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Abstract

The aesthetic value and marketability of table fruits are greatly reduced by russeting, a disorder
that severely affects the ‘Apple’ mango (Mangifera indica L.) cultivar in Kenya. Despite its
prevalence, the underlying mechanisms and prevention strategies for russeting in mangoes are
unknown. To address this gap in knowledge, this project aimed to: (1) review existing literature
on russeting, (2) characterize the disorder in ‘Apple’ mango, (3) identify its mechanistic basis in
comparison to a non-russet susceptible cultivar, (4) investigate the role of moisture and (5) lenticels
on russeting, and (6) develop strategies to prevent the disorder.

To achieve these objectives, russeting was quantified in ‘Apple’ mango within fruit and in different
geographic locations in Kenya. Fruit skins and cuticles from russet susceptible ‘Apple’ and russet
tolerant ‘Tommy Atkins’ mangoes were examined during fruit development, and cuticular strain
was partitioned into its reversible and irreversible components. Mechanical properties of isolated
cuticles from both cultivars were tested. The role of moisture in microcrack development and
russeting was studied by partially wetting the fruit surface. Lenticels were characterized
microscopically across cultivars and locations. Field studies were also conducted to establish the

effect of pre-harvest bagging on russeting and postharvest performance.

The results showed that russeting in ‘Apple’ mango increased with fruit development particularly
in the stem end region. Russeting was triggered by rainfall and low temperature. The skin’s
permeance to water vapor was larger in russeted than in non-russeted skin. The cuticle of ‘Apple’
mango was thinner than that of ‘Tommy Atkins’. Strains released on excision and isolation and
wax extraction were higher in ‘Apple’ than in ‘Tommy Atkins’. Stiffness, fracture force, and strain
at fracture were consistently lower in ‘Apple’ than in ‘Tommy Atkins’. Surface wetness induced
microcracking and increased the skin's water vapor permeance, and moisture-treated fruit skins
later developed russet symptoms in ‘Apple’ mango. Russeting began at lenticels and then spread
across the surface, ultimately forming a network of rough, brown patches over the skin. Cross-
sections of russeted areas revealed stacks of phellem cells. Pre-harvest bagging of mangoes

effectively prevented russeting and lowered the rates of transpiration postharvest.
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Zusammenfassung

Die &uRere Fruchtqualitat und die Vermarktbarkeit von Mango (Mangifera indica L.) der
wichtigen kenianischen Sorte ,Apple® wird durch Berostungen der Schale stark beeintrichtigt.
Obwohl Berostung weit verbreitet ist, sind die zugrunde liegenden Mechanismen und
Préaventionsstrategien zur Vermeidung weitgehend unbekannt. Ziel der Untersuchungen war
es, (1) vorhandene Literatur zu Berostung zu sichten, (2) Berostung von 'Apple'’ Mango
prézise zu beschreiben, (3) die Ursache von Berostung bei ,Apple‘ Mango zu identifizieren,
(4) die Rolle von Feuchtigkeit und (5) Lentizellen bei der Entstehung von Berostung

aufzuklaren und (6) eine Préventionsstrategie zur Vermeidung von Berostung zu entwickeln.

Um diese Ziele zu erreichen, wurde die Berostung bei 'Apple’ Mango in verschiedenen
geografischen Lagen in Kenia quantifiziert. Fruchtoberflichen und Kutikulas von
berostungsanfalligen 'Apple’ und berostungsresistenten "Tommy Atkins' Mangos wurden
wéhrend der Fruchtentwicklung untersucht und die Dehnungsrelaxation der Kutikula nach
Isolation und Wachsextraktion quantifiziert. Mechanische Eigenschaften der Kutikulas beider
Sorten wurden in Zugtests geprift. Die Rolle von Feuchtigkeit bei der Mikrorissbildung und
Lentizellen bei der Entstehung von Berostung wurde untersucht. Feldexperimente wurden
durchgefuhrt, um den Einfluss des Eintltens von Friichten wahrend der Fruchtentwicklung

auf die Berostung und die Fruchtqualitat nach der Ernte zu bestimmen.

Die Ergebnisse zeigten, dass die Berostung bei 'Apple' Mango mit der Fruchtreife vor allem
am Stielende der Frucht zunahm. Berostung wurde durch Regen und niedrige Temperaturen
ausgelost. Berostung erhohte die Permeanz der Fruchthaut fir Wasserdampf. Die Kutikula
von 'Apple' Mango war dinner als die von 'Tommy Atkins'. Die Dehnungsrelaxation nach
Ausschneiden und Isolation und Entwachsen war bei 'Apple' hoher als bei "'Tommy Atkins'.
Steifheit, Bruchkraft und Bruchdehnung waren bei Kutikulas von 'Apple' niedriger als bei
Tommy Atkins'. Oberflachenfeuchtigkeit fuhrte zu Mikrorissbildung, erhohte die
Wasserdampfpermeanz und fiihrte zu Berostung. Berostung begann an Lentizellen und
breitete sich dann Uber die Oberflache aus. Querschnitte berosteter Bereiche zeigten Stapel
von Phellem Zellen. Das Eintuten der Friichte verhinderte Berostung wirkungsvoll und

reduzierte die Wasserdampfverlust nach der Ernte.



Schlagworter: Mangifera indica, Frucht, Periderm, Cuticula, Lentizellen, Mikrorisse,

Permeanz, Fruchtschutzbeutel
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1. General Introduction

Fruit appearance influences consumers’ quality perception. Skin defects like russeting
compromise fruit appearance, and thus are a concern for many growers. A russeted skin surface
is brown, rough and dull (Winkler et al., 2022). Russeted fruit of cultivars that usually have a
smooth skin are of lower economic value, and therefore excluded from high end markets.
Postharvest performance is impaired because of accelerated water loss through russeted fruit skin
(Athoo et al., 2020; Khanal et al., 2019) resulting in economic losses (Winkler et al., 2022).

In botanical terms, russet refers to a fruit skin covered by a periderm. A periderm comprises
phellem, phellogen and phelloderm. Russeting affects many fruit crops species like Malus Apples
(Malus x domestica Borkh) (Legay et al., 2016; Skene, 1982; Tukey, 1969), pears (Macnee et al.,
2020; Scharwies et al., 2014; Shi et al., 2019), citrus (Johnson et al., 1957; McCoy, 1996), mango
(Athoo et al., 2020), prune (Michailides, 1991), pomegranate (Drogoudi et al., 2021) and tomato
(Bakker, 1988; Huang and Snapp, 2004). Rind netting in melons (Cohen et al., 2019; Combrink et
al., 2001) and the brown skin of many kiwi fruit cultivars are also symptoms of russeting (Macnee
et al., 2020; Wei et al., 2018).

Mango is the second most cultivated fruit crop in Kenya (AFA Horticultural Crops, 2020). In
2020, it accounted for about 17% of total fruit value in Kenya (AFA Horticultural Crops, 2020).
Important export cultivars in Kenya include ‘Apple’, ‘Keitt’, “Tommy Atkins’ and ‘Van dyke’
(AFA Horticultural Crops, 2018). ‘Apple’ is the most widely cultivated mango cultivar in Kenya
(Griesbach, 2003). Its fruits are round in shape, excellent in taste and nearly fiber-free (Griesbach,
2003). Unfortunately, it’s highly susceptible to russeting. This limits its export potential. Despite
its prevalence, the mechanisms of russeting and prevention strategies for russeting in mangoes are
unknown. This research project was therefore conducted to (1) identify the mechanistic basis of

the russet disorder in ‘Apple’ mango and (2) develop strategies to manage it.

2. Background information

This introduction sets a brief overview of the russeting problem in fruits. It provides the

background information to assist the reader in better understanding the russet disorder of fruits. A



comprehensive review of the literature can be found in chapter 3.1 of this thesis and in recently

published review papers (Macnee et al., 2020; Wang et al., 2016).

2.1  Anatomy of mango fruit

Mango is a fleshy indehiscent drupe. The ovarian wall evolves into a pericarp (Cerri and Reale,
2020). The pericarp is composed of a thin exocarp (skin), fleshy mesocarp and stony endocarp
(Fig.1). The mesocarp is resinous and highly variable in size, color, fiber content and flavor
(Mukherjee and Litz, 2009). It is the most consumed part of the fruit (Tharanathan et al., 2006).
The endocarp is hard and fibrous (Mukherjee and Litz, 2009) and encloses a single seed (Figure
1). The seed is coated with a thin leathery testa. It contains the endosperm and one or more embryos
(Griesbach, 2003). ‘Apple’ mango seed is mono-embryonic (Griesbach, 2003).
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Fig. 1. (A) Schematic drawing of whole fruit illustrating the nomenclature used to address
different regions of the fruit surface. (B) Image of mature mango cv ‘Apple’. C)
Longitudinal cut through the fruit showing a developing seed embedded in the mesocarp.

D) Microscopic view of mango fruit skin stained with calcofluor white at 55 days after full



bloom (DAFB). The skin is comprised of a cuticle (c), epidermis (ep) and hypodermal (hp)
cell layers. Scale bar is 1 cm (B, C) and 50 um (D).

2.1.1 The primary fruit skin

Mango fruit skin is primary in nature. It is composed of a cuticle, epidermis, and hypodermis
(Figure 1). The cuticle lies above the epidermis (Martin and Juniper, 1970). Its inner layer is
interlinked to the cell walls of the epidermis (Jeffree, 1996). It is actually synthesized by, and
therefore considered an extension of, the epidermal cell walls (Curry and Arey, 2010; Yeats and
Rose, 2013). The principle function of the cuticle is to prevent dehydration of the fruit (Lara et al.,
2014; Martin and Juniper, 1970; Riederer and Schreiber, 2001). It also acts as a mechanical barrier
against pathogen intrusion (Lara et al., 2014; Martin and Juniper, 1970). Other roles include

regulating the movement of solutes and attenuation of harmful light radiation (Riederer, 2018).

The cuticle is polymeric and lipophilic in nature (Bargel et al., 2004). It is composed of cutin,
cutan, waxes and cell-wall polysaccharides (Jeffree, 1996). Wax accumulates on the outer surface
(epicuticular wax) and within the cuticular membrane (intracuticular wax). Crystalline epicuticular
wax (ECW) appears as a white bloom or as a glossy coating above the fruit surface (Trivedi et al.,
2019). ECW may be amorphous or crystalline in structure (Kunst and Samuels, 2003). ECW is
responsible for light attenuation. Intracuticular wax (ICW) is mostly amorphous in structure (Kunst
and Samuels, 2003). Wax is responsible for water-proofing the skin. Major components of
cuticular waxes include very long-chain fatty acids, alkanes, aldehydes, primary and secondary
alcohols, ketones, esters, and secondary metabolites (Kunst and Samuels, 2003; Yeats and Rose,

2013). However, the composition and structure of cuticular waxes differ among genotypes.

The epidermis is single layered (Figure 1). It is interrupted by protuberances such as stomates,
lenticels and trichomes (Bezuidenhout et al., 2005; Gazzola et al., 2004; Ponce de Leon et al.,
2000; Wagner et al., 2004). The substomatal cavity maybe lined with an internal cuticle (Du Plooy
etal., 2004). The hypodermis is multilayered. Hypodermal cells are smaller than the parenchyma
cells beneath it (Figure 1). Both epidermal and hypodermal cell layers represent the structural
backbone of the exocarp (Khanal and Knoche, 2014).

2.1.2 The secondary fruit skin



Secondary fruit skin, botanically termed ‘periderm’, replaces damaged primary skin. It is formed
to restore the skin’s barrier functions (Faust and Shear, 1972). The periderm consists of phellem
(cork cells), phellogen (cork cambium) and phelloderm (Evert, 2006; Macnee et al., 2020). The
phellogen is a meristem. It divides to form phellem on the outside and a phelloderm on the inside
(Evert, 2006). Phellem cells are compactly arranged and often prismatic in shape. Their cell walls
are suberized and lignified (Evert, 2006). Phelloderm cells appear in the same radial file as the

phellem (Evert, 2006). However, their cell walls remain non-suberized (Evert, 2006).

Fruit lenticels are secondary in nature. They develop underneath stomates that rapture during
growth (Bezuidenhout et al., 2005). Their phellogen have a more open and loose arrangement with
large intercellular spaces (Evert, 2006).

2.2 Fruit growth and development

Mango fruit, seed and embryo development follow a single sigmoidal pattern (Carella et al., 2021;
Kennard, 1955; Mukherjee and Litz, 2009). This pattern consists of three phases. Phase I is
characterized by a slower fruit growth. Epidermal cells are more elongated radially (Figure 1).
Fruit expansion is mainly by cell division (Carella et al., 2021). Epidermal and hypodermal cells
divide anticlinally (Ponce de Ledn et al., 2000), forming cells that are isodiametric in the tangential
plane of the fruit (Athoo et al., 2021). At this stage stomata are still functional (Gazzola et al.,

2004). A thick layer of amorphous epicuticular wax scales covers the skin (Bally, 1999).

The fruit is most susceptible to skin damages during phase 11 (Gazzola et al., 2004). This phase is
characterized by rapid fruit growth in mango (Davenport, 2009). During this phase, cell expansion
exceeds cell division (Carella et al., 2021). Epidermal cells change their orientation from ‘portrait’
to ‘square’ (Athoo et al., 2021), i.e., the anticlinal cell diameter decreases with concomitant
increase of the periclinal diameter. Cellular arrangement becomes irregular and chaotic (Tamjinda
et al., 1992). The cuticle forms a wave-like pattern with crests and valleys (Ponce de Leon et al.,
2000). The valleys occasionally transverse the epidermis (Ponce de Ledn et al., 2000). Stomata at
this stage are closed and non-functional (Gazzola et al., 2004). Stomata swell and lenticels appear
(Athoo et al., 2023). The ECW structure changes from amorphous to crystalline (Gazzola et al.,
2004). During this phase, microcracks appear in the cuticle (Gazzola et al., 2004) especially around
lenticels (Athoo et al., 2023).



The fruit mature during Phase I11. Internal changes like accumulation of sugars and hardening of
seed coat prevail over fruit growth (Carella et al., 2021). Lenticels become fully developed (Bally,
1999). Loose cells fill the holes beneath the lenticels (Tamjinda et al., 1992). A periderm forms
beneath the lenticel cavity in ‘Apple’ mango (Athoo et al., 2020). Fruit maturity is completed
between 90-180 DAFB depending on cultivar, climate and cultural practices (Lobo and Sidhu,
2017).

Cuticular thickness and composition changes during fruit ontogeny (Bally, 1999; Trivedi et al.,
2019). This is necessary if the cuticle is to maintain its barrier role (Trivedi et al., 2019). In mango,
cuticle deposition is continuous (Ponce de Leon et al., 2000). Cuticle mass per unit area increases
continuously as the fruit mature or ripen (Tafolla-Arellano et al., 2017). But, cuticle thickness,
wax architecture and deposition differs among genotypes (Barbosa-Martinez et al., 2009;
Camacho-Vazquez et al., 2019; Dietz et al., 1989). At maturity, ‘Kent’ exhibited the thickest
cuticle while ‘Criollo’ fruit had the thinnest cuticle among tested mango cultivars (Camacho-
Vazquez et al., 2019). Also, the ECW was crystalline in ‘Kent” and ‘Manililla’ but amorphous in
‘Tommy Atkins’, ‘Ataulfo’, ‘Manila’, and ‘Criollo’ (Camacho-Vazquez et al., 2019). Cuticle
deposition is also affected by the fruit position on the tree (Léchaudel et al., 2013). Sun exposed
fruits developed thicker cuticles than those that were shaded (Léchaudel et al., 2013). More cutin
and waxes were also observed on sun exposed leaves than on shaded leaves in citrus (Skoss, 1955).

The pattern of cuticle deposition in ‘Apple’ mango is unknown.

2.3 Russet formation

To our knowledge, there is little information on russeting in mango. What is known about russeting
has been studied in Malus apple. Literature on russeting has been recently reviewed (Faust and
Shear, 1972; Macnee et al., 2020). Briefly, russeting is generally viewed as periderm formation in
response to damage of the primary skin. Important triggers include wounding, surface wetness and
infections with pests and pathogens. For detailed information, the reader is referred to the above
reviews and to chapter 3.1 of this thesis.

2.4  Study objectives

To our knowledge, russeting has not been studied in mango. The triggers, mechanistic basis and

counter measures against russeting have not been investigated in ‘Apple’ mango. Some research
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has been conducted on cuticle deposition in mango (Bally, 1999; Gazzola et al., 2004), however,

this work excluded russet susceptible cultivars like ‘Apple’. The role of surface moisture and

lenticels in russet formation has not been studied in mango. Also, there is no information on

countermeasures against russeting in ‘Apple’ mango.

This PhD project was therefore conducted to identify the mechanistic basis of russeting in ‘Apple’

mango and to develop strategies to manage it.

The specific objectives of this PhD project were to:

Vi.

Review the literature on russeting, particularly its triggers, mechanism, and
management strategies (Chapter 3.1)

Identify factors, mechanisms, and consequences of russeting in ‘Apple” mango
(Chapter 3.2)

Identify the mechanistic basis for the high susceptibility of ‘Apple’ mango, with
special focus on fruit growth, cuticle and wax deposition, strain release in
comparison to the non-susceptible ‘Tommy Atkin’ cultivar (Chapter 3.3)

Study the effect of exposing the fruit skin surface to moisture on microcracking and
on water vapor permeance (Chapter 3.4)

Establish whether lenticels predispose cv. ‘Apple’ mango to russeting (Chapter 3.5)
Establish the effect of pre-harvest bagging on russeting in susceptible mango cv.
‘Apple’ (Chapter 3.6)
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Abstract: The skin of a fruit protects the vulnerable, nutrient-rich flesh and seed(s) within from the
hostile environment. It is also responsible for the fruit’s appearance. In many fruitcrop species,
russeting compromises fruit appearance and thus commercial value. Here, we review the literature
on fruit russeting, focusing on the factors and mechanisms that induce it and on the management
and breeding strategies that may reduce it. Compared with a primary fruit skin, which is usually
distinctively colored and shiny, a secondary fruit skin is reddish-brown, dull and slightly rough to
the touch (i.e., russeted). This secondary skin (periderm) comprises phellem cells with suberized
cell walls, a phellogen and a phelloderm. Russeted (secondary) fruit skins have similar mechanical
properties to non-russeted (primary) ones but are more plastic. However, russeted fruit skins are
more permeable to water vapor, so russeted fruits suffer higher postharvest water loss, reduced
shine, increased shrivel and reduced packed weight (most fruit is sold per kg). Orchard factors that
induce russeting include expansion-growth-induced strain, surface wetness, mechanical damage,
freezing temperatures, some pests and diseases and some agrochemicals. All these probably act via an
increased incidence of cuticular microcracking as a result of local concentrations of mechanical stress.
Microcracking impairs the cuticle’s barrier properties. Potential triggers of russeting (the development
of a periderm), consequent on cuticular microcracking, include locally high concentrations of O,,
lower concentrations of CO, and more negative water potentials. Horticulturists sometimes spray
gibberellins, cytokinins or boron to reduce russeting. Bagging fruit (ko exclude surface moisture) is
also reportedly effective. From a breeding perspective, genotypes having small and more uniform-
sized epidermal cells are judged less likely to be susceptible to russeting.

Keywords: disorder; periderm; repair mechanism

1. Introduction

The skin of a fruit lies at the interface between the vulnerable, nutrient-rich fleshy
tissues and seed(s) inside and the surrounding ‘hostile” environment outside. The fruit skin
is exposed to a broad range of abiotic and biotic challenges, thus serving as a critical barrier
protecting the fruit tissues against (a) uncontrolled water loss/uptake [1], (b) uncontrolled
exchanges of respiratory gasses (O,, CO,) and the hormone ethylene (C;Hy) [2], (c) UV-
radiation [2,3] and (d) invasion by pathogens [4,5]. In modern horticulture, some of these
functions require opposing properties, such as protection against cell content leakage,
while at the same time permitting penetration of foliar-applied nutrients, growth regulators
or other agrochemicals [0]. To fulfill these functions, the fruit skin must remain intact
throughout the period of fruit growth and development. This review deals with the
development of a secondary surface (a periderm) on the skins of commercial fruit types
that usually retain their shiny, distinctively-colored, primary surfaces through to harvest
and consumption.

A plant organ’s primary surface comprises a complex of materials. On the outside,
there is a polymeric cuticle that overlies a cellular structure usually consisting of a single
epidermal cell layer, which itself overlies one to several layers of hypodermal cells. In
most fruit crops, the epidermis and hypodermis are responsible for the skin’s mechanical

Horticulturae 2022, 8, 231. hitps:/ / doi.org,/ 10,3390/ horticul turaeS030231
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properties, while the cuticle is responsible for the skin’s barrier properties [7,8]. It is also
the primary fruit skin that determines the appearance and attractiveness of the fruit to
end consumers, as well as to seed-dispersing animals. After all, the wild types of most
commercial fruitcrop species evolved to attract animals as their agents of seed dispersal.
Thus, the epicuticular waxes on the cuticle are responsible for the skin’s gloss, and the
pigments in the cuticle and subtending cell layers for the skin’s distinctive color [9,10].

However, the skins of a significant number of commercial fruit types are partially or
wholly covered by areas of a secondary surface. Horticulturists refer to this as russeting [11,12].
The proportion of the surface of a mature fruit that is primary vs. secondary is genetically
determined. Thus, in apple, some cultivars rarely exhibit areas of russeting (Royal Gala);
in some, russeting is a cultivar characteristic (Cox’s Orange Pippin); while in others, the
whole fruit surface is usually russeted (Egremont Russet). Russeting is seen as a market
defect (market value is reduced) only in the first case or in the second if the russeted area
is excessive.

A secondary surface forms when the primary surface fails. Failure may occur for
various reasons. Potential reasons include the normal internal processes of ontogeny
(e.g., growth strain) or external factors such as mechanical or chemical damage or harsh
environmental conditions such as freezing [7]. A periderm forms to (partially) restore
the impaired barrier properties of the damaged primary fruit skin. The proportion of the
fruit-skin affected by russeting ranges from small patches in particular regions of the fruit
surface to a uniform layer that covers the entire fruit.

From a horticultural point of view, the dull, reddish-brown appearance of russeting
is usually unattractive to the consumer. Russeting is therefore considered to be a fruit
surface disorder in many fruitcrop species and in all ‘smooth-skinned’ cultivars. In many
russet-susceptible cultivars, russeting is readily accepted as being ‘normal’. Thus, the
entire fruit skin is russeted in most kiwifruit cultivars/species. Similarly, russeting is
considered normal and acceptable in the ‘Reinette’ apple cultivars and in pear cultivars,
such as Bosc, Conference and Gold La France, the latter being a russeted sport of the
non-russeted cultivar La France [13]. Similarly, in Asian pear, smooth-skinned cultivars, as
well as entirely russeted cultivars, are known. Melons form a notable exception. Here, the
‘netting’ pattern of russeting of the fruit skin is seen as a positive indicator of fruit quality
and, so, is considered highly desirable [14].

Russeting is not a new phenomenon. The first research publications date back nearly
two centuries [12,15-22]. Most of the literature on russeting relates to pome fruit, and
especially to apple. Fewer studies relate to pear, kiwifruit, mango, tomato, bell pepper
and others (Table 1). Occasionally, russeting has been reported for plums and grapes.
Sweet and sour cherries, peaches, apricots and most ‘berryfruit’ crops, including currants,
blueberries, raspberries, blackberries and strawberries, are essentially free of russet. The
published information on russeting is scattered and often not conclusive. The objective
of this paper is to review the literature on the practical aspects of russeting, including
its occurrence, triggers, mechanical bases and management strategies adopted to reduce
russeting under orchard conditions by cultivation and breeding. For a comprehensive
review of the biochemistry and molecular biology of russet formation, the reader is referred
to the excellent recent reviews by Macnee et al. [23] and Wang et al. [24].

2. Occurrence and Symptoms of Russet

Russeting occurs in a large number of fruitcrop species (Table 1). Often, russet-
susceptible and non-susceptible cultivars are known within a species. In apple, some
highly russet-susceptible cultivars are identified by the cultivar name. Examples include
Red Russet, Golden Russet, Roxbury Russet [22] or Egremont Russet [25], as well as the
Reinette-type cultivars [26].
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The symptoms of russet are similar between different fruitcrop species. A rough,
reddish-brown and corky appearance is characteristic of a russeted surface (Table 1 and
Figure 1). The region of the fruit surface affected by russet can differ. In apples, the spatial
distribution of russeting differs depending on the cause. Russet induced by growth strain
or by exposure to high humidity or dew occurs in large, uniform patches and may cover
the entire fruit surface. Russeting limited to the stem cavity is more likely the result of
long wetness durations and high growth strains. Russeting in response to mechanical
wounding (e.g., scratching or abrasion from contact with a neighboring fruit or leaf or stem)
is typically well defined spatially, being strictly limited to the region of direct physical
contact. Russeting caused by spray chemicals occurs in regions of the fruit surface where
spray droplets collect and later concentrate excessively during drying. Small fruitlets that
come into contact with spray solutions during the particularly russet-susceptible early
stages of fruit development may be entirely russeted [27]. A net-like pattern of russeting on
apple is characteristic of infection with powdery mildew. Russeting caused by the feeding
of pests (thrips, stink bugs, mites, etc.) is limited to the site of the puncture wound and
the immediately surrounding cells. Forms of russeting caused by frost are typically in
rings. These are induced by freezing temperatures when only part of the flower or fruitlet
is damaged (Table 1).

Figure 1. Russeting in different fruit crops. (A) Apple; (B) pear; (C) citrus; (D) plum; (E) pomegranate.
Images: (A,C) Andreas Winkler, (B,D,E) Martin Briiggenwirth.

3. Some Fruit Skin Disorders Not Related to Periderm Formation

There are some fruit skin disorders that can be confused with russeting. These include
skin spots and scarf skin in apple and maturity bronzing (sometimes also called maturity
stain) in banana (Table 2). These disorders can bear a visual similarity to russeting. However,
they differ from russeting in that a periderm does not develop.

In skin spots, cuticular microcracks are causal. These form due to moisture expo-
sure during late-stage fruit development [36]. In this stage, the apple fruit skin is no
longer able to form a periderm [36,35]. Here, the impaired barrier properties of the skin

11
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are restored to some extent by the deposition of lignin in the cell walls immediately un-
derlying a microcrack. This process hydraulically isolates the portion of the fruit skin
underlying a microcrack. The characteristic spot-like appearance is caused by the resulting
cell death [141].

Apples with scarf skin symptoms look as if they have a thin and very ‘soft’ periderm.
However, periderm formation is not involved in scarf skin. Instead, scarf skin is thought
to result from the formation of subepidermal air spaces [142]. The cause of this is not yet
known. Surface moisture may be involved since bagging during early fruit development
(when russet suscepltibility is particularly high) reduces scarf skin [143].

Maturity bronzing in banana is also connected to fractures in the cuticle, which
propagate into the epidermis [144], Maturity bronzing occurs primarily in the tropical wet
season when temperatures and humidities are especially high, and the sky is overcast [145].
These conditions result in high rates of growth strain, which may be causal in maturity
broneing [144].

Table 2. Fruit surface disorders that bear some similarity with russet, but where no periderm is
involved. Data are compiled from literature sources,

Disorder Crop Affected Symptoms Causes Management
Irregular patches of small, round  Moisture-induced Reducing surface weltness

Skin spok Al and brown spots, develops in microcracks late in duration, for susceptible

SR Spas PP CAsstorage, promoted by the season [36,141]  batches, no storage or
1-MCF [141] cool-storage only [36,141]
Whitish lines or stripes [144a],

Searf skin Apple whitish or apalescent Unknown

sheen [147], due to formation of -
subepidermal air spaces [142]

Maturity bronzing or Banana Pre-harvest necrosis of the skin,  Growth stress [145],  Bagging [14%], reducing the
maturity stain - bronze colovation [144] water stress [144] number of leaves [150]

4. Anatomy of Russeted Fruit Skin

In botanical terms, a russeted fruit skin represents a periderm consisting of phellem,
phellogen and phelloderm [7,23]. The phellem is the outermost layer of this composite, the
phelloderm the innermost, The phellogen is the interfacing sheet-like meristematic layer,
The phellogen is formed in the hypodermal cell layer by dedifferentiation of hypodermal
cells [16,151]. Periclinal cell division in the phellogen generates stacks of phellem cells
where each cell of a stack originates from the division of a single underlving mother cell of
the phellogen [7].

