≤ 0.05 (Student’s t-test).
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Supplementary Table S1. Primers for genes analyzed used in the present study.
Primer sequence (5'-3')

Gene
name

Accession Forward Primer Reverse Primer PCR efficiency (%) Reference

ABCG11 MDP0000200335 TGGCGGGTTTCCTTCTTTCA CACAAATGCAGTAACGCCGT 98.7 This study
ABCG20 MDP0000265619 ACTGGGCATGGACAACAACA ATTTTCCCGACCCACTTGCT 102.9 This study
CER6 MDP0000392495 AGCAACAACCCTAAGAGCGT GTTGGGCGGAATGTAGTGGA 85.0 This study

CYP86B1 MDP0000306273 CGCTTTGTGACCCCATCC AATGACGTCTTCCGCAAACT 109.3 (Legay et al., 2015)
eF-1alpha AJ223969.1 ACTGTTCCTGTTGGACGTGTTG TGGAGTTGGAAGCAACGTACCC 93.0 (Legay et al., 2015)
GPAT6 MDP0000479163 TCTTGAACCAGCTACCGTCG AATCCCAAAGTCCCAGCCAA 91.0 This study
KCS10 MDP0000235280 TGCTGAGGTGGGAAGTTTGA ACACCAAAGAACCCTAGCACA 91.6 This study
MYB42 MDP0000787808 CCTTGGCAATAGGTGGTCGA TGATGTGCGTGTTCCAGTGA 94.2 This study
MYB93 MDP0000320772 TGGACAAACTATCTTAGGCCGG GTTGCCGAGGATGGAATGGA 102.5 This study
NAC038 MDP0000232008 CGGCGGATCATCAAGTAGCA AAACCCTCCTCCTCCTCCAA 84.6 This study
NAC058 MDP0000130785 AGCCACAACAAGCAACAACA TTTGGCAGCTCGATGTCTCC 90.7 This study
PDI MDP0000233444 TGCTGTACACAGCCAACGAT CATCTTTAGCGGCGTTATCC 100.6 (Storch et al., 2015)
SHN3 MDP0000178263 GGGACGTTTGAGACAGCAGA TTTTGGTCGGTGGCAGGTTT 93.6 This study
WSD1 MDP0000701887 AGAAATGGTCAAACCCGACA AGACGAAGTCAAGCGCATTT 91.1 (Legay et al., 2015)
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Supplementary Table S2. Effect of moisture exposure on the composition of the cuticle/periderm polymer. During exposure to moisture and following
discontinuation of exposure a mixed polymer comprising cutin and suberin formed. Using the bark periderm of the trunk (BP) of ‘Pinova’ apple trees, the
composition of pure suberin was determined. Assuming the suberin composition of periderms of terrestrial surfaces within the same species and cultivar
to be identical, the content of ω-hydroxy-C20, -C22, and -C24 acids in bark suberin was used to calculate a normalized suberin composition and mass per
unit area for the mixed cuticle/periderm surface of the fruit. The experiment was run as a two-phase experiment. During Phase I, the fruit were exposed to
moisture for 12 d beginning at 31 days after full bloom (DAFB) (‘wet’). Moisture exposure was discontinued at the onset of Phase II (‘dry’). The treated
patches of fruit skin were sampled 113 d after moisture exposure ceased. Patches of fruit skin that remained dry during both phases served as control
(dry/dry). For details of the analysis see Materials and Methods. The study was carried out using three replicates. ND = not detected.

Fruit cutin and suberin
(µg cm-2)

Bark suberin
(µg cm-2)

Bark suberin (%) Fruit cutin
(µg cm-2)

Fruit suberin
(µg cm-2)

Dry/Dry Wet/dry Dry/Dry Wet/Dry Dry/Dry Wet/Dry
Aromatics
Hydroxycinnamic acid 11.8 ± 3.3 7.4 ± 1.7 ND ND 11.8 ± 3.3 7.4 ± 1.7 0.0 ± 0.0 0.0 ± 0.0
Cinnamic acid ND ND 5.0 ± 1.0 0.5 ND ND ND ND
cis-Coumaric acid 1.1 ± 0.3 0.7 ± 0.1 ND ND 1.1 ± 0.3 0.7 ± 0.1 0.0 ± 0.0 0.0 ± 0.0
trans-Coumaric acid 6.3 ± 1.4 1.7 ± 0.6 ND ND 6.3 ± 1.4 1.7 ±0.6 0.0 ± 0.0 0.0 ± 0.0
Benzoic acid 1 ND ND 2.9 ± 0.6 0.3 ND ND ND ND
Benzoic acid 1 ND ND 4.8 ± 1.4 0.5 ND ND ND ND
trans-Ferulic acid ND ND 39.3 ± 4.4 4.0 ND ND ND ND
Linoleic acid ND ND 10.4 ± 1.5 1.1 ND ND ND ND
Carboxylic acids
C16 8.0 ± 1.2 6.3 ± 0.8 4.6 ± 0.9 0.5 8.0 ± 1.2 6.3 ± 0.8 0.0 ± 0.0 0.0 ± 0.0
C18 5.1 ± 0.8 3.2 ± 0.3 5.5 ± 1.9 0.6 5.1 ± 0.8 3.2 ± 0.3 0.0 ± 0.0 0.0 ± 0.0
C20 1.2 ± 0.5 0.2 ± 0.1 8.3 ± 0.7 0.8 1.2 ± 0.5 0.2 ± 0.1 0.0 ± 0.0 0.0 ± 0.0
C22 1.2 ± 0.2 16.4 ± 4.1 80.6 ± 5.3 8.2 1.2 ± 0.2 15.4 ± 3.7 0.0 ± 0.0 1.0 ± 0.4
C24 4.7 ± 2.7 1.1 ± 0.2 138.1 ± 17.5 14.0 4.6 ± 2.7 1.0 ± 0.2 0.1 ± 0.0 0.1 ± 0.0
C26 0.9 ± 0.4 2.9 ± 0.8 16.6 ± 0.9 1.7 0.9 ± 0.4 2.9 ± 0.8 0.0 ± 0.0 0.0 ± 0.0
Primary alcohols
C16 ND ND 1.7 ± 0.4 0.2 ND ND ND ND
C18 ND ND 1.4 ± 0.6 0.1 ND ND ND ND
C20 ND ND 1.9 ± 0.2 0.2 ND ND ND ND
C22 ND ND 34.8 ± 2.9 3.5 ND ND ND ND
C24 ND ND 39.4 ± 19.3 4.0 ND ND ND ND
C26 5.5 ± 0.3 1.2 ± 0.4 62.5 ± 7.3 6.3 5.5 ± 0.4 1.1 ± 0.4 0.0 ± 0.0 0.0 ± 0.0
C28 0.4 ± 0.1 0.2 ± 0.0 15.5 ± 2.2 1.6 0.4 ± 0.1 0.2 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
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Supplementary Table S2. Continued
Fruit cutin and suberin

(µg cm-2)
Bark suberin
(µg cm-2)

Bark suberin (%) Fruit cutin
(µg cm-2)

Fruit suberin
(µg cm-2)

Dry/Dry Wet/dry Dry/Dry Wet/Dry Dry/Dry Wet/Dry
Dicarboxylic acids
C16 2.9 ± 0.3 8.7 ± 1.5 26.5 ± 3.1 2.7 2.9 ± 0.3 8.5 ± 1.5 0.0 ± 0.0 0.2 ± 0.1
C16:9,10-dihydroxy 7.3 ± 2.1 8.2 ± 0.5 ND ND 7.3 ± 2.1 8.2 ± 0.5 0.0 ± 0.0 0.0 ± 0.0
C18 ND ND 27.9 ± 3.1 2.8 ND ND ND ND
C18:1-hydroxy ND ND 53.6 ± 7.8 5.4 ND ND ND ND
C18:9,10-dihydroxy 7.6 ± 0.5 7.2 ± 1.7 ND ND 7.6 ± 0.5 7.2 ± 1.7 0.0 ± 0.0 0.0 ± 0.0
C20 ND ND 16.8 ± 8.7 1.7 ND ND ND ND
C22 ND ND 7.6 ± 0.9 0.8 ND ND ND ND
Hydroxy acids
C16:ω 28.2 ± 2.3 9.3 ± 2.3 16.3 ± 2.2 1.7 28.2 ± 2.3 9.2 ± 2.3 0.0 ± 0.0 0.1 ± 0.0
C18:ω ND ND 22.3 ± 2.6 2.3 ND ND ND ND
C18:1 17.9 ± 3.3 27.6 ± 7.6 136.0 ± 13.8 13.8 17.8 ± 3.3 25.0 ± 6.8 0.1 ± 0.0 2.7 ± 1.0
C18:2 0.8 ± 0.3 0.4 ± 0.0 ND ND 0.8 ± 0.3 0.4 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
C20:ω 3.3 ± 0.7 5.9 ± 2.0 39.9 ± 4.2 4.0 0.0 ± 0.0 0.0 ± 0.0 3.3 ± 0.7 5.9 ± 2.0
C22:ω 1.0 ± 0.4 18.7 ± 4.7 88.2 ± 8.3 9.0 0.0 ± 0.0 0.0 ± 0.0 1.0 ± 0.4 18.7 ± 4.7
C24:ω 0.3 ± 0.1 5.8 ± 1.3 45.1 ± 3.0 4.6 0.0 ± 0.0 0.0 ± 0.0 0.3 ± 0.1 5.8 ± 1.3
C16:10,16-di 192.1 ± 20.2 46.2 ± 18.9 ND ND 192.1 ± 20.2 46.2 ± 18.9 0.0 ± 0.0 0.0 ± 0.0
C18:9,10,18-tri 58.1 ± 14.3 53.8 ± 14.7 ND ND 58.1 ± 14.3 53.8 ± 14.7 0.0 ± 0.0 0.0 ± 0.0
HA1 85.8 ± 24.0 32.8 ± 8.3 ND ND 85.8 ± 24.0 32.8 ± 8.3 0.0 ± 0.0 0.0 ± 0.0
Unidentified
X1 ND ND 4.2 ± 2.7 0.4 ND ND ND ND
X2 ND ND 9.6 ± 7.4 1.0 ND ND ND ND
X3 ND ND 10.6 ± 2.0 1.1 ND ND ND ND
X4 ND ND 2.2 ± 0.6 0.2 ND ND ND ND
X5 ND ND 3.8 ± 1.0 0.4 ND ND ND ND
X6 ND ND 0.9 ± 0.3 0.1 ND ND ND ND
Total: 451.4 ± 65.2 265.7 ± 33.1 984.8 ± 86.8 100 446.6 ± 65.3 231.3 ± 32.2 4.8 ± 0.6 34.4 ± 9.0
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5.1. Supplementary data Chapter 5

S1 Table. Selected transcription factors and genes analyzed in the present study.