Phellem cells have suberized cell walls. When the stacks of phellem cells reach the
surface, they come into contact with the atmosphere. Here, the suberized cell walls turn
brown. It is the suberin that is responsible for the dull and reddish/brown color of a
russeted fruit surface [152]. Due to the lipophilic character of suberin, suberized cell walls
present a significant barrier to water loss [153].

From the above, it is evident that during the early stages of periderm formation, the
periderm may still be covered by a cuticle, epidermal cells and some hypodermal cells. The
periderm reaches the surface as growth proceeds and as the residues of the primary fruit
skin (now hydraulically isolated and desiccated) tear and are sloughed off.

5. Physiology of Russeted Fruit Skin

The physiological properties of the fruit skin change with russeting. For the fruit of a
particular apple cultivar, the water vapor permeance of a russeted area of skin is higher
than that of a non-russeted area [11,134]. Furthermore, a non-russeted area of the primary
surface of a russet-susceptible apple cultivar has a higher water vapor permeance than a
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non-russeted area of a non-russet-susceptible cultivar [38]. This latter finding is likely due
toa higher incidence of microcracking of the cuticles of the russet-susceptible cultivars.
Compared to non-russet-susceptible cultivars, the higher water vapor permeance results in
greater water loss during storage, and thus, a higher mass loss and (possibly) more shrivel.
In this way, russeted fruit have reduced cool-storage potential and shorter supermarket
shelf-lives compared to non-russeted fruit. We are unaware of studies that measure the
fruit skin permeances to Oy, CO; or ethylene of russeted fruit.

The mechanical properties of fruit skins differ slightly between russeted and non-
russeted fruit surfaces. The maximum stress and maximum strain that the fruit skin can
withstand without failure are of similar magnitude for non-russeted and russeted skins [15].
Enzymatically isolated periderms of apple and pear are more plastic than isolated cuticles
as indexed by a higher strain at maximum stress and a lower modulus of elasticity [15]. The
higher plasticity renders the periderm a very suitable “repair patch’ for an overly-strained
fruit surface. It allows the periderm to cope with ongoing area expansion during growth
without excessive increases in stress build up [18,154].

6. Factors in Russet Formation

Russeting has been related to a number of factors. Growth strains are considered
causal in russet formation in apple [18], pear |57], loquat [116,117], tomate [120,122,123]
and melon [125,126). During growth, the skin of developing fruit is subject to considerable
tangential strain [7], arising from the increase in fruit volume and hence in fruit surface
{area strain). Support for the idea that excessive growth strain lies behind the formation
of russet comes from the following observations. First, susceptibility to russet is highest
during early fruit development [12,29,32—34,155]. During early development, the relative
surface area growth rate is at a maximum, resulting in maximum rates of strain [156]. The
relative surface area growth rate equals the increase in surface area per unit time fem*d 1
divided by the surface area {cm?) at that time. Relative surface area growth rate, thus,
has the units d='. Second, the calyx and cheek regions of pear are more russeted than
the neck [57]. Both these regions have higher relative surface area growth rates than the
neck [57]. Third, the stem cavity of apple fruit is often russeted. Here, stress concentration
is at maximum due to the small radius of curvature of the fruit surface [154].

Extended periods of exposure of fruit surfaces to moisture, either as liquid water or as
high water-vapor concentration (high relative humidity), has been identified as causal in
russeting. Typical examples include russet in apple, pear, prune, tomato, melon, grape and
mango (Table 1), Surface moisture is particularly critical during the early stages of fruit
development when susceptibility to russeting is high [35], The following observations sup-
port a role for moisture in russeting: First, the development of fruit under cool, rainy and
high-humidity conditions stimulates russet formation in apple [156,157] and pear [55=20].
Second, experimental exposure of fruit surfaces to water, by immersion [73], by mount-
ing a test fube filled with water on the fruit surface [38] or by overhead sprinkling [36],
results in enhanced russeting. Indeed, these techniques are often used experimentally to
induce russeting [37,1558].

Mechanical damage of the fruit surface is also a trigger for russeting. Mechanical dam-
age may be caused by a combination of wind and contact of fruit with a neighboring branch,
shoot, leaf or fruit. Hail also damages fruit skin and causes russeting [110,111,1135,114].

Pests and diseases may cause russeting in several fruitcrops. Examples of such pests
include the citrus rust mite [107-109] and the tomato rust mite [71,121]. Similarly, fungi,
such as powdery mildew in apple or epiphytic veast species in apple and pear, have been
reported to be causal in russeting (Table 1).

Exposure of fruit to freezing temperatures may result in formation of russet. Char-
acteristic shapes of russet due to frost in apple are “periderm tongues™ that run from
the stem cavity downwards to the equatorial plane along one side of the fruit or rings of
russeting that completely surround the fruit [27,54]. Why these characteristic shapes arise
is unknown.
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Application of agrochemicals may increase, not affect or decrease russeting. Com-
pounds known to induce russeting include lime sulfur, copper hyvdroxide and thinners such
as ammonium thiosulfate or ethephon (Table 3). Surfactants such as Tween 20 or Citowett
that are often used in agrochemical formulations are reported to induce russeting in some
fruiterops {Table 3). An important factor would seem to be the developmental stage at the
time of agrochemical application. Applications made during periods of high susceptibility
to russet {e.g., during early fruit development) are more likely to induce russet. Meanwhile,
the same chemical compounds may have no effect on russet formation when applied at
a later stage when susceptibility is lower. In addition, environmental conditions, such
as high temperatures, that favor the rapid uptake of agrochemicals are more likely to
induce russeting, Rapid uptake may result in overloading of the contacted cells and thus
a phytotoxic reaction. This occurs particularly in regions of the fruit surface where spray
droplets collect; the droplets coalesce, and highly-concentrated chemical deposits form as
the droplets dry. Then, when the critical concentration is exceeded, the cells collapse.

Reduced incidence of russeting has been found following the application of fungicides,
such as mancozeb. This effect is accounted for by a reduction in the population of fungal
species that induce russet.

14
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7. The Mechanism of Russeting=—A Central Role for Cuticular Microcracks

Microscopic cracks in the cuticle, so-called microcracks, play a key role in russet
formation [12,159]. Microcracks are invisible, or barely visible, to the naked eye. They are
limited to the thickness of the cuticle and do not propagate deeper into the underlying cell
layers [160]. Importantly, the formation of microcracks provides a unifying explanation for
a diverse list of factors found to trigger russeting.

7.1 Temparal and Spatial Helerageneity

High growth strains represent the critical factor for microcracking of the cuticle. The
skin of a developing fruit is subject to ongoing tangential strain as the fruit volume and,
hence, the fruit surface area increases during growth [7]. In the epidermal and hypodermal
cell lavers, the increase in skin surface area is accommodated by a combination of cell
division {more cells) and cell extension (larger cells). Furthermore, some epidermal cells
change their shape from ‘portrait’ to ‘landscape’ {in anticlinal view) as they increase
in periclinal area and decrease in anticlinal height, but without significant change in
(anticlinal) perimeter [16,151,161,162[. The change in cell shape implies that areas of
previously anticlinal cell walls de-bond and change their orientation to form part of the
expanding periclinal cell wall [162]. Such a re-orientation of cell wall material will focus the
associated cuticular strain on the narrow region immediately above the anticlinal cell walls.
Because the cuticle is a non-living polymer, it cannot divide but instead is dragged along
istretched) as the underlying surface expands, The strain concentration above the anticlinal
cell wall (see just above) makes the cuticle particularly vulnerable to microcracking in this
region. This explains the characteristic pattern of microcracks above the anticlinal cell walls
as seen in a number of fruit crops, including in apple [162,163]. It also explains why fruits
of many species are particularly susceptible to microcracking and russet formation during
early-stage development [73]. In early-stage fruit development, the relative surface area
growth rate is maximal.

Whether the microcracks propagate more deeply to traverse the entire cuticle or
instead remain shallow and limited to the outer (older) volume of the cuticle depends
on the relativity between the rate of deposition of new cuticular material (on the inside,
adjacent to the cell wall) and the rate of fruit area growth. As mimicked in a uniaxial
tensile test of a portion of fruit skin, a high surface area growth rate, in the absence of an
appropriately high cuticle deposition, causes the cuticle to thin and thus fail. This occurs
before the cellular components fail [164]. Correspondingly, a high rate of cuticle deposition
in the absence of an appropriate surface area occurs and results in an increase in cuticle
thickness. In apple fruit skin, the rate of cutin and wax deposition usually exceeds that
required to match the increase in fruit surface area. Hence, cuticle thickness increases
during development [165].

As previously noted, the deposition of cutin occurs on the inner surface of the cuticle
(i.e., adjacent to the cell wall) [166]. Thus, the outer cuticle layers are older and, thus, have a
longer history of being stretched and are more strained than the younger, inner layers [167].
This results in a radial gradient in strain across the cuticle. The gradient also accounts for
the occurrence of shallow microcracks in the outer layers of the apple fruit cuticle that do
not extend through to the inner layers [12,168,169]. Because cuticular microcracks differ
in depth, the extent of impairment of the cuticle’s barrier properties differ. These factors
explain why shallow microcracks occur on fruit surfaces without triggering periderm
formation, whereas deep ones do trigger it.

Temporal and spatial heterogeneity in fruit expansion during growth is another factor
in strain concentration and thus microcracking of the cuticle. The heterogeneity may be due
toirregular and variable cell sizes in the epidermis [151,161,170]. Moreover, structures in the
epidermis may vary cuticle stiffness—structures such as stomata [171], lenticels [172] and
trichomes. Thus, cuticular microcracks may be associated with trichomes and lenticels [173].
Furthermore, cellular heterogeneity may also arise from damage caused by browsing pests,
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diseases, agrochemical phytotoxicity or freezing injury. Again, periods of high rates of
surface area growth result in high susceptibility to microcracking,

Moisture induces microcracking and subsequent russeting—occurring either as liquid-
phase water on the fruit surface or as high concentrations of vapor-phase water close by
(high humidity). While these trigger effects are well documented for a number of fruitcrop
species, including apple, grape and sweet cherry [27,37,62,158], the mechanistic bases for
these effects are not known. A possible explanation for moisture-induced microcracking
is a higher state of hydration of the cuticle. Cuticular hydration decreases its modulus of
elasticity, stiffness and fracture force, whereas its fracture strain increases [5,73]. All these
changes increase the likelihood of cuticular microcracking. Other possible explanations
include a weakening of cell-to-cell adhesion due to the swelling of cell walls [174],

7.2. Trigger and Signal Transmission

The question remains, how does cuticular microcracking trigger periderm formation?
Microcracking occurs in the cuticle, but periderm formation occurs in the hypodermis,
several cell layers below, This implies that some signals are transmitted across several cell
layers that connect the two processes.

We know that microcracks impair the barrier properties of the cuticle and that this
seems to trigger periderm formation. We hypothesize that these two are related, with
the reduction in barrier properties somehow triggering the initiation of the periderm.
What support is there for this hypothesis? First, when periderm formation is induced
experimentally in apple fruit by exposing the fruit surface to moisture, the periderm begins
to form only after the surface moisture is removed [37,158]. Apparently, although surface
moisture has induced the cuticular microcracking, the periderm formation has been induced
by the re-exposure of the (now) microcracked cuticle to the atmosphere. This conclusion is
based on histological evidence [37] and gene expression analysis [158]. Second, in another
experiment with apple, the formation of a wound periderm was markedly delayed when the
periderm-inducing wound was sealed by silicone rubber (Chen, unpublished data). Both
these experimental results indicate that the trigger is related to the impaired barrier function.
Potential candidate triggers are (1) a decrease in the tissue water potential (more negative)
as a result of an increase in transpiration through the microcrack and /or (2) an increase in
internal O concentration and/or a decrease in internal COy concentration [37,153], Based
on the literature, an increase in the internal O; concentration is the more likely trigger.
Thus, in kiwifruit, (), is essential for wound-induced suberization [175]; in grape, the
(2 concentrations just below the cuticle is lower than in the ambient atmosphere and
decreases with increasing distance from the surface [176]; in apple, similar results have
been reported [177] and, in potato, periderm and suberin formation are inhibited by a low
O3 concentration and a high CO; concentration [175,179].

8. Management

Various approaches have been investigated to reduce or eliminate russeting: (1) Spray
applications of gibberellins and other plant growth regulators (PGRs), (2) applications of
foliar fertilizers and other compounds, (3) the exclusion of moisture using bagging and
(4) selective breeding.

8.1, Application of PGRs

The gibberelling Az (GAz) and Ayg,r (GA4.7) are used to improve peel finish and
reduce russet in russet-susceptible cultivars of apple, pear, grape and pomegranate (Table 1.
Typically, four sprays of 10 mg L 1 gibberellic acid (GA) at 10 d intervals starting from petal
fall are applied. Russet is reduced significantly (Table 4). The modes of action of GA in
decreasing russet formation are several-fold. First, GA results in more uniform and smaller
epidermal cells [30]. Skins comprising smaller epidermal cells are likely to be mechanically
stiffer. Furthermore, the structural support of the cuticle provided by smaller cells is more
uniform, This decreases stress concentrations, a critical factor in microcracking, Second,
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GA decreases moisture-induced microcracking in russet-susceptible ‘Golden Delicious’
apple [73]. Applications of GA have no effect on cuticle mass, wax content or mechanical
strength of the isolated apple fruit cuticle [73].

Often, GA is combined with the cytokinin benzyladenine (BA). In this combination,
BA is thought to offset certain adverse effects that GA may have on flowering [55,20].
Further, GA, .7 plus BA {(known commercially as ‘FPromalin®) increases fruit size and alters
fruit shape. The length to width ratio of the fruit increases, particularly in the calyx region,
with the result that fruit have more extended calyx lobes [80,150]. If BA is applied alone, it
increases russeting [58,493]. The reason for this negative effect is unknown. The combination
GAger plus BA decreases russet only to the same extent as GAy,7 (Table 4).

In grapes, GAsz plus the evtokinin N-(2-chloro-4-pyridyl)-N'-phenylurea (CPPU) re-
duces russeting, but GAg alone has little effect on russeting [181]. It is thought that
CFPU stimulates cell division with the result that fruit have larger numbers of smaller
cells [182,183]. Whether these effects also apply for the epidermis and whether microcrack-
ing of the cuticle is decreased, as observed in apple, is unknown. We suggest that such an
effect would not be unlikely, and it would also account for reduced russeting following
CPPU application.

8.2, Faliar Sprays of Fertilizers and Other Compounds

Insufficient supplies of boron (B) cause a number of fruit disorders, including russet-
ing [184]. In mango, sprays of B plus Ca result in thicker cell walls and smaller intercellular
spaces. As a consequence, cells are more densely packed, thereby providing greater me-
chanical stiffness and thus better support for the cuticle [1585]. The potential roles of B in
russeting also include effects on cell wall synthesis, lignification and cell wall structure, for
example, by cross-linking cell wall constituents, such as pectins [156]. It is thought that B
also helps maintain cell wall extensibility. In B-deficient plants, cell walls become less elastic
and more rigid [184]. This causes cell walls to crack more easily and /or cells to separate
from one another under tension along their middle lamellae, A separation of epidermal
and /or hypodermal cells weakens the cellular support substrate for the cuticle and is
therefore likely to increase cuticular microcracking. There were no effects on russeting
following applications of B in pomegranate [137]. However, B applied alone or in combi-
nation with Ca did reduce russeting in tomato [119,124], Several studies have reported
decreased microcracking of fruit following applications of B, with or without Ca [187=190].
Since the initial steps in fruit cracking (macrocracking) and russeting would seem to be the
same, in that both processes first require cuticular microcracking [191], it would not seem
unlikely that applications of B will also decrease microcracking and russeting,

A small number of studies have reported on the effects of “exotic’ compounds on
russeting. Thus, chlorogenic acid applied during early development reduced russet for-
mation in ‘Golden Delicious” apples. The authors suggest inhibition of lignin synthesis is
the underlying mechanism [84]. In other studies, calmodulin and various fruit coatings
have been applied, and these are reported to reduce russeting [52]. While the mode of
action of calmodulin in inhibiting russeting is unknown, fruit coatings are likely to cover
and thus help seal cuticular microcracks and thereby may help restore the impaired barrier
functions of a microcracked cuticle. Unfortunately, direct evidence for the effect is lacking.
For such an effect, the permeance of the ‘exotic’ coating to O3, COy and ethylene should be
similar to that of an intact cuticle. Ideally, the coating should be waterproof if it is to be
rain-fast. Lastly, the stomatal conductance of the leaves must not be compromised by these
exotic coatings, or photosynthesis will be adversely affected—note that it is commercially
impracticable to apply these coatings to the fruit without also applying them to the leaves.
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Where russeting is induced primarily by insect pests or fungi, spray applications of
suitable agrochemicals will likely be successful in decreasing russeting. Examples reported
include applications of zineb for citrus mites [108,109,112] or captafol or ziram for scab in
prune [113], However, the right dose and timing must be chosen, or the product may itself
cause russeting,

8.3. Bagging

Fruit bagging is reported to be a successful countermeasure to inhibit russeting in
several fruitcrop species (Table 5). Bagging prevents russeting by keeping the fruit surface
dry. However, selecting a suitable material for the bag is critical as the bag material must
prevent contact of the fruit surface with liquid water and, at the same time, avoid an
elevated humidity in the microclimate of the enclosed fruit. A high-humidity environ-
ment inside the bag severely increases russeting [17], probably by increasing cuticular
microcracking [73].

Furthermore, the bagged fruit must not overheat [192]. The spectral properties of the
bagging material affect the amount and wavelengths of light reaching the fruit surface [193].
In those fruitcrop species and cultivars with colored skins, and where light absorption by
the bag impairs pre-harvest fruit coloring, the bag is removed shortly before harvest to
induce coloring. With this, there is an increased risk of sunburn, so removal of the bag
must be done cautiously, possibly stepwise—for example, by using multi-layer bags [192].
Other benefits of pre-harvest bagging include a decreased incidence of sunburn [194,195],
pest infestation and hail damage [196]. However, bagging fruit is laborious, so it requires a
high-value product, a high-end market and /or a low labor cost for it to be economic,
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8.4, Breeding

In the long term, a breeding approach to control russet will likely be the most successful
since russet susceptibility is a genetically controlled trait [195-201]. For a review on the
molecular biology of russet formation, the reader is referred to the recent reviews by
Macnee et al. [23] and Wang et al, [24].

In apple, the anatomies of the skins of russet-susceptible and russet-non-susceptible
cultivars have been compared. The cellular layers of the skin differ [151,161]. The russet-
susceptible cultivars have larger cells and more variable cell sizes in both the epidermis
and hypodermis [161,170]. These result in higher stiffness and lower strain at fracture
during early fruit development when russet susceptibility is highest [161]. When subjected
to a tangential growth strain, skin cells of irregular size and shape result in greater stress
concentrations and increased likelihood of failure. Comparisons of russet-susceptible and
russet-non-susceptible cultivars reveal no consistent differences in cuticular properties—
such as mass per unit area of the cuticular membrane, the dewaxed cuticular membrane
or wax content [31]. Furthermore, there were no significant differences relating to russet
susceptibility in cuticular strain or cuticular mechanical properties, as determined in
uniaxial tensile tests (i.e, maximum force, strain at maximum force or stiffness of the
cuticular membrane) [18]. Genotypes meeting the following criteria are likely to exhibit
low susceptibility to russeting: (1) A long period of skin cell division, so the increase in
fruit surface area is substantially accounted for by increases in the numbers of cells, rather
than by increased cell expansion (which is often associated with changes in epidermal
cell aspect ratio). (2) Smaller epidermal and hypodermal cells are also of more uniform
size, These are better able to sustain high tensile forces and offer less stress concentration
and lower chances of failure. (3) Lack of stress concentration at stomata, lenticels and
trichomes. Susceptibility to failure at these sites may be checked by monitoring formation
of microcracks following moisture exposure of the fruit surface. Incubating fruit in the
fluorescent tracer acridine orange permits localized penetration through microcracks, When
viewed using a fluorescence microscope, microcracks are easily identified by the fluorescing
‘hale’ surrounding sites of preferential uptake.

9. Conclusions

The locally impaired barrier properties of the cuticle due to a microcrack and, probably,
increased Oy diffusion seem to be the primary trigger for periderm formation. Microc-
racking is likely the integrator of a range of factors that induce russeting. These factors
include growth stress, surface moisture and high humidity, but also pests and diseases,
mechanical wounds and freezing temperatures. Significant progress has been made in our
understanding of molecular biology and of the physiology of russeting,

The classical concepts of reducing russeting by spray applications of gibberellins,
with or without cytokinins, or of B and /or of Ca have a sound mechanistic basis and are
reported to be effective in a range of fruitcrop species. The identification of impaired barrier
properties of the cuticle as the trigger causing periderm formation now provides promising
options for russet management that merit further research. These include applications of
‘exotic” coatings during critical phases of fruit development, especially when relative surface
area growth rates are high. In addition, the prevention of radial extension (i.e., deepening)
of microcracks by stimulating the rate of cuticle deposition is not an unrealistic strategy.

Recently, evidence has been presented that feeding oleic acid to the apple fruit surface
results in significant incorporation of oleic acid into the cutin fraction [202]. If this treatment
could be upscaled in the field to generate gravimetrically detectable increases in cuticle
thickness following spray application of a suitable precursor, the increased cutin deposition
could hinder cuticle microcracks from propagating so as to fully traverse the cuticle. When
applied during phases of high rates of relative surface area growth, the formation of
traversing microcracks and, hence, of russet may be prevented or reduced. Several of these
aspects merit further study.
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Abstract: Russeting is an important surface disorder of many fruitcrop species. The mango cultivar
‘Apple’ is especially susceptible to russeting. Russeting compromises both fruit appearance and
postharvest performance. The objective was to identify factors, mechanisms, and consequences of
russeting in “Apple” mango. Russeting was quantified on excised peels using image analysis and a
categorical rating scheme. Water vapour loss was determined gravimetrically. The percentage of
the skin area exhibiting russet increased during development. Russet began at lenticels then spread
across the surface, ultimately forming a network of rough, brown patches over the skin.
Cross-sections revealed stacks of phellem cells, typical of a periderm. Russet was more severe on
the dorsal surface of the fruit than on the ventral and more for fruit in the upper part of the canopy
than in the lower. Russet differed markedly across orchards sites of different climates. Russet was
positively correlated with altitude, the number of rainy days, and the number of cold nights but
negatively correlated with minimum, maximum, and mean daily temperatures, dew point
temperature, and heat sum. Russeted fruit had higher transpiration rates than non-russeted fruits
and higher skin permeance to water vapour. Russet in ‘Apple’ mango is due to periderm formation
that is initiated at lenticels. Growing conditions conducive for surface wetness exacerbate
russeting,.

Keywords: Mangifera indica; skin; periderm; cuticle; epidermis; lenticel

1. Introduction

Russeting is a surface disorder of many fruitcrop species worldwide. In botanical terms, russet
represents the formation of a periderm [1] comprising three layers: a phellogen (meristematic) that
gives rise to a phelloderm (to the inside) and a phellem (to the outside). The phellem comprises
stacks of cork cells. It is their suberised cell walls that are responsible for the rough, brown
appearance of a russeted fruit skin. This appearance is generally unattractive to the consumer [2].
Russet therefore compromises the visual quality of a fruit and thus excludes it from the high-value
export markets. Russet is also associated with increased postharvest water loss, which further
compromises postharvest performance [3]. This requires fruit cartons to be “overpacked” if they are
to reach the end consumer at the pre-specified weight. For both these reasons, russeting has serious
economic consequences for the grower.

Malus apple is a prominent example of a susceptible fruit crop. Most information on the
ontogeny of russet is available for this species. In apple, russet is preceded by the formation of
microcracks in the cuticle [4,5]. Surface wetness [6,7], agrichemicals [8,9], and pests and diseases
such as mites [10], epiphytic fungi [11], and bacteria [12] are all factors aggravating russeting. A
periderm forms, presumably in the hypodermal cell layers [13,14]. The cuticle and the epidermis dry

Plants 2020, 9, 898; doi:10.3390/plants9070898 www.mdpi.com/journal/plants
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out and slough off as the phellem develops. The brownish cork cells are then revealed on the fruit
surface.

The ‘Apple’ mango is a valuable mango cultivar in the Kenyan market. It has excellent texture
and flavour. Unfortunately, ‘Apple’ mango is also highly susceptible to a skin disorder that bears
similarity to the well-known russet of many apple and pear cultivars. To our knowledge, there is no
information available on this disorder in mango.

The objective of this study was (1) to identify whether the “russet” of ‘Apple’ mango is caused
by a periderm formation and (2) to identify the agronomic and the environmental factors affecting
the incidence and severity of “russeting” in this cultivar.

2. Results

Russet severity in “Apple’ mango was non-uniform within a tree and across an orchard. The
severity of russet in the same orchard ranged from non-russeted (Figure 1a, score () to moderate
(Figure 1c, score 2) to extreme (Figure 1b, score 4). The russet scores of the rating scheme used to
quantify russet were closely correlated to the actual russeted surface area measured by image
analysis (Figure 1d).

(a) (c)

—_—
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~—

®
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&
g3t
=
8
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£
3 Russeting (rating score) = Sgrt
o 0 (0.23 x russeted area (%))
0 25 50 75 100

Russeted area (%)

Figure 1. Macroscope view of mature ‘Apple’ mango without (a, score 0), moderate (b, score 2), and
extreme (c, score 4) russet symptoms. (d): Plot of russeting (rating score) against percentage area
affected by russet (image analysis). Each fruit was rated visually prior to image analysis. The number
of observations was 18.

Fruit surface area increased with time (Figure 2a). The growth rate in surface area was at a
maximum of 2.3 cm? day™' at about 114 days after full bloom (DAFB) and decreased continuously
thereafter (Figure 2a inset). The percentage of the surface area of the skin exhibiting russet increased
with time throughout development (Figure 2b,c).
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Figure 2. Change in fruit surface area (cm?) and rate of surface expansion (a and a inset) with time
(days after full bloom, DAFB). Percent of skin with russet in developing fruit (b) calculated from a
defined area of the fruit cheek. The same fruit was photographed at 100, 156, and 216 DAFB (see
arrows). Pictorial representation of russet progression in a developing ‘Apple’ mango fruit (¢1-¢3).

Scale bar is 10 mm. Data represent means + SE of 19 replicates.

Microscopic inspection of the fruit surface following labelling with acridine orange revealed
that initial cracking always began at a lenticel (Figure 3a—d). Lenticels ruptured and developed into
(usually) three- or four-pointed star- or triangular-shaped short cracks. These were filled with
periderm (Figure 3e-h). These stellate cracks enlarged and merged as cracks propagated and
development progressed. They eventually formed islands of crack networks. These islands later
expanded and merged. The end result was an extensive network of rough, brown patches.
Occasionally, these patches extended over the entire fruit surface (Figure 3i-n). Only during the
initial stages of cracking was there significant infiltration of acridine orange at the lenticels (Figure

3b,d). There was essentially no infiltration after the periderm had developed (Figure 3h,j,1,n).
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Figure 3. Microscopic view of ‘Apple’ mango skin infiltrated with acridine orange dye when viewed
with a binocular microscope under natural (a,c,e,gi,k,m) or fluorescent light (b,d,£h,j,I,n). The scale
bars refer to the corresponding pairs of images.
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The non-russeted fruit skin had an intact cuticle, epidermis, and hypodermis (Figure 4a,b).
There was no cuticle or epidermis on the lenticels (Figure 4c—j). The pore of the lenticel was filled
with stacks of thick-walled cells varying from three layers (initial stage of russeting) to more than
five (extreme russeting) (Figure 4c—j). The walls of these cells fluoresced following staining with
fluorol yellow. This identified them as the suberised (corky) walls of a typical periderm (Figure
44d,f,h,j).

- - Sy

o e e
3 & ,._.»:: ’-,. =

Figure 4. Cross-sectional microscope images of a non-russeted (a,b) and russeted (c—j) skin of ‘Apple’
mango viewed under incident white (a,c,e,g,i) or fluorescent light (b,d,fh,j) following staining with
fluorol yellow dye. Scale bar is 50 pm.
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For any particular fruit, russet severity decreased along the stem/apex axis. Russet was most
severe at the stem end and least severe at the apex (Table 1). There were no significant differences in
the severity of russeting between the blushed and the non-blushed sides of a fruit (Table 1).