Gene name Accession AGI locus code Description Reference

Suberin and lignin related

MYB93 MDP0000320772 AT1G34670.1 MYB domain protein 93, positive regulator of suberin biosynthesis (Legay et al., 2016)
MYB42 MDP0000787808 AT4G12350.1 MYB domain protein 42, involved in secondary cell wall biosynthesis and

regulation of lignin synthesis
(Geng et al., 2020;
Zhong et al., 2008)

CYP86B1 MDP0000306273 AT5G23190.1 Cytochrome P450, family 86, subfamily B, polypeptide 1, involved in the
synthesis of very long chain ω-hydroxyacid and α,ω-dicarboxylic acid in
suberin polyester

(Compagnon et al.,
2009)

ABCG20 MDP0000265619 AT3G53510 ATP-binding cassette G20, involved in transport of aliphatic suberin polymer
precursors

(Yadav et al., 2014)

NAC038 MDP0000232008 AT2G24430.1 NAC domain containing protein 38 uncharacterized
NAC058 MDP0000130785 AT3G18400.1 NAC domain containing protein 58 uncharacterized

Cutin and wax related

SHN3 MDP0000178263 AT5G25390 Positive transcriptional regulator of cuticle synthesis (Aharoni et al., 2004)
GPAT6 MDP0000479163 AT2G38110.1 Glycerol-3-phosphate acyl transferase 6, involved in synthesis of cutin

monomers
(Petit et al., 2016)

FDH, KCS10 MDP0000235280 AT2G26250.1 FIDDLEHEAD, 3-Ketoacly-CoA synthase 10, involved in the long-chain lipid
synthesis

(Pruitt et al., 2000)

CER6 MDP0000392495 AT1G68530.1 3-Ketoacly-CoA-synthase 6, involved in the biosynthesis of very long chain
fatty acids (VLCFAs)

(Millar et al., 1999)

WSD1 MDP0000701887 AT5G37300.1 Wax ester synthase/Acyl-coenzyme A: Diacylglycerol acyltransferase,
involved in the synthesis of wax esters and diacylglycerol acyltransfer activity

(Li et al., 2008)

ABCG11 MDP0000200335 AT1G17840.1 ABCG11, white-brown complex homolog protein 11, transport of cuticular
lipids to the extracellular matrix

(Bird et al., 2007)

Table was adopted from Straube et al. (2020)
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Electronical File E2. Data produced in figures (XLSX) (access through electronical appendix)

S2 Table. Primers sequences of the genes analyzed in the present study

Gene
name

Accession Primer sequence (5' to 3') PCR efficiency (%) Reference
Forward Primer Reverse Primer

ABCG11 MDP0000200335 TGGCGGGTTTCCTTCTTTCA CACAAATGCAGTAACGCCGT 98.7 (Straube et al., 2020)
ABCG20 MDP0000265619 ACTGGGCATGGACAACAACA ATTTTCCCGACCCACTTGCT 102.9 (Straube et al., 2020)
CER6 MDP0000392495 AGCAACAACCCTAAGAGCGT GTTGGGCGGAATGTAGTGGA 85.0 (Straube et al., 2020)
CYP86B1 MDP0000306273 CGCTTTGTGACCCCATCC AATGACGTCTTCCGCAAACT 109.3 (Legay et al., 2015)
eF-1alpha AJ223969.1 ACTGTTCCTGTTGGACGTGTTG TGGAGTTGGAAGCAACGTACCC 93.0 (Legay et al., 2015)
GPAT6 MDP0000479163 TCTTGAACCAGCTACCGTCG AATCCCAAAGTCCCAGCCAA 91.0 (Straube et al., 2020)
KCS10 MDP0000235280 TGCTGAGGTGGGAAGTTTGA ACACCAAAGAACCCTAGCACA 91.6 (Straube et al., 2020)
MYB42 MDP0000787808 CCTTGGCAATAGGTGGTCGA TGATGTGCGTGTTCCAGTGA 94.2 (Straube et al., 2020)
MYB93 MDP0000320772 TGGACAAACTATCTTAGGCCGG GTTGCCGAGGATGGAATGGA 102.5 (Straube et al., 2020)
NAC038 MDP0000232008 CGGCGGATCATCAAGTAGCA AAACCCTCCTCCTCCTCCAA 84.6 (Straube et al., 2020)
NAC058 MDP0000130785 AGCCACAACAAGCAACAACA TTTGGCAGCTCGATGTCTCC 90.7 (Straube et al., 2020)
PDI MDP0000233444 TGCTGTACACAGCCAACGAT CATCTTTAGCGGCGTTATCC 100.6 (Storch et al., 2015;

Straube et al., 2020)
SHN3 MDP0000178263 GGGACGTTTGAGACAGCAGA TTTTGGTCGGTGGCAGGTTT 93.6 (Straube et al., 2020)
WSD1 MDP0000701887 AGAAATGGTCAAACCCGACA AGACGAAGTCAAGCGCATTT 91.1 (Legay et al., 2015)
Table was adopted from Straube et al. (2020)
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6.1 Supplementary data Chapter 6

Figure S1 Time course of moisture-induced russeting of ‘Pinova’ apple as indexed by

fluorescence microscopy. Russeting was induced in a two-phase experiment: During

Phase I, a patch of fruit skin was exposed to surface moisture for 12 d (Phase I, ‘12 d wet’).

After termination of moisture exposure (Phase II), the treated skin patch was exposed to the

ambient atmosphere (‘y d dry’). The nontreated control (‘Control’) remained dry during Phase

I and Phase II (‘x d dry + y d dry’). Moisture was applied at 31 days after full bloom (DAFB).

Top view (left panel) and cross-sections of the fruit surface (right panel) during formation of
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microcracks in the cuticle and initiation of a periderm. Microcracks were infiltrated with

acridine orange (left panel), and the cross-sections were stained with Fluorol Yellow 088

(right panel). The scale bar in the top view of ‘0 d wet + 0 d dry’ is 200 µm long and

representative of all top views (n = 10). The white scale bar in the ‘0 d wet + 0 d dry’ cross-

section is 50 µm long and representative of all cross-sections (n = 6).

Figure S2 Frequency distribution of russeting of ‘Pinova’ apples in the 2018 (n = 60)

(A), 2019 (n = 28) (B) and 2020 growing seasons (n = 12) (C). Russeting was induced by

exposure to surface moisture for 12 d (Phase I) beginning at 21-31 DAFB. After termination

of moisture exposure, the fruit skin patches remained dry (Phase II). The portion of the

russeted surface area exposed to moisture was quantified at maturity.
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Figure S3 Comparison of microcrack and periderm formation in four apple cultivars

differing in russet susceptibility. Russet susceptibility decreased from ‘Karmijn’ to ‘Pinova’

and from ‘Idared’ to ‘Gala’. Russeting was induced in a two-phase experiment. During Phase

I, skin patches of ‘Karmijn’ (A, E, I, M), ‘Pinova’ (B, F, J, N), ‘Idared’ (C, G, K, O) and ‘Gala’

(D, H, I, P) were exposed to moisture for 12 d (‘x d wet’). After termination of moisture

exposure (Phase II), the treated skin patch was exposed to the ambient atmosphere for up to

8 d (‘y d dry’). The nontreated control (‘Control’) remained dry during Phase I and Phase II (‘x

d dry + y d dry’).
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Exposure to moisture started 28-32 days after full bloom (DAFB), equivalent to 10-12 mm

diameter. Light micrographs and corresponding fluorescence micrographs of fruit surfaces

after infiltration of microcracks with acridine orange (A-D, I-L). The scale bar in (A) is 200 µm

long and is representative of the images in A, B, C, D, I, J, K and L (n = 10). Cross-sections

through skin segments stained with Fluorol Yellow 088 were observed by transmitted white

light (upper part) and incident fluorescent light (filter U-MWB) (E-H, M-P). The scale bar in (E)

is 50 µm long and representative of the micrographs in E-H and M-P (n = 6).
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Figure S4 Macrographs and micrographs of moisture-exposed fruit surfaces of four

apple cultivars differing in russet susceptibility. Russet susceptibility decreases in the

order ‘Karmijn’>‘Pinova’>‘Idared’ > ‘Gala’. Russeting was induced in a two-phase experiment.

During Phase I, skin patches of ‘Karmijn’ (A), ‘Pinova’ (B), ‘Idared’ (C) and ‘Gala’ (D) apples

were exposed to moisture for 12 d. After termination of moisture exposure (Phase II), the

treated skin patch was exposed to the ambient atmosphere (‘y d dry’). The nontreated control

(‘Control’) remained dry during Phase I and Phase II (‘x d dry + y d dry’). Moisture exposure

began at 28-32 days after full bloom (DAFB). Russeting was evaluated at maturity.

Macrographs were obtained by photography of the fruit; the micrographs were prepared by

fluorescence microscopy of skin sections stained with Fluorol Yellow 088 and viewed under

transmitted white light or incident fluorescent light (filter U-MWB) (n = 3). The black scale bar

in (A) is 1 cm and representative of all photographs of whole fruit. The white scale bar in (A)

is 50 µm and representative of all micrographs. The white dashed circle indicates the patch

of fruit skin that was exposed to moisture.
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Figure S5 Microcrack formation in the cuticle of apples in four cultivars following

exposure to moisture. Fruit skin patches of ‘Karmijn’, ‘Pinova’, ‘Idared’, and ‘Gala’ were

exposed to surface moisture beginning at 28-32 days after full bloom (DAFB) for 12 d (Phase

I). Afterwards, moisture was removed and the treated fruit skin patch remained dry (Phase II).

The nonexposed surface of the same fruit served as a control. Microcracking was indexed by

quantifying the area infiltrated with acridine orange. Data represent the means ± SEs of ten

fruits. ‘*’ indicates a significant difference between ’Moisture’ and ‘Control’ within each

cultivar at p ≤ 0.05 (Student’s t test).
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Figure S6 Expression of candidate genes after mechanical wounding of the skin of

four apple cultivars. Russet susceptibility decreased in the order

‘Karmijn’>‘Pinova’>‘Idared’>‘Gala’. Fruit skins were wounded 38-40 days after full bloom

(DAFB) using sandpaper (‘Wounding’). The nontreated fruit skin served as the control

(‘Control’). Expression of genes associated with Phase I (MYB17, NAC35) or Phase II

(AP2B3, WOX4, MYB84, LEA, MYB102, MYB52, WRKY56, SGNH, MYB67, MYB93) was

analyzed. Expression values represent the means ± SEs of three independent replicates
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comprising six fruits each. ‘*’ indicates a significant difference between ‘Wounding’ and

‘Control’ within each cultivar at p ≤ 0.05 (Student’s t test).

Figure S7 Heatmap of cutin and wax-related genes expression during moisture-

induced russeting in ‘Pinova’ apple. Russeting was induced in a two-phase experiment.

During Phase I, skin patches of ‘Pinova’ apples were exposed to moisture for 2, 6 or 12 d (‘x

d wet’). After termination of moisture exposure (Phase II), the treated skin patch was

exposed to the ambient atmosphere for 1, 3 or 8 d (‘y d dry’). The nontreated control

(‘Control’) remained dry during Phase I and Phase II (‘x d dry + y d dry’). Cuticle-related

genes (based on literature information) were downregulated during Phase I. Expression

values are shown as the mean log10(TPM) (transcripts per million) values of three

independent replicates comprising six (season 2018) or ten (season 2019) fruits each.
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Figure S8 Time course of changes in mass and surface area of apples in four cultivars.

Fruit growth parameters in ‘Karmijn’ (A), ‘Pinova’ (B), ‘Idared’ (C), and ‘Gala’ (D) were

determined in the 2020 growing season. The two insets illustrate the surface area growth

rate (upper left corner) and relative surface area growth rate (RGR; lower right corner) in
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developing apple fruits. X-axis scale in days after full bloom (DAFB). Each value represents

the mean ± SE of 30 fruits.
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Figure S9 Heatmap of genes related to periderm formation during moisture-induced

russeting in ‘Pinova’ apple. Russeting was induced in a two-phase experiment. During

Phase I, skin patches of ‘Pinova’ apples were exposed to moisture for 2, 6 or 12 d (‘x d wet’).