Table 1. Percent distribution of russet on “Apple’ mango fruit along the stem/apex axis on either the
blushed or the non-blushed sides of the fruit. Percentage of russet was quantified using image
analysis following photography. For the different regions of the fruit, see Figure 7.

" & Russeted Area (%)
Fruit Region o = =
Blushed Side Non-Blushed Side Mean Side
Stem end 858+69 87.2+5.7 86.5+44a*
Basal cheek 477 +57 438+55 458+40b
Apical cheek 192+58 184+53 188+39c
Apex 154 +6.1 17.2+6.3 16.3+43c
Mean Fruit region 420+45a 41.7+44a

+ Main effect but not interaction significant by analysis of variance. Main effect for fruit regions
differs according to the Tukey studentised range test, p < 0.05. The number of replicates was 18.

Russeting was significantly less severe in the ventral region than in the dorsal region of a fruit
(Table 2). This effect was consistent across the three orchard sites, which differed significantly in
overall russeting severity. Russeting was consistently most severe in Kaiti, followed by Mumbuni,
and was least severe in Yeemulwa (Table 2).

Table 2. Russeting in ventral and dorsal regions of ‘Apple’ mango from three different sites. The sites
were selected because they differed in elevation. Russeting was quantified using a five-score rating
scheme. Score (0: 0% of the fruit surface area russeted; score 1: 1-10% russeted area; score 2: 11-25%
russeted area; score 3: 26-50% russeted area; and score 4: 51-100% russeted area. For ventral and

dorsal regions of the fruit, see Figure 7.

Extent of Russet (Rating Score)

Site

Ventral Dorsal Mean Region

Kaiti 29x0.1 35%0.1 32+0.1a*

Mumbuni 20+0.1 28+0.1 24+0.1b

Yeemulwa 1.6 £0.1 23x0.1 19+0.1c
Mean site 22+0.1b 28+0.0a

* Main effects “site” and "“region” of the fruit were significant at p <(.05. Interaction between site and
region of the fruit was not significant in a two factorial ANOVA. Mean separation by Tukey
studentised range test, p < (.05. The number of replicates was 200.

Within the canopy, there were no significant differences in russeting between peripheral
(exposed) or central (shaded) fruits on a tree. Again, fruit from the Kaiti site had the highest
incidence of russeting followed by Mumbuni and Yeemulwa (Table 3).
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Table 3. Russeting of peripheral (exposed) or central (shaded) ‘Apple’ mango fruit in the canopy at
three different sites. The sites were selected because they differ in elevation. Russeting was
quantified using a five-score rating scheme. Score (: (% of the fruit surface area russeted; score 1: 1-
10% russeted area; score 2: 11-25% russeted area; score 3: 26-50% russeted area; and score 4: 51-100%
russeted area.

Russeting (Rating Score)

i BN e T e T T e S
Kaiti 3.7+0.0 3.7+0.0 3.7+0.0 a
Mumbuni 23+0.1 25+0.1 24+0.1b
Yeemulwa 20+0.1 1.8+0.1 19+0.1c
Mean site 27+0.1a 27+0.1a

* Main effect of site was significant but neither fruit position nor interaction was significant by

analysis of variance at p < (.05. Mean separation according to the Tukey studentised range test, p <
0.05. The number of replicates was 200.

There was significant interaction between the orchard site and the position of the fruit within
the tree. Across all sites, fruits located in the top of the canopy were more russeted than those in the
middle or the bottom parts of the canopy (Table 4).

Table 4. Effect of fruit position within the tree canopy on russeting of ‘“Apple’ mango in different
sites. Fruit positions were: top (>2 m above the ground), middle (1-2 m), and bottom (0.5-1 m).
Russeting was quantified using a five-score rating scheme. Score 0: (% of the fruit surface area
russeted; score 1: 1-10% russeted area; score 2: 11-25% russeted area; score 3: 26-5(0% russeted area;
and score 4: 51-100% russeted area.

) Russetins (Ratin& Score)
Site -
Top Middle Bottom  Mean it position
Kaiti 39:00a* 37x00b 35z0.1c 3700
Mumbuni 31z0.1a 23x01b 19zx0.1c 2400
Yeemulwa 25zx0.1a 17x01b 1.0x0.1c 1.7+0.0

Mean s 3.0£0.0 2400 1.9+ 0.0
+ Significant interaction between site and fruit position in the canopy in a two factorial ANOVA.
Therefore, ANOVA was run by site. Means within the rows followed by the same letter are not
significantly different. Mean separation by Tukey studentised range test, p < (.05. The number of
replicates was 352.

There was no significant effect of the geographical orientation of the fruit (aspect) in the canopy
on russeting. Fruits exposed to north, south, east, and west all showed similar russeting across the
three sites (Table 5).

Table 5. Effect of geographical orientation (aspect) of ‘Apple’ mango on russeting. Fruits were
sampled from north-, south-, east-, and west-facing sides of the canopy. The tree rows were aligned
perpendicularly to the slope and N, S, E, and W positions. Russeting was quantified using a
five-score rating scheme. Score (: 0% of the fruit surface area russeted; score 1: 1-10% russeted area;
score 2: 11-25% russeted area; score 3: 26-5(0% russeted area; and score 4: 51-100% russeted area.

Russeting (Rating Score)

i North South East West Mean agpea
Kaiti 3600 3.6+0.0 3800 35+0.1 3.6+0.0a*
Mumbuni 24:(0.1 25+0.1 22101 26+0.1 24z200b
Yeemulwa 1.8:0.1 1.7+0.1 1.6+0.1 1.8+0.1 1.7:00¢
Mean se. 25+0.1a 26=0.1a 25z0.1a 26+01a

+ Main effect of site was significant but neither aspect of fruit nor interaction were significant by
analysis of variance significant at p <(.05. Mean separation according to the Tukey studentised range
test, p <0.05. The number of replicates was 264.
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Russeting differed markedly between the ten sites across Kenya. Russeting was highest in
Thika, Kaiti, Machakos, and Kasafari and lowest in Garissa and Malindi (Table &). These sites
differed markedly in climate. Analysis of potential relationships between climatic parameters and
russet severity revealed the following relationships; highly significant, linear, positive relationships
were obtained between altitude and russeting, i.e., there was more russeting at higher altitudes.
Furthermore, russeting was significantly correlated with the number of rainy days but not with
either the amount of rainfall (mm) or the relative humidity (%). Russeting was negatively correlated
with minimum, maximum, and mean daily temperatures, and dew point temperatures. Positive
relationships were observed for the number of cold nights, a negative sigmoidal one for the heat sum

(Figure 5).

Table 6. Russeting of ‘Apple’ Mango at ten different sites across Kenya. Russeting was quantified
using a five-score rating scheme: score 0: 0% of the fruit surface area russeted; score 1: 1-10%
russeted area; score 2: 11-23% russeted area; score 3: 26-50% russeted area; and score 4: 51-100%
russeted area.

Site Maturity (Days after Full Bloom) Rating (Score)

Thika 196 36201 a
Kaiti 189 35zx01a
Machakos 226 34+0.1ab
Kasafari 166 34+0.1ab
Chepsigot 146 32z01b
Kambirwa 136 31+01b
Mumbuni 175 23+01c¢
Yeemulwa 180 19+014d
Malindi 113 02x00e
Garissa 111 0.1x00e

“ Mean separation according to the Tukey studentised range test, p < (0.05. Means followed by the
same letter are not significantly different. The number of replicates was 210.
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Figure 5. Relationship between climatic variables and average russeting (rating score) determined
for the cumulative period of fruit maturity at ten locations in Kenya. The ten locations were: Garissa
(1), Chepsigot (2), Malindi (3), Mumbuni (4), Yeemulwa (5), Kaiti (), Kasafari (7), Kambirwa (8),
Thika (9), and Machakaos (10) situated at different altitudes. (a) The climatic variables include: rainfall
amount (b), days with rainfall (¢), relative humidity (d), minimum, maximum, and mean daily

temperatures (e, f, and g, respectively). Cold nights (h) correspond to the number of days when the
minimum temperature fell below the base temperature of 16 °C. Heat sum (i) was calculated based
on a base temperature of 16 “C. Russeting was quantified using a five-score rating scheme: score ():

(% of the fruit surface area russeted; score 1: 1-10% russeted area; score 2: 11-25% russeted area;
score 3: 26-50% russeted area; and score 4: 51-100% russeted area. Data points represent means of

210 fruit per site.

There was little difference in the correlation coefficients between russet and the various weather

variables during the first, the middle, and the later parts of the growing season. The only remarkable

exception was the relationship of russet to the number of cold nights. Here, cold nights during early

fruit development were particularly associated with increased russeting (Table 7).
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Table 7. Pearson correlation between climatic variables and russeting for *Apple’ mango fruits
grown at ten sites throughout Kenya. Climatic variables include rainfall amount, number (n) of rainy

days, relative humidity, maximum, minimum, and mean daily temperatures, and heat sum. Heat
sum is the sum of mean temperatures above the base temperature of 16 “C. Number of cold nights is
the sum of the number of days when the minimum temperature was less than 16 °C. The growth
season was divided into three periods of equal duration at each site {early, middle, and late phases).
“Cumulative” refers to the entire growth period. Climatic data were obtained from the NASA

Langley Research Centre (LaRC) POWER Project.

Pearson Coefficients of Correlation (r)

Weather Parameter Time Period
Early Middle Late Cumulative
Rainfall (mm) 0.39ns:  0O44ns  (0.26ns 0.60 ns
Rainy days (n) 0.66* 067 * 0.79 ** 0.90 *
Relative humidity (%) -027ns 01lns 0.08ns -0.05 ns
Maximum temperature (°C) -056ns -0.71* -085* -0.74%
Minimum temperature ("C) -0.94** (893 % {44 = .94 ***
Mean temperature (“C) -096*** —95*** 196 *** .96 ***
Heat sum (°Cd) -057ns -067* -01.72* -(L.67 *
Dew point temperature ("C) -0.88** -85 )91+ .92 ***
Cold nights (n) ()88 == 0.73* (.63 ns .84 =

“ Correlation coefficients followed by *, **, and *** were significant at p < (L.05, p = 0.01, and p = 0.001,
respectively. Correlation coefficients followed by ns were not significant (p > 0.05). The number of

fruits inspected at anyone site was 210

Transpiration increased linearly with time. Russeted fruit had significantly higher rates of
transpiration compared to non-russeted fruits (Figure 6a). The epidermal sections (ES) from russeted
skin also exhibited higher transpiration compared to non-russeted ES (Figure 6b). Permeance to
water loss was constant with time but higher in russeted ES compared to control (Figure 6b inset).

- - R
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Figure 6. Time course of transpiration by whole fruits with extreme (>50%) (russeted) and with
minimal (<25%) russet (not russeted) (a) and through epidermal sections (ES) excised from the cheek
of mature ‘Apple’ mango fruit with and without russeting (b). Permeance of water vapour diffusion
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through the ES (b inset) was calculated under conditions of steady state water loss. Data represent
means = SE of a minimum of 10 replicates.

3. Discussion
The most important findings in our study were:

(1) Russet in “Apple’ mango involves the formation of a periderm.
(2) Russet begins at the lenticels and from there spreads over the fruit surface.
(3) Rainy days and low night temperatures are especially conducive to russeting.

3.1. Russet in ‘Apple” Mango Involoes Formation of a Periderm

Russet in "Apple’ mango is similar to russet phenomena in other fruitcrop species, such as
Malus apple [15,16], pear [17], citrus [18], grape [8], and melon [19]. This conclusion is based on the
following arguments: (1) the appearance of the disorder in “Apple’ mango with rough brownish
irregular patches surrounded by interconnected light brownish cracks is identical to that previously
described for Malus apple [7]. (2) Cross-sections of the skin of “Apple” mango identified stacks of
suberised cells typical for a phellem produced by a phellogen as found in potatoes [20], Malus apple
[3,13], reticulated melon [19], and grape [8]. The periderm of ‘ Apple” mango was stained with fluorol
yvellow, such as that of Malus apple [3]. (3) Russeting in "Apple’ mango increased during
development. Russet symptoms began during early fruit development and became progressively
more severe. The number of phellem layers in these stacks increased continuously. Similar
observations were made in Malus apple, pear, and melons [15,19,21]. However, the maximum rate of
increase in russet was reached later in developing ‘Apple’ mango compared with Malus apple or
pear [15,21], where early fruit development is considered the most susceptible phase [22]. (4) As
discussed below, surface wetness aggravates russeting in *Apple’ mango as it does in Malus apple
[23,24]. (5) The formation of russet in “Apple’ mango is consistent with a repair process for cracks in
the skin [16,25]. While some infiltration of lenticels was observed before the onset of russeting, there
was practically no infiltration of the periderm during the later stages of russet development. Thus,
formation of the periderm in “Apple’ mango would seem to perform the same function as that in
Malus apple. It restores the barrier function of an impaired cuticle, thereby restoring, in part, the low
water vapour permeance of the skin [3]. These arguments show that russeting in ‘Apple” mango is
similar to russeting in other fruitcrop species. It involves the formation of a classical periderm.

3.2. Russeting Begins at Lenticels and Then Spreads over the Surface

Lenticels are the sites where russeting is initiated in "Apple” mango. The ontogeny of russet
formation reveals an initial, usually stellate, crack in the centre of a lenticel. The crack then
propagates across the fruit surface, merges, and thus comes to form a network of periderm that
continue to spread over the enlarging fruit surface. In mango, lenticels develop under ruptured
stomata [26,27]. This observation holds also for Malus apple [28,29]. In Malus apple, lenticels are
often the source of multiple microcracks [30]. Microcracks in the cuticle are the first visible
symptoms of russeting [4,5]. Whether this applies also to ‘Apple’ mango is not currently known.
Growth strain is the driver for skin failure. Supporting evidence for a role of growth strain in
russeting of “Apple’ mango comes from the observation that the ventral region was less russeted
than the dorsal region. Compared to the ventral region, the dorsal region has a larger curvature and
a larger strain rate, as indexed by a lower density of lenticels (Athoo, personal observation). Similar
relationships have been reported for pear. In the latter, the cheek has a higher growth rate and,
hence, a more rapid strain rate and thus is more prone to russeting than the neck [21].

Several hypotheses may account for lenticels being the sites of russet initiation in “Apple’
mango: (1) lenticels serve as stress concentrators, as demonstrated for the grape skin [31]. According
to [31], lenticels of grapes represent a rigid structure embedded in an extensible skin. When strained,
the lack of extensibility of the lenticel must be compensated for by a larger extension of the skin
surrounding the lenticel. This causes stress concentrations and microcracking in the cuticle
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surrounding lenticels. (2) Alternatively, lenticels of ‘Apple’ mango may be structurally weaker and
less rigid than the surrounding skin. When strained, the lenticel must make up for the lower
extension of the surrounding skin. A lower rigidity may result from a loose, irregular arrangement
of cells with large intercellular spaces in mango [27]. This may imply a lower tensile force to tear
them. Here, one would expect microcracks to be associated with lenticels, as was observed in *Apple’
mango. Interestingly, microcracks that formed in plum were almost all associated with stomata, the
usual precursors of lenticels [32]. (3) Lastly, lenticels were infiltrated by aqueous acridine orange
during early development, indicating high permeability, even for liquid water. This could expose
underlying cells to moisture, causing bursting of some cells or cell wall swelling, which in turn may
decrease cell-cell adhesion. This sequence of events lead to cracking in sweet cherry fruit skin [33]. It
is worth noting that the infiltration with dye solution was limited to the early development of a
lenticel. In subsequent stages, lenticels were sufficiently suberised (lipophilic), thus they presented a
formidable barrier to water vapour diffusion from the fruit and also for viscous water flow into the
fruit. At present, it is not known which of the above two {opposing) hypotheses accounts for the
periderm formation in “Apple” mango.

3.3. Rainy Days and Low Night Temperatures Are Conducive to Russeting

Our study reveals surprisingly close relationships between a range of environmental variables
and the extent of russet in “Apple’ mango in different agroecological regions across Kenya.
Apparently, conditions conducive to surface wetness aggravate russeting. Higher elevations, more
rainy days, decreasing night temperature, low dew point temperatures, and increasing numbers of
cold nights all aggravate russeting. Our observations are consistent with the finding that exposure to
moisture causes russeting in Malus apple [23]. The moisture-induced russeting probably resulted
from moisture-induced microcracking. That surface wetness induces microcracks in the cuticle has
been demonstrated for Malus apple [6,7,23], sweet cherry [34], and grapes [35]. Thus, we expected
microcracks also to form when the skin of “Apple’ mango was exposed to moisture.

We do not have an explanation for the lack of a significant relationship between rainfall amount
or relative humidity and russet. This may have been an artefact resulting from the confounding
effects of temperature and humidity. The hot coastal region of Kenya (Malindi) also has high rainfall.
Yet, fruit in this region was only marginally russeted. High temperatures and higher wind speeds in
coastal areas make long periods of wetness duration less likely.

The mechanistic basis for moisture induced russeting is not clear. Knoche and Peschel [34]
suggested changes in the mechanical properties of the cuticle due to hydration. A hydrated cuticle
generally has a lower modulus of elasticity and a lower fracture force [34,36,37]. Additionally,
hydration causes cell wall swelling, and this may decrease cell-cell adhesion, as demonstrated for
the sweet cherry fruit skin [33,38]. Both findings increase the likelihood of fracture of a hydrated,
strained cuticle. The microcracks formed then trigger periderm formation.

3.4. Conclusion

Our results provide evidence that the surface disorder of russet in ‘Apple” mango is due to
periderm formation initiated at lenticels. Growth strains then cause the periderm to spread over the
fruit surface. Close relationships between the incidence of russet of “Apple’ mango grown at ten
different sites in Kenya and the climatic conditions at the different sites indicate that conditions
conducive for surface wetness clearly stimulate russeting. This is consistent with moisture-induced
microcracking in the cuticle reported for many fruitcrop species. The resulting periderm partially
restores the barrier function of the skin of "Apple” mango. However, the permeance remains at a
significantly elevated level, and this increases postharvest moisture loss of russeted “Apple’ mango.
Whether or not developing ‘Apple” mango is also more susceptible to fungal infections merits
further investigation.
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4. Materials and Methods

4.1. Plant Materials

Mature and immature ‘Apple’ mango (Mangifera indica L.) fruit grafted on local seedling
rootstocks were harvested or observed in situ in several commercial orchards across Kenya. The sites
selected and their geographical coordinates are: Chepsigot (0°31'N, 35°34'E), Garissa (0°26°S,
39°37°E), Kaiti (1°45°S, 37°28°E), Kambirwa (0°44'5, 37°12'E), Kasafari (0°28'5, 37°40'E), Machakos
(1°26'5, 37°13'E), Malindi {3°14'S, 40°05’E), Mumbuni (1°50°5, 37°36’E), Thika (1°01°5, 37°06’E), and
Yeemulwa (1°53'5, 37°47°E). Fruits were grown conventionally using recommended integrated crop
management programmes. Unless otherwise specified, fruits were harvested at commercial
maturity and processed within two days.

4.2, Quantifying Russeting

To quantify russeting, fruits were peeled, and the peels were flattened on a glass plate. Russeted
areas were painted with blue acrylic paint using a soft hair brush to enhance contrast. The flattened
peels were photographed under standardised conditions with a digital camera (Lumix DMC-G80;
Panasonic Corporation, Osaka, Japan) fitted with a macro lens (Olympus M. Zuiko Digital 60 mm;
Olympus Corporation, Tokyo, Japan). A ruler was included in each image for scaling. Total fruit
surface area and the areas with and without russet were quantified using image processing software
(Image] 1.52F; National Health Institute, Bethesda, MD, USA). This method provided a precise and
objective assessment of the severity of russet. For routine analyses, a five-score rating scheme was
developed. Scores were () for (% of the fruit surface area russeted, 1 for 1-10% of russeted area, 2 for
11-25% of russeted area, 3 for 26-5(0% of russeted area, and 4 for 51-100% of russeted area.

Russeted fruit surfaces were also examined by light microscopy. Microscopic cracks
(“microcracks”) on the fruit surface were identified following immersion of whole fruits in 0.1%
(w/w) aqueous acridine orange (Carl Roth, Karlsruhe, Germany) for 10 min. Fruits were then rinsed
with deionised water (30 s) and blotted dry using soft tissue paper. The fruit surface was then
inspected under incident white and UV light using a fluorescence binocular microscope (Leica
MZ10F with filter GFP plus 480440 nm excitation, 2510 nm emission; Leica Microsystems GmbH,
Wetzlar, Germany). Calibrated digital photographs were taken (Olympus DP71; Olympus Europa
Holding GmbH, Hamburg, Germany) and then analysed using image processing software (cellSens
version 1.7.1.; Olympus).

4.3. Histology

Tissue blocks (5 * 2 mm) of the skin of mature fruit were excised using a razor blade and fixed
in Karnovsky solution [39] until use. The fruit were selected to express a range of severities of russet.
Prior to sectioning, the blocks were rinsed with deionised water and placed in 70% ethanol in plastic
cassettes overnight (PrintMate biopsy Cassetes; Thermo Fisher Scientific, Kalamazoo, MI, USA).
Samples were embedded and dehydrated as described before [40]. Briefly, tissue blocks were
dehydrated in an ascending series of alcohol (70, 80, 90, and 96% v/v ethanol and 100% isopropanol).
Thereafter, the blocks were dipped in xylol and then in a 1:1 v/v paraffin-xylol mixture before
embedding in hot paraffin wax. The embedded tissue blocks were then cooled on ice and stored at 4
°C until use. Sections (10 pm thick) were cut with a microtome (Zeiss Hyrax M55; Carl Zeiss
Microlmaging, Jena, Germany). The sections were relaxed on the surface of a warm water bath (40
°C), mounted on glass slides, and dried overnight at 40 "C. To remove the paraffin, the sections were
washed in xylol, then rehydrated in aqueous ethanol solutions of decreasing concentration (96—60"%
v/v) and finally in deionised water. Staining was done for 6 min using 0.005% (w/v) fluorol yellow
088 (Santa Cruz Biotechnology, Dallas, TX, USA) dissolved in 50% w/v PEG 4000 (SEEVA
Electrophoresis, Heidelberg, Germany) and 45% o/v glycerol. The sections were rinsed with
deionised water and viewed under incident bright and incident fluorescent light (filter module
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U-MWU 330-385 nm excitation wavelength, 2420 nm emission wavelength; Olympus) using a
fluorescence microscope (BX-60; Olympus). Calibrated images were taken (DP 73; Olympus).

4.4. Experiments

4.4.1. Developmental Time Course

The developmental time courses of fruit growth and russeting were established. Five fruitlets
per tree from a total of five trees were selected and tagged in a commercial orchard in Machakos
County. Fruit were photographed (Lumix DMC-G80; Panasonic) every 14 to 21 days between 100 to
219 days after full bloom (DAFB). A ruler was included in each photograph for calibration. Fruit
length and two orthogonal equatorial diameters were measured by image analysis (Image] 1.52F;
National Health Institute). Fruit surface area was calculated from mean diameter assuming the fruit
shape of a sphere as a first approximation (4 = 4mr?). The rate of increase in surface area (cm? d-)
was calculated as the increase in surface area in a time interval divided by the duration of the
interval. The russeted area was estimated from the percentage of russeted area on virtual circular
epidermal sections of about 2.5 to 3.0 cm diameter of the cheek. This region exhibited minimum
curvature, and the skin section was approximately planar. The russeted area was quantified by
image analysis (Image] 1.52P; National Health Institute). The mass of 15 fruits picked at random on
each sampling date was determined.

4.4.2. Effect of Region of the Fruit Surface

To quantify the distribution of russet along the stem/apex axis of the fruit, fresh fruit were
selected with russet incidence ranging from a score of 1 to 4. The fruits were sliced into four regions
perpendicular to the stem/apex axis representing the stem end, the basal cheek, the apical cheek, and
the apex (Figure 7). These regions were further partitioned into the ventral and the dorsal sides or
the blushed and the non-blushed sides of the fruit. The ventral side refers to the cheek on the side of
the stylar scar, the dorsal side to the opposite side. The blushed side refers to the side that was
exposed to sunlight and developed a red/orange colouration. The non-blushed side refers to the side
opposite the blushed side. Russeting was quantified in the different regions on a total of 18 fruit
using image analysis (Image] 1.52P; National Health Institute).

Stem
Stem end
_ Basal cheek
g 3
[ -
2 8
Apical cheek
Apex
Beak with
stylar scar

Figure 7. Photograph of ‘Apple’ mango and sketch illustrating the nomenclature used to describe
regions of the fruit surface [41].

Potential differences in the severity of russeting between the ventral and the dorsal sides of the
same fruit were investigated. A minimum of 200 fruits per site were rated for russeting using the
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rating scheme described above. The analysis was carried out at Kaiti (1468 m), Mumbuni (1240 m)
and Yeemulwa (1013 m}. These sites were selected because they differ significantly in elevation.

4.4.3. Distribution of Russeted Fruit within the Canopy

The distribution of russeted fruit within the canopy was determined on a minimum of 200 fruits
per site using the rating scheme described above. The three sites were Kaiti, Mumbuni, and
Yeemulwa. Mature fruits located either in the periphery of the canopy (exposed) or in the centre of
the canopy (shaded) were inspected and rated. In a second experiment, the role of the height of the
fruit in the canopy was investigated. Here, fruits from the top (over 2 m above the ground), the
middle (1-2 m}), and the bottom (0.5-1 m) layers of the canopy were rated. Fruits below 0.5 m from
the ground were excluded.

To test the effect of tree orientation, fruits exposed from north, south, east, and west quadrants
of the canopy were selected, inspected, and rated for russeting, as described above.

4.4.4. Effect of Orchard 5ite on Russeting

To establish potential relationships between russeting and climatic conditions, mature fruits
were selected from ten different sites. Fruit were inspected and rated for russeting using the scheme
described abowve. The sites were: Thika, Machakos, Yeemulwa, Mumbuni, Kaiti, Malindi, Garissa,
Kasafari, Kambirwa, and Chepsigot. The altitude of these sites was determined using Google Earth
(Version 9.3.109.1, Google LLC, Mountain View, CA, USA). Daily rainfall, relative humidity, and
daily minimum, mean, and maximum temperatures during the growing season were obtained from
the website of the NASA Langley Research Center (LaRC) POWER Project funded through the
MNASA Earth Science/Applied Science Program (MASA Langley Research Center, Hampton, VA,
USA). Potential relationships between russet scores and climatic variables were investigated using
correlation and regression analyses. Heat sums were calculated using a base temperature of 16 “C
[42].

4.4.5. Transpiration

The effect of russet on postharvest water vapour loss was investigated on intact mature fruits
with and without russet. Since it was impossible to identify a sufficient number of fruits with 0%
russet (score 0), fruits with less than 10% russet (score 1) were included in the category of
non-russeted fruit. The russeted category had a russet score of 3—4. Fruit heights and diameters were
measured using digital callipers (CD-30PK; Mitutoyo, Kawasaki/Kanagawa, Japan). The stem end
was sealed with silicone rubber (Dow Coming SE 9186; Dow Corning Corp, Midland, MI, USA).
Fruits were incubated in a polyethylene (PE) box containing a saturated slurry of NaCl generating a
relative humidity of about 75% (equivalent to 14.6 g m™ at 22 “C; [43]). Fruit were weighed (Sartorius
Pro 32/34F micro scales, Sartorious AG, Gottingen, Germany ) every 24 h for 96 h. The rate of water
loss (F, g h™') was calculated from the slope of a linear regression line fitted through a plot of water
loss (g) against time (h) on an individual fruit basis.