After termination of moisture exposure (Phase II), the treated skin patch was exposed to the

ambient atmosphere for 1, 3 or 8 d (‘y d dry’). The nontreated control (‘Control’) remained dry

during Phase I and Phase II (‘x d dry + y d dry’). Genes associated with russeting (based on

literature information) were upregulated during Phase II. Expression values are shown as the

mean log10(TPM) (transcripts per million) values of three independent replicates comprising

six (season 2018) or ten (season 2019) fruits each.
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Figure S10 Sketch of experimental design. The moisture treatment (Moisture) experiment

consisted of two phases: In Phase I (blue arrow) the fruit skin patches were exposed to

moisture. In Phase II the moisture exposure was terminated and the skin patch exposed to

atmospheric conditions. In the wounding experiments, the fruit skin patches were

intentionally wounded by gently abrading them with sandpaper. The timing of the abrasion

coincided with the end of moisture treatment in Phase I.
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Figure S11 Russet induction by surface moisture. Russeting of 'Pinova' apple fruit skin

was induced by applying moisture through a polyethylene tube mounted on the fruit surface

using a non-phytotoxic silicone rubber during early stages of fruit development (21-31 days

after full bloom (DAFB)). After curing, deionized water was injected through a hole at the top

of the polyethylene tube using a syringe. The hole was sealed thereafter using silicone

rubber. The fruit skin was exposed to surface moisture for a period of 12 d (Phase I). After

this period, the tube was carefully removed, and the microcracked surface was exposed to

atmospheric conditions (Phase II). The treated fruit skin patch was marked with a black,

water-resistant marker. During Phase II, moisture-exposed fruit skins showed

macroscopically visible cracks within 2 d after moisture removal (12 d wet + 2 d dry). A fully

russeted skin patch formed after 12 d wet + 8 d dry. In the accompanying images, the white
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scale bars for '0 d wet + 0 d dry' and '12 d wet + 0 d dry' are 1 cm long, the latter being

representative of all other images.

Table S1. Summary of RNA integrity number (RIN), sequencing results, trimming and
uniquely mapped reads of the HFTH1 genome.

Season Time point Biological
replicate

RIN Raw reads Read pairs after
trimming (Q ≥ 20)

Percentage of uniquely
mapped reads (%)

2018 ‘0 d dry + 0 d dry’ 1 8.8 121640060 57643670 94.25
‘0 d dry + 0 d dry’ 2 9.4 128454744 61140644 95.18
‘0 d dry + 0 d dry’ 3 9.1 123418270 57636005 94.24
‘0 d wet + 0 d dry’ 1 9.8 150068214 70456595 93.88
‘0 d wet + 0 d dry’ 2 9.4 150250946 70539939 94.72
‘0 d wet + 0 d dry’ 3 9.2 141769224 66661960 94.51
‘2 d dry + 0 d dry’ 1 9.9 123879264 58832415 94.45
‘2 d dry + 0 d dry’ 2 9.6 128791720 61108589 94.22
‘2 d dry + 0 d dry’ 3 9.8 124941598 58925324 93.99
‘2 d wet + 0 d dry’ 1 9.6 130739500 62363018 94.60
‘2 d wet + 0 d dry’ 2 9.7 121474696 57692471 94.34
‘2 d wet + 0 d dry’ 3 8.4 123936980 58570379 93.34
‘6 d dry + 0 d dry’ 1 9.3 122418652 58284983 94.95
‘6 d dry + 0 d dry’ 2 9.8 120848968 57802019 93.86
‘6 d dry + 0 d dry’ 3 9.9 124544584 59079988 95.11
‘6 d wet + 0 d dry’ 1 9.8 123095348 58342147 90.33
‘6 d wet + 0 d dry’ 2 9.6 126869850 60166854 82.89
‘6 d wet + 0 d dry’ 3 9.8 127060892 60185343 90.32
‘12 d dry + 0 d dry’ 1 8.8 119799220 56896654 93.84
‘12 d dry + 0 d dry’ 2 9.3 128534002 60734209 93.79
‘12 d dry + 0 d dry’ 3 8.8 123421432 58359708 93.56
‘12 d wet + 0 d dry’ 1 9.9 123129710 58346280 92.98
‘12 d wet + 0 d dry’ 2 10 122313942 58141580 93.17
‘12 d wet + 0 d dry’ 3 9.7 123117832 58488243 93.14
‘12 d dry + 8 d dry’ 1 9.3 121948016 57759425 94.77
‘12 d dry + 8 d dry’ 2 10 121920638 57687317 95.40
‘12 d dry + 8 d dry’ 3 10 124020262 58715966 95.52
‘12 d wet + 8 d dry’ 1 8.8 122072708 57970170 94.28
‘12 d wet + 8 d dry’ 2 9.9 124268364 58801142 94.45
‘12 d wet + 8 d dry’ 3 9.9 146351032 69089407 94.46

2019 ‘0 d dry + 0 d dry’ 1 9.7 133889700 63261870 94.88
‘0 d dry + 0 d dry’ 2 9.6 119689572 56591648 94.14
‘0 d dry + 0 d dry’ 3 10 125224450 59312334 93.81
‘0 d wet + 0 d dry’ 1 9.9 137475904 64990547 94.55
‘0 d wet + 0 d dry’ 2 9.7 124077252 57751485 93.64
‘0 d wet + 0 d dry’ 3 9.8 122223580 57277739 93.63
‘12 d dry + 0 d dry’ 1 9.5 121552076 57900489 94.52
‘12 d dry + 0 d dry’ 2 9.8 130935978 61992895 94.02
‘12 d dry + 0 d dry’ 3 9.7 129075842 61201544 94.55
‘12 d wet + 0 d dry’ 1 9.7 123881026 58419444 93.29
‘12 d wet + 0 d dry’ 2 10 122233530 57745233 94.04
‘12 d wet + 0 d dry’ 3 9.9 126287244 59665259 93.90
‘12 d dry + 1 d dry’ 1 9.7 128612160 60984921 94.67
‘12 d dry + 1 d dry’ 2 9.8 123635836 59317591 93.80
‘12 d dry + 1 d dry’ 3 9.6 123068870 57441459 93.88
‘12 d wet + 1 d dry’ 1 10 122987230 57351930 94.11
‘12 d wet + 1 d dry’ 2 10 121859564 57339366 93.74
‘12 d wet + 1 d dry’ 3 10 119907316 56615752 93.94
‘12 d dry + 3 d dry’ 1 9.5 123202362 58500246 94.47
‘12 d dry + 3 d dry’ 2 9.8 122097110 57908035 94.03
‘12 d dry + 3 d dry’ 3 9.6 122280412 57978514 94.02
‘12 d wet + 3 d dry’ 1 10 121481146 57128431 94.79
‘12 d wet + 3 d dry’ 2 9.8 133529112 63057053 94.68
‘12 d wet + 3 d dry’ 3 10 123702882 58426916 94.46
‘12 d dry + 8 d dry’ 1 9.8 132175454 62733354 94.62
‘12 d dry + 8 d dry’ 2 9.9 123778558 58738285 94.37
‘12 d dry + 8 d dry’ 3 9.8 121345836 56774298 94.04
‘12 d wet + 8 d dry’ 1 10 123826376 58422565 95.22
‘12 d wet + 8 d dry’ 2 10 124522250 58469468 94.45
‘12 d wet + 8 d dry’ 3 10 123605066 58066909 94.74
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Table S2. Summary of differentially expressed genes detected in the RNA-seq analysis.
Genes with a log2-fold change (log2FC) ≥ 2 or ≤ -2, a false discovery rate (FDR) ≤ 0.05 and a
mean of at least five TPM (transcripts per million) in control (‘x d dry + y d dry’) or moisture-
exposed (‘x d wet + y d dry’) samples were assumed to be differentially expressed.

Season Time point Number up-regulated genes
(log2FC ≥ 2, FDR ≤ 0.05)

Number down-regulated genes
(log2FC ≤ -2, FDR ≤ 0.05)

2018 ‘0 d wet + 0 d dry’ vs ‘0 d dry + 0 d dry’ 0 0
‘2 d wet + 0 d dry’ vs ‘2 d dry+ 0 d dry’ 35 2
‘6 d wet + 0 d dry’ vs ‘6 d dry+ 0 d dry’ 378 127
‘12 d wet + 0 d dry’ vs ‘12 d dry+ 0 d dry’ 860 196
‘12 d wet + 8 d dry’ vs ‘12 d dry + 8 d dry’ 523 44

2019 ‘0 d wet + 0 d dry’ vs ‘0 d dry+ 0 d dry’ 0 0
‘12 d wet + 0 d dry’ vs ‘12 d dry+ 0 d dry’ 1219 858
‘12 d wet + 1 d dry’ vs ‘12 d dry + 1 d dry’ 1094 597
‘12 d wet + 3 d dry’ vs ‘12 d dry + 3 d dry’ 980 321
‘12 d wet + 8 d dry’ vs ‘12 d dry + 8 d dry’ 974 253
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Table S3. Sampling time points in the 2018, 2019, 2020 and 2022 growing seasons for
experiments on gene expression and histology of apple fruit skins.

Season Time point Treatment Cultivar DAFB Date

2018 ‘0 d wet + 0 d dry’ vs ‘0 d dry + 0 d dry’ Moisture ‘Pinova’ 21 2018-05-13
‘2 d + 0 d dry’ wet’ vs ‘2 d dry+ 0 d dry’ Moisture ‘Pinova’ 23 2018-05-15
‘6 d wet + 0 d dry’ vs ‘6 d dry+ 0 d dry’ Moisture ‘Pinova’ 27 2018-05-19
‘12 d wet + 0 d dry’ vs ‘12 d dry+ 0 d dry’ Moisture ‘Pinova’ 33 2018-05-25
‘12 d wet + 8 d dry’ vs ‘12 d dry + 8 d dry’ Moisture ‘Pinova’ 41 2018-06-01

‘12 d wet + 111 d dry’ vs. ‘12 d dry + 111 d dry’ Moisture ‘Pinova’ 152 2018-09-20
2019 ‘0 d wet + 0 d dry’ vs ‘0 d dry + 0 d dry’ Moisture ‘Pinova’ 31 2019-05-23

‘8 d wet + 0 d dry’ vs ‘8 d dry + 0 d dry’ Moisture ‘Pinova’ 39 2019-05-31
‘12 d wet + 0 d dry’ vs ‘12 d dry+ 0 d dry’ Moisture ‘Pinova’ 43 2019-06-04
‘12 d wet + 1 d dry’ vs. ‘12 d dry + 1 d dry’ Moisture ‘Pinova’ 44 2019-06-05
‘12 d wet + 2 d dry’ vs. ‘12 d dry + 2 d dry’ Moisture ‘Pinova’ 45 2019-06-06
‘12 d wet + 3 d dry’ vs. ‘12 d dry + 3 d dry’ Moisture ‘Pinova’ 46 2019-06-07
‘12 d wet + 4 d dry’ vs. ‘12 d dry + 4 d dry’ Moisture ‘Pinova’ 47 2019-06-08
‘12 d wet + 8 d dry’ vs ‘12 d dry + 8 d dry’ Moisture ‘Pinova’ 51 2019-06-12

‘12 d wet + 113 d dry’ vs. ‘12 d dry + 113 d dry’ Moisture ‘Pinova’ 156 2019-09-25
2020 ‘12 d wet + 0 d dry’ vs ‘12 d dry+ 0 d dry’ Moisture ‘Pinova’ 40 2020-06-02

‘12 d wet + 2 d dry’ vs. ‘12 d dry + 2 d dry’ Moisture ‘Pinova’ 42 2020-06-04
‘12 d wet + 4 d dry’ vs. ‘12 d dry + 4 d dry’ Moisture ‘Pinova’ 44 2020-06-06
‘12 d wet + 8 d dry’ vs ‘12 d dry + 8 d dry’ Moisture ‘Pinova’ 48 2020-06-10

‘12 d wet + 111 d dry’ vs. ‘12 d dry + 111 d dry’ Moisture ‘Pinova’ 151 2020-09-21
‘0 d wounding’ vs. ‘0 d control’ Wounding ‘Pinova’ 40 2020-06-02
‘2 d wounding’ vs. ‘2 d control’ Wounding ‘Pinova’ 42 2020-06-04
‘4 d wounding’ vs. ‘4 d control’ Wounding ‘Pinova’ 44 2020-06-06
‘8 d wounding’ vs. ‘8 d control’ Wounding ‘Pinova’ 48 2020-06-10

‘0 d wet + 0 d dry’ vs ‘0 d dry + 0 d dry’ Moisture ‘Karmijn’ 28 2020-05-23
‘12 d wet+ 0 d dry’ vs ‘12 d dry+ 0 d dry’ Moisture ‘Karmijn’ 40 2020-06-04
‘12 d wet + 8 d dry’ vs ‘12 d dry + 8 d dry’ Moisture ‘Karmijn’ 48 2020-06-12

‘12 d wet + 109 d dry’ vs. ‘12 d dry + 109 d dry’ Moisture ‘Karmijn’ 149 2020-09-21
‘0 d wet + 0 d dry’ vs ‘0 d dry + 0 d dry’ Moisture ‘Pinova’ 30 2020-05-23
‘12 d wet + 0 d dry’ vs ‘12 d dry+ 0 d dry’ Moisture ‘Pinova’ 42 2020-06-04
‘12 d wet + 8 d dry’ vs ‘12 d dry + 8 d dry’ Moisture ‘Pinova’ 50 2020-06-12

‘12 d wet + 109 d dry’ vs. ‘12 d dry + 109 d dry’ Moisture ‘Pinova’ 151 2020-09-21
‘0 d wet + 0 d dry’ vs ‘0 d dry + 0 d dry’ Moisture ‘Idared’ 32 2020-05-23
‘12 d wet + 0 d dry’ vs ‘12 d dry+ 0 d dry’ Moisture ‘Idared’ 44 2020-06-04
‘12 d wet + 8 d dry’ vs ‘12 d dry + 8 d dry’ Moisture ‘Idared’ 52 2020-06-12

‘12 d wet + 136 d dry’ vs. ‘12 d dry + 136 d dry’ Moisture ‘Idared’ 180 2020-10-26
‘0 d wet + 0 d dry’ vs ‘0 d dry + 0 d dry’ Moisture ‘Gala’ 29 2020-05-23
‘12 d wet + 0 d dry’ vs ‘12 d dry+ 0 d dry’ Moisture ‘Gala’ 41 2020-06-04
‘12 d wet + 8 d dry’ vs ‘12 d dry + 8 d dry’ Moisture ‘Gala’ 49 2020-06-12

‘12 d wet + 109 d dry’ vs. ‘12 d dry + 109 d dry’ Moisture ‘Gala’ 150 2020-09-21
2022 ‘8 d wounding’ vs. ‘8 d control’ Wounding ‘Karmijn’ 38 2022-06-09

‘119 d wounding’ vs. ‘119 d control’ Wounding ‘Karmijn’ 159 2022-10-06
‘8 d wounding’ vs. ‘8 d control’ Wounding ‘Pinova’ 39 2022-06-09

‘106 d wounding’ vs. ‘106 d control’ Wounding ‘Pinova’ 145 2022-09-23
‘8 d wounding’ vs. ‘8 d control’ Wounding ‘Idared’ 40 2022-06-09

‘133 d wounding’ vs. ‘133 d control’ Wounding ‘Idared’ 173 2022-10-20
‘8 d wounding’ vs. ‘8 d control’ Wounding ‘Gala’ 40 2022-06-09

‘106 d wounding’ vs. ‘106 d control’ Wounding ‘Gala’ 146 2022-09-23
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Table S4. Russeting after mechanical wounding during early fruit development (38-40 days
after full bloom (DAFB)) of ‘Karmijn’, ‘Pinova’, ‘Idared’ and ‘Gala’ apples in the 2022 season.
Russeting was quantified at commercial maturity.

Cultivar Developmental
stage (DAFB)

Number of
fruits

Frequency of
russeted fruits (%)

Russeted area
(% of treated area)

Wounded
‘Karmijn’ 159 35 100 100
‘Pinova’ 145 49 100 100
‘Idared’ 173 46 100 100
‘Gala’ 146 49 100 100
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Table S5. List of primers used in this study.

Primer sequence (5'-3')
Gene name Accession Forward Primer Reverse Primer PCR efficiency (%) Reference

Phase I related
MYB17 HF15264 CCACAAACACACGAGCCTCT GCCTAGCACTCTCCCATTGT 94.2 This study
NAC035 HF34490 CGGAGTTGAAGACCACCCAT GGTCGTCGATTGAGCCACTA 102.5 This study

Phase II related
AP2B3 HF20086 CCACACGGATCGACTCTTCAT CACCACCACTGCTACTCTCAA 85.7 This study
MYB52 HF24488 CCCAAGAATCAACAGGAACCC

T
GCCTTGCAATAACAGCCCATC 82.9 This study

MYB67 HF11445 ACATCTGGGCTTCTGGTACTG TTCCATCTGATCCAAGAGCGT 89.4 This study
MYB84 HF13180 AGTTCTTCTGCTCCTGTGGC ATTACCGCCTTGCCCTTGAA 90.5 This study
MYB93 MDP0000320772 TGGACAAACTATCTTAGGCCG

G
GTTGCCGAGGATGGAATGGA 102.5 [1]

MYB102 HF33626 ACAAATGGTCAGGTATTGCAGC CCCATTCGGAGGAGCCTTTT 93.6 This study
WOX4 HF13050 TGGTTCCAGAATCACAAGGCA CCAGAGGAGTCGGTGTTCTT 92.3 This study
WRKY56 HF14837 ATTAGTGGCTCTGCTGGGAAT CGAGTCTGGAACGCAAACCT 90.8 This study
SGNH HF32136 CCCAGGGGCAAAACTCTCAT TGCAACACGGAAGGTTCGAA 97.2 This study
LEA HF26067 TGCCACCACAATTCTCTCCA TGAGTTGGACGGACGAGTTG 97.9 This study

Reference genes
eF-1alpha AJ223969.1 ACTGTTCCTGTTGGACGTGTTG TGGAGTTGGAAGCAACGTACCC 93.0 [2]

PDI MDP0000233444 TGCTGTACACAGCCAACGAT CATCTTTAGCGGCGTTATCC 100.6 [3]
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Introduction

Russeting is a disorder affecting the skin of commercially important fruit species such as

apple (Malus x domestica, Borkh.) (Skene, 1982) . It is characterized by the formation of a

corky periderm in the hypodermis under cuticular microcracks, which replaces the cuticle

(Bell, 1937; Meyer, 1944; Pratt, 1972) . Russeting can be induced by abiotic factors such as

high humidity and prolonged periods of surface moisture during early fruit development

(Tukey, 1959; Knoche and Grimm, 2008; Winkler et al., 2014; Chen et al., 2020; Khanal et al.,

2020a; Straube et al., 2020) as well as by biotic factors such as mechanical wounding (Chen

et al., 2022).

Previous research has identified several quantitative trait loci (QTLs) that are associated with

russeting on linkage groups 2, 6, 7, 9, 12, 13, and 15 as well as chromosomes 2 and 15

(Falginella et al., 2015; Lashbrooke et al., 2015; Powell et al., 2023) . Within these QTLs,

genes related to cuticle formation, such as SHN3 and ABCG11, have been identified

(Falginella et al., 2015; Lashbrooke et al., 2015) . Lashbrooke et al. (2015) have observed

downregulation of SHN3 in the fruit skin of russeted progeny.

Transcriptomic profiling of mature russeted fruit skins has identified downregulation of cuticle

genes and upregulation of lignin and phenylpropanoid genes (Legay et al., 2015; Falginella

et al., 2021; André et al., 2022; Wang, Z. et al., 2022). Further research has identified several

candidate genes that are involved in the later stages of russeting, such as MdMYB52

(MD05G1011100 (Daccord et al., 2017); HF31835 (Zhang, L. et al., 2019)) as a major lignin

regulator (Xu, X. et al., 2022), MdMYB68 (MD08G1076200; HF21464) (Xu et al., 2023) and

MdMYB93 (MD15G1323500; HF40961) (Legay et al., 2016) as a major regulator of

suberization. Despite the characterization of several candidate genes involved in later stages

of russeting, the molecular sequence of russet initiation is still unclear.

The morphological and molecular sequence of russet formation after a predefined trigger

was studied in greater detail by our research group using a defined russet induction method

based on prolonged periods of surface moisture and mechanical abrasion (Khanal et al.,

2020a; Chen et al., 2020; Straube et al., 2020; Chen et al., 2022) . The research revealed a

biphasic behavior during the moisture-induced russeting of apple fruit skins (Chen et al.,

2020; Straube et al., 2020) . In Phase I, the fruit skin was exposed to moisture and a

decrease in cuticle was observed, along with the formation of microcracks. In Phase II, the

moisture was removed and periderm formation was observed as early as 4 days after

exposure to atmospheric conditions. The sequence of periderm formation during Phase II of

moisture-induced russeting was found to be similar to that of wound-induced periderm in
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apple fruit skins (Chen et al., 2022). Our recent study (Straube et al., not published) identified

the transcriptomic events during the initiation of russeting and highlighted new candidate

genes, two for Phase I and nine for Phase II, including several transcriptional regulators.

The aim of this study is to investigate the functional roles of some of these candidate genes

that may be involved in the formation of russeted fruit skins. Specifically, we will focus on

MYB17 (MD01G1054800; HF15264) as a Phase I related gene, and WOX4

(MD15G1079000; HF13050), MYB52 (MD14G1242300; HF24488), MYB67

(MD05G1239200; HF11445), and WRKY56 (MD07G1131000; HF14837) as Phase II related

genes. Here, we present our preliminary findings on the functional characterization of these

candidate genes, and their potential involvement in the formation of russeted fruit skins.

Results

Infiltration experiments in N. benthamiana

To screen for russet-associated genes, we established an overexpression assay in Nicotiana

benthamiana, based on previously published work by Legay et al. (2016). Initially, infiltration

experiments were conducted with WRKY56 (35S::WRKY56), MYB52 (35S::MYB52), and

MYB93 (35S::MYB93), as well as an empty vector control (ProAtUbi::GFP), without

simultaneous silencing suppressor p19 (35S::p19). However, six days after overexpression,

no significant expression of downstream genes expected to be upregulated upon activation

of suberin-related genes was observed (Fig. 1). Downstream targets of MYB93 were

activated only upon co-infiltration with the silencing suppressor p19 (Fig. 2A,B).
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Figure 1. Gene expression profile of suberin-related genes in detached N.
benthamiana leaves. Leaves from three-week-old N. benthamiana plants were detached

and infiltrated with GV3101 (OD600=0.5) containing the empty vector (ProAtUbi::GFP) or

different transcriptional regulators (35S::WRKY56, 35::MYB52, 35S::MYB93) associated with

russeting in Malus x domestica. Expression profiles of suberin-related genes were observed

six days after infiltration. Each value represents the mean ± SE of three independent

biological replicates comprising two infiltrated leaves each. The ‘*’ indicates a significant

difference at p ≤ 0.05 (Student’s t-test) between the ProAtUbi::GFP and the gene of interest.

nd, not detected.
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Figure 2. Comparative gene expression profile of suberin-related genes in N.
benthamiana leaves, with and without p19. (A) Leaves from three-week-old N.

benthamiana plants were infiltrated with GV3101 (OD600=0.8) containing either the empty

vector (ProAtUbi::GFP) or the transcriptional regulator MYB93 (35S::MYB93), known to be

involved in russeting in Malus x domestica. Gene expression profiles of suberin-related

genes were analyzed six days post-infiltration. (B) Leaves from three week-old N.

benthamiana plants were infiltrated with GV3101 (OD600=0.8) containing either the empty

vector (ProAtUbi::GFP/p19) or the transcriptional regulator MYB93 (35S::MYB93/p19) in

combination with C58C1 carrying the silencing suppressor p19 (OD600=1). The gene

expression profile of suberin-related genes was then examined six days after infiltration.