Epidermal skin segments (ES) were excised from russeted and non-russeted regions of the fruit
surface using a biopsy punch (10 mm diameter) (Kai Europe, Solingen, Germany). The cut surface of
the ES was blotted dry. The ES were mounted in custom made stainless steel diffusion cells using
high-vacuum grease (Korasilon-I"aste; Kurt Obermeier GmbH & Co. KG, Bad Berleburg, Germany)
such that the outer surfaces with the cuticle were exposed in the 7 mm orifices. Diffusion cells were
filled with deionised water through a hole in the base. This hole and the gap between the bottom and
the top of the diffusion cells were subsequently sealed using clear transparent tape (Tesa Film®;
Tesa-Werke Offenburg GmbH, Offenburg, Germany). The cells were turned upside down and left
overnight to equilibrate. The next morning, the diffusion cells were weighed and placed in a PE box
above dry silica gel. The cells were repeatedly weighed on a digital analytical balance (Pioneer TM,
OHAUS Europe GmbH, Nanikon, Switzerland) every 2 h for 8 h. The rate of water loss was
calculated as described above. The permeance (I, m s') of the ES to water vapour loss was
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calculated from P = F/(A - AC). In this equation, A (m?) is the area of the orifice of the diffusion cell.
Water vapour concentration (Ci) inside the fruit/diffusion cell was essentally saturated (19.44 g m~
at 22 °C; [44]), while Co above dry silica gel was practically zero [45]. The experiment was conducted
with 12 replications.

4.5. Data Analyses and Presentation

Data are presented as means and standard errors, except for individual observations. Where
error bars are not visible, they are smaller than the data symbols. Data were analysed using analysis
of variance, correlation, and regression analyses. Means were compared using Tukey's studentised
test (p = 005, package multcomp 1.3-1, procedure glht, R version 3.6.3; R Foundation for Statistical
Computing, Vienna, Austria). Regression analyses were carried out using R (version 3.6.3; R
Foundation for Statistical Computing) and SigmaPlot (version 12.5; Systat Software, San Jose, CA,
USA). SigmaPlot (version 12.5; Systat Software). Significance of coefficients of determination (r*) at p
=0.05, 0.01 and 0.001 are indicated by *, ** and ***, respectively.
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Low cuticle deposition rate in ‘Apple’ mango
increases elastic strain, weakens the cuticle
and increases russet
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Abstract

Russeting compromises appearance and downgrades the market value of many fruitcrops,
including of the mango cv. ‘Apple’. The objective was to identify the mechanistic basis of
‘Apple’ mango'’s high susceptibility to russeting. We focused on fruit growth, cuticle deposi-
tion, stress/strain relaxation analysis and the mechanical properties of the cuticle. The non-
susceptible mango cv. ‘Tommy Atkins’ served for comparison. Compared with Tommy
Atkins’, fruit of ‘Apple’ had a lower mass, a smaller surface area and a lower growth rate.
There were little differences between the epidermal and hypodermal cells of ‘Apple’ and
‘Tommy Atkins’ including cell size, cell orientation and cell number. Lenticel density
decreased during development, being lower in *Apple’ than in “Tommy Atkins’. The mean
lenticel area increased during development but was consistently greater in “Apple’ than in
‘Tommy Atkins’. The deposition rate of the cuticular membrane was initially rapid but later
slowed till it matched the area expansion rate, thereafter mass per unit area was effectively
constant. The cuticle of ‘Apple’ is thinner than that of Tommy Atkins'. Cumulative strain
increased sigmoidally with fruit growth. Strains released stepwise on excision and isolation
(Eaycsiso), @and on wax extraction (g.,4,) were higher in ‘Apple’ than in “Tommy Atkins’. Mem-
brane stiffness increased during development being consistently lower in ‘Apple’ than in
‘Tommy Atkins’. Membrane fracture force (F..a) Was low and constant in developing ‘Apple’
but increased in “Tommy Atkin’. Membrane strain at fracture (£,,,,) decreased linearly during
development but was lower in ‘Apple’ than in “Tommy Atkins’. Frequency of membrane fail-
ure associated with lenticels increased during development and was consistently higher in
‘Apple’ than in “Tommy Atkins'. The lower rate of cuticular deposition, the higher strain
releases on excision, isolation and wax extraction and the weaker cuticle account for the
high russet susceptibility of ‘Apple’ mango.

Introduction

Russeting of the skin compromises the appearance of many truitcrop species, including of
mango. Although the problem is mostly cosmetic, russeted truits are usually excluded from
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high-end and export markets because of their unattractive, blotchy, dull-brown, appearance.
Microscopic cracks (microcracks) in the cuticle are the first microscopic signs of russeting.
Microcracks impair the barrier function of the cuticle. The consequences are: (1) an increased
incidence of fruit rots [1] and (2) an unrestricted water movement into [2] and out of the fruit
[3, 4]. Unrestricted water ingress can lead to bursting of epidermal cells and, eventually, to
skin macrocracks that propagate deep into the tlesh. Unrestricted water egress leads to
increased postharvest water (weight) loss and, eventually, to skin shrivel. In a healthy growing
fruit, the cuticle’s impaired barrier tunction, initiates the ditferentiation of a periderm which
partially or wholly restores the barrier functions of the fruit skin. The first stage in the develop-
ment of a periderm is for the cells of the hypodermis to become meristematic (a phellogen),
these dividing cells then form stacks of waterproot (suberized) cork cells (the phellem). It is the
suberized cell walls of the phellem that are responsible tor the rough, dull-brown appearance
of a russeted fruit.

The development of russeting is triggered by environmental factors including surface mois-
ture and high humidity [4-6]. Large difterences in susceptibility to russeting occur between
species and, within species, between cultivars. Among Kenyan mango cultivars, cv. “Apple’ is
highly susceptible to russeting, whereas cv. “Tommy Atkins’ is not. Due to its unattractive rus-
seted appearance, the marketing of “Apple’ mango can be ditficult.

Stress/strain relaxation analysis of the truit skin is a tool that provides usetul insight into the
causal relationships underlying the formation of microcracks [7]. In this analysis, stress is
removed stepwise, while the resulting strain releases are monitored [8]. The total area strain
(£,01a1) represents the increase in surface area during fruit growth. This is partitioned into vari-
ous component strains by stepwise removal of the stresses and monitoring the resulting strain
releases. The component stresses leading to £,,,,, include the strain released on excision of an
epidermal segment (e, ), the strain released on (enzymatic) isolation of the cuticle (£,,,) and
that released on extraction of the cuticular wax (£cx,). The remaining or residual strain (£yc4)
may be calculated as the ditference between the £,,,,; minus the sum of £, £,,, and £,. The
residual strain £, is irreversible, and it remains associated with the extracted cuticular mem-
brane. In general, the buildup of elastic strain is considered not to be critical, provided the
overall thinning of the cutin matrix is prevented by the continuous deposition of new cutin
beneath it, and of wax within it, as its area expands.

The objective of this work was to understand the basis for the high susceptibility ot “Apple’
mangoes to russeting. A better understanding is helptul in developing suitable countermea-
sures to reduce or prevent russeting in this cultivar. We focus on fruit growth, skin anatomy,
cuticle deposition, stress/strain relaxation analysis and the mechanical properties of the cuticle.
The russeting non-susceptible mango cultivar “Tommy Atkins’ served for comparison.

Materials and methods
Plant materials

“‘Apple’ and “Tommy Atkins’ mangoes (Mangifera indica L.) were gratted on local, unclassified
rootstocks. Fruit were harvested from a commercial orchard located in Mwala, Kenya (17197,
37°26'E). The orchard was managed conventionally using local integrated crop management
programs. Permission to sample fruit was given by the owner of the orchard Mr. and Mrs.

Musyoka.

Fruit growth

The time course of fruit growth was established first. Fruits were sampled every 1-3 weeks
from 41 to 159 days atter tull bloom (DAFB). Fruits were weighed (Sartorius Pro 32/34F micro
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scales, Sartorious AG, Gittingen, Germany) and their length, and two orthogonal diameters
were measured using calipers (CD-30PK; Mitutoyo, Kawasaki/Kanagawa, Japan). Fruit surtace
area was calculated assuming spherical shape. A sigmoid regression model was fitted through a
plot of surface area vs. time. From this model, the rate of surface area growth (cm* d™') was cal-
culated trom the first derivative.

The relationships between fruit diameter, fruit surface area and fruit mass were established.
Brietly, three fruit per cultivar were sampled every 2 to 3 weeks and weighed (Sartorius Pro 32/
34F). Calibrated digital photographs were taken tfrom two orthogonal aspects (Lumix
DMC-G80; Panasonic Corporation, Osaka, Japan). The three orthogonal truit diameters were
quantitied using image analysis (Image] 1.53P; National Health Institute, Bethesda, MD,
USA). Fruit were then peeled, the peels tlattened between two glass plates and digital photo-
graphs taken (Lumix DMC-G80; Panasonic Corporation). Peel area was quantified using
image analysis (Image] 1.53P).

To obtain information on the spatial distribution of the skin area increase over the whole
fruit surface, a set of fruit was tagged. A square pattern of four dots ot a non-phytotoxic white
silicon rubber (RTV 744; Dow Corning, Midland, MI, USA) was printed in five ditferent
regions on the fruit surtace. The regions were: stem end, cheek, apex, back and nak (see Fig 1).
The dot pattern was photographed at regular intervals (Lumix DMC-G80; Panasonic) and the
arca ‘enclosed’ by the dots quantified (Image] 1.53P). When necessary, dots were reapplied.
We calculated the relative area growth rate (cm” d"') from a sigmoid curve fitted through a
plot of ‘enclosed’ surtace area vs. time for each region.

Anatomy

Tissue blocks were excised trom the truit skin and the outer flesh, and incubated in Karnovsky
fixative. These were stored in a cold room until use [9]. For processing, blocks were removed

Cheek Nak region

Nak
Apex

Fig 1. Sketch of mango fruit showing the different regions of the fruit surface sampled. These regions include stem
end, cheek, apex, back and nak.

https//doi.org/10.1371/journal. pone.0258521.g001
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tfrom Karnovsky solution and thoroughly rinsed with deionized water. Thin cross-sections of
skin tissue were made in tangential periclinal direction in the cheek region of the fruit. The
sections were stained for 5-8 min using 0.1% w/v calcotluor white (fluorescence brightener 28;
Sigma-Aldrich Chemie, Munich, Germany), mounted on a microscope slide and transterred
to the stage of a tluorescence microscope (BX-60; Olympus Europa Holding GmbH, Hamburg,
Germany). Sections were examined under ultraviolet (UV) light (filter U-MWU 330-385 nm
excitation, >420 nm emission; Olympus Europa) and calibrated images taken at x20 magnifi-
cation using a digital camera (DP73, Olympus Europa). The number of cells and cell dimen-
sions (periclinal and anticlinal diameters) of the epidermal and three hypodermal cell layers
were measured. Preliminary investigations established that epidermal and hypodermal cells
are isodiametric in the tangential plane of the fruit as indexed by the absence of significant dif-
ferences in their periclinal cell dimensions. There was no clear layering ot hypodermal cells in
cither cultivar. We therefore measured the dimensions of all cells in each image (image size
349 x 262 um) at 30, 50 and 70 pum depths trom the surtace of the cuticle. The periclinal area of
a cell was calculated as the square of the cell’s periclinal diameter, the cell’s anticlinal aspect
ratio as cell anticlinal diameter divided by the cell periclinal diameter. The number of cells per
unit fruit surface area was counted.

Lenticel density and area determination

The epidermal segments (ES) were excised from the stem end, cheek, apex, back and nak
regions using a biopsy punch (8 mm diameter). The ES were photographed (Lumix
DMC-G80; Panasonic) and the number of lenticels per disc counted (Image] 1.53P). Lenticel
density was established by dividing the number of lenticels per ES by the area of the ES. The
number of replicates was 30.

The areas of individual lenticels were quantified using enzymatically isolated cuticles. Lenti-
cels were viewed under bright incident light using a binocular microscope (Leica MZ10F;
Leica Microsystems, Wetzlar, Germany). Calibrated digital photographs were taken (Olympus
DP 71; Olympus Europa). The areas of three to four lenticels per CM were measured using
image analysis (cellSens version 1.7.1.; Olympus Europa). The number of replicates was 60 len-
ticels from 10 fruits.

Cuticle deposition

Cuticles were isolated enzymatically. Brietly, ES were excised from the cheek region using a
biopsy punch (8 or 10 mm diameter; Kai Europe, Solingen, Germany) at regular time inter-
vals. The ES were incubated in an isolation medium containing pectinase (90 ml I''; Panzym
Super E tliissig, Novozymes A/S, Krogshoejvej, Bagsvaerd, Denmark), cellulase (5 ml1; Cel-
lubrix L; Novozymes A/S) [10]. The pH was adjusted to 4.0 using NaOH. NaN; was added at
a final concentration of 30 mM to suppress microbial growth. The solution was refreshed
regularly until the cuticular membrane (CM) separated from adhering cellular debris. The
CM were cleaned using a camel-hair brush, then rinsed at least 5-times using deionized
water.

For mass determination, CMs were dried at 40°C (Memmert 100-800; Memmert, Schwa-
bach, Germany) and then weighed (CPA2P; Sartorius). Wax was extracted in a Soxhlet appara-
tus using chloroform: methanol (1:1 v/v CHCls/MeOH) for a minimum of 2 h. The dewaxed
cuticular membranes (DCMs) were dried overnight at 40°C (Memmert 100-800) and
weighed. The CM, DCM and wax masses per unit area were calculated. The number of repli-
cates was 10-20.
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Quantifying the areas of ES, CM and DCM

The ES were photographed (Lumix DMC-G80; Panasonic) and their areas quantified by image
analysis (Image] 1.53P). Following enzymatic isolation, the tully-hydrated CMs were again
photographed using a binocular microscope (Wild M10; Leica Microsysteme; camera DP71,
Olympus Europa). Betore dewaxing, a square pattern of holes was punched into the center of
each CM disc and the hole pattern photographed. This was necessary because the DCMs
curled up tollowing extraction and it became impossible to flatten them. Two orthogonal
diameters were measured on each ES or CM disc. For the DCM discs the areas enclosed by the
hole patterns were calculated.

Calculating apparent and cumulative strains

The developmental time course of change in apparent (¢, %) and cumulative (g, mm*mm)
strain of the skin was calculated as the strain released upon excision, and upon isolation, and
upon wax extraction [7]. The apparent strains released after excision and isolation of the CM

(!,...,.) and that released atter dewaxing (¢ ) were calculated using Eq 1 and Eq 2 respec-
tively:
A _ A Ao 0 (1)
bCM
and
£y = ""70'14;:%' x 100 (2)

In these equations, A’ represents the area of the skin disc before excision; AL, is the area of
the isolated CM disc and A, ., is the area of an entire DCM disc. The latter was calculated
from the square pattern of holes in the DCM. The sum ot both these strains represents the
total apparent strain (] ). As pointed out earlier, the area of the extracted CM disc at the par-
ticular time ot sampling (t = i) serves as the basis of the calculation ot apparent strains [7]. Any
irreversible strain(s) that occur during growth of the carpel to the fruitlet at the time of sam-
pling and that remain associated with the extracted CM discs are not accounted tor.

These pitfalls are avoided when calculating the absolute cumulative strain (e, mm*mm?) of
developing truit [7]. Here the increase in fruit surtace area with time is accounted for. In this
analysis, the total cumulative strain (£,.1) is partitioned into several component strains. The
total cumulative strain (g,..,) at time f = i was estimated as the change in surface area (AA") rel-
ative to the initial surface area (4,) at time t = 0 (Eq 3). As discussed earlier [7], it is impractical
to define the starting surface area and time ab initio (i.c., the ditferentiation of the carpel within
a bud). We theretore defined the surface area at the time of initiation A, somewhat arbitrarily
as about 1 cm” and calculated the total cumulative strain from Eq 3 [7].

Al — Ay
Eiotal A:) [3}

In this equation, A}, represents the truit surface area at a particular sampling time (f = 7).

The cumulative strains released atter excision and CM isolation (£, ;.,) and after dewax-
Ing (£ex) were calculated as the difterences in areas of the ES disc betore excision (A", and of
the isolated CM (Acyy), and of the extracted DCM (Apcy) (Eqs 4 and 5). Thus, A' equals the
cross-sectional area of the biopsy punch corrected for fruit curvature. The Ay, and Ay
were determined at each sampling time and then calculated as the Ay and Apcay on a whole-
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fruit basis at a particular time (¢ = i). This calculation assumes the amount of strain release is
uniform across the entire fruit surtace.

i —A
£'cxc+'m:t = MlA = [4}
]

£y = M TpcM (5)

The strain that remains after dewaxing (e, ..;4) is tixed mostly by the cutin matrix and is cal-
culated trom Eq 6 as follows:

ADC\( — AI]
U —— 6
£-usld Au [ }

As explained earlier [7], the total cumulative strain (£,,,,;) represents the sum of these indi-
vidual component strains because all were calculated relative to the same base (A,) (Eq 7):

Erotal = Eexciso + Eeur + Eresia- [?}

Of the three component strains, £y, and £,..;4 represent the plastic strain (£pj40;c), whereas
the £,y ., 15 the elastic strain.

Uniaxial tensile tests

Strips (5 mm wide) were excised trom the CM isolated between 55 and 159 DAFB using paral-
lel-mounted razor blades. Strips were mounted in a cardboard frame made trom masking tape
to prevent unintentional strain during handling. Strips were hydrated overnight by incubation
in deionized water. Thereatter, strips were mounted in a universal material testing machine
(clamping distance Iy = 10 mm) (Z 0.5; Zwick/Roell, Ulm, Germany) equipped with a 10 N
torce transducer (KAP-TC; Zwick/Roell). Frames were cut open and the test initiated at a
strain rate of 0.25 mm min ",

Stittness (S) was calculated as the maximum slope of the torce (F, N) vs. strain (&,qn.1c %)
diagram. Uniaxial strain was calculated as the ratio of the applied strain (Al) divided by the
length of the relaxed sample, i.e., the clamping distance I, (mm) and multiplied by 100. The
maximum force (F,,,,) and maximum strain (g,,,,,, %) represent the force and strain recorded
at failure. Following testing, the fracture site was inspected on each specimen to identity
whether or not the fracture was associated with a lenticel.

Data analysis and presentation

Data are presented as means and standard errors (SE). Where not visible, the SEs are smaller
than the data symbols. Data were analyzed using analysis of variance with R statistical software
(R version 4.0.3; R Foundation for Statistical Computing, Vienna, Austria) and SAS (SAS Insti-
tute, Cary, NC, USA). Means were separated using Turkey’s studentized range test (o = 0.05).
Regression analyses were conducted in R (R version 4.0.3) and Sigma Plot (version 12.5; Systat
Sottware, San Jose, CA, USA). Significances of regression equations at the 5, 1 and 0.1% levels
are indicated by *, ** and ***, respectively.

Results

Fruit mass and surface area increased with time in a sigmoid pattern in both cultivars (Fig 2A
and 2B). Fruits of “Apple’ had lower masses, lower surface areas and lower growth rates than
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Fig 2. Time course of change in mass (A), calculated surface area (B) and growth rate (C) of ‘Apple’ and “Tommy
Atkins’ mango. Inset in B: Plot of measured and calculated surface area of the fruit peel. The area was calculated
assuming a spheroid shape. The x-axis scale is in days after full bloom (DAFB). Arrows indicate the sampling dates for
histological examination. Data represent means + SE. The number of individual fruit replicates was 10-20.

https2//doi.org/10.1371/journal.pone.0258521.g002
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fruits of “Tommy Atkins’ (Fig 2A). In ‘Apple’, the area growth rate was at maximum of 3.03
cm® d™' at 94 DAFB. On the other hand, ‘Tommy Atkins” had a maximum growth rate of 3.85
cm?®d! at about 103 DAFB (Fig 2C). There was a strong linear, positive correlation (r* =
0.98"**) between fruit surtace area measured on excised peels and that calculated from fruit
dimensions (Fig 2B, inset).

The growths in the different regions of the fruit surface measured using the dot pattern also
increased with time in a sigmoid pattern (Fig 3A and 3B). There were no significant difterences
in cumulative increases in surface area or in growth rates between these regions in either culti-
var, during early fruit development (Fig 3).

Periclinal diameters ot epidermal and hypodermal cells increased with development,
whereas the anticlinal diameter of epidermal cells decreased in both cultivars. The anticlinal
diameters of hypodermal cells in ‘Apple’ remained unchanged, but increased in ‘“Tommy
Atkins’ (Fig 4A and 4B). Epidermal cells were smaller than hypodermal cells. There was little
ditference in the dimensions of epidermal cells between ‘Apple’ and “Tommy Atkins’, but
hypodermal cells had larger periclinal diameters in “Tommy Atkins’ than in ‘Apple’ (Fig 4A
and 4B). Epidermal cells had markedly smaller periclinal areas than the hypodermal cells.
There was little difterence between the two cultivars. Periclinal areas of hypodermal cells
increased in a sigmoid pattern with time. They were smaller in ‘Apple’ than in ‘“Tommy Atkins’

(Fig 4C and 4D). Epidermal cells changed their anticlinal aspect ratios from ‘portrait’ to
‘square’ in both ‘Apple’ and “Tommy Atkins’. Compared to the epidermal cells, the change in
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Fig 3. Time course of change in area (A,B) and growth rate (C,D) of selected regions of the fruit surface of ‘Apple’ (A,C) and “Tommy Atkins’
(B,D) mango. A square pattern of dots of white silicon rubber was printed in the stem end, the cheek, the apex, the back or the nak region of
the truit surface at 41 days after tull bloom (DAFB) and the expansion of the dot pattern monitored. For location of the regions on the fruit
surface see Fig 1. Data represent means + SE. The number of replicates was 16-30.

https://doi.org/10.1371/journal pone.0258521.g003
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https://doi.org/10.1371/journal.pone.0258521.g004
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Table 1. Lenticel density established from epidermal section of ‘Apple’ and “Tommy Atkins’ mango fruit skin.

Cultivar Time (DAFB) ' Lenticel density (No. mm?) ) )
| Apex Cheek | Stem End | Back Nak Mean ¢yyivar
Apple 78 045+0.02c¢* 0.18+0.01a 026 +0.02b 025+ 0.02b 0.14£0.01a 0.26 + 0.01
107 031+002d 0.08+£0.01a 0.24+0.01 ¢ 0.16 £ 0.01 b 0.09+0.01a 0.18 £ 0.01
152 0.28 +0.01d 0.04£0.00a 0.19+0.01 ¢ | 010+ 0.01b 0.09 £ 0.01 b 0.14 £ 0.01
Tommy Atkins 78 1.05+0.06 ¢ 0.38+£0.02a 037 £+0.03a 0.62+0.05b 0.64 £ 0.05b 0.62 + 0.03
107 1073+ 0.04¢ 024+002a | 023+0.01a 0.35+0.02b 0.30 £ 0.02 ab 037 £0.02
152 1040+ 0.03b 0.15+001a | 021+0.02a | 0.18+001a 0.18£0.01a 0.23 £0.01
Mean gegion "Apple’ 0.35+ 0.01 0.10 £ 0.01 0.23 + 0.01 0.18 £ 0.01 0.11 £ 0.01 0.19 £ 0.01
Mean pegion Tommy Atkins' 0.73 £ 0.02 0.26 £ 0.02 0.27 +£0.02 | 0.38 + 0.02 0.38 £ 0.02 0.40 £ 0.01
Mean gegion 0.54 + 0.01 0.18 £ 0.01 0.25 + 0.01 0.28 + 0.01 0.24 £ 0.01

The ES were excised from the apex, cheek, stem end, back and nak regions of the same fruits at 78, 107 or 152 days after full bloom (DAFB). Data presented as
means + SE. The number of replicates was 30.

* Main effect of cultivar, time (DAFB) and fruit region and their interaction significant in a three factorial ANOVA. Means therefore compared across the regions at

each time (DAFB) and for each cultivar. Mean separation within rows by Tukey’s studentized range test, P < 0.05.

https://doi.org/10.1371/journal pone.0258521.t001

anticlinal aspect ratio of the hypodermal cells was much smaller. The hypodermal cells were
nearly isodiametric in the anticlinal plane during early development, but elongated to ‘land-
scape’ towards maturity (Fig 4E and 4F). There was no signiticant ditterence in cell number
per unit surface area between ‘Apple’ and ‘Tommy Atkins’ (Fig 4G and 4H).

Lenticel density decreased with time during development and was generally lower in
‘Apple’ than in “Tommy Atkins’ (Table 1). In both cultivars, the apex had the highest lenticel
density while the cheek had the lowest (Table 1). The area per lenticel increased linearly during
development (Fig 5). Fruits of ‘Apple’ mango consistently had larger lenticels than “Tommy
Atkins’.
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Fig 5. Developmental time course of change in area of lenticels in the cheek region of ‘Apple’ and “Tommy Atkins’
mango. The x-axis scale is in days after full bloom (DAFB). Data represent means + SE. The number of replicates was
60 lenticels.

https//doi.org/10.1371/journal pone.0258521.g005
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Fig 6. Developmental time course of change in mass of cuticular membrane (CM), dewaxed CM (DCM) and wax of ‘Apple’ (A) and ‘Tommy
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calculated as the first derivative of a regression equation fitted through a plot of CM, DCM or wax mass vs. time. The x-axis scale is in days
after full bloom (DAFB). Data in Fig 6A and 6B represent means + SE. The number of replicates was 33-35.

https://doi.org/10.1371/joumnal.pone.0258521.g006

The deposition of CM and DCM was rapid during early development as indexed by a
marked increase in mass per unit area. From about 69 DAFB (‘Apple’) and 83 DAFB (‘Tommy
Atkins’) onwards, the mass ot the CM and DCM per unit area remained constant indicating
that the rate of deposition kept pace with surtace area expansion (Fig 6A and 6B). The mass of
wax per unit area increased slightly during development in both cultivars indicating that the
wax deposition rate slightly exceeded that required to compensate for area expansion (Fig 6).
In both cultivars, the rates of CM and DCM deposition decreased rapidly during early devel-
opment but remained constant thereatter (Fig 6C and 6D).

In both cultivars, the apparent strains released on excision and isolation (£, ) and those
released on wax extraction (¢/ ) increased as fruit surface area increased, particularly from 69
DAFB onwards when the fruit surface area began to increase rapidly. Up to 69 DAFB, £/
tended to be larger than £/ in both cultivars (Fig 7). However, during later development,
£l .. generally exceeded £/ (Fig 7). At maturity, the sum of the two (e . _..) was signifi-
cantly greater in “Apple’ (28.9 £ 1.1%) than in “Tommy Atkins’ (24.9 + 1.1%) (Fig 7).

Cumulative strain increased with fruit growth in a sigmoid pattern. In ‘Apple’ and ‘Tommy
Atkins’, £, accounted for most of the total cumulative strain (€yo1a1) (Fig 8). The contribu-
tions to £, of strain due to excision and isolation (£, ;..), to wax extraction (£.,) and their
SUM (€ cxciisoscxtr) Were significantly lower than the £,q (Fig 8).

Plotting £cxc.isor Ecxtrs Ercsid AN Eplastic VS. Eroral revealed biphasic relationships for £cxc.ico
and £y Vs. £14a1, but linear relationships for £, 4 and £pjaqic V8. £4oa1 (Fig 9). Initially, £eecyiso
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https://doi.org/10.1371/journal.pone.0258521.g007

and £, increased slowly with £,,..1. Beyond a breakpoint at £,,. about 70, the slope increased
and £, and £, increased more rapidly. The increases were higher in ‘Apple’ than in
“Tommy Atkins’ (Fig 9A and 9B). In contrast, £, 4 increased linearly with £, and accounted
for most of £yuea in both cultivars (Fig 9C and 9D).

Stittness (S) ot the CMs increased during development but was consistently lower in ‘Apple’
than in “Tommy Atkins’ (Fig 10A). There was no significant change in the tracture force
(Fimax) in “Apple’ during development, but F.p,.x in “Tommy Atkins’ increased up to about 83
DAFB (Fig 10B). The value of F,,,, was significantly lower in ‘Apple’ than in “Tommy Atkins’
(Fig 10B). The strain at fracture (e,,,,) decreased linearly with development. The value of £,
was lower in “Apple’ than in “Tommy Atkins’ (Fig 10C). The frequency of failure associated
with lenticels increased during development and was consistently higher in “Apple’ than in

“Tommy Atkins’ (Fig 10D).
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Fig 8. Developmental time course of change in total cumulative strain (£,,.), strain released upon excision and
isolation of the cuticular membrane (CM) (£, i;0), that released after the extraction of wax (£,.,), the sum of the two
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“Tommy Atkins' (B) mango. The total cumulative strain of the CM (£,,.,;) was estimated from the increase in surface
area with time. The x-axis scale is in days after full bloom (DAFB). Data represent means + SE. The number of
replicates was 10-20.

https://doi.org/10.1371/journal.pone.0258521.9008

Discussion

This discussion tocusses on (1) the relationship between fruit growth, cuticle deposition, and
stress/strain relaxation and (2) the mechanical characteristics of the cuticle and their relation-
ships to russet susceptibility.