Each data point represents the mean ± SE of two to three independent biological replicates,

with each replicate comprising three infiltrated leaves. The ‘*’ indicates a significant

difference at p ≤ 0.05 (Student’s t-test) between the ProAtUbi::GFP and the gene of interest.
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From our RNA-seq dataset (Straube et al., not published), we selected the four most

promising candidates for the initiation of russeting and overexpressed them in N.

benthamiana leaves. 35S::MYB93 was used as a positive control for the functionality of our

assay. The empty vector control infiltrations (ProAtUbi::GFP) did not show any observable

macroscopic changes (Fig. 2A). Similarly, infiltrated spots that overexpressing WOX4,

MYB67, and WRKY56 showed no macroscopic visible alterations, resembling the empty

vector control (Fig. 2A-D). In contrast, infiltrated spots overexpressing MYB93 displayed

pronounced suberization (Fig. 2E), while those overexpressing MYB52 exhibited some

chlorotic/necrotic spots on the youngest emerging infiltrated leaves (Fig. 2F).

Figure 3. Macroscopic changes observed after heterologous overexpression of MYB52,
MYB67, MYB93,WOX4, andWRKY56 in N. benthamiana. Three-week-old N. benthamiana
leaves were infiltrated with GV3101 (OD600=0.8) carrying either (A) the empty vector

(ProAtUbi::GFP/p19) or the following transcriptional regulators: (B) WOX4 (35S::WOX4/p19),

(C) WRKY56 (35S::WRKY56/p19), (D) MYB67 (35S::MYB67/p19), (E) MYB93

(35S::MYB93/p19), and (F) MYB52 (35S::MYB52/p19) along with C58C1 containing p19

(OD600=1.0) (n = 3). Macroscopic changes were observed six days after infiltration. Black

scale bars represent a length of 1 cm.
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To test whether periderm associated processes are activated, we performed expression

analysis of suberin-associated genes in N. benthamiana leaves overexpressing the

candidate genes together with the silencing suppressor p19 (Fig. 4). We observed minimal

upregulation of suberin genes, with the exception of the well-established suberin master

regulator MYB93. However, there was a slight increase in the expression of KCS2 when

WRKY56 and WOX4 were overexpressed, along with FCoAT, FAR3_1, and FAR3_2 through

the involvement of MYB52.

Figure 4. Gene expression profile of suberin-related genes in N. benthamiana leaves
overexpressing MYB52, MYB67, MYB93, WOX4, and WRKY56 with p19. N. benthamiana
leaves were infiltrated with GV3101 (OD600=0.8) carrying either the empty vector

(ProAtUbi::GFP/p19) or the following transcriptional regulators: WOX4 (35S::WOX4/p19),

WRKY56 (35S::WRKY56/p19), MYB67 (35S::MYB67/p19), MYB93 (35S::MYB93/p19), and

MYB52 (35S::MYB52/p19) along with C58C1 containing p19 (OD600=1.0) (n = 3). Gene

expression profiles of suberin-related genes were evaluated six days after infiltration. Each

value represents the mean ± SE of three independent biological replicates, with each

replicate consisting of three infiltrated leaves. Statistical significance (p ≤ 0.05, Student's t-

test) is indicated by asterisks, highlighting the significant difference between the

ProAtUbi::GFP control and the gene of interest.
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Phenotypic observations of MYB52 overexpression were repeated. Infiltration experiments

were performed using different OD600 values for the GV3101 strain carrying 35S::MYB52 or

the empty vector ProAtUbi::GFP together with p19. In this experiment, despite a reduction in

necrotic reactions (5/27 leaves with necrotic spots, even at the lowest OD600), we noticed a

distinct glossy surface on the dorsal side of all infiltrated areas (Figure 5A). This

characteristic was not observed on control infiltrated leaves. Furthermore, the leaves

infiltrated with MYB52 showed strong curling.

In a subsequent experiment, we repeated the infiltrations using an OD600 of 0.8 in four-week-

old N. benthamiana plants (Fig. 5B). In this case, we observed no formation of necrotic spots

and no leaf curling in both the MYB52 infiltrated leaves and the control leaves. However,

similar to the previous experiment, we noticed the presence of a shiny surface on the dorsal

side of the 35S::MYB52 areas infiltrated, which was absent in the control leaves.

Figure 5. Overexpression of MYB52 in N. benthamiana leaves results in a conspicuous
shiny appearance on the dorsal side. (A) Three-week-old N. benthamiana leaves, still

attached to the plant, were subjected to infiltration with GV3101 at different concentrations

(OD600=0.4, OD600=0.6, OD 0.8) carrying either the empty vector (ProAtUbi::GFP/p19) or the

transcriptional regulator MYB52 (35S::MdMYB52/p19) and C58C1 carrying p19 (OD600=1) (n

= 3). (B) Four-week-old attached leaves of N. benthamiana were infiltrated with GV3101

(OD600=0.8) carrying the empty vector (ProAtUbi::GFP/p19) or the transcriptional regulator

MdMYB52 (35S::MdMYB52/p19), together with C58C1 carrying p19 (OD600=1) (n = 3).

Macroscopic images of the ventral and dorsal side of representative infiltrated leaves were

taken six days after infiltration. Macroscopic images of the ventral and dorsal side of

representative infiltrated leaves were taken six days after infiltration. The black scale bar in

Figure A represents a length of 1 cm.
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Studies in Arabidopsis thaliana

We generated several transgenic lines overexpressing the candidate genes

associated with russeting. Furthermore, additional complementation lines have also

been generated. Currently, the majority of these lines are still in a heterozygous state

and need to be propagated to the T2 generation to allow the identification of

homozygous plants (Table 1).

Table 1. List of transformed A. thaliana lines and their status. OE = overexpression; CO =

complementation.

Name Background Vector Gene ID Accession Generation Purpose

35S::MYB17_OE Col-0 C757 MYB17 HF15264 T1 OE

35S::MYB52_OE Col-0 C757 MYB52 HF24488 T1 OE

35S::MYB93_OE Col-0 C757 MYB93 HF40961 T1 OE

35S::WRKY56_OE Col-0 C757: WRKY56 HF14837 T1 OE

35S::WOX4_OE Col-0 C757 WOX4 HF13050 T1 OE

35S::MYB67_OE Col-0 C757 MYB67 HF11445 T2 OE

ProAtUbi::GFP Col-0 C757 - - T2 OE

35S::MYB17_CO SALK_020792 C757 MYB17 HF15264 T0 CO

MYB17mu_empty_CO SALK_020792 C757 - - T0 CO

35S::MYB52_CO SALK_118938 C757 MYB52 HF24488 T0 CO

MYB52mu_empty_CO SALK_118938 C757 - - T0 CO

35S::WRKY56_CO SALK_130727 C757 WRKY56 HF14837 T0 CO

WRKY56mu_empty_CO SALK_130727 C757 - - T0 CO

35S::WOX4_CO1 GK-462 G 01.02 C757 WOX4 HF13050 T0 CO

WOX4mu_empty_CO1 GK-462 G 01.02 C757 - - T0 CO

35S::WOX4_CO2 GK-462 G 01.03 C757 WOX4 HF13050 T0 CO

WOX4mu_empty_CO2 GK-462 G 01.03 C757 - - T0 CO

35S::WOX4_CO3 GK-462 G 01.07 C757 WOX4 HF13050 T0 CO

WOX4mu_empty_CO3 GK-462 G 01.07 C757 - - T0 CO

35S::WOX4_CO4 GK-462 G 01.08 C757 WOX4 HF13050 T0 CO

WOX4mu_empty_CO4 GK-462 G 01.08 C757 - - T0 CO

35S::WOX4_CO5 GK-462 G 01.10 C757 WOX4 HF13050 T0 CO

WOX4mu_empty_CO5 GK-462 G 01.10 C757 - - T0 CO

35S::MYB67_CO1 GK-765A08.01 C757 MYB67 HF11445 T2 CO

MYB67mu_empty_CO1 GK-765A08.01 C757 - - T2 CO

35S::MYB67_CO2 GK-765A08.02 C757 MYB67 HF11445 T2 CO

MYB67mu_empty_CO2 GK-765A08.02 C757 - - T2 CO

35S::MYB67_CO3 GK-765A08.03 C757 MYB67 HF11445 T2 CO

MYB67mu_empty_CO3 GK-765A08.03 C757 - - T2 CO
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Interestingly, during the screening of Arabidopsis mutants we observed differences in

suberization levels in the hypocotyl region of MYB67 mutants, compared to Arabidopsis Col-

0 by histological analysis (Figure 6A,B). This finding was further confirmed in two other

MYB67 mutant lines (GK-765A08.02, GK-765A08.03) through microscopic examination (data

not shown). Complementation lines for the three MYB67 mutant lines are currently being

generated (Table 1).

Figure 6. Microscopic observation of visible suberin deficiency in MYB67 mutants. A.
thaliana Col-0 and a MYB67 mutant (GK-765A08.01) were grown on ½ MS medium for two

days in the dark, followed by five days under continuous light. To evaluate suberization at the

hypocotyl/root interface, seedlings were stained with Fluorol Yellow 088 and examined under

incident fluorescent light through a U-MWU filter. (A) Microscopic observation of suberin

formation in Arabidopsis Col-0 seven days after soawing (n = 10). (B) Microscopic

observation of suberin formation at the hypocotyl/root border in the MYB67 mutant (GK-

765A08.01) (n = 10). (C) The illustration depicts the orientation of the regions selected for

microscopic observations (regions 1-4). The scale bar in (A) is 1 cm and applies to all

microscopic images.
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Discussion

The discussion primarily revolves around two main aspects: (1) the preliminary results

obtained in this work, and (2) the future implications that can help establish the involvement

of the studied factors in russeting formation.

The preliminary results presented in this research provide important insights into the

mechanisms potentially associated with russeting. Previous studies have demonstrated the

upregulation of MdMYB52 (HF31835; MD05G1011100) in mature russeted fruit skins (Legay

et al., 2015; Legay et al., 2017; Falginella et al., 2021) and its binding to the promoter

sequence of MdOSC5, a gene involved in the synthesis of lupane-type triterpenes (Falginella

et al., 2021). In addition, MdMYB52 has been characterized for its role in lignin synthesis (Xu,

X. et al., 2022) . Interestingly, we identified a distinct variant of the MYB52 gene (HF24488;

MD14G1242300) located on a different chromosome (chromosome 14) than the previously

reported gene.