Stress/Strain relaxation behavior of the cuticle reflects fruit growth and
cuticle deposition

The stress/strain relaxation analysis reveals several difterences between ‘Apple’ and “Tommy
Atkins’. First, total cumulative strain was greater in “Tommy Atkins’ due to its larger fruit and,
hence, greater fruit surface area (Figs 2 and 8). Second, the relationships between £, and
£iotal (Fig 9A) and between £y and €410 were biphasic in both cultivars (Fig 9B). During early
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development, there was little change in £, ., and £, as £, increased. The increase in
£1otal Was primarily accounted for by an irreversible increase in £rq4 (Fig 9C). Mechanically,
the increase in £, 4 resulted principally from a deposition of cutin. In Malus apple, the addi-
tion of cutin to the inner side (cell-wall side) of the cuticle on the expanding truit surface
resulted in the tixation of elastic strain and, thus, the development of a radial strain gradient
within the cuticle [11]. The incorporation of wax into the cutin network also causes a small
degree of ‘tixation’ of elastic strain (reversible) and, hence, also contributes to the plastic strain
(irreversible) [12]. Our results indicate the relationships earlier identitied in Malus apple, also
occur in ‘Apple’ and “Tommy Atkins’ mangoes. Here, the ongoing deposition of CM fixes the
reversible elastic strains by converting them into irreversible plastic strains in both ‘Apple’ and
‘Tommy Atkins’. Accordingly, when the rate of CM deposition decreased, approaching an
asymptote at 59 DAFB (*Apple’; Fig 6C) and 68 DAFB (‘Tommy Atkins’; Fig 6D), during the
second phase, £.,,;., and £, both increased at higher rates as £, also increased (Fig 9).
While, from a practical point of View, Eexciso 15 truly elastic and reversible, £.y, is a plastic
strain in the cuticle on an expanding surface. However, mechanically, this strain is also revers-
ible, since the strained cutin polymer relaxes when the wax that blocks the relaxation in vivo is
extracted in vitro. It is particularly interesting that the breakpoint in the above relationships
occurs earlier in “Apple’, as indexed by the lower £,,,,, than in “Tommy Atkins’ (Fig 9). This
observation is also consistent with the earlier breakpoint in CM deposition in ‘Apple’ as com-
pared to ‘Tommy Atkins'. Furthermore, for any given value of £,04), £cxcsiso and ey, Were con-
sistently higher in “Apple’ than in “Tommy Atkins’ (Fig 9). This is in line with the lower rate of
cutin deposition in “Apple’ than in “Tommy Atkins’ (Fig 6A and 6B). These arguments demon-
strate that growth and cuticle deposition are the primary determinants of cuticle stress and
strain. Both processes account for the ditterences between “Apple” and ‘Tommy Atkins’ identi-
fied in the stress/strain relaxation analysis.

The cuticle of ‘Apple’ is mechanically weaker than that of “Tommy Atkins’

Uniaxial tensile tests revealed that the CM of “Apple’ is mechanically weaker than that of
‘Tommy Atkins’ (Fig 10). Stiftness, F,,.. and £, in ‘Apple’ CMs are all significantly lower
than in “Tommy Atkins’ CMs. This implies that ‘Apple” CMs fracture at lower force and lower
strain than ‘“Tommy Atkins’. The lower cutin mass (Fig 6A and 6B), the larger lenticels (Fig 5),
and the greater strain release on excision ot the ES and on isolation of the CM (Figs 7 and 9A)
and on extraction of the CMs of “Apple’ (Figs 7 and 9B) may explain their relative weakness,
compared with the CMs of “Tommy Atkins’ [13]. In addition, the presence of lenticels may
also atfect the mechanical strength of the CM. Microcracks in the CM are almost always initi-
ated at a lenticel and these are more frequent in “Apple’ than ‘Tommy Atkins’ (Fig 5, Table 1).
Also, as fruit surface area increases, lenticel area also increases, while the number of lenticels
per unit area decreases (the total number of lenticels per truit being constant). The increase in
lenticel area occurs at a markedly higher rate in ‘Apple’ than in “Tommy Atkins’ (Fig 5). At
maturity, lenticel area was about three-times greater in *Apple’ than in “Tommy Atkins’. The
contribution of lenticels to the mechanical strength of mango skin is unknown. However, in
the skins of grapes, the lenticels represent points of stress concentration and, hence, of weak-
ness [14)]. Furthermore, in Malus apple the cuticle-periderm boundary is the weak link, often
causing skin strips to facture in this region when subjected to uniaxial tensile tests [15]. The
larger lenticels of “Apple” mango also imply a larger cuticle-periderm boundary and hence, a
weaker skin. We observed cracking across or around lenticels in 70% and 59% of the CM strips
of ‘Apple’ and ‘“Tommy Atkins’, respectively (data not presented). This is consistent with the
above hypothesis. Mechanically, the increase in area per lenticel in *Apple’ mango may also be
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interpreted as a mechanically weak periderm of the lenticel, that fails continuously during fruit
expansion, thereby triggering a continuous formation of periderm.

The size, orientations and number of epidermal and hypodermal cells were generally simi-
lar in “Apple’ and ‘Tommy Atkins’ mangoes (Fig 4). In Malus apples, the more russet-resistant
cultivars are characterized by having smaller and more compactly arranged epidermal and
hypodermal cells [16]. Furthermore, the russet-resistant apple cultivars had smaller cells that
were less variable in size than those of the more russet-susceptible cultivars [17]. However,
there were no comparable and consistent differences between “Apple’ and “Tommy Atkins’
mangoes.

Lower rates of CM deposition and larger lenticels therefore predispose the ‘Apple’ mango
skin to tracture when subjected to strain induced by normal growth, thereby accounting for its
higher susceptibility to russeting. The cuticular fractures impair the barrier properties of the
skin and trigger the formation of a periderm. This sequence of events is consistent also with
the initiation of russeting at lenticels and the exacerbating ettects of surface moisture on russet-
ing in ‘Apple’ mango [3]. ‘Apple’ mango is not unique in this respect. Similar relationships
have been identitied in Malus apple [18-20]. Unlike susceptible ‘Apple’ mango, russeting in
Malus apple is not initiated in the lenticels.

The trigger(s) that initiates the dedifterentiation in the hypodermis, the difterentiation of a
phellogen and the cell division in the phellogen to produce the phellem is not known. Potential
candidates are a change in the O, or CO, concentrations in the internal atmosphere of the
fruit or a local decrease (more negative) in water potential in the region surrounding the
microcracks due to increase transpiration [20].

Conclusion

Our findings indicate that the susceptibility to russeting of ‘Apple’ compared to ‘“Tommy
Atkins’ is due to the tollowing sequence of events. Compared to the non-susceptible ‘“Tommy
Atkins’, ‘Apple’ mango has a lower rate of CM deposition which results in higher elastic strain.
The high elastic strain serves to initiate cuticular microcracking, which is exacerbated by sur-
face wetness. In this sequence of events, the difterent elasticity of the lenticels causes local stress
concentrations in ‘Apple’ mango, but not in “Tommy Atkins’ mango. Microcracking weakens
the cuticle, that also now has impaired barrier properties as indexed by increased transpiration
[3]. The impaired barrier properties are likely to be the trigger for periderm formation that
causes the discoloration known as russeting on the surface of russet-susceptible ‘Apple’ man-
goes. Future studies should investigate whether excluding surtace moisture by bagging or
strengthening the truit skin by the application of gibberellins are eftective in controlling russet-
ing in ‘Apple’ mango.

Supporting information

S1 File. This is the excel file containing the data presented in Figs 1-10 and Table 1. Where
regression lines were fitted, parameter estimates of regression equations and coetticients of

determination are provided.
(XLSX)
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Abstract: Exposure to surface moisture triggers cuticular microcracking of the fruit skin. In mango
fruit cv. apple, microcracking compromises postharvest performance by increasing moisture loss and
infections with pathogens. This study reports the effects of exposing the fruit’s skin to surface moisture
on the incidence of microcracking and on water vapor permeance. Microcracking was quantified
microscopically following infiltration with a fluorescent tracer. Water mass loss was determined
gravimetrically. Moisture exposure increased cuticular microcracking and permeance. During
moisture exposure, permeance increased over the first 4 d, remained constant up to approximately
8 d, then decreased for longer exposure times. Fruit development followed a sigmoid growth
pattern. The growth rate peaked approximately 103 days after full bloom. This coincided with the
peak in moisture-induced microcracking. There were no increases in water vapor permeance or
in microcracking in control fruit that remained dry. When experimental moisture exposure was
terminated, microcracking and water vapor permeance decreased. This suggests a repair process
restoring the barrier properties of the fruit skin. Histological analyses reveal a periderm forms
in the hypodermis beneath a microcrack. Our study demonstrates that surface moisture induces
microcracking in mango cv. apple that increases the skin’s water vapor permeance and induces
russeting.

Keywords: russeting; cuticle; microcracks; permeance; skin; periderm; wax

1. Introduction

Mango cv. apple (Mangifera indica L.) is an important commercial fruit crop in Kenya
but is prone to russeting. The russeted skins of cv. apple mangoes are typically brown,
rough and cracked, rendering them less attractive and thus worth less at point of sale,
despite their still excellent flavor [1]. Apart from mango, russeting also occurs in a wide
range of other fruit crop species including in Malus apples (Malus x domestica Borkh.) [2-4],
pears (Pyrus communis L.) [5,6], prunes (Prunus x domestica L.) [7], citrus (Citrus reticulata
Blanco x (C. paradisi Macf. x C. reticulate) [8,9], loquats (Eriobotrya japonica (Thunb.)
Lindl.) [10], tomatoes (Solanum lycopersicum L.) [11] and melons (Cucumis melo L.) [12,13]. In
anatomical terms, russet represents the formation of a ‘secondary skin’ in the hypodermis,
just below the epidermis. This secondary skin—a periderm—comprises phellem, phellogen
and phelloderm [14].

A large number of factors can induce russeting in fruit. These include excessive rates of
growth strain [15,16], exposure to surface moisture or even simply to high humidity [17-20],
extreme temperatures [10,21,22], excessive sunlight (duration x intensity) [23], mechanical
abrasion [7,12], some agrochemicals [16,24,25] and some pests and diseases [8,26,27].

Russeting has been studied extensively in Malus apple. The majority of these studies
have concluded that microcracks in the cuticle are the first visible signs of insipient rus-
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seting [28,29]. Microcracks are minute fissures in the cuticle that are invisible to the naked
eye. They are limited to the cuticle and are sufficiently shallow that they rarely penetrate
to the outer cellulosic cell walls of the epidermis [30]. Nevertheless, these microcracks do
significantly impair the barrier functions of the cuticle. In this way they facilitate invasion
by pathogens [31,52] and greatly increase rates of evaporative water loss [17,33].

In our initial studies on mango cv. apple, marked differences in the incidence of russet
were observed between different growing sites across Kenya [1]. Correlation analyses
revealed that the number of rainy days, temperatures (average, minimum and maximum)
and the number of cold nights were particularly conducive to russeting [1]. There was es-
sentially no russeting on fruit cultivated under warm, dry conditions. However, significant
russeting occurred in cooler and wetter climates [1]. The most likely explanation for these
observations is that moisture induces microcracking of the cuticle of mango cv. apple with
the microcracking being followed by the formation of a periderm.

The objective of this study was to establish the role of surface moisture in triggering
microcracking in the fruit skins of mango cv. apple. As mango is susceptible to another skin
disorder associated with increased rates of water loss, ‘shrivel’, we also quantified changes
in the water vapor permeance of the fruit skin following exposure to surface moisture.

2. Materials and Methods
2.1. Plant Materials

Mango fruits (Mangifera indica L.), cv. apple, grafted on an unclassified rootstock, were
obtained from a commercial orchard in Mwala, Kenya (1°19' S, 37°26’ E). Fruit was grown
according to standard local practice.

2.2. Moisture Treatment

Developing fruits free of visual defects and selected for uniformity of size and color
were tagged. The fruit selected were thus representative for the population of fruit on the
tree. Moisture was applied locally to the surface of the fruit. Briefly, conical polyethylene
(PE) tubes (8 mm inside diameter) were cut from the tips of microcentrifuge tubes (Sarstedt,
Niimbrecht, Germany) and glued to the cheek of the fruit using a non-phytotoxic, fast-
curing silicone rubber (Dowsil™ SE 9186 clear sealant; Dow Toray Co., Tokyo, Japan)
(Figure S1A) [17]. For the moisture treatment, a tube was filled with distilled water through
a hole cut at the tip. The hole was then sealed with silicone rubber. All such tubes were
inspected every 2 to 3 days (d) and, if necessary, they were re-sealed to prevent leakage
of water. The moisture treatment was eventually terminated by carefully removing the
tube. An untreated area of skin on the opposite cheek of the same fruit served as control. In
some cases, the control area was enclosed by an identical PE tube but with no water added
(Figure S1B).

2.3. Transpiration Assays

Transpiration through the fruit skin was investigated using excised epidermal seg-
ments (ES) mounted in stainless steel diffusion cells (7 mm diameter) [34,35]. These ES
discs were excised from a moisture-exposed or a control skin area using a biopsy punch
(12 mm diameter; Kai Europe, Solingen, Germany). The cut (inner) surface of the ES was
blotted dry and immediately mounted in the diffusion cell using high-vacuum grease
(Korasilon-Paste; Kurt Obermeier, Bad Berleburg, Germany). Distilled water was injected
through the orifice in the base of the cell using a disposable syringe. Water loss from the
diffusion cell was restricted to the exposed top (outer) surface of the ES by sealing the
orifice in the base and the gap between the lid and the bottom part of the diffusion cell
using clear transparent tape (Tesa Film®; Tesa-Werke Offenburg, Offenburg, Germany).
The cells were turned upside down and held overnight to stabilize. The next morning, the
cell was placed on a metal grid above dry silica gel inside a PE box such that the exposed
(outer) ES faced the silica gel and the whole assembly was allowed to equilibrate for at least
one hour. Water loss was then quantified gravimetrically by repeated weighing of the cell

73



Horticulturae 2022, 8, 545

30f13

on an analytical balance (AUW220D; Shimadzu Corporation, Kyoto, Japan) every 2 h over
a 6-8 h period. The rate of water loss (F, g h™!) was estimated from the slope of a linear
regression through a plot of mass against time. The permeance (P, m s~ !) of the ES was

derived from Equation (1).
F

T AxAC

In this equation, A is the area of the ES exposed in the diffusion cell (3.8 x 1075 m?)
and AC the difference in water vapor concentration between the water vapor saturated
atmosphere inside the diffusion cell (23.07 g m~? at 25 °C [36]) and the dry atmosphere
above the silica gel [34].

P (¢)]

2.4. Microcracking

Microcracking was studied using the fluorescent tracer acridine orange [30]. The
cheek of the mango including the moisture-exposed or the untreated control area of skin
was dipped in 0.1% (w/v) aqueous acridine orange (Carl Roth, Karlsruhe, Germany) for
10 min. Following rinsing with distilled water (5-6 s) and blotting using soft tissue paper,
the fruit surface was viewed under a stereo microscope (MZ10F; Leica Microsystems,
Wetzlar, Germany) under incident fluorescent light (GFP LP filter, 480-440 nm excitation,
>510 nm emission wavelength). Calibrated images of the moisture-exposed or control skin
areas were prepared (Camera DFC7000T; Leica Microsystems). Four images per fruit, per
treatment were taken from a total of 8 to 10 fruit. The area infiltrated by the dye as indexed
by the area exhibiting yellow-green fluorescence was measured by image analysis (Image]
1.53F51; National Health Institute, Bethesda, MD, USA). All images were processed using
the same settings and color thresholds.

2.5. Experiments

The time course of microcracking was established using detached fruit. The portion of
the fruit surface that was earlier inspected for microcracks was immersed in distilled water
for 0, 6, 24 or 48 h to induce microcracking. Fruit used as controls remained dry. Thereafter,
microcracking was quantified as described above.

The time course of microcracking was determined on fruit that remained attached
to the tree. At 53 days after full bloom (DAFB), a small area of the fruit surface was
exposed to moisture for 0, 4, 8, 12 or 16 days. The untreated opposite side of the same fruit
served as the control. Microcracking and water vapor permeance were quantified after
moisture removal.

The developmental time course of change in fruit mass, fruit surface area, moisture-
induced microcracking and permeance to water vapor was investigated. Fruits were
harvested at different stages of development in the mornings and processed on the same day.
Fruit mass (TX420L; Shimadzu), height and the two orthogonal diameters in the equatorial
plane were measured (digital caliper CD-20PKX; Mitutoyo, Kawasaki/Kanagawa, Japan).
Fruit surface area was calculated from the measured dimensions assuming a spherical
shape. A sigmoid regression curve was fitted through a plot of fruit surface area against
time. The surface growth rate was calculated from the first derivative of the regression
model. The effects of moisture exposure on microcracking and on water vapor permeance
were studied following 8 d of exposure to moisture starting at 33 DAFB. Microcracking and
water vapor permeance were quantified as described above. The opposite side of the same
fruit was left untreated and served as control.

The time course of change in microcracking and water vapor permeance after termi-
nation of moisture exposure was investigated. The fruit surface was exposed to moisture
for 8 d at 72 DAFB. Fruit were harvested at 0, 7, 15 or 30 days after moisture exposure had
been terminated (DAT). Microcracking and skin permeance were quantified as described
above. The opposite side of the same fruit was left untreated and served as control.

To distinguish any effects of mounting a PE tube on the fruit surface from those of
moisture exposure, an experiment was established that compared the following treatments:
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‘untreated’ control (no tube, no moisture), ‘open tube’ (tube, no moisture) and ‘moisture
treatment’ (tube, moisture). For the ‘open tube’ treatment a cylindrical tube that had
the same diameter as the one used for moisture exposure was used. The tube was short
to limit any build-up of moisture or high humidity inside the tube. The tubes in the
latter two treatments were removed from the surface after 16 days and the treated areas
of skin marked using a permanent marker. At maturity, the surface was photographed.
Tissue blocks were excised from the treated areas and fixed in Karnovsky solution for
histological analysis [37]. Using image analysis (Image J), the russeted area was calculated
as a percentage of the tube footprint area exposed to moisture. For the controls without a
tube, the average area of the tube footprint was used as an estimate of the exposed area.

2.6. Histology

Tissue blocks previously fixed in Karnovsky solution [37] were rinsed with deionized
water. Small sections (5 mm x 2 mm x 2 mm) of these blocks were cut by hand using
a razor blade and kept overnight in 70% ethanol at 4 °C. The blocks were then vacuum
infiltrated in a series of alcohol solutions of increasing concentration (70, 80, 90, and 96%
©/v ethanol and then 100% isopropanol). The blocks were then treated with xylene sub-
stitute (AppliClear; PanReac Applichem, Miinster, Germany) and thereafter with a 1:1
xylene-substitute: paraffin mixture before embedding in melted paraffin. Embedded blocks
were cooled above ice and stored at 4 °C until use. Cross-sections of 10 um thickness were
cut using a microtome (Hyrax M55; Carl Zeiss, Jena, Germany), mounted on a microscope
slide over a water bath at 40 °C and oven-dried overnight at 40 °C. Prior to staining, the
sections were washed in xylene substitute before rehydrating in a series of decreasing
ethanol concentration (96, 80, 70, 60% v/v ethanol and deionized water). Staining was done
for a minimum of 1 h using 0.005% (w/v) fluorol yellow 088 dye (Santa Cruz Biotechnology,
Dallas, TX, USA) made up by dissolving in a hot mixture of polyethylene glycol (PEG)
4000 (50% w/v; SERVA Electrophoresis; Heidelberg, Germany) and 45% v /v glycerol and
5% deionized water. Following rinsing with deionized water, the microscope slides were
placed on the stage of a fluorescence microscope (BX-60; Olympus Europa, Hamburg, Ger-
many), examined under incident bright and fluorescent light (U-MWU filter, 330-385 nm
excitation, 2420 nm emission wavelength; Olympus) and photographed (DP73; Olympus).

2.7. Data Analyses

Data symbols in figures represent the means + standard errors. Analyses of vari-
ance and correlation analyses were conducted using the statistical software package SAS
(Version 9.1.3; SAS Institute, Cary, NC, USA).

3. Results

Moisture exposure increased microcracking of the cuticle as indexed by the increase
in area infiltrated with acridine orange compared to that of the untreated control. The
fluorescing area was initially low but then increased rapidly, reaching an asymptote within
48 h of moisture exposure. There were no changes in the fluorescing areas of the untreated
controls (Figure 1).

Quantitatively similar data were obtained for longer exposures to moisture. The
percentage infiltrated area was significantly larger following moisture exposure for 8 to 16 d
compared to the unexposed controls. There were no significant changes in infiltrated area
in the controls (Figure 2A). The amount of water transpired increased linearly with time
and was significantly higher in the moisture-exposed areas than in the untreated control
areas (Figure 2B). The permeance of the fruit skin to water vapor increased until 4 d of
moisture exposure, then remained approximately constant up to 8 d. For longer exposure
times skin permeance decreased (Figure 2C). Skin permeance was significantly higher for
the water-exposed areas than for the control areas at all times. There were no significant
changes in skin permeance in the untreated controls.
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Control Moisture

Figure 1. Effect of moisture exposure of the surface of fruit of mango cv. apple on microcracking
of the cuticle. The fruit surface was exposed to surface moisture for 0, 6, 24 or 48 h. An untreated
surface remained dry and served as the ‘control’. Microcracking was visualized by infiltration with
aqueous acridine orange. N = 10. Scale bar 1 mm.

76



Horticulturae 2022, 8, 545

6of13

1 F Control

Infiltrated area (%)

=gy
o
T

w
T

[=2]
T

Water loss (107 g)

53-61 DAFB

0 2 4 6 8

[22]
(@]

Moisture

N
T

Control

Permeance (x10 *ms™)
]

o
T

0 4 8 12 16
Time (d)

Figure 2. (A) Time course of change in moisture-induced cuticular microcracking of fruit of mango
cv. apple. (B) Time course of water loss through moisture-exposed fruit skins. Skins not exposed to
moisture served as controls. The fruits were exposed to moisture for 8 d beginning at 53 days after
full bloom (DAFB). (C) Time course of change in the water vapor permeance of the fruit skin during
moisture exposure. Fruit was exposed to moisture for 4, 8, 12 and 16 d. Microcracking was indexed
by quantifying the area infiltrated with aqueous acridine orange. Fruit surfaces that remained dry
served as controls. N = 40 (microcracks) and 13-15 (permeance). Data represent the means + SE.

The increase in mass and surface area of developing fruit of mango cv. apple followed
a sigmoid pattern (Figure 3A). The growth rate in surface area peaked at approximately
103 DAFB (Figure 3A, inset). The peak in growth rate at 103 DAFB coincided with a
peak in microcracking, as indexed by the areas infiltrated with the fluorescent tracer
(Figure 3B). There was only a slight increase in infiltrated surface area in the untreated
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control fruit during fruit development (Figure 3B). The change in permeance to water
vapor essentially paralleled the change in tracer infiltrated area (Figure 3C). Permeance was
higher in moisture-treated ES compared to control ES, irrespective of developmental stage
(Figure 3C). There was a significant and positive linear correlation between the permeance
of the fruit skin to water vapor and the percentage of surface area infiltrated with acridine
orange (Figure 3D).
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Figure 3. Developmental time course of change in fruit mass and surface area of mango cv. apple
(A), microcracking following moisture exposure (B) and permeance to water vapor (C) following
8 days exposure to surface moisture. (D) Relationship between permeance to water vapor and
microcracking (D). Untreated surfaces served as controls. Microcracking was indexed by quantifying
the area infiltrated with acridine orange. X-axis scale in A, B and C is days after full bloom (DAFB).
N = 20 (mass and surface area), 40 (microcracking) and 13-15 (permeance). Data represent the
means + SE. Significance of coefficients of determination (r%) at p < 0.01 is indicated by **.

The time course of change in infiltrated area and in skin permeance after moisture
exposure was terminated revealed a decrease in both infiltrated area and in permeance.
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The area infiltrated and the permeance were both higher in moisture-exposed areas than in
unexposed control areas (Figure 4).
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Figure 4. Time course of changes in microcracking (A) and permeance to water vapor (B) of fruit
skin of mango cv. apple after 8 days exposure to moisture. X-axis scale in days after treatment
(DAT). At 72 days after full bloom, the cheek of the developing fruit was exposed to moisture for 8 d.
Thereafter, the time course of change in microcracking and permeance after moisture termination was
followed. Unexposed fruit surfaces served as controls. N = 40 (microcracking) and 12 (permeance).
Data represent the means + SE.

Histological analyses revealed that the brownish appearance of the skin was due
to the formation of a periderm in the hypodermis of the moisture-exposed areas of skin
(Figure 51,]). There was no evident periderm in the unexposed skin areas (Figure 5A—F).
Moisture-exposed skin areas developed a rough, brownish appearance (Figure 5G).

The areas affected by periderm were consistently and significantly larger in moisture-
exposed areas of skin than in unexposed (control) areas and were unaffected by merely
attaching a tube to the skin surface (i.e., with no added water) (Table 1).
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Figure 5. Images of mature fruits of mango cv. apple (A,D,G) and histological micrographs of
moisture-treated and control fruit skin taken under bright (B,E,H) and incident fluorescent light
(C,E]J) as affected by a surface moisture treatment (see text for details). Control fruit (no tube attached,
not exposed to moisture) (A,B,C), open tube (tube attached but not exposed to moisture) (D,E,F) and
moisture-treated fruits (tube attached and exposed to moisture) (G,H,I) and enlarged micrograph
of moisture-treated skin (J). Fruit was exposed to surface moisture by attaching a tube filled with
distilled water to the fruit surface for 16 days at 53 days after full bloom (DAFB). Untreated fruit and
fruit with an open tube attached that remained dry served as controls. At the end of the treatment
period, tubes were removed and fruits were left to grow to maturity. The red circle identifies the area
previously enclosed by the plastic tube. N = 18-20 (whole fruits) and 3 (histology). The scale bars are
20 mm (A,D,G), 100 um (B,C,E,F,H,I) and 50 um (J).

Table 1. Effect of exposure to surface moisture on the russeting of fruit of mango cv. apple. Fruit
was exposed to surface moisture by attaching a short plastic tube filled with distilled water to the
fruit surface for 16 d at 53 days after full bloom. Untreated fruit (control) and fruit with an open tube
attached (open tube, no water) served as controls. Tubes were removed after 16 d and the fruits left
to grow to maturity. Russeting was estimated by expressing the area russeted as a percentage of the
area of the footprint of the tube. N = 18-20.

Treatment Area Russeted (%)
Untreated fruit 13+02a

Open tube, no moisture 13+02a

Closed tube, moisture 202 +39b

Mean separation by Tukey Studentized range test, p < 0.05. Means followed by the same letter are not significantly
different. Data represent the means + SE.

4. Discussion

In our discussion, we focus on (1) the effect of surface moisture on microcracking and
russeting in the fruit of mango cv. apple and (2) the increase in skin permeance to water
vapor in association with this microcracking.
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4.1. Surface Moisture Induces Microcracking and Russeting in Mango cv. Apple

We observed increases in microcracking and russeting following exposure of the
fruit surface to moisture. This observation is consistent with reports for many fruit crop
species [16,17,19,38]. It is also consistent with reports where surface moisture is absent
due to the fruit growing in a dry climate [1,39—41] or in a protected environment [42]
or in a bag [43,44] installed to prevent russeting. The level of microcracking in mango
cv. apple was, however, low compared with the levels in many other fruit crop species.
Nevertheless, levels of microcracking were sufficient to trigger localized russeting in the
moisture-exposed areas of the skin. The process of russeting in mango cv. apple is therefore
generally similar to that described for Malus apples [17,19,38].

Just why surface moisture induces microcracking is not clear. Several factors are
likely involved. First, the rheological properties of a cuticle are affected by hydration.
For hydrated cuticle, the strain at fracture increases but stiffness and fracture force both
decrease [45—47]. The net effect of these rheological changes is a weaker cuticle.