Overexpression of MYB52 in our study resulted in distinct phenotypic features, including

partial cell death in the infiltrated areas of young N. benthamiana leaves and a consistent

glossy appearance on the dorsal side. In Arabidopsis, the MYB52 ortholog is known to

negatively regulate pectin demethylesterification in seed coat mucilage (Shi et al., 2018; Ding

et al., 2021). Therefore, it is plausible that overexpression of MYB52 in N. benthamiana could

lead to the negative regulation of primary cell wall enzymes, potentially contributing to the

development of necrotic spots. The shiny appearance observed on the lower surface of the

leaves could be attributed to the elevation of the cuticle as a result of the disintegration of the

underlying cell walls. It is also worth considering that the shiny surface on the dorsal side of

the infiltrated areas could possibly be due to the deposition of waxes. These waxes may

contribute to the reflective properties and enhance the shiny appearance observed on the

leaf surface. A thorough microscopic examination, as well as expression analysis of cell wall

and wax-associated genes, would provide a deeper understanding of the potential role of

MYB52.

Several studies, including Legay et al. (2015) , Falginella et al. (2021) , André et al. (2022) ,

Wang, Z. et al. (2022) , and Straube et al. (not published), have consistently demonstrated

the upregulation of MYB67 during the later stages of russeting in apple fruit skins. Moreover,

Lashbrooke et al. (2016) conducted a co-expression network analysis and demonstrated that

MYB67 and WRKY56 serve as suberin-associated transcriptional regulators. Wang, Z. et al.

(2022) further reported the upregulation of WRKY56 in mature russeted fruit skins,
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suggesting its potential involvement in russeting development. However, neither MYB67 nor

WRKY56 significantly activated suberin genes, when overexpressed in N. benthamiana.

Notably, loss-of-function mutants of MYB67 in A. thaliana were suberin deficient. It would be

intersting to conduct further studies in which these mutants are complemented with apple

MYB67 to determine whether the phenotype of wild-type Col-0 plants can be restored.

The available data on WOX4 and MYB17 are currently limited and require additional

research to gain a comprehensive understanding. Although overexpression of WOX4 in N.

benthamiana does not result in macroscopically visible changes, it is worth noting that the

orthologous gene from A. thaliana plays a crucial role as a regulator of cell division

processes in the vascular cambium. Therefore, using the protocol established by Wunderling

et al. (2018), it would be valuable to investigate the effects of apple WOX4 overexpression in

A. thaliana on the vascular cambium. Such observations may provide valuable insights into

the potential involvement of WOX4 in the development of russeting. MYB17 shares

homology with two other genes, AtMYB16 (MIXTA) and AtMYB106 (NOECK), which are

known to be involved in petal epidermal patterning and trichome branching repression

(Baumann et al., 2007; Jakoby et al., 2008). Moreover, MYB16 has been investigated for its

role in cuticle regulation in Arabidopsis (Oshima and Mitsuda, 2013). Thus, MYB17 emerges

as a compelling candidate for Phase I investigation. By studying A. thaliana plants

overexpressing MYB17 and examining loss-of-function mutants with a particular focus on

cuticle and epidermal cell properties, it is possible to gain valuable insight into the processes

observed during russet formation in Phase I, including microcracking and thinning of the

cuticle layer.

Conclusion

The initial functional evaluation of candidate genes associated with russet initiation in apple

fruit has identified MYB52 as a promising candidate worthy of further investigation. Although

apple MYB67 has not yet shown significant effects, the suberin deficiency observed in A.

thaliana loss-of-function mutants has attracted considerable interest. Detailed studies of

these genes in stable transformed A. thaliana plants would be an important step in

understanding their role in russet formation on apple.
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Materials and methods

Plant material and transformation

Apple (Malus x domestica, Borkh.) fruits used in the study were obtained from 'Pinova' trees

grafted on 'M9' rootstocks grown in experimental orchards at the Horticultural Research

Station of Leibniz University in Ruthe (52° 14’ N, 9° 49’ E). Nicotiana benthamiana and

Arabidopsis thaliana (L.) Heynh. plants were grown in a greenhouse on the campus of

Leibniz University in Herrenhausen (52° 23' N, 9° 42' E) for transformation and propagation

purposes.

A. thaliana T-DNA insertion lines carrying loss-of-function mutations in orthologous genes

were obtained from the Nottingham Arabidopsis Stock Centre (Scholl et al., 2000).

Stable transformation of A. thaliana plants was performed using the floral dip method as

described by Zhang et al. (2006) . Details of the established A. thaliana lines are given in

Table 1.

To study the root morphology, 7-day-old A. thaliana seedlings were used. The seeds were

first immersed in 70% ethanol for 10 min and washed three times with autoclaved deionized

water. Seed sterilization was performed under a sterile bench. The surface-sterilized seeds

were then transferred to three slant agar plates containing ½ MS medium (0.5x MS salts and

vitamins, 1% sucrose, 0.8% plant agar; pH = 5.7) and germinated in the dark at room

temperature for 2 d, followed by seedling growth under 24 h light for 5 d at 22 °C according

to Barberon et al. (2016).

RNA isolation

Russeted fruit skin patches from apples were excised with a razor blade, immediately frozen

in liquid nitrogen, and stored at -80 °C. Each replicate contained skin patches from six fruits,

totaling approximately 60-80 mg of tissue. Tissue was ground to a fine powder using a

mortar and pestle and chilled in liquid nitrogen. Total RNA was extracted using the InviTrap

Spin Plant RNA Mini Kit (STRATEC Molecular GmbH, Berlin, Germany) and Lysis Buffer RP

according to the manufacturer's instructions. To remove residual DNA, the extracted RNA

was treated with the DNA-freeTM Kit (Thermo Fisher Scientific, Waltham, Massachusetts,

USA).

Extraction of RNA from N. benthamiana leaves was performed 6 d after infiltration using the

Zymo Quick-RNA Miniprep Kit (Zymo Research, Irvine, California, USA) according tot he
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manufacturer's instructions. For each plant, six leaf discs of 2 cm diameter taken from three

infiltrated leaves were pooled.

The Nanodrop 2000c spectrophotometer (Thermo Fisher Scientific, Waltham, Massachusetts,

USA) was used to assess the quantity and purity of RNA by measuring the absorbance at

230 nm, 260 nm, and 280 nm. The integrity and purity of the RNA was also confirmed by

running the samples on a 1.5% agarose gel.

Cloning of target genes

The coding sequences (CDS) of candidate genes associated with russeting in apple fruit

skins were obtained from the HFTH1 genome available in GDR (Genome Database for

Rosaceae, Jung et al., 2019 ). To amplify the target genes from 'Pinova' cDNA samples

derived from russeted tissue, we used proofreading Phusion® High-Fidelity DNA polymerase

(New England Biolabs, Ipswich, Massachusetts, USA) and gene-specific primers (listed in

Table S1) under optimized PCR conditions: one cycle of 98 °C for 120 s, 35 cycles of 98 °C

for 30 s, 60 °C for 30 s, 72 °C for 120 s, and one cycle of 72 °C for 300 s. The resulting PCR

fragments were separated on a 0.8% agarose gel, and specific bands were extracted using

the Macherey-Nagel™ NucleoSpin™ Gel and PCR Clean-up Kit (Macherey-Nagel, Düren,

Germany). The gene fragments were then directionally cloned into plasmid C757pGFPU10-

35s-ocs-LH (C757) (DNA cloning service, Hamburg, Germany), which had been linearized

with BamHI (New England Biolabs, Ipswich, Massachusetts, USA) and HindIII (New England

Biolabs, Ipswich, MA, USA) using the In-Fusion® HD Cloning Kit (Clontech, Takara Bio USA

Inc., San Jose, California, USA). The vector contains a green fluorescent protein (GFP) gene

under the control of the Arabidopsis ubiquitin promoter (ProAtUbi::GFP) and a 35S promoter

upstream of the multiple cloning site (35S::GOI (gene of interest)), which drives the

expression of the GOI. The resulting plasmids were extracted using the NucleoSpin™

Plasmid (NoLid) Kit (Macherey-Nagel, Düren, Germany) and sent to Microsynth Seqlab

GmbH (Göttingen, Germany) for Sanger sequencing. The plasmids were then used for

transformation of Rhizobium radiobacter GV3101 by electroporation.

Heterologous overexpression in N. benthamiana

Rhizobium radiobacter-mediated overexpression was used to study possible function of

candidate genes in periderm related processes. Single bacterial colonies of the two

Rhizobium radiobacter strains GV3101 (ProAtUbi::GFP, 35S::MYB17, 35S::MYB52,

35S::MYB67, 35S::MYB93, 35S::WOX4, 35S::WRKY56) and C58C1 (35S::p19) were
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transferred into YEP liquid medium (yeast extract (10 g l-1), tryptone (10 g l-1), NaCl (5 g l-1);

pH = 7.5) containing streptomycin (100 mg l-1), spectinomycin (100 mg l-1) and rifampicin (50

mg l-1) or kanamycin (50 mg l-1) and rifampicin (100 mg l-1). Bacterial cultures were grown

under continuous agitation at 120 rpm and 28 °C for 24 h. Fresh YEP liquid medium was

inoculated with 1% of the final volume of the grown bacterial culture. Bacterial cultures were

grown under continuous agitation at 120 rpm and 28 °C for 24 h.

To establish the infiltration assay, initial experiments were conducted as follows. First, leaves

of three-week-old N. benthamiana were detached and infiltrated with GV3101 carrying

ProAtUbi::GFP, 35S::MYB52, 35S::MYB93 or 35S::WRKY56 (OD600 = 0.5), which were

resuspended in infiltration buffer (10 mM MES, 10 mM MgCl2 x 6H2O, pH = 5.6). The

infiltrated leaves were then incubated in a plastic box with a wet paper towel. Second, leaves

of three-week-old N. benthamiana, still attached to the plants, were infiltrated with GV3101

carrying the empty vector (ProAtUbi::GFP) or MYB93 (35S::MYB93) (OD600 = 0.8), with or

without C58C1 carrying the pBin61 vector with p19 (35S::p19) (OD600 = 1.0) as a silencing

suppressor of the tomato bushy stunt virus.

For the initial characterization of the candidate genes, the following experiments were

performed. First, attached leaves of three-week-old N. benthamiana were infiltrated with

GV3101 carrying the empty vector (ProAtUbi::GFP) or the transcriptional regulators WOX4

(35S::WOX4/p19), WRKY56 (35S::WRKY56), MYB52 (35S::MYB52), MYB67 (35S::MYB67),

MYB93 (35S::MYB93) (OD600 = 0.8), and C58C1 carrying p19 (OD600 = 1). Second, leaves of

three-week-old N. benthamiana were infiltrated with GV3101 carrying the empty vector

(ProAtUbi::GFP) or the transcriptional regulator MYB52 (35S::MYB52) at different bacterial

densities (OD600 = 0.4, OD600 = 0.6, OD600 = 0.8), together with C58C1 carrying p19 (OD600 =

1). Finally, four-week-old N. benthamiana leaves were infiltrated with GV3101 carrying the

empty vector (ProAtUbi::GFP) or the transcriptional regulator MYB52 (35S::MYB52) (OD600 =

0.8) along with C58C1 carrying p19 (OD600 = 1).

All bacteria were suspended in the identical infiltration buffer used in the first infiltration

experiment. Three to four plants were used for each infiltration experiment, with three leaves

infiltrated for each construct. After infiltration, all treated leaves were incubated for six days.

Quantitative real-time PCR

Quantitative real-time PCR (qPCR) was performed using a QuantStudio™ 6 Flex Real-Time

PCR System (Applied Biosystems, Waltham, MA, USA) according to the protocol described

by Straube et al. (2020) . Gene-specific primers are listed in Table S2. Gene expression

levels were determined using the method described by Pfaffl (2001) with minor modifications
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as described by Chen, Y.-H. et al. (2019). To normalize the gene expression data, we used

uridylate kinase (UK) and sand family protein (SAND) as reference genes (Liu et al., 2012)

(Table S2). Each data point is based on three independent replicates, each with two to three

technical replicates.