Second, exposure to moisture may cause swelling of cell walls in the fruit skin. This
reduces cell-to-cell adhesion [48]. It is the epidermal and hypodermal cell layers, not the
cuticle, that represent the main structural component of a fruit skin [46,49]. Hence, cell
wall swelling renders a hydrated skin mechanically weaker. The appearance of cuticular
microcracking is the first sign that the skin is about to fail [49].

Third, reduced rates of cutin and wax deposition have recently been reported in
moisture-exposed skins [19,38]. This reduction has been attributed to a down-regulation of
the genes involved in cutin and wax synthesis and deposition. Because wax acts as a filler
that “fixes’ elastic strain in an expanding cutin matrix [50,51], decreased wax deposition
makes cuticle failure more likely, i.e., more elastic strain builds up during expansion growth
because it remains un-fixed. The opposite is also true, namely that the deposition of cutin in
the cuticle’s inner surface (abutting the cell wall) fixes the elastic strain thereby decreasing
the likelihood of failure [52].

Fourth, growth causes the stretching (strain) that predisposes the cuticle to failure
(microcracking). In pear, growth strain has been shown to trigger russeting [5] and this
russeting is also preceded by microcracking [16,28,29]. Growth strain also seems to be in-
volved in microcracking in mango cv. apple, with peak surface growth rate, coinciding with
peak microcracking. A positive correlation between the severity of cuticular microcracking
and fruit size has also been demonstrated in peach—particularly during the rapid growth
phase [53]. In pear, the occurrence and severity of microcracking depend on the relative
growth rate. The strongly tapered pear fruits showing more severe microcracking in the
cheek region (larger diameter) than in the neck region (smaller diameter) [5,54]. Finally, the
occurrence of microcracks immediately above the anticlinal walls of the epidermal cells of
the fruit skin in Malus apple has been attributed to the high stress concentrations in this
region [55].

Taken together, all these arguments demonstrate that mango cv. apple responds to the
presence of moisture on the skin surface in a manner very similar to that already determined
for Malus apple but at a somewhat reduced level. It is interesting that, after termination of
moisture exposure, the infiltration of microcracks by acridine orange gradually decreased
to control levels. The most plausible interpretation of this observation is that microcracks
successfully ‘healed’. We suggest that this is likely the result of the deposition of new
wax material in these microcracks [17,19]. The filling of microcracks restored the barrier
properties of the cuticle. The mechanical properties of a microcracked cuticle are likely to
remain unaffected by the filling. Direct visual evidence for wax filling of microcracks has
been published for Malus apples [56,57]. In addition, in Malus apple, a periderm may be
formed following microcracking. This apparently was also the case in mango cv. apple at
maturity. Like in Malus apple, a surface with periderm (russet) has a higher permeance to
water vapor in mango cv. apple than a non-russeted surface (no periderm) [1].

In Malus apple, the complex growth processes involved in the formation of this new
cellular tissue layer are possibly triggered by an increase in the partial pressure of O; just

81



Horticulturae 2022, 8, 545

110of13

inside the skin [58,59]. The periderm thus formed partially restores the barrier properties
of the microcracked skin, so hindering penetration by the fluorescent dye [15] and reducing
the skin’s permeance to water vapor [17]. Malus apple and mango cv. apple are similar in
this respect.

4.2. Microcracking Increased Skin Permeance to Water Vapor

Microcracks compromise the barrier functions of the cuticle. Throughout development,
mango cv. apple fruit skins exposed to moisture had increased permeance compared to
control fruit. This observation is also consistent with earlier findings for Malus apple [17,54].
A microcrack represents an enhanced pathway for water diffusion that is in parallel with
those through nearby stomata, lenticels and through the undamaged cuticle itself. It was
not possible to quantify the relative contributions of these parallel pathways to total skin
permeance in mango cv. apple for two reasons: (1) the water vapor permeance of the fruit
skin was highly variable both from fruit to fruit and also from area to area on the surface of
a fruit and (2) the limited range in variability of stomatal and lenticellular density (numbers
per unit area).

5. Conclusions

The fruit of mango cv. apple responds to exposure to surface moisture by microcrack-
ing and russeting in much the same way as has already been established for the fruit of
Malus apple. However, compared with Malus apple, both microcracking and dye infiltra-
tion are reduced. Based on the behavioral similarity of the responses of these two fruits to
surface moisture, it is considered likely that measures that hinder the deposition of surface
moisture on the fruit surface will be effective in reducing the incidence of microcracking
and, hence, russeting. These measures include the bagging of fruit using special bags that
are sufficiently permeable to water vapor as to prevent the build-up of a high humidity
within, while also preventing direct contact with liquid water from outside (rain, dew, mist,
condensation). Similarly, the application of gibberellins which has been shown effective in
reducing russeting in Malus apples [41,60]. Given the importance of mango cv. apple to the
Kenyan market, both these two potential avenues for russet mitigation merit further study.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/horticulturae8060545/s1, Figure S1: (A) Hlustration of moisture application
to the surface of a developing mango fruit. A polyethylene (PE) tube was mounted on the surface
using silicone rubber and filled with distilled water. (B) Empty open PE tube or surface area on the
opposite side that were used as controls.
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Lenticels are sites of initiation of
microcracking and russeting in ‘Apple’ mango
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Abstract

The mango cultivar ‘Apple’ is an important fruitcrop in Kenya, but it is highly susceptible to
russeting. The objective was to establish whether lenticels predispose cv. ‘Apple’ mango to
russeting. Fruit mass and surface area increased in a sigmoidal pattern with time. The fre-
quency of lenticels per unit surface area decreased during development. The number of len-
ticels per fruit was constant. Lenticels were most frequent in the apex region and least
comman in the cheek and nak (ventral) regions. The cheek region also had lenticels with the
largest core areas, whereas the lenticel core areas in the apex region were significantly
smaller. Microscopy revealed stomata became covered over with wax deposits at 33 days
after full bloom (DAFB). By 78 DAFB, periderm had formed beneath the pore. At 110 and
161 DAFB, cracks had developed and the periderm had extended tangentially and radially.
The presence of lenficels increased the strain released upon excision of an epidermal seg-
ment, further strain releases occurred subsequently upon isolation of the cuticle and on
extraction of the cuticular waxes. The number of lenticels per unit surface area was nega-
tively correlated with the fruit surface area l{r2 =0.62 *#), but not affected by fruit size.
Mango cv. ‘Apple’ had fewer, larger lenticels and more russet, compared with ‘Ngowe’,
‘Kitovu' or Tommy Atkins' mango. In cv. ‘Apple’, the lowest lenticel frequency, the largest
lenticels and the most russeting occurred at a growing site at the highest altitude, with the
highest rainfall and the lowest temperature. Moisture exposure of the fruit surface resulted
in enlarged lenticels and more microcracking of the cuticle. Our results establish that russet-
ing in *Apple’ mango is initiated at lenticels and is exacerbated if lenticels are exposed to
moisture.

Introduction

Surfaces of young fruit are often stomatous. Stomata regulate gas exchange by changes in their
conductance mediated through the opening and closing of the stomatal pore, usually in
response to environmental stimuli [1]. In many fruit crops, stomata on the fruit surface later
develop into lenticels [1, 2]. In contrast to a stomate, the conductance of a lenticel is not
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regulated. Anatomically, lenticels represent a periderm comprising a phellogen that produces
stacks of cork cells, the phellem [2]. The phellem that fills the core of these lenticels comprises
a volume of loosely packed cells [2, 3], thereby facilitating gas exchange [1, 2]. When the epi-
dermis and cuticle are sloughed off later on during fruit development, the phellem forms the
new surface. Lenticels then turn reddish/brown as a result of the suberization of their cell
walls.

Lenticels increase the fruit skin’s permeance to postharvest water loss [4, 5]. Furthermore,
in some fruit crops the lenticels represent sites of preferential infection with pathogens [6] but
there is only limited evidence for this last observation in mango [7].

In mango (Mangifera indica L.), two important physiological disorders are associated with
lenticels—lenticel discoloration and russeting. Lenticel discoloration occurs postharvest and
involves the deposition of darkly pigmented phenolics in a distinct zone around the lenticel
[8-10]. In contrast, russet develops preharvest and usually covers larger portions of the fruit
surface [11]. There is some indication that mechanical stress can be involved in both lenticel
discoloration and in russeting [12-14].

The mango cv. ‘Apple’ is grown widely in Kenya [15]. However, it is highly susceptible to
russeting. The skin of a russeted fruit is dull brown and rough [11]. Russeted fruit shrivel faster
postharvest [11]. An earlier study suggests russeting in cv. ‘Apple’ mango is initiated at lenti-
cels [11]. Furthermore, that russeting is triggered by surface wetness [11, 16]. Unfortunately,
little is known about the development of lenticels in mango in general [14], nor for russeting
in cv. ‘Apple’ mango in particular. It is not known if or how lenticel development is atfected by
exposure to surface moisture.

The objective of this study was to identify if and how lenticels predispose cv. ‘Apple’ mango
fruit to russeting. The effects of exposure of the fruit to surface moisture on later russeting
development were also investigated.

Materials and methods
Plant materials

Fruits of the mango cvs. ‘Apple’, ‘Kitovu’, ‘Ngowe’ and ‘“Tommy Atkins’ were obtained from a
range of commercial orchards in Kenya. From Kakuzi (Murang County, altitude 1327 m) (1"
04°S, 37°19'E), Kibwezi (Makueni County, 687 m) (2°20’S, 38°07°E) and Mwala (Machakos
County, 1244 m) (1719'S, 37°26'E). All fruit were grown using integrated pest management
programs. Fruit were sampled randomly from trees preselected for uniformity in flowering
and tree size and shape. Border trees were avoided. The fruit selected for sampling was free of
visible defects and representative in size and color for the population of fruit on the tree. Fruit
was processed within 48 hours of sampling.

Methods

Microscopic inspection of the fruit surface. Stomata and lenticels were inspected micro-
scopically. Unless specified otherwise, epidermal segments (ES) were excised from the cheek
region of the fruit using a razor blade. The ES were examined under a stereo microscope
(MZ10F; Leica Microsystems, Wetzlar, Germany) and photographed (Camera DFC7000T;
Leica Microsystems). The magnifications were such that the rectangular windows on the fruit
skin selected for measurement ranged from 1.7 x 1.3 mm to 13.9 x 10.5 mm. The lenticel fre-
quency (number of lenticels per unit area), the core area and the pore area (opening) per lenti-
cel were quantified by image analysis (Image] 1.53P; National Health Institute, Bethesda, MD,
USA). See supplementary S1 Fig for an illustration of the core and pore areas of a lenticel.
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Stomata were investigated before and after the removal of the epicuticular wax. The epicu-
ticular wax was removed by dipping the fruit in a 1:1 (v:=v) chloroform: methanol mixture
(CHCl;:CH;0OH) for 15 min. The ES were viewed using a digital microscope (VHX-7100; Key-
ence corporation, Osaka, Japan). The magnification was 1500x (objective VHX-E500,
Keyence).

Microscopic inspection of cross-sections. Pieces of the skin and adhering flesh were
excised using a razor blade and fixed in a formaldehyde-glutaraldehyde solution [17]. Follow-
ing rinsing, tissue blocks comprising a portion of the skin and adhering flesh (approx. 5x2x 2
mm) were cut by hand. The blocks were placed inside plastic cassettes (PrintMate biopsy Cas-
setes; Thermo Fisher Scientific, Kalamazoo, MI, USA), immersed in 70% ethanol and stored
overnight at 4°C. The blocks were vacuum infiltrated at 10.8 kPa absolute pressure for 30 min
each with aqueous ethanol (70, 80, 90 and 96% v:v) and twice with absolute isopropanol. The
blocks were further vacuum infiltrated twice for 40 min with xylene substitute (AppliClear;
PanReac Applichem, Muenster, Germany), then once for 40 min in a 1:1 v:v paraffin/xylene
substitute mixture. Subsequently, the blocks were vacuum infiltrated in melted paratfin, held
at 65°C for 12-14 h (Memmert 100-800; Memmert, Schwabach, Germany) and then embed-
ded in melted paratfin. The embedded blocks were stored at 4'C until use.

Thin sections (10 pm) of embedded tissue were cut with a microtome (Hyrax M35; Carl
Zeiss, Jena, Germany) and heat-fixed to a microscope slide at 40°C (Memmert 100-800; Mem-
mert). The paratfin was removed by immersing slides in xylene substitute, twice for 10 min
each. The tissue was rehydrated in a descending series of aqueous ethanol (96, 80, 70 and 60%
v:v) tor 10 min each and rinsed twice with deionized water for 5 min each.

The sections were stained for a minimum of 60 min with 0.005% (w:v) fluorol yellow 088
dye (Santa Cruz Biotechnology, Dallas, TX, USA) dissolved in a 1:1 {(v:v) melted polyethylene
glycol 4000 (SERV A Electrophoresis; Heidelberg, Germany) and 90% glycerol. The stain was
washed-oft with deionized water. Sections were examined by fluorescence microscopy (BX-60;
Olympus Europa, Hamburg, Germany) and photographed {DP73; Olympus) under incident
bright and fluorescent light (U-MWWU filter, 330-385 nm excitation, 420 nm emission wave-
length; Olympus). The number of single fruit replicates was 5.

Developmental time course. The developmental time courses of change in fruit mass,
surface area, frequency of lenticels per unit area and the areas of lenticel cores and pores were
established. The cv. "Apple’ mango fruits were randomly harvested from pre-selected trees
(based on tree shape and flowering density) in an orchard at Mwala. Fruit mass was quantified
using a balance (TX420L; Shimadzu Corporation, Kyoto, Japan). Fruit length and two orthog-
onal diameters (in the equatorial region) were determined using a digital caliper (CD-20PEX;
Mitutoyo, Kawasaki/Kanagawa, Japan). Surface area was calculated trom the above three fruit
dimensions assuming sphericity. Earlier studies established that the surface area thus calcu-
lated was always within 98% of the surface area measured on excised peels [15]. A sigmoidal
regression model was fitted through a plot of fruit surface area vs. time (days after full bloom;
DAFR). The surface area growth rate (cm” d"') was calculated from the first derivative of the
regression model. The number of replicates at any sampling date was 20.

Lenticels were inspected microscopically in surface view and also in cross-sections through-
out fruit development. Lenticel frequency and the areas of lenticel cores and pores were quan-
titied as above.

Lenticel width and depth were also determined microscopically using the above procedures.
The relationships among the lenticel characteristics were analyzed by correlation analysis. The
number of replicates was 50.

Lenticels in different regions of the fruit surface. The frequency of lenticels per unit sur-
face area and the lenticel core area were quantified in the ‘stem end’, ‘cheek’, “apex’,
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‘nak’(ventral) and ‘back’ (dorsal) regions of *Apple’ mango fruit as described by [19, 20]. Fruit
were sampled from Mwala. See S2 Fig for the illustration of the different regions of the fruit
surface. The ‘nak’ region contains the stylar scar and is also referred to as the ‘beak’.

Effect of fruit size on lenticel characteristics. The effects of size of ‘Apple’ mango fruit
(site Mwala) on lenticel frequency per unit area, lenticel core area and the number of lenticels
per fruit were established at maturity using fruit selected for a maximum range in size. The
truit were peeled, and the peels flattened between two glass plates. The flattened peels were
photographed with a digital camera (Lumix DMC-G80; Panasonic Corporation, Osaka, Japan)
titted with a macro lens (Olympus M. Zuiko Digital 60 mm; Olympus Corporation, Tokyo,
Japan). A ruler was included in each image for calibration. Peel area and lenticel frequency
were quantified by image analysis (Image] 1.53P; National Health Institute). The number of
lenticels on a whole-fruit basis was calculated as the product, lenticel frequency per unit
area x fruit surface area. The number of single fruit replicates was 40.

Cultivar effects. Visual field observations indicated that russet susceptibility and lenticel
morphology markedly ditfered between mango cultivars. We therefore sampled mature fruits
of cvs. *Apple’ (171 DAFEB), “Tommy Atkins’ (168 DAFB), ‘Ngowe' (171 DAFB) and *Kitovu’
mango (204 DAFB) from a commercial orchard located in Mwala. All cultivars were subjected
to the same crop husbandry and sampled at commercial maturity at the same site. Lenticel fre-
quency and lenticel core area of the different cultivars were quantified. Fruits were rated for
russet severity and photographed. Severity of russeting was quantified using a scoring scheme
[11]. Russet was scored from 0 to 4 on a per fruit basis. Score 0: 0% of the fruit surface area rus-
seted; score 1: 1-10% russeted area; score 2: 11-25% russeted area; score 3: 26-50% russeted
area; and score 4: 51-100% russeted area. The number of single fruit replicates was 200 for rus-
set severity and 40 tor lenticel frequency and core area per lenticel

‘Apple’ mango from different growing sites. To assess the variability of lenticel charac-
teristics on fruit grown at different sites, the effect of orchard was investigated. Mature ‘Apple’
mango fruits were sampled from orchards located at different altitudes, Le., Kakuzi (altitude
1327 m), Mwala (1244 m) and Kibwezi (687 m). Fruits were rated for russet severity. Lenticel
trequency and core area per lenticel were quantified. Severity of russeting was quantified using
a scoring scheme [11]. Russet was scored from 0 to 4 on a per-fruit basis as described above.
Daily values of rainfall, relative humidity (RH) and temperature throughout the growing sea-
son were obtained from the website of the NASA Langley Research Center (LaRC) POWER
Project (NASA Langley Research Center, Hampton, VA, USA).

Effects of moisture exposure. The effects of surface moisture on lenticels were investi-
gated in developing ‘Apple’ mango at the Mwala site at 33, 58, 72, 100 and 130 DAFE. The
truit surface was exposed to moisture by mounting a polyethylene Eppendort (PE) tube to the
cheek of the fruit using a non-phytotoxic silicone rubber (Dowsil™ SE 9186 clear sealant; Dow
Toray Co., Tokyo, Japan) [21]. Distilled water (1 ml) was injected into the PE tube through a
hole cut in the tip using a disposable syringe. The hole was then sealed with silicone rubber.
The tubes were re-inspected every 2-3 days, re-filled with distilled water when necessary and
re-sealed to the fruit to prevent leakage. The untreated opposite cheek of the same fruit served
as control. After § days, the tubes were removed, fruits harvested and treated areas of skin
marked using a permanent marker.

Development of microcracks at lenticels was investigated microscopically. Microcracking
was indexed by quantitying the area infiltrated by the fluorescent tracer acridine orange [22].
The truit surface was dipped in a solution of aqueous acridine orange (0.1% wiv) for 10 min.
This time was sutficient for acridine orange to penetrate through any openings in the cuticle.
There was no penetration through an intact cuticle. Thereafter, the surface was rinsed with dis-
tilled water and blotted dry with a soft paper towel. Lenticels were examined using a stereo
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microscope (MZ10F; Leica Microsystems) under incident bright light and incident fluorescent
light (GFP LP filter, 480-440 nm excitation, =510 nm emission wavelength). Calibrated
images of lenticels were taken using a digital camera (Camera DFC7000T; Leica Microsys-
tems). The area infiltrated by acridine orange was quantified by image analysis (Image J). The
number of single fruit replicates was 10.

Effect of lenticels on strain relaxation of the fruit skin. The effect of lenticels on the
strains released following excision of an ES and subsequent isolation of the cuticular mem-
brane (CM) and extraction of wax from the CM was investigated in mature ‘Apple’ mango
fruit from Mwala [23]. The ES, both with and without lenticels, were excised from the fruit sur-
face using a biopsy punch (8 mm diameter; Kai Europe, Solingen, Germany) and transterred
to a formaldehyde-glutaraldehyde fixative solution [17]. Cuticles were isolated enzymatically
by incubating the ES in 50 mM citric acid buffer containing pectinase (90 ml I'; Panzym
Super E fliissig; Novozymes A/S, Krogshoejvej, Bagsvaerd, Denmark), cellulase (5 ml1™'; Cellu-
brix L; Novozymes A/S) [24, 25] and 30 mM sodium azide. The pH of the solution was
adjusted to 4.0 using NaOH. The solution was refreshed periodically until the cuticle separated
from adhering tissue. The cuticle was rinsed (at least 5 times) with deionized water. Adhering
cellular debris was removed using a soft camel-hair brush.

A square pattern of four holes was punched in the center of the cuticle using a custom-
made punch. The hole pattern was needed to allow measurement of strain relaxation of an iso-
lated and dewaxed CM even when the rim of the CM disc curled up. This was typically the
case following wax extraction. The hydrated CM was spread on a glass slide and photographed
under a dissecting microscope (Wild M10; Leica Microsystems; camera DP71, Olympus). The
area of the CM disc (Ayy) and the area demarcated by the four holes were quantified using
image analysis (Software Cell*P, Olympus Soft Imaging Solution, Muenster, Germany).

To determine strain relaxation upon wax extraction, the dry CM disc was extracted in a
soxhlet apparatus using (1:1 v:v) CHCl;/CH;OH for a minimum of 2 h. Following wax extrac-
tion, the dewaxed CM (DCM) was dried to remove any solvent residues, then rehydrated over-
night using deionized water, spread on a glass slide and photographed (Wild M10; Leica
Microsysteme; camera DP71, Olympus). The area demarcated by the hole pattern was re-
quantified using image analysis (Software CellAP, Olympus). The area of the entire DCM
(Apcar) disc was then calculated from the area of the square-hole pattern.

The release of apparent strains due to excision of the ES and isolation of the CM (€] _ _ ),
due to wax extraction (£, ) and the sum of the two strains (£] ) were calculated using the fol-
lowing equations:

AT — A
i = — 1 x 100 (1)
Apey
= ’_;&!__AD_C.L‘ % 100 (2)
Apey
e:u! == e:xr-ém +€:m (3)

In these equations, A’ represents the area of the ES prior to excision. This area is equivalent
to the cross-sectional area of the circular biopsy punch. The A, represents the area of the
CM disc after enzymatic isolation and the A}, ., the area of the DCM (after wax extraction).
Using these procedures, the strain relaxations of fruit-skin samples, with and without lenticels,
were compared. The number of replicates was 40.
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Strain relaxation of a lenticel was also quantified. For this, ES were selected having a maxi-
mum range of lenticel frequency and were excised. These were enzymatically isolated and wax
extracted as described above. The core area per individual lenticel was measured before and
after wax extraction. Lenticel strain (£],,,..,) was quantitied on lenticels within the area demar-
cated by the four holes using Eq 4.

A — A
Eicd = ——2% % 100 (4)
At

In this equation, A); represents the core area per lenticel after isolation and A}, the core

area after wax extraction.

Data analysis

Unless otherwise stated, data are presented as means + standard errors. Analyses of variance,
regression analyses and correlation analyses were conducted using the statistical software
package R (version 4.0.3; R Foundation for Statistical Computing, Vienna, Austria).

Results

Fruit mass and surface area increased sigmoidally with time (Fig 1A and 1B). The surface-area
growth rate reached a maximum of 3.7 cm” d* at about 100 DAFB, and declined thereafter
(Fig 1C).

The frequency of lenticels per unit surface area decreased during development, whereas the
lenticel core area and pore area increased (Fig 2A-2C). The number of lenticels per fruit
remained essentially constant (Fig 24, inset).

Lenticel core area and pore area were significantly and positively correlated (r* = 0.79 ***).
In contrast, core depth had only a weak relationship with core area (r = 0.22 **)

(Fig 3A and 3B).

The distribution of lenticels over the fruit surface was not uniform (Table 1). Lenticels were
most frequent in the distal region and least in the cheek and the nak regions. The cheek region
also had lenticels with the largest core areas, whereas the core areas of those in the apex region
were significantly smaller (Table 1).

Microscopy at 33 and 78 DAFB revealed stomata on the surface that appeared as whitish
spots with no visible pore (Fig 4A). Heavy wax deposits covered the guard cells and stomatal
pores completely at 33 DAFB (Fig 4D). The stomatal apparatus became clearly visible only
after removal of epicuticular waxes (Fig 4E). Staining with tluorol yellow revealed a cuticle
above the epidermal cells. At the guard cells, the cuticle extended into the stomatal antecham-
ber (Fig 4B and 4C). By 78 DAFB, stomata appeared as large openings, the rim of the cuticle
surrounding the pore was still intact. Cross-sections revealed the onset of periderm formation
several cell layers below the pore (Fig 4F-4H). At 110 DAFB, cracks in the cuticle had begun to
form that tore the rim of the pore. By 161 DAFB, the pore rim was torn, and severe cracks
developed in the cuticle. The periderm extended laterally, the number of phellem layers
increased and eventually filled the entire core volume of the lenticel (Fig 41-4N).

Compared to a lenticel-free ES, the presence of lenticels increased the strain released by
between 1.5- and 1.8-times when an ES was excised and the subsequent isolation of the cuticle
(€., ,,) and the extraction of cuticular wax (£ ). The sum of these strains, i.e., the total strain,
was 1.7 times larger for cuticles with lenticels as compared to those without lenticels (Table 2).

There was no relationship between the strain released from a lenticel and that from the cor-
responding isolated cuticular membrane (Fig 5A). However, the area of the lenticel core tol-
lowing wax extraction was closely related to the area of the lenticel core in the isolated cuticle
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Fig 1. Developmental time course of change in fruit mass (A), surface arca (B) and surface arca growth rate (C) of
"Apple’ mango fruits grown in the same orchard. Fruit surface area was calculated from measurements of fruit length
and of two orthogonal diameters in the equatorial region, and assuming sphericity. This calculation was previously
validated using the following lincar model: Surfoce avea = 1.18xpeel area+0.93, r* = 0.98%** [18]. X-axis time scale in
days after full bloom (DAFB). Data represent means + standard errors. N = 20,
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disc (Fig 5B). The strain released from a lenticel upon isolation and upon wax extraction was
highly variable and not related to the core area in the isolated cuticle disc (Fig 5C).

The number of lenticels per unit area of fruit surface was negatively related with the surface
area of the fruit (r* = 0.62 **) (Fig 6A). On a whole-fruit basis, there was no significant ditfer-
ence in the numbers of lenticels between small and large fruit (Fig 6B). The core area per lenti-
cel and the fruit surface area were weakly and positively related (r* = 0.22**) (Fig 6C).
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Compared to ‘Ngowe', ‘Kitovu' and ‘Tommy Atkins’ mangos, ‘Apple’ had the lowest fre-
quency of lenticels and the largest core area per lenticel. Furthermore, russeting was most
severe in ‘Apple’ (Table 3, Fig 7).

Considerable differences in lenticel frequency and core area per lenticel were observed
between different growing sites of ‘Apple’ mango. Russeting was most severe in Kakuzi, inter-
mediate in Mwala and almost absent in Kibwezi. Fruit from Kakuzi exhibited the largest lenti-
cels and the lowest lenticel frequency. On the other hand, fruit from Kibwezi had the smallest
lenticels and the highest lenticel frequency. It is interesting that fruit from the three sites also
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examined microscopically. N = 50,
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differed in (1) russeting and (2) growing conditions, as indexed by altitude, rainfall and tem-
perature which differed markedly between the three sites. Summarizing, the russeted Kakuzi
fruit grew at high altitude and were exposed to high rainfall and low temperatures. In contrast,
the non-russeted Kibwezi fruit grew at lower altitude and was exposed to lower rainfall and
higher temperatures. Intermediate-russeting was observed on fruit from Mwala which is at
intermediate altitude, and experiences intermediate rainfall and temperature (Table 4).

On the same fruit, lenticels exposed to moisture fluoresced more than unexposed lenticels
(Fig 8). The fluorescing area around lenticels and their core and pore area were small during
early development, then increased towards a maximum around 100 DAFB (Figs 8 and 9). The
core area, the pore area and the infiltrated area per lenticel in moisture-exposed fruit were con-
sistently larger throughout development than in unexposed control fruit (Fig 9).
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Table 1. Peak growth rate, lenticel frequency and arca per lenticel in different regions of mature “Apple ‘mango (See 52 Fig for nomenclature). The fruit were grown
in the same orchard. Data is represented as means + standard errors. N = 40,

Region Peck growth rate (cm® d') Lenticels

| Frequency {No. mm ) Core arca (mm’®)
Stem end 0.05 + 0.01° 0.07 + 0.00 b® 018 +0.02b
Check 0.07 + 0.02 0,03 + 0,00 & 0.46 £ 0.05¢
Apex | 0.06 + 0.02 0.09 £ 0,03 ¢ | 0.4 £ 000 a
Back 0.07 + 0.02 0,06 £ 0.00 b 0.16 £ 0.02b
Nak 0.07 £ 0,02 0.04 + 0,00 a 0.16+002b

“Peck growth rate data is taken from [13].
“Mean scparation within columns by Tukey studentized range test, P< 0.05.

hitps:/idoi.org/10.1371/journal.pone.0291129.1001

Discussion

This discussion focusses on the following three findings;

i. growth strains enlarge lenticels and lead to their eventual rupture,

il. moisture on the fruit surface increases russet formation by increasing lenticel cracking and

iii. lenticels are sites of russet initiation in ‘Apple’ mango.