Histological observations

Observations on root morphology and suberin accumulation in A. thaliana roots were made

as follows. 7-d-old seedlings grown on slant agar plates (see plant material and

transformation section) were picked up with forceps, and the remaining media was removed

before transferring the seedlings into Petri dishes. The seedlings were then covered with

Flurol Yellow 088 (Santa Cruz Biotechnology, Texas, USA) staining solution (0.005% Flurol

Yellow 088 in lactic acid) and stained at 70 °C for 30 min. After staining, the seedlings were

counterstained with aniline blue staining solution (0.5% in deionized water) at room

temperature for 30 min. The seedlings were gently rinsed with deionized water and

transferred to microscope slides. Histological observations were carried out using a

fluorescence microscope (BX60; Olympus, Hamburg, Germany) under incident fluorescence

light with an excitation wavelength of 330-385 nm and an emission wavelength of 420 nm (U-

MWU; Olympus, Hamburg, Germany). Calibrated images were captured using a digital

camera (DP73; Olympus, Hamburg, Germany).
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7.1 Supplementary data Chapter 7

Electronical File E10. Sequence and alignment of WRKY56 (HF14837) used in this study.

(access through electronical appendix)

Electronical File E11. Sequence and alignment of WOX4 (HF13050) used in this study.

(access through electronical appendix)

Electronical File E12. Sequence and alignment of MYB17 (HF15264) used in this study.

(access through electronical appendix)

Electronical File E13. Sequence and alignment of MYB52 (HF24488) used in this study.

Comparison between the MYB52 identified by Xu, X. et al. (2022) and the MYB52 presented

in this study. (access through electronical appendix)

Electronical File E14. Sequence and alignment of MYB67 (HF11445) used in this study.

(access through electronical appendix)

Electronical File E15. Sequence and alignment of MYB93 (MDP0000320772) used in this

study. (access through electronical appendix)
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Table S1. List of primers used in this study for In-Fusion® cloning of gene fragments into the C757pGFPU10-35s-ocs-LH vector. Start codon is

highlighted in red and stop codon is highlighted in blue.

Primer sequence (5'-3')
Gene name Accession Forward Primer Reverse Primer Product size (bp) Reference

Phase I related
MYB17 HF15264 GACACTAGTTGGATCATGGGG

AGGACTCCATGTTGTG
CGACACGCGTAAGCTTCAGAGG
GGGCAAATGAAAGAATTG

1133 This study

Phase II related
MYB52 HF24488 GACACTAGTTGGATCATGTGCA

CTAGAGGCCATT
CGACACGCGTAAGCTTTATGAA
GAAGTCCCATTATTAACA

890 This study

MYB67 HF11445 GACACTAGTTGGATCATGGGC
CACCGCTGCTGC

CGACACGCGTAAGCTCTAATAT
CTCCATGCAAAATTACAC

1060 This study

MYB93 MDP0000320772 GACACTAGTTGGATCATGGGAA
GATCTCCTTGTTGTG

CGACACGCGTAAGCTTTAAGCA
ATCTCATTGAAAAAAGGG

1115 This study

WOX4 HF13050 GACACTAGTTGGATCATGGGAA
TGAGCAGCATGA

CGACACGCGTAAGCTTCATCTT
CTTCCTTCTGGATGT

776 This study

WRKY56 HF14837 GACACTAGTTGGATCATGGAG
GATCATCATCAACAGCA

CGACACGCGTAAGCTTTAAAAC
CTAGAGAGGAACTGCA

745 This study
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Table S2. List of primers used for qPCR in this study.

Primer sequence (5'-3')
Gene name Accession Forward Primer Reverse Primer PCR efficiency

(%)
Reference

GPAT5 Nbv5tr6232718 TCATGCAACAACAGCTAGGG ACGTGGCTTCTACTGGCAAC N.D. (Legay et al., 2016)
CYP86A1 Nbv5tr6408715 GGAGCGTCATGAACAATCG AGGGACCGAAGGGTACAGAC N.D. (Legay et al., 2016)
FCoAT Nbv5tr6212895 TTCATGGCAAATGAGAGCTG TGTGGCTTTGCCAGAGAAG N.D. (Legay et al., 2016)
FAR3_1 Nbv5tr6203423 CTGACGATCCGACCTGGTAT CGACCCTAAAGCCGTTATTG N.D. (Legay et al., 2016)
FAR3_2 Nbv5tr6203422 TACCTTCAACCCAACCAGGA TTATGGATGGCCAAACACCT N.D. (Legay et al., 2016)
KCS2 Nbv5tr6245119 CCAATTTCATCCATCCAAGG ATTGCATTTGGCTCAGGATT N.D. (Legay et al., 2016)

GDSL esterase/lipase 1 Nbv5tr6216569 TTTGCACATGTTCCTGGAGA TTGTCACTCACCCAGCTGAT N.D. (Legay et al., 2016)
GDSL esterase/lipase 2 Nbv5tr6222730 CAACGGATGATGTTGGACAG AGTCGCCCATGTTCTGAATC N.D. (Legay et al., 2016)

MYB52 HF24488 CCCAAGAATCAACAGGAACCCT GCCTTGCAATAACAGCCCATC 82.9 Straube et al., not published
MYB67 HF11445 ACATCTGGGCTTCTGGTACTG TTCCATCTGATCCAAGAGCGT 89.4 Straube et al., not published
MYB93 MDP0000320772 TGGACAAACTATCTTAGGCCGG GTTGCCGAGGATGGAATGGA 102.5 Straube et al. 2020
WOX4 HF13050 TGGTTCCAGAATCACAAGGCA CCAGAGGAGTCGGTGTTCTT 92.3 Straube et al., not published

WRKY56 HF14837 ATTAGTGGCTCTGCTGGGAAT CGAGTCTGGAACGCAAACCT 90.8 Straube et al., not published
Reference genes

UK EH363935 CTAGGAGTATATTGGAAGAGCG AAAGATACATCGCCTTGCTGAA N.D. (Liu et al., 2012)
SAND Niben.v0.3.Ctg2518

8435
ACCACCAACACCTATGAATGCT CAGTCTCGCCTCATCTGGGTCA N.D. (Liu et al., 2012)
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8. General discussion

Overall, the purpose of this dissertation was to gain new insights into the early initiation and

formation processes of russeting in apple fruit skins. During the course of this research,

several important findings were uncovered:

(1) We developed a split fruit technique to investigate the russet formation and gained insight

into the underlying mechanisms. Microcracks on apple fruit skins increase rapidly after

exposure to moisture during early fruit development and decrease when moisture is removed.

Microcrack formation is dependent on the developmental stage of the fruit. (Chapter 2)

(2) The formation of russeting in apple based on moisture exposure revealed a biphasic

pattern (Phase I / Phase II) at the morphological level. Moisture-induced microcracking is

associated with a decrease in the rate of cuticle deposition. (Chapter 3)

(3) Long-term exposure of apple fruit skins to moisture (Phase I) leads to downregulation of

the processes involved in cutin/wax synthesis and deposition, while an increase in suberin

synthesis begins after cessation of moisture exposure (Phase II). These effects were most

pronounced during early fruit development, although some effects on cutin/wax synthesis

and deposition were observed at later developmental stages. Interestingly, no effects on

suberin synthesis and deposition were observed during these later stages. (Chapter 4)

(4) The formation of periderm on apple fruit skins, induced by either wounding or moisture,

has similar morphological and molecular characteristics and sequences. From an

experimental point of view, the use of wounding in apple fruit can be justified as a suitable

model to study the processes related to periderm (russet) formation after the impairment of

the cuticle (e.g. microcracks). (Chapter 5)

(5) Transcriptomic analysis revealed that genes associated with cell wall, cell division, cuticle
formation, and abiotic stress, are dominantly affected by moisture exposure during Phase I.

The sequence of transcriptomic changes during Phase II highlights the initiation process of

meristematic tissue (phellogen) within the first few days after moisture removal, followed by

the establishment of phellem cells and the subsequent impregnation of cell walls with suberin.

Interestingly, we also identified a potential role for ABA in the development of russeting in

apple, as well as new candidate genes that may contribute to this process. (Chapter 6)

(6) MYB52 shows promising potential as a regulatory candidate that controls crucial cell wall

or wax-related processes during the onset of russeting in Phase II. Moreover, MYB67 is

emerging an intriguing candidate with potential roles in the suberization process. (Chapter 7)
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The results of this study provide new insights into the molecular mechanisms underlying

russet formation in apple fruit. Our data reveal a previously unknown interplay between

multiple signaling pathways and transcription factors that regulate the synthesis of cuticular

lipids, suberin, and lignin. These findings provide a significant contribution to the scientific

understanding of this complex physiological process and have the potential to inform the

development of targeted strategies to reduce russeting in apple fruit. Such strategies could

have far-reaching implications for the apple industry, including improved fruit quality as well

as improved pre- and postharvest performance, resulting in reduced economic losses. This

chapter discusses future perspectives for the study of apple russeting based on our findings.

8.1. Russet induction: Exploring opportunities for future study and
advancement

Previous studies have explored the natural occurrence of russeting in fruits and provided

valuable data on the development of periderm barrier properties such as suberin and lignin

synthesis ( Lashbrooke et al., 2015; Legay et al., 2015; Falginella et al., 2015; Legay et al.,

2017; Yuan et al., 2019; Falginella et al., 2021; André et al., 2022; Wang, Z. et al., 2022) .

However, the study of natural russeting lacks a well-defined starting point and does not

provide information on the initial triggers for cuticular microcracking and subsequent

periderm formation. By using russeting induction techniques involving moisture treatment

and mechanical wounding, we have gained new insights into the underlying mechanisms at

very early stages after the onset of the respective trigger. The biphasic behavior observed

during russet induction based on moisture exposure, along with the ability to replicate Phase

II by mechanical wounding, offers exciting prospects for further studies of the specific

changes that occur during microcrack and periderm formation, especially at early time points.

8.1.1. Uncovering the mechanisms behind russet induction: Insights from Phase I
studies and future perspectives

During Phase I of moisture induction, the appearance of cuticular microcracks is the defining

characteristic of russeting, but the molecular and genetic factors responsible for this

phenomenon remain unknown. Previous studies have identified several physiological factors

that are crucial for microcrack formation. Primarily, reduced cuticle deposition combined with

rapid surface expansion during early fruit development results in increased elastic strain, and

leads to cuticular microcracking (Knoche et al., 2004; Peschel and Knoche, 2005; Lai et al.,

2016) . In addition, the hydration status of the cuticle can alter its mechanical properties

(Knoche and Peschel, 2006; Khanal and Knoche, 2017).
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The mechanical properties of the fruit skin are determined by the underlying epidermal and

hypodermal cell layers (Khanal and Knoche, 2014) , with the size and arrangement of these

cells influencing susceptibility to russeting (Khanal et al., 2020b) . As fruits grow, tension

forces increase in the tangential direction of the skin. This tension causes a reorientation of

the epidermal cells, resulting in a shift from anticlinal to periclinal cell walls (Knoche and Lang,

2017) . This change likely disrupts down cell-cell adhesion, increasing strain in the cuticle

above the anticlinal cell walls and leading to microcrack formation in these regions (Knoche

et al., 2018). One possible factor involved in the arrangement of the epidermal cell structure

is SHN3 (Aharoni et al., 2004; Shi et al., 2011; Shi et al., 2013) , which was one of the first

genes to be downregulated in our experiments and has been implicated in apple russeting in

recent studies (Lashbrooke et al., 2015).