Growth strain enlarges lenticels leading to their rupture

Lenticels on *Apple’ mango increase in both core and pore area during development and this
leads to their eventual rupture. The driver for lenticel enlargement and lenticel rupture is the
progressive increase in growth strain in the fruit skin [26]. This hypothesis is supported by the
tollowing arguments.

First, there was a positive correlation between fruit surface area and lenticel core area (Fig
4). Although the number of lenticels per unit area decreased during development, the number
of lenticels per fruit basis did not change-this indicates new lenticels did not appear during
fruit development, instead, as the fruit expanded, a constant number of lenticels was distrib-
uted over an increasing surtace area. The increases in core and pore areas are consistent with
this observation. The increase in pore area of a lenticel was simply related to the expansion
of the core area. By about 110 DAFB, the limits of extensibility of the lenticels were exceeded
and the lenticels started to rupture (Fig 3). ‘Apple’ mango is not unique in this behavior [14,
27, 28].

Second, the lenticel core area differed between regions on a fruit and these differences were
simply related to the rates of fruit surface-area expansion in these regions [15]. We observed
larger core areas and a lower frequencies of lenticels in the cheek region, where the rates of
increase in surface area are largest [18]. In contrast, the apex region of the fruit, where the
rates of surface area growth are low, lenticel frequency was high and the lenticel core area was
small [18]. These findings are consistent with earlier reports for Malus apple
{Malus » domestica Borkh.) [4). In Malus apple, lenticel core area decreases and lenticel fre-
quency increases from the pedicel end of the fruit to the calyx end [4], whereas the surface
growth rate decreases [29].

Third, the time of lenticel rupture and of crack extension into the adjacent cuticle and epi-
dermis, coincides with the time of maximum surface area expansion rate. This suggests a cause
(surface growth strain) and eftect (cracking of lenticels and surrounding cuticle) relationship.
Apparently, the increase in core area of the lenticels was not sufficient to accommodate the
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Fig4. Surface (Ieft) and cross-sectional views (middle and right) of stomata and lenticels in developing 'Apple’ mango fruits from the
same orchard. Fruits were sampled at 33 (A-E), 78 (F-H), 110 (1-K) and 161 (L-N) days after full bloom (DAFB). Surface view was
examined under a binocular microscope and a digital microscope. Cross-sections were examined microscopically under incident
(middlc) and fluorescence (right) light. White arrow indicates stomal pores plugged with wax. Scale bars are 250 (A), 20 (B,C), 10 (D.E),
500 (F, I, L) and 50 pm (G,H,J,K.MN). N = 10 (surface views) and 5 (cross-sections)

hitps//doi.org/10.1371/journal pone.0291129.g004
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Table 2. Effect of the presence of lenticels on apparent strains (%) in *Apple’ mango skins from the same orchard. Apparent strain was partitioned into strains due to

excision and isolation (¢ __) and wax extraction (

errors. N = 3.

£’ _.). The latter two strains were summed up to make the total strain (). Data is represented as means + standard

extr

Treatment A £, Bl
With lenticels 12,6 + 0.6b* 281+10hb 407 +1.0b
Without lenticels 85+0.6a 158+0.7a 244+09a

“Mean scparation within columns by Tukey studentized range test, P< 0,05

htips:fdoi.org10.1371journal pone. 0291129 t002

increase in fruit surface area that accompanies the growth of the underlying tissues [8]; this
results in the cracking of the cuticle, immediately adjacent to the lenticel. It also consistent
with the higher strain relaxation of skin segments containing lenticels, compared to skin seg-
ments with no lenticels.

Fourth, lenticels developed from stomata. At 33 DAFB, we observed stomata but no lenti-
cels. By 78 DAFB, the stomata were gaping and an upward bending of the cuticle surrounding
the stomatal pore indicated severe tangential strain. By 110 DAFE, lenticels were fully devel-
oped, as indexed by the presence of a fully developed periderm. Similarly, in “Kensington
Pride’ and ‘Namdokmai’ mango cultivars, stomata ruptured and developed into lenticels [13,
30]. In *‘Namdokmai’ mango, lenticels were fully developed one month after full bloom [13].
Lenticels also develop from ruptured stomata in Malus apples [27].

These arguments demonstrate that in “Apple’ mango growth strain is causal in the develop-
ment of lenticels and their cracking. Interestingly, we observed no cracking of lenticels in
‘Tommy Atkins' or ‘Ngowe’. Both ‘Tommy Atkins’ and ‘Ngowe' typically have larger fruit, so
implying even higher skin strain than in the smaller ‘Apple’ mango-yet there was no sign of
cracking [18]. This observation demonstrates that lenticel morphology also depends on culti-
var [9, 10, 31].

Surface moisture induces lenticel cracking

Growth strain is not the only factor involved in lenticel development in ‘Apple’ mango. Our
study provides direct evidence that surface moisture plays a critical role in lenticel develop-
ment, expansion and cracking.

First, the core and pore areas of lenticels exposed to moisture were as much as 2-fold larger
than those of control lenticels unexposed to water.

Second, the area infiltrated by acridine orange was larger for moisture exposed lenticels
then for un-exposed lenticels, on the same fruit. Even for lenticels having the same core and
pore areas, lenticels exposed to moisture had signiticantly larger areas of fluorescence around
them, than unexposed lenticels. The increase in fluorescing area is explained by increased
microcracking around and through the lenticels. Microcracks serve as pathways through the
cuticle for rapid dye uptake.

Third, the effects of moisture on lenticel core area and pore area also account for the differ-
ences in lenticels between mangos grown at different sites. Fruits grown at lower altitudes
(Kibwezi) developed smaller lenticel cores than those at higher altitudes (Kakuzi). Kibwezi has
a hot, dry climate with low rainfall, while Kakuzi is cooler, more humid and with higher rain-
fall. Consequently, fruits grown at Kakuzi had larger lenticels and were more russeted than
fruits grown in Kibwezi. These orchard observations are consistent with the effects of moisture
exposure on lenticel development and russeting reported in this and in our previous study

[11].
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Fig 5. Corrclation between the strain released from a lenticel and that released from an excised and isolated cuticular
membrane (CM) [A), between the dewaxed core arca of a lenticel and the core area in the isolated CM disc (B), and
between the strain released from a lenticel and the core area in the isolated CM disc {C). Lenticel core areas in isolated
cuticles and in dewaxed cuticles were analyzed by image analysis. N = 40 (lenticels) and 24 (cuticles). The slope of the
regression line in B is 0.74 £ 0,02,

hitps-/doiorg/10.1371/journal pone 0291129.9005
A likely explanation for increased rupture of lenticels and microcracking of the cuticle

around lenticels is the effect of hydration on the mechanical properties of the cuticle. It is well
established that hydrated cuticles fracture at lower forces than dry cuticles [32-34]. In
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addition, lenticels function as stress concentrators. They represent islands of ditfering extensi-
bility that would serve to focus growth stresses at these locations on the fruit surface [35, 36].
The lenticels in “Apple’ mango, would appear to be weak spots, since star-like cuticular micro-
cracks radiate from the gaping lenticels. This was also reported in our earlier study [11]. Our
earlier study, found that when cuticles were subjected to uniaxial tensile tests, cuticular failure
occurred most frequently across or around the lenticels [18]. In Malus apple, a periderm simi-
larly torms under ruptured stomata or in response to microcracking, due to surface moisture
[21,37-39).
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Table 3. Severity of russet, frequency and arcas of lenticels in different mango cultivars. All cultivars were sampled from the same orchard. Severity of russet was quan-
tified using a rating scale from 0 to 4: score 0: 0% of the fruit surface arca russcted; score 1: 1-10% russcted arca; score 2: 11-25% russeted area; score 3: 26-50% russcted
area; and score 4: 51-100% russcted arca. Lenticel propertics were quantified on the cheek of the fruit. Data is represented as means + standard errors. N = 200 (russct
severity) and 40 (lenticel frequency and area per lenticel).

Cultivar Russeting (Scorc) Lenticels

Frequency (No. mm™) | Corc area (mm®)
Apple 115 005b* 0.05+000a | 050+ 0.04¢
Ngowe 003+001a 0.19+001c¢ 016+ 001 b
Kitovu 0.00£000a 0.152001b 003+000a
Tommy Atkins 0.01+£001a 0.332002d 005+001a

*Mecan scparation within columns by Tukey studentized range test, P< 0.05.

https://doi.org/10.1371/oumnal. pone.0291129.t003

Cracking of lenticels triggers russeting in ‘Apple’ mango

In “Apple’ mango, almost all cuticular microcracking develops around lenticels. Russeting in
‘Apple’ mango begins at lenticels and then gradually spreads over the fruit surface [11]. In
botanical terms, russeting represents the formation of a periderm, comprising a cork cambium
or phellogen that divides to produce stacks of cork cells, the so called phellem cells [2, 40]. A
periderm forms as a typical wound response [26]. Russeting in ‘Apple’ mango would seem to
be similar to that in Malus apple [40]. In both cases, a periderm forms in response to a wound,
i.e., a cracked lenticel in “Apple’ mango [11] or a microcrack in the cuticle of Malus apple [41].
As in Malus apple, the periderm forms in the hypodermal cell layers just below the stomata, as
indexed by the staining of the suberized cell walls of the phellem [21, 38]. As development pro-
gresses, the thickness of the phellem and hence the depth of the lenticels increases [4]. When
the fruit’s primary surface (the epidermis and the remains of the cuticle) is sloughed off, the
phellem and hence the brown lenticels are clearly visible at the surface. This understanding
applies to both “Apple’ mango and to Malus apple [4, 11, 16, 38]. The above arguments indicate
that the initiation and development of russeting in “Apple’ mango follows an essentially identi-
cal path to that found in Malus apple.

Conclusion

The results demonstrate that russeting in “Apple’ mango is initiated at lenticels. Moisture expo-
sure of developing fruit results in a weakening of lenticels and hence the formation of strain
cracking at the lenticels. The wounds and associated increases in water loss, are healed and a
degree of waterproofness regained, by the formation of a subtending periderm. The lenticels of
‘Apple’ mango are much larger than those of the other mango cultivars examined. In addition
to this genotypic effect, exposure of developing ‘Apple’ mango fruits to moisture results in
cracking and further increases in lenticel size. It is not clear why moisture should have this
effect. The relative weakness of these small areas of periderm probably results from one or sev-
eral of the following: (1) the large intercellular air-spaces within the periderm of a lenticel and/
or (2) the infiltration of lenticels by surface moisture and the subsequent hydration of the peri-
derm cell walls. Coupled with this, the periderm cell walls may have low wax content or their
suberization may be incomplete. All these factors will likely reduce cell:cell adhesion within
the periderm.

From a horticultural point of view, it is reasonable to conclude that any reduction of expo-
sure of the skins of ‘Apple’ mangos to moisture is likely to reduce both lenticel cracking and
hence russeting. Obvious strategies to achieve this will include focusing the production of
‘Apple’ mango on sites that enjoy drier climates. Alternative strategies to reduce surface
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Fig 7. Macroscopic view of mature "Apple’ (A), Ngowe' (B), 'Kitovu' (C) and "Tommy Atkins (D) fruit and
microscopic view of lenticels. All fruit were grown at the same site in the same season. Scale bars are 2 cm for
RiScrographd W D) and d s o walchpagin.

hitps//dot.org/10.1371/journal pone 0291129 .gD07
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Table 4. Effect of orchard location on russcting and lenticel frequency and lenticel arca in cv. *Apple’ mango. The sites were selected based on their differences in alti-
tude—mcters above sca level (m.asl). The dimatic variables include: cumulative rainfall, relative humidity (RH), minimum and maximum temperatures. Severity of rus-
sct was quantificd on a 0 to 4 scoring scheme: Score 0: 0% of the fruit surface arca russeted; score 1: 1-10% russeted area; score 2: 11-25% russcted area; score 3: 26-50%
russcted area; and score 4: 51-100% russcted arca. Data is presented as means + standard errors. N = 200 (Russcting score) and 40 (lenticel frequency and lenticel arca).

Orchard Location Altitude (m.asl) Cumulative rainfall (mm) RH (%) Temperature ('C) Russeting (score) Lenticels

Min. Max. Frequency (No. mm %) Core area (mm®)
Kibwezi 687 125.7 640 £ 05 171201 30.9+02 0032001a 014001 b 0.03 £0.00a
Mwala 1244 396.0 68608 154201 282+02 1L152005b 0.05£000a 0502004 b
Kakuzi 1327 4595 674+08 165201 290+02 1.7220.10c¢ 0.04 £000a 1082 0.08¢c

Mcan scparation by Tukey studentized range test, P< 0.05. Mcans within a column followed by the same letter are not significantly different.

291129 1004

pone.us o,

Moisture

100 DAFB 72 DAFB 58 DAFB 33 DAFB

130 DAFB

Fig8. Micrographs of lenticels of developing “Apple’ mango sampled 33 (A-B), 58 (C-D), 72 (E-F), 100 (G-H) and 130 (I-]) days after full bloom (DAFB). The
fruit surfaces were cither left untreated (A, C, E. G, 1) or exposed to surface moisture (B, D, F, H, J). Moisturc was presented to a small region on the check of a
fruit for 8 days by attaching an Eppendorf tube containing water. The surface was later viewed under bright or fluorescence light. N = 10, Scale bar is 500 pm.

https://doi.org/10.13

71/journal.p
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moisture should include bagging the developing fruits on the tree [42], and another strategy
would be to cultivate the ‘Apple’ mangos trees under a rain shelter, on a dwarfing rootstock.
These avenues for mitigation of russeting in ‘Apple’ mango all merit study.
Supporting information
S1 Fig. Fruit skin illustrating the lenticular core (red cycle) and pore (blue circle). We refer
to the lenticel pore as the opening and the lenticel core as the area of loosely packed comple-
mentary cells including those subtending the pore.
(TIF)
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52 Fig. Sketch of mango fruit illustrating the different regions of the fruit surface (Stem
end, cheek, apex, back and nak) where skin segments were sampled.
(TIF)

51 File. This is the excel file containing the data in Figs 1-3, 5, 6 and 9 and Tables 1-4.
(XL5X)
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Highlights

e Bagging increased fruit size and decreased cuticle thickness
e Bagging did not change background color, soluble solids or total acidity
e Bagging decreased anthocyanin content and blush area of the fruit surface

e Bagging reduced cuticular microcracking, russeting and postharvest water loss
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Abstract

In Kenya, the mango (Mangifera indica L) cultivar ‘Apple’ is commercially
important but it often suffers excessive russeting, which both compromises its
appearance and impairs its postharvest performance. Together, these effects
seriously reduce its market potential. Exposure to surface moisture is implicated in

russeting of cv. ‘Apple’ mango.

The objective was to establish the effect of bagging on russeting. Developing fruit
were bagged at the onset of the exponential growth phase, using brown paper bags
(Blue star®). Un-bagged fruit served as controls. The brown paper bags were

selected because of their high permeance to water vapor.

At harvest maturity, bagged fruit were larger, less russeted and had smaller lenticels
than un-bagged control fruit. Staining with aqueous acridine orange in conjunction
with fluorescence microscopy revealed numerous microcracks and larger lenticels

on un-bagged control fruit but these were not evident on bagged fruit.

Postharvest mass loss (principally water loss) of bagged fruit was lower than of un-
bagged control fruit. In the un-bagged control fruit, the skin’s water permeance
increased as the russeted surface area increased (r2 = 0.88 **). Fruit skins were less
permeable to water vapor than the brown paper bags. The brown paper bags
contributed not more than 4.2 to 9.1% of the total in-series diffusion resistance of
skin + bag.

The masses of isolated cuticular membranes, and of dewaxed cuticular membranes,
and of wax per unit surface area were higher for un-bagged control fruit than for
bagged fruit.

Bagged fruit were also greener and showed less blush. There was little difference
in skin carotenoid content between bagged and un-bagged control fruit, but skin
anthocyanin content was lower in bagged fruit. The rates of respiration and ethylene

evolution of bagged fruit were lower than those of un-bagged control fruit. There
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were no differences between bagged and un-bagged control fruit in their
organoleptic and nutritional properties including titratable acidity, total soluble

sugars, sucrose, glucose, fructose, vitamin C and calcium content.

In conclusion, bagging decreased russeting and increased postharvest performance

of fruit of mango cv. ‘Apple’.

Keywords:

Bagging, quality, russeting, lenticel, cuticle, skin permeance
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1. Introduction

The mango cultivar ‘Apple’ is important in Kenya, where it is grown widely because of its
excellent taste and textural properties. However, ‘Apple’ mango suffers from russeting. As
a consequence, its appearance and postharvest performance are compromised. Russeted
fruit is excluded from export to high-end markets, so russeting severely limits the market

potential of this cultivar.

Russeting in ‘Apple’ mango occurs particularly in fruit from highland regions that are
subject to extended periods of surface wetness (Athoo et al., 2020). To induce russeting for
experimental purposes, deliberate exposure to surface wetness works well, especially

during periods of most rapid growth (Athoo et al., 2022).

In botanical terms, ’russeting’ refers to formation of a periderm and this is often triggered
by rupture of the cuticle which in turn can be caused either by mechanical wounding or by
microscopic cracking (‘microcracking’) (Faust and Shear, 1972; Winkler et al., 2022). As
a consequence, a phellogen forms that divides and, to the outside, produces stacks of cork
cells, the so called phellem (Evert, 2006). The cell walls of the phellem are impregnated
with lignin and suberin (Legay et al., 2015) making them more waterproof and, so, partially
restoring the barrier function previously exercised by the cuticle. The suberin is responsible
for the brownish appearance of a russeted fruit surface and the irregular arrangement of the
phellem cells for its dullness. Russeting is not unique to mango cv. ‘Apple’ but also occurs
in a wide range of other fruit species including apple (Malus domestica Borkh.), pear
(Pyrus communis L.), plum (Prunus domestica L.) and others (Faust and Shear, 1972;
Skene, 1982; Michailides, 1991; Cohen et al., 2019; Shi et al., 2019; Winkler et al., 2022).

It is now well established that moisture on the fruit surface triggers microcracking of the
strained cuticle in mango cv. ‘Apple’ (Athoo et al., 2022) and also in apples (Knoche and
Grimm, 2008; Khanal et al., 2020), sweet cherries (Knoche and Peschel, 2006), and grapes
(Becker and Knoche, 2012). The fruit cuticle is strained as a result of ongoing expansion
growth. This stretches it as the underlying epidermal cells divide and extend (Knoche and

Lang, 2017; Si et al., 2021). It has been shown that exposure to surface moisture alters the
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rheological properties of the cuticle in such a way as to increase the likelihood of failure
(Edelmann et al., 2005; Khanal and Knoche, 2014, 2017). In ‘Apple’ mango, russeting is
initiated close to lenticels (Athoo et al., 2020). These structures are stiffer than the general
fruit surface and so serve to focus the growth stresses on the lenticel and its immediate
vicinity (Brown and Considine, 1982; Considine, 1982). This fits with the observation that
the lenticels in an area of moisture-exposed fruit skin are markedly larger than those in a

similar but un-exposed area (Athoo et al., 2023).

At present, there are no agronomic strategies for russeting prevention or mitigation in
mango cv. ‘Apple’. Due to the known role of surface moisture in exacerbating russeting, it
is hypothesized that bagging of fruit at the beginning of the period of most rapid surface
expansion growth will shorten the duration of surface wetness or even prevent it entirely.
This being the case, cuticular microcracking will be reduced or prevented and thus
russeting. Comparable effects have been reported for pear (Amarante et al., 2002; Lin et
al., 2008) and Malus apples (Tukey, 1969; Moon et al., 2016; Yuan et al., 2019). Bagging
reduced lenticel discoloration in mango cv. ‘Apple’ (Mathooko et al., 2011).

The objective of this study is to determine the effect of bagging developing fruit of mango

cv. ‘Apple’ on russeting and postharvest performance.
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2. Materials and methods
2.1. Plant Materials

Fruit of mango (Mangifera indica L.) cv ‘Apple’ grafted on seedling rootstocks was
obtained from commercial orchards located in Kaiti (1°45°S, 37°28’E) and Kambirwa
(0°44°S, 37°12’E), Kenya. Unless otherwise specified, fruit were harvested at commercial
maturity based on raised shoulders and fullness of the cheeks and freedom from visual

defects. Fruit were examined within 48 h of harvest.

2.2. Experiments
2.2.1 Selecting the bags

We investigated the water vapor permeance and light absorption characteristics of a brown
paper bag (Blue star; King Plastic Industries, Nairobi, Kenya), a waxed white paper bag
(Majimaji; King Plastic Industries) and a single layered white paper bag with clamping
wire (G-26; Kobayashi Bag Manufacturing Company, Lida, Japan). We will refer to these
as ‘brown paper bag’, ‘waxy white paper bag’ and ‘white paper bag’, respectively (See

supplementary Fig. S1 for illustration).

To determine the permeance of the bags to water vapor, paper discs (15 mm in diameter)
were punched from the bags and mounted in custom made stainless steel diffusion cells
(Geyer and Schonherr, 1988; Knoche et al., 2000) using high-vacuum grease. The gap
between the lid and the bottom of the diffusion cell was sealed using clear transparent
adhesive tape (Tesa Film®; Tesa-Werke Offenburg, Offenburg, Germany). Deionized
water was injected into the cells through an orifice in the lower part using a disposable
syringe and the orifice subsequently tape sealed. The cells were turned upside down and
left overnight to equilibrate under ambient conditions. The cells were then placed upside
down in a sealed polyethylene (PE) box containing dry silica gel, such that the exposed
bag surface in the diffusion cell faced the silica gel. The diffusion cells were weighed at 2-
h intervals for up to 8 h. The rate of water loss (F, g h™*) was calculated from the slope of

a linear regression fitted through a plot of diffusion cell mass (g) against time (h). The
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average r> was usually better than 0.99. The permeance (P, m s™) of the bag was then

calculated using equation 1 (Nobel, 2020).

(Equation 1)

In this equation, A is the exposed area of the diffusion cell (3.85 x 10 m?) and AC the
difference in water vapor concentration between the water vapor saturated atmosphere
inside the diffusion cell (20.59 g m~3 at 23 °C) and the dry environment inside the PE box
(approximately 0 g m™2 at 23 °C) (Nobel, 2020). The resistance (R; s m™) was calculated

as the inverse of permeance. The number of replicates was 20 per bag.

The light absorbance of the bags was determined by photometry. A piece of the bag was
mounted on the surface of a semi-micro UV cuvette (Brand 759150; Brand GmbH + CO
KG, Wertheim, Germany). Absorbance was recorded in 2 nm steps between 220 and 850
nm using a spectrophotometer (Specord 210; Analytik Jena GmbH, Jena, Germany). An
empty cuvette without a bag sample served as control.

The photosynthetic active radiation (PAR) absorbed by the bags was measured in full
sunlight using a LI-250 light meter fitted with a quantum sensor (LI-COR Biosciences
GmbH, Bad Homburg, Germany). The sensor was either left uncovered to face the sun
(control) or covered by a single layer of the bagging material. The PAR absorbance of the
bags was expressed as a percent fraction of the PAR reading by the uncovered light sensor.

The number of replicates was three.

Based on its water vapor permeance and the product availability (see below), the brown

paper bag was selected for subsequent experimentation.

Fruit were bagged at 59 days after full bloom (DAFB) at Kambirwa and at 60 DAFB at
Kaiti. This timing corresponded to the onset of the exponential growth phase at the two
sites. The open end of the bag was tied to the peduncle using a fine wire. A small hole (1
cm?) was cut at the bottom of the bag to drain away any free water that may have entered
the bag along the peduncle. The bags were left attached to the fruit until maturity; un-

bagged fruit served as controls.
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2.2.2 Developmental time course in fruit growth and cuticle deposition

The developmental time course of change in fruit mass, surface area and cuticle deposition
was established. Fruit mass was determined by weighing (TX420L; Shimadzu Corporation,
Kyoto, Japan). Fruit length and the two orthogonal diameters recorded at the equatorial
plane were measured using a digital caliper (CD-20PKX; Mitutoyo, Kawasaki/Kanagawa,
Japan). Fruit surface area was calculated from the measured dimensions assuming a
spherical shape. An earlier study established that the calculated and measured surface areas
using excised peels are closely related: Calculated area (spheroid) = 0.93 +
1.18 (£0.04) X measured peel area,r? = 0.98 *x (Athoo et al., 2021). A sigmoid
regression curve was fitted through a plot of fruit surface area against time. The growth
rate (cm? dt) was calculated as the first derivative of the model. The number of individual

fruit replicates was 30.

To quantify cuticle deposition, skin segments (ES) were excised from the cheek using a
biopsy punch (8 mm diameter; Kai Europe, Solingen, Germany). The ES were incubated
in 50 mM citric acid buffer solution containing cellulase (5 mL L*; Cellubrix L;
Novozymes A/S), pectinase (90 mL L*; Panzym Super E flissig; Novozymes A/S,
Krogshoejvej, Bagsvaerd, Denmark) and 30 mM sodium azide to prevent bacterial growth
(Orgell, 1955). The pH was adjusted to pH 4.0 using NaOH. The solution was refreshed
periodically until the cuticle separated from the adhering tissues. The isolated cuticles were
cleaned using a soft, camel hair brush. Following thorough rinsing with deionized water,
the cuticular membranes (CM) were dried overnight at 40 “C and then weighed (CPA2P;
Sartorius AG, Gottingen, Germany). The CM were Soxhlet extracted for 2 h to remove
cuticular wax using a chloroform:methanol mix (1:1 v:v CHCl3:MeOH). The dewaxed CM
(DCM) were dried overnight at 40 °C and then re-weighed (CPAZ2P; Sartorius). The masses
per unit area of the CM, DCM and wax were calculated. The number of CMs processed at

each sampling time was 20.

2.2.3 Fresh mass and russeting
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Mature fruit were harvested at 117 DAFB at Kaiti and at 126 DAFB at Kambirwa. Fresh
mass was recorded (TX420L, Shimadzu). Russeting was quantified using a discontinuous
five-step rating scheme (Athoo et al., 2020). The ratings were: score 0 = 0% of the fruit
surface area russeted, score 1 = 1-10% of the surface area russeted, score 2 = 11-25% of
the area russeted, score 3 = 26-50% of the area russeted and score 4 = >51% of the area
russeted. An earlier study had established that these rating scores were closely correlated

to russeted surface area as measured by digital photography and image analysis.

Russeted area (rating score) = \/(0.23(i0.01) x measured area (%),r? =
0.96™") (Athoo et al., 2020). The number of individual fruit replicates was 135 for Kaiti

and 193 for Kambirwa.

2.2.4 Lenticel size

The effect of bagging on lenticel size was determined at maturity. Briefly, ES were excised
from the fruit cheek using a biopsy punch (8 mm diameter; Kai Europe, Solingen,
Germany). The ES were viewed under a stereo microscope (MZ10F; Leica Microsystems,
Wetzlar, Germany) and photographed (Camera DFC7000T; Leica Microsystems). The
core area and the pore area of each lenticel were quantified by image analysis (ImageJ
1.53P; National Health Institute, Bethesda, MD, USA). Here, we refer to the entire
subepidermal lenticel as the ‘core’ and the open, cracked area of the lenticel as the ‘pore’.

The number of individual fruit replicates was 25.

2.2.5 Microcracking of the cuticle

To study the effect of bagging on formation of microscopic cuticular cracks (microcracks),
bagged and un-bagged control fruit were dipped in 0.1% aqueous acridine orange solution
for 10 min (Peschel and Knoche, 2005). Aqueous acridine orange penetrates the epidermal
layer through a microcrack in the cuticle surface but not through the intact cuticle.
Following rinsing with distilled water, the fruit surface was inspected for microcracks

under a stereo microscope (MZ10F; Leica Microsystems) in brightfield and fluorescing
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light (GFP LP filter, 480—440 nm excitation, >510 nm emission wavelength). Calibrated
images were taken with a digital camera (Camera DFC7000T; Leica Microsystems). The

number of individual fruit replicates was five.