In our induction experiments, microcrack formation was observed solely in the region of the

anticlinal cell walls, consistent with previous studies (Knoche et al., 2018). Cuticle thickness

was largely reduced above the anticlinal epidermal cell walls compared to the periclinal walls,

and strain in the cuticle increased over time upon exposure to moisture. This increase in

strain is likely due to decreased cutin and wax synthesis, which was confirmed at the

expression and metabolic levels. Wax embedded in the cutin polymer matrix is the primary

mechanism for strain fixation (Khanal et al., 2013a) . Microcracks appeared in the outer part

of the cuticle within 2 d of moisture exposure and gradually traversed the entire cuticle after

6 d. This pattern is likely due to a radial gradient of strain observed in apple fruit cuticles,

where the outer cuticle is more strained than the inner parts (Khanal et al., 2014).

The high-resolution transcriptomic data presented in Chapter 6 shed new light on the

molecular processes underlying microcrack formation. In particular, the data show a

decrease in the expression of genes involved in cell wall synthesis, cell division, and cuticle

synthesis, which are likely to be key factors in microcrack formation. When cell division is

restricted, there are fewer cells per unit surface area, which may result in a weaker cellular

structure for the cuticle (Khanal and Knoche, 2017) . This could lead to increased loosening

of cell-cell adhesion during periods of tensional stress, which has been suggested as a

driving factor for microcrack formation (Knoche and Lang, 2017; Knoche et al., 2018).

Of particular interest for future research investigating the genetic basis of susceptibility to

cuticular microcracking in apples are the earliest downregulated genes during Phase I,

MYB17 and NAC35. Furthermore, given the importance of SHN3 in the regulatory network, it

would be valuable to perform a detailed characterization of all genes that are co-expressed

with SHN3. A promising method to investigate these co-expression patterns could be a

weighted correlation network analysis (WGCNA) (Langfelder and Horvath, 2008) . By
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applying WGCNA to our transcriptomic data, it would be possible to identify distinct modules

of co-expressed genes and gain insight into potential regulatory mechanisms involving SHN3.

Our work has highlighted several open questions regarding microcracking. The induction

method presented here may provide a means to address some of these questions, and the

following issues should be addressed next:

 What is the underlying mechanism that leads to decreased cuticle biosynthesis upon

exposure to moisture?

 Which genetic factors primarily determine the arrangement of epidermal and

hypodermal cellular structures?

 How are the repair mechanisms regulated that address the formation of microcracks

that not traverse the cuticle, such as the deposition of waxes that was reported by

Curry (2009)?

 How does external application of phytohormones such as gibberellin A4+7 prevent

microcracking of the cuticle?

 What is the regulation of cell division processes in apple fruit skin and how do they

contribute to microcrack formation?

Addressing these questions will improve our understanding of the mechanisms underlying

microcracking in apple fruit skins and ultimately lead to the development of new strategies to

prevent or mitigate this problem.

8.1.2. Unraveling the mechanism of russet induction in Phase II: Insights into the
underlying processes

During Phase II of moisture induction, the main characteristic is the formation of a periderm

in the hypodermis in close proximity to microcracks. The formation of periderm beneath

microcracks in the hypodermis was previously reported by Bell (1937), Meyer (1944b), and

Pratt (1972) . However, the spatio-temporal sequence during the onset of russeting in apple

fruit skin has not been addressed. In order to distinguish between the processes involved in

the formation of meristematic cells (phellogen), the dedifferentiation into multiple cell layers

(phellem), and the impregnation of cell walls with suberin and lignin, it is crucial to develop a

time course for the formation of a periderm. In addition, none of the previous literature has

focused on the potential triggers of these processes. By inducing russeting through moisture

and wounding, we were able to determine the sequence of periderm initiation and identify

potential triggers.
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Our studies have shown that a a minimum of 6 d exposure to Phase I conditions is required

to initiate russeting in Phase II. This exposure time is critical for the development of

microcracks that traverse the cuticle, indicating that the underlying epidermal cells must be

exposed to initiate russet formation. Regardless of the duration of Phase I exposure (which

ranged from 6 to 16 d), a minimum of 4 d was required to observe the first suberized phellem

cells following wound exposure to atmospheric conditions. Similar observations were made

in potato, where phellogen formation was observed 3 d after wounding and multiple phellem

stacks were formed at 19 d after wounding (Serra et al., 2022) . Similarly, in Arabidopsis

hypocotyl, phellogen formation was observed 13 d after sowing, with the first phellem cells

appearing 18 d after sowing (Wunderling et al., 2018).

Our findings suggest that exposure of the wound to atmospheric conditions, rather than the

wound itself, is the trigger for periderm initiation. Possible triggers at this point include

changes in gas levels (O2, CO2), a negative water potential, and changes in tissue pH. Early

studies of wound periderm formation in potato also identified oxygen as a necessary factor

for suberization (Priestly and Woffenden, 1923; Herklots, 1924; Lipton, 1967) , as well as a

potential driving force for phellogen initiation in Eucalyptus camaldulensis (Liphschitz and

Waisel, 1970) . In addition, pH was found to be a determining factor for the initiation of

meristematic tissue and the degree of suberization in potato wound periderm (Herklots,

1924) . Our transcriptomic data showed an upregulation of stress-related genes, suggesting

an increase in oxidative stress, which may further indicate the involvement of oxygen.

In a study conducted by Vulavala et al. (2019), the use of laser capture dissection and RNA-

Seq analysis enabled the generation of a comprehensive transcriptomic dataset specifically

focused on potato phellogen. Building on their findings, our own experiments have observed

phellogen formation in response to moisture removal, and our induction system provides a

valuable tool for exploring its precise functionality. By integrating the russet induction method

with the precise dissection of cell types such as phellogen and phellem, in combination with

cell type-specific RNA-seq analysis, we would now be able to gain a comprehensive

understanding of the molecular events underlying apple russeting. Remarkably, these events

can be followed within minutes after exposing the wound to the atmosphere.

Our transcriptomic analysis identified several potential factors that are likely involved in the

initiation of russeting at the molecular level. In particular, WOX4 and MYB84 emerged as the

most promising candidates for the early stages of periderm formation. Research on

orthologous genes suggests that these factors may play a role in phellogen initiation or cell

division (Wunderling et al., 2018; Zhang, L. et al., 2019; Xiao et al., 2020). Understanding the

regulation of cell division processes that lead to phellem cell formation is crucial. To achieve
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this, it is essential to select appropriate time points during the first three days after exposure

of a wound to atmospheric conditions.

A strong activation of ABA genes (LEA, AP2B3) has been observed after removal of

moisture. ABA is a phytohormone produced during abiotic stress, and its importance for the

suberization process has been demonstrated in Arabidopsis and kiwifruit (Barberon et al.,

2016; Wei et al., 2020; Xu, H. et al., 2022). Further investigations using our induction system

to examine the role of ABA in apple russeting is a necessary step to gain a better

understanding of the triggering process. Possible tools for this would be the application of

ABA inhibitors such as ABA Antagonist1 (AA1) (Ye et al., 2017) or fluoridone (Cox et al.,

2004).

Our induction systems also provide a means to narrow down the spatio-temporal deposition

of lignin (MYB42, MYB52) and suberin (MYB93, SGNH), providing additional information on

the synthesis, polymerization process, and the attachment of the suberin polymer to the

primary cell wall. A co-expression analysis using the WGCNA developed by Langfelder and

Horvath (2008) on the genes analyzed in our study could be useful to identify additional

candidate genes. To elucidate the specific roles of the candidate genes in these processes,

we started to investigate their function using heterologous expression systems like N.

benthamiana, stable transformed Arabidopsis, and Arabidopsis complementation lines for

loss-of-function mutants of the orthologs. Although transformation and regeneration of apple

fruit is time-consuming due to the long juvenile phase (between four to eight years) (Visser,

1964) , hairy roots can serve as a useful model to study the function of candidate genes in

apple (Wu et al., 2012; Stanišić et al., 2019).

8.2. Advancing functional characterization models for russeting in apple

Functional characterization of fruit-related traits, such as russeting, remains a challenging

task due to several bottlenecks. To overcome these obstacles, future research should

prioritize the development of new techniques and methods. Heterologous expression

systems, such as transient infiltration in N. benthamiana or the use of genetically modified A.

thaliana plants, as demonstrated in our preliminary studies, can provide insight into some

aspects of fruit function. However, to gain a comprehensive understanding of fruit traits, it is

essential to develop specific approaches that are optimized to study these processes directly

in apples. Therefore, it is critical to utilize innovative strategies that can reveal the underlying

molecular mechanisms of fruit traits in apples.

Scientists have employed several techniques to overcome the challenges associated with

studying apple fruit traits. These methods include stable transformation of apple trees using
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CRISPR-Cas9-mediated gene editing to introduce mutations (Nishitani et al., 2016) as well

as Agrobacterium-mediated gene transfer (Vanblaere et al., 2011; Kost et al., 2015) . One

prominent example is the Arctic apple, where several polyphenol oxidase (PPO) genes were

silenced to obtain non-browning fruit (Carter, 2012; Stowe and Dhingra, 2021) . In addition,

studies have investigated transient expression systems within the apple (Zhang et al., 2022;

Wang et al., 2023), pear (Wang, Y. et al., 2022) or sand pear (Shi et al., 2021) peel to further

improve our understanding of fruit traits such as russeting. In addition, researchers have

explored the use of CRISPR-Cas9 to generate transformed callus and virus-induced gene

silencing (VIGS) in apple fruit, as a means to study fruit-related traits (Jiang, S. et al., 2019;

Zhou et al., 2022) . Using these methods to investigate the molecular sequence of russet

initiation may be a viable approach.

Another potential approach to accelerate the study of russet initiation is the use of the

transgenic apple line T1190, which has a shorter juvenile phase resulting due to the

overexpression of the silver birch BpMADS4 gene (Flachowsky et al., 2007; Flachowsky et

al., 2009; Flachowsky et al., 2011) . This can be achieved by generating loss-of-function

mutations using CRISPR-Cas9 (Osakabe et al., 2018) or stable transformation of apple

plants for candidate genes associated with russeting in the T1190 line. Subsequently,

studying the russeting ability of these fruits using our russet induction systems based on

moisture exposure or wounding would provide a useful tool for future functional

characterization. However, initial attempts to induce russeting in the T1190 line using

moisture exposure did not result in severe russeting (data not shown). This may be due to

the fact that the T1190 line is an offspring of 'Pinova' and 'Idared' (Luo et al., 2019), the latter

being a low russeting cultivar (Khanal et al., 2013b) . Alternatively, the incorporation of the

early-flowering gene BpMADS4 into a russet-susceptible cultivar could be a valuable strategy

to create an apple line specifically designed for future studies aimed at understanding the

functional aspects of russeting.

The integration of these approaches with heterologous expression systems in N.

benthamiana and A. thaliana offers an exciting way to investigate potential candidate genes

identified through our transcriptomic dataset during the initiation of russeting.
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8.3. Conclusion

This dissertation presents fundamental insights into the initiation of russeting in apple fruit,

including a comprehensive examination of its morphological, transcriptomic, and metabolic

features. It highlights a biphasic behavior in moisture-induced russeting, providing important

information for future research in this field. Although the underlying cause of russeting

remains unknown, our data point to oxygen as the initial trigger. Based on our team's

ongoing experiments, it appears that oxygen plays a critical role in the suberization process

of the wound periderm. The comprehensive transcriptomic data presented is a remarkable

resource for the identification of novel candidate genes, making it valuable for future

molecular breeding programs. Overall, this dissertation sheds new light on the mechanisms

underlying russeting in apple fruit and lays the groundwork for further research in this area.
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