2.2.6 Postharvest water loss

The effect of bagging on postharvest water loss was investigated. Bagged and un-bagged
control fruit were rated individually for russeting. Fruit mass, and orthogonal dimensions

were determined and the fruit surface area calculated.

The time course of transpiration was established on a whole-fruit basis. Transpiration was
restricted to the skin by sealing the stem end using a fast-curing silicone rubber (Dow
Corning SE 9186; Dow Corning Corp, Midland, MI, USA). After aminimum curing period
of 20 min, fruit were placed in a polyethylene (PE) box containing a saturated solution of
NaCl (relative humidity 75%) (Wexler, 1995). Under these conditions the difference in
water vapor concentration across the fruit skin was 4.67 g m? (Wexler, 1995). Fruit were
weighed individually every 24 h for up to 96 h. The rate of water loss, the permeance and
the resistance were calculated as described above. The number of individual fruit

replications was 20.

From the permeance estimates of the bag, of the russeted and the un-russeted fruit skins,
the relative contributions of the bag to total resistance (bag + skin) were calculated using a

‘resistors-in-series’ model according to the following equations (Nobel, 2020):

R = and (Equation 2)

1

P
Riot = Rpag + Rskin (Equation 3)

In this equation resistance (R; s m™) equals the inverse of the permeance (P; m s*) and

total resistance of bag plus skin (R tt) equals the some of the resistance of the bag (R bag)

plus that of the skin (R skin) in analogy to resistors arranged in series in an electrical circuit
(Nobel, 2020).
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2.2.7 Peel color

Peel color was quantified in the CIE LAB 1976 (L*, a*, b*) color space using a
spectrophotometer (CM-23D, 8 mm orifice; Konica Minolta, Osaka, Japan; software:
SpectraMagic™ NX Professional/Lite v 3.3). A total of four fruit were measured, making
four measurements per fruit. Hue angles were calculated from the a* and b* values
according to McGuire (1992).

2.2.8 Carotenoids and anthocyanins

Whole fruit were peeled and the peel stored at -18 °C until use. Following thawing,
adhering flesh was removed from the peel by gentle scraping, to leave just the epidermis
and hypodermis. The peel was then chopped into small fragments. To quantify carotenoids,
a sample of 3 g of peel was ground in 10 mL acetone in a mortar. The resulting acetone
extract was then transferred to a 50 mL volumetric flask. The peel was extracted several
times until the extracts were colorless. The extracts were combined and brought up to 50
mL volume using acetone. Petroleum ether (30 mL) was added to a separation funnel
followed by the acetone extract. Distilled water was then added to remove the acetone. The
procedure was repeated three times, the extracts were combined and brought up to 50 mL
volume by adding petroleum ether. Absorbance of the extract was determined at 450 nm
using a UV-Vis spectrophotometer (UV-1800 spectrophotometer, Shimadzu) (Heinonen,
1990; Rodriguez-Amaya and Kimura, 2004). Carotenoid content was calculated from

equation 4 (Rodriguez-Amaya and Kimura, 2004).

. A XV x10% .
Carotenoids = %100 (Equation 4)
ACX Sample weight

In this equation A is the absorbance of the extract read at 450 nm, V (ml) the volume of
the extract and AC, the absorbance coefficient of B-carotene in petroleum ether (Rodriguez-
Amaya and Kimura, 2004). Results are given on a fresh weight basis. The number of

individual fruit replicates was three.

Anthocyanins were determined using the pH differential method (Lee et al., 2005). Briefly,

3 g of peel was ground in a mortar, then extracted in 10 mL of methanol for 72 h on a
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shaker, in the dark. The extract was divided into two aliquots. The first was buffered in 25
mM KCI buffer at pH 1.0. The second was buffered in 400 mM Na-acetate buffer at pH
4.5. The pH was adjusted to 1.0 or 4.5 using HCI. Solutions were filtered (filter paper grade
1; cut-off pore size 11 um) to remove any particulate matter (turbidity). Absorbance of the
filtrate was measured at 520 and 700 nm within 20-50 min of preparation of the extracts
using a spectrophotometer (UV-1800; Shimadzu). The anthocyanin pigment concentration

was calculated as cyanidin-3-glucoside equivalents using equation 5 (Lee et al., 2005).

3
Anthocyanin = AX MW x DFX 10 (Equation 5)

& X1

and
_ phl phl ph4.5 ph4.5
A= (Aszo - A700) - (Aszo - A700

In this equation A is the differential absorbance of the buffered extracts at pH 1.0 and 520
nm (424, pH 1.0 and 700 nm (452, at pH 4.5 and 520 nm (A22*) and at pH 4.5 and
700 nm (A55+5) , MW the molar mass of cyanide-3-glucoside (449.2 g mol ), DF is the

dilution factor, € the molar extinction co-efficient (26900 L mol? cm™) of cyanidin-3-
glucoside and [ is the path length of the beam through the extract (cm) (Lee et al., 2005).
Results are given on a fresh weight basis. The number of individual fruit replicates was

three.

2.2.9 Respiration and ethylene synthesis

Rates of respiration and ethylene synthesis were determined during shelf life at =25 °C for

up to 15 d after harvest (DAH) with three to six individual fruit replicates.

The rate of respiration was estimated as the rate of CO2 production per unit fruit mass. Fruit
were individually incubated in gastight plastic jars (volume 2 L) for 1-1.5 h at ambient
temperature (23-25 °C). A gas sample (1 mL) was drawn from the headspace using a
gastight syringe and injected into a gas chromatograph. The CO2 concentration was
determined using a GC (GC-8A; Shimadzu) equipped with a Porapack Q column and a

thermal conductivity detector. The injector temperature was 150 °C, the column and
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detector temperatures 120 °C. Helium was used as a carrier gas at a flow rate of 20 mL
mint. The rate of CO, production was calculated from the increase in CO, concentration

in the incubation jar during the incubation interval.

Ethylene was quantified on a GC (GC-9A; Shimadzu) equipped with an activated alumina
column (Sepax HP- Amino, 5 uL; Sepax™ Technologies Inc, Newark, DE, USA) and a
flame ionization detector. The injector temperature was set at 220 °C, the column
temperature at 150 °C, and the detector temperature at 240 °C. The carrier gas was N at a
flow rate of 50 mL min™. Hydrogen and synthetic air were used as the burning gas for the
detector at flow rates of 50 mL min for H, and 5 mL min for synthetic air. The rate of
ethylene evolution was calculated from the increase in ethylene concentration during the
incubation interval. Calibration curves were established to calculate CO, and ethylene

concentrations from the respective peak areas.

2.2.10 Firmness

Fruit firmness was measured during shelf life, before and after peeling, using a rheometer
(probe diameter 5 mm) (Compac-100; Sun scientific, Tokyo, Japan). The distance of travel
was set at 20 mm and the travel speed adjusted to 600 mm min. The number of individual

fruit replicates ranged from 12 to 16.

2.2.11 Total acidity and total soluble solids

Pulp samples were prepared from fruit flesh using a blender. Briefly, 5 g of pulp was added
to 50 mL of distilled water. The indicator phenolphthalein (40-60 ul) was added to a 10
mL aliquot of the solution and titrated against 0.1 N NaOH until color change. From the
volume of base consumed, total acidity (TA) was calculated as the amount (g) of citric acid
equivalent per 100 g of fruit according to ISO 750:1998 (factor for citric acid 0.064; (1SO,
1998)). Total soluble solids (TSS) of the pulp were determined using a digital refractometer
(PAL-S; Atago, Tokyo, Japan). The number of individual fruit replicates was three.
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2.2.12 Sucrose, glucose and fructose

The sucrose, glucose and fructose contents of the pulp of bagged and un-bagged control
fruit was quantified during shelf life using the method described by Li (1996). About 2 g
of pulp was boiled in 20 mL of ethanol for 1 h inside a reflux condenser (SF-6, Sanshin
Industrial Co, Kobe, Japan). Upon cooling, the extract was filtered, and the solvent
evaporated from the filtrate in a rotary evaporator (DGU-20A 5R, Shimadzu). The residue
was taken up in 5 mL of acetonitrile and water (1:1 v/v). An aliquot (1 mL) of supernatant
was micro-filtered (Nylon syringe filter, pore size 0.45 um; Membrane Solutions LLC,
Auburn, WA, USA) into a vial. Sucrose, glucose and fructose were analyzed by high-
performance liquid chromatography (HPLC) (LC-20AD; Shimadzu) fitted with a
refractive index (RI) detector (model 10A, Shimadzu). The HPLC was run using the
following settings: oven temperature 30°C, injection volume 20 pL, mobile phase
acetonitrile:water (75:25) at 0.5-1.0 mL min™. Calibration lines were established using
standards. Total sugars were calculated as the sum of glucose, fructose and sucrose. Results
are given on a fresh weight basis. The number of individual fruit replicates was three.

2.2.13 Vitamin C

The change in ascorbic acid content during shelf life was analyzed by HPLC using the
procedure of Vikram et al. (2005). About 2.5 g of pulp was weighed and dissolved in 0.8%
metaphosphoric acid. The solution was then centrifuged for 10 min at 11739 g and 40 °C.
The supernatant was filtered through a 0.45 um filter (Nylon syringe filter; Membrane
Solutions LLC). A 20 uL sample of the filtrate was injected into an HPLC (Model 20A;
Shimadzu) equipped with a UV- Vis detector (SPD 20A; Shimadzu). Absorbance was read
at 266 nm. The settings of the HPLC were: oven temperature 30 °C and flow rate of 1.2
mL mint. Metaphosphoric acid (0.8%) was also used as a solvent. This acid was vacuum-
filtered (Rocker-Chemker 300; Rocker Scientific, New Taipei, Taiwan) and degassed using
an ultrasonic cleaner (GT sonic 3; GT International (HK) Group, Shenzhen, China).
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A calibration curve was prepared using ascorbic acid standards in a concentration range
from 20 to 100 mg mL™. Results are given on a fresh weight basis. The number of

individual fruit replicates was three.

2.2.14 Calcium

Flesh calcium content was analyzed by spectrophotometry following dry ashing (Isaac and
Johnson, 1975; Osborne and Voogt, 1978). Briefly, 5 g of pulp was placed into a pre-
weighed crucible. The sample was ashed in a muffle furnace (Advantec KL-420; Electric
Muffle furnace, Toyo Seisakusho Kaisha, Chiba, Japan). The temperature of the furnace
was increased to 550 °C, held constant for 1 h and decreased thereafter. The ash was taken
up in 20 mL of 0.5N HNOs3, then heated to 80-90 °C on a hotplate for 5 min and brought
up to 100 mL volume using 0.5N HNOs. The solution was filtered (filter paper grade 1;
cut-off pore size 11 um). Lanthanum chloride (0.5 mL at 0.12 M) and distilled water (9
mL) were added to 0.5 mL of sample to make the test solution. Absorbance of the solution
was read using an atomic absorption spectrophotometer (Model AA-7000 with ASC-7000
Auto sampler; Shimadzu). A calibration curve was prepared prior to analysis. The number

of individual fruit replicates was three.

2.3. Data analysis, statistics and terminology

Data are presented as means + se. Where not visible, the standard error bars were smaller
than the data symbols. Data were analyzed using analysis of variance with R statistical
software (R version 4.0.3; R Foundation for Statistical Computing, Vienna, Austria).
Means were separated using Turkey’s studentized range test (o = 0.05). Regression
analyses were conducted in R and Sigma Plot (version 12.5; Systat Software, San Jose,
CA, USA). We refer to microcracking of the cuticle that is associated with lenticels as

‘lenticel cracking’.

3. Results
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Cumulative water vapor loss through the different bagging materials increased linearly
with time indicating a constant permeance to water vapor (Supplementary Fig. S2). The
resistance to water vapor movement was highest for the waxy white paper bag and
markedly lower for both the white paper bag and the brown paper bag (Table 1).

The waxy white paper bag and the white paper bag absorbed less PAR compared with the
brown paper bag (supplementary Table S1, supplementary Fig. S3). Most of the absorption
occurred in the range of short wavelengths. There was less absorption at wave lengths
above 400 nm with little difference between the different bags (supplementary Fig. S3).
Based on these data and local availability, the brown paper bags were selected for the
bagging experiment.

Fruit mass and surface area increased sigmoidally with time. Surface area growth rate
reached at maximum of 4.2 cm? d* at 94 DAFB (Figure 1A). The mass of CM, DCM and
wax per unit surface area all increased during development. The CM, DCM and wax mass
were significantly higher for the un-bagged control fruit than for the bagged fruit (Figure
1B-D).

At maturity, the mass of the bagged fruit exceeded that of the un-bagged control fruit (Table

2). Fruit grown in Kaiti, was consistently larger than that from Kambirwa (Table 2).

Bagged fruit were less russeted and had markedly smaller lenticels than those of un-bagged
control fruit (Figure 2, Tables 3,4). There were no significant differences in russeting or in
lenticel size between fruit from Kaiti or Kambirwa (Tables 3,4).

Fluorescence microscopy revealed numerous dye infiltrated microcracks and lenticels on
the surface of un-bagged control fruit, but there were no microcracks or infiltrated lenticels

on the surface of bagged fruit (Figure 2).
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Simulated postharvest mass loss from bagged and un-bagged control fruit increased
linearly with time (Figure 3 A,B). Mass loss (mostly water loss) and skin permeance were
about 1.8-fold higher in un-bagged control fruit, compared with bagged fruit (Figure 3B).
For control fruit, permeance was positively and linearly related to the area of russeted
surface (r> = 0.88**) (Figure 3C). Compared to the bag material, fruit skins were markedly
less permeable and thus had a much higher resistance to water vapor loss than either the
brown paper bag or the white paper bag (Table 1). Consequently, the brown paper bag and
the white paper bag contributed to at most only 4.2 and 4.5%, respectively, to the maximum
total resistance. This result contrasted with that with the waxy white bag, which contributed
up to 94.4% to the maximum total resistance (Table 1). Thus, the relative humidity inside
the bags would have been markedly higher in the waxy white bags as compared with either
the brown paper bag or the white paper bag.

Bagged fruit were greener and had less blush on the surface than un-bagged control fruit,
as indexed by a lower hue angle (Figure 4). The hue angle decreased during ripening,
indicating de-greening. This change was in part due to an increase in total carotenoids as
the fruit ripened (Figure 4B,C). There was no significant difference in carotene content
between bagged and un-bagged control fruit. Anthocyanin content increased with ripening
and was consistently higher for un-bagged control fruit compared with bagged fruit (Figure
4D).

The rates of respiration, as indexed by CO. release, increased with ripening, peaked at
about 10 days after harvest (DAH) and then declined. The respiration rate of un-bagged
control fruit exceeded that of bagged fruit by up to 1.4-fold. A similar pattern was observed
for ethylene synthesis, which increased with time, reached a peak at about 4 and 8 DAH in
the un-bagged control and the bagged fruit, respectively, and decreased thereafter. The
peak in ethylene synthesis was about two-fold higher in the un-bagged control than in the

bagged fruit (Figure 5).
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Titratable acidity (TA) decreased, whereas total soluble sugars (TSS) increased with shelf
life. There was no difference between un-bagged control and bagged fruit (Figure 6). There
were also no differences in firmness, sucrose, glucose, fructose, vitamin C or calcium
contents between bagged and un-bagged control fruit (Supplementary Figs. S4-6 and

supplementary Table S2).
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4. Discussion

Bagging improved pre- and postharvest performances of ‘Apple’ mango by i) reducing

lenticel cracking and russeting, and ii) by decreasing postharvest water loss.

4.1 Bagged fruit had less lenticel cracking and was less russeted than un-bagged control

fruit.

Bagging reduced lenticel cracking as indexed by lenticels with smaller core and pore areas.
In ‘Apple’ mango, lenticels are sites where russet is initiated (Athoo et al., 2020). From a
materials science point of view, lenticels represent stiffer areas in a larger area of less-stiff
(more extensible) cuticle. Lenticels therefore tend to concentrate stresses (Brown and
Considine, 1982; Considine, 1982) and this increases susceptibility to cracking (Athoo et
al., 2021, 2023). In mango cv. ‘Apple’, the lenticels would seem to be far more susceptible
to microcracking than those in other mango cultivars (Athoo et al., 2021, 2023). Our
finding that lenticels serve as initiation points for microcracking is consistent with reports
for other fruitcrop species including for pear (Amarante et al., 2002; Lin et al., 2008) and
pomegranate (Sarkomi et al., 2019). Our bagged ‘Apple’ mango fruit also suffered less
microcracking around the lenticels and also less microcracking on the intervening fruit

surface, so the fruit were almost russet-free.

The reduction in lenticel cracking and the decrease in russeting in the bagged fruit would
seem to be the result of reduced surface wetness as surface wetness has previously been
shown to trigger microcracking and russeting in ‘Apple’ mango (Athoo et al., 2022) and
Malus apple (Tukey, 1969; Knoche and Grimm, 2008; Chen et al., 2020; Khanal et al.,
2020). Exposure to surface moisture alters the rheological properties of the strained cuticle
and this increases the likelihood of failure (Khanal and Knoche, 2017). It is interesting that
the CM, DCM and wax mass were all significantly lower in the bagged fruit, compared
with the un-bagged controls. The bags probably acted as a transpiration barrier due to the
resistance of the bag itself arranged in series to the cuticle plus the boundary layer

resistance of the still air inside the bag. Both factors reduce transpiration. Lower
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transpiration inside the bags may have suppressed CM deposition (Skoss, 1955; Hao et al.,
2011). Suppressed CM deposition has been reported in shaded compared to sun-exposed
mango (Léchaudel et al., 2013) or grape berries (Rosenquist and Morrison, 1989). Our
findings are consistent with effects of bagging on CM deposition in pear and persimmon
(Amarante et al., 2002; Katagiri et al., 2003).

4.2 Bagging improved postharvest performance in ‘Apple’ mango.

Bagging improved postharvest performance. First, bagged fruit maintained a more intact
cuticle barrier that is effective in restricting transpiration and in pathogen defense. In fact,
bagging has been reported to reduce the incidence of anthracnose and stem end rot in ‘Nam
Dok Mai #4’° and ‘Keitt’ mango (Hofman et al., 1997; Chonhenchob et al., 2011). Similar
findings have been reported for pear, pummelo, papaya etc. (Kitagawa et al., 1992;
Issarakraisila, 2018; Gao et al., 2022). Second, bagged fruit had lower postharvest water
loss than un-bagged control fruit. Non-russeted fruit surfaces have a lower permeance than
russeted surfaces in ‘Apple’ mango (Athoo et al., 2020) and Malus apple (Khanal et al.,
2019). Third, bagging increased peel quality in ‘Apple’ mango and many other fruitcrops
e.g., pear (Amarante et al., 2002). Fruit appearance was improved by reduced russeting.
The ground color was not affected by bagging, as indicated by the hue angle of the peel.
There was no change in carotenoid content, this is in line with earlier studies in other mango
cultivars (Hofman et al., 1997; Ding and Syakirah, 2010). That bagging decreased the red
blush and reduced anthocyanin content compared with un-bagged control fruit, is not
unique to ‘Apple’ mango, but has also been reported for bagged Malus apple (Chen et al.,
2012), peach (Jia et al., 2005), and pomegranate (Sarkomi et al., 2019). See Ali et al. (2021)
for a detailed review. Reduced anthocyanin content is common in shaded compared to sun-
exposed fruit (Bible and Singha, 1993; Karanjalker et al., 2018). This is due to the reduced
exposure to UV light in bagged fruit — UV is required for anthocyanin synthesis (Ubi et al.,
2006; Karanjalker et al., 2018). We show that brown paper bags absorb light in the UV

wavelength range.

We detected no adverse effects of bagging on fruit quality. Organic acids, sugars, vitamin

C and Ca were largely unaffected. The lack of an effect of bagging on Ca content is
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5. Conclusion

The results presented here indicate that preharvest bagging is a commercially attractive
procedure able to reduce russeting in ‘Apple’ mango. In addition, bagged fruit were larger
and suffered lower postharvest weight loss than un-bagged control fruit. Except for a
reduced blush, there were no adverse effects of bagging on fruit quality or nutritional value.
Thus, pre-harvest bagging offers an opportunity for small-scale farmers to produce high

quality ‘Apple’ mangos suitable for discerning export markets.
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Table 1

Resistances and relative contributions of bagging material to total resistance to water
vapor loss from bagged cv. ‘Apple’ mango. The bagging materials were brown paper,
waxy white paper and white paper bags. Resistance was calculated as the inverse of
permeance (m s™). Permeance was calculated from the rate of cumulative water loss vs
time through samples of the bag materials mounted in diffusion cells (see supplementary

Fig. S2). The number of replicates was 20.

Resistance  Total resistance Contribution of bag to

bag (Skin +bag) total resistance (%)
Bagging material (sm?) min max min max
Brown paper bag 181 1995 4320 9.1 4.2
Waxy white paper bag 69341 71156 73480 97.5 94.4
White paper bag 197 2011 4336 9.8 4.5

The minimum (1814 s m™) and maximum resistances (4139 s m™?) of the fruit skin were
calculated as the inverse of the permeances of a non russeted fruit (russet score 0 = 0%
russeted area) and a russeted fruit skin (russet score 4 = 50-100% russeted area) from the

regression line in Fig. 3.
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Table 2

Average (means + se) fruit mass of bagged and un-bagged control ‘Apple’ mango. The
fruit were bagged at 59 day after full bloom (DAFB) in Kambirwa and at 60 DAFB in
Kaiti using brown paper bags. Un-bagged fruit served as controls. The number of

replicates was 193 in Kambirwa and 135 in Kaiti.

Mass (g)
Treatment Kaiti Kambirwa Mean Treatment
Control 371.7+9.0 3135+7.0 3426 +58aY
Bagged 4244 +8.9 348.8+5.38 386.6 54D
Mean site 398.0+6.5b* 331.2+4.6a

Main effect of treatment ¥ and orchard site * but not interaction significant following two
factorial ANOVA at P< 0.05. Mean separation by Tukey’s Studentized Range test, P<
0.05
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Table 3

Average (meanzx se) russeting in bagged and un-bagged control ‘Apple’ mango from
Kaiti and Kambirwa production sites. The fruit were bagged at 59 day after full bloom
(DAFB) in Kambirwa and at 60 DAFB in Kaiti using brown paper bags. Un-bagged fruit
served as controls. Russeting was quantified using a five-score rating scheme. Score 0 =
0% of the fruit surface area russeted, score 1 = 1-10% russeted area, score 2 = 11-25%
russeted area, score 3 = 26-50% russeted area and score 4 = 50-100% russeted area. The
number of replicates was 193 in Kambirwa and 135 in Kaiti.

Russeting (rating)

Treatment Kaiti Kambirwa Mean site
Control 1.8+£0.1b* 23%£0.1b 21+0.1
Bagged 02x00a 02+£0.0a 0.2x£0.0
Mean treatment 1.0+0.0 1.3+0.1

“Interaction treatment x site significant by two factorial ANOVA. Therefore, ANOVA
run by sites. Means within the rows followed by the same letter are not significantly

different. Mean separation by Tukey studentized range test, P< 0.05
725
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Table 4

Pore (opening) and core (underlying cavity) area of lenticels in bagged and un-bagged

control mature ‘Apple’ mango. The fruit were bagged at 59 days after full bloom (DAFB)

in Kambirwa and at 60 DAFB in Kaiti using brown paper bags. Un-bagged fruit served

as controls. The number of replicates was 193 in Kambirwa and 135 in Kaiti.

Lenticel area (mm?)

Kaiti Kambirwa
Treatment Pore area Core area Pore area Core area
Control 0.39+£05b* 0.95%0.13b 0.35+05b 0.95+0.13b
Bagged 0.01+00a 0.05+0.01a 0.00£00a 0.04+0.01a

Z Main effect treatment significant by two factorial ANOVA. Mean separation according

to the Tukey Studentized Range test, p<0.05.
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Figure Legends

Fig. 1. Developmental time course of change in fruit mass and surface area (A) and surface
area growth rate (A, inset), deposition of the cuticular membrane (CM) (B), the dewaxed
CM (DCM) (C) and wax of ‘Apple’ mango. Vertical arrows indicate the time at which the
fruit were bagged at Kambirwa using brown paper bags. Un-bagged fruit served as
controls. X-axis scale in days after full bloom (DAFB). Data represent means + se. The

number of replicates was 30 in A, and 20 in B, C, and D.

Fig. 2. Representative images of un-bagged (‘Control’) (A) and bagged (‘Bagged’) (B)
‘Apple’ mango at maturity. Microscopic view of fruit surface (C-E) and lenticels (G-J) of
un-bagged (C,D,G,H) and bagged (E,F,LJ) ‘Apple’ mango at harvest. Fruit were viewed
under incident bright (C,E,G,I) or under incident fluorescent light to visualize microcracks
(D,F,H,J). Areas of the fruit surface were incubated in 0.1 % aqueous acridine orange prior
to microscopy. Scale bar is 1 cm (A,B) and 1 mm (C-E). The number of replicates was

five.

Fig. 3. Time course of fruit mass loss (A) and change in permeance (B) of mature ‘Apple’
mango. The fruit were either bagged (‘Bagged’) or remained un-bagged (‘Control’) at
Kambirwa at 59 days after full bloom. Data represent means = se. (C) Relationship between
the permeance of the fruit skin to water vapor and the portion of the fruit surface area
russeted. Russeting was quantified using a five-point scoring scheme. Score 0 = 0% of the
fruit surface area russeted, Score 1 = 1-10% russeted area, score 2 = 11-25% russeted area,
score 3 = 26-50% russeted area and score 4 = 50-100% russeted area. Data in C represent
individual fruits. The number of individual fruit replicates was 15. The regression equation
was: Permeance (X 107*m=1) = 2.22 (+ 0.1) + 0.71 (+ 0.1) X russet score, I’ =
0.88 **,
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Fig. 4. Hue angle (A), carotenoid (B), and anthocyanin content (C) in the skin of un-bagged
(‘Control’) and bagged (‘Bagged’) ‘Apple’ mango. Fruit were bagged using brown paper
bags at 60 days after full bloom in Kaiti. X-axis scale in days after harvest (DAH). Data
represent means = se of 12 to 16 (A) and 3 (B,C) fruit.

Fig. 5. Rates of respiration and ethylene release from mature bagged (‘Bagged’) and un-
bagged (‘Control’) ‘Apple’ mango. The fruit were bagged using brown paper bags at 60
days after full bloom in Kaiti. X-axis scale in days after harvest (DAH). Data represent

means * se of three to six fruit.

Fig. 6. Titratable acidity (TA) (A) and total soluble solids (TSS) (B) of the pulp of mature
bagged (‘Bagged’) and un-bagged (‘Control’) ‘Apple’ mango. The fruit were bagged using
brown paper bags (Blue star®) at 60 days after full bloom at Kaiti. X-axis scale in days

after harvest (DAH). Data represent means + se of 15 fruit.
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798  Supplementary material

799
Supplementary Table S1
Photosynthetically active radiation (PAR) and percentage PAR absorption of the three
different bagging materials. Measurements were made on in full sunlight and a bright
sky. Control was measurement without any bagging material. The number of replicates
was three. Data represent means + se.
Fruit bag PAR (umol st m?) PAR absorbed (%)
None (Control) 2022.7 £ 0.3 0.0
Waxy white paper 1325.7+11.2 34.5
Brown paper 595.7+1.8 70.6
White paper 1416.0+17.6 30.0
800
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Supplementary Table S2

Effect of bagging on the calcium content of the pulp of ‘Apple’ mango. The fruit were
bagged using brown paper bags at 60 days after full bloom at Kaiti. Un-bagged fruit
served as controls. Data is represented as means + se. The number of replicates was nine

(three technical reps per fruit and three fruit)

Treatment Calcium (mg 100 g2
Un-bagged (control) 256+05a
Bagged 25.8+0.7a

There were no significant differences between treatments at p<0.05.
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808  Supplementary Fig. S1. Photographs of the different bags used in the study. The bags

809 tested were; white paper bag (Left), Brown paper bags (Middle) and the waxy white paper
810  bag (Right).
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813  Supplementary Fig. S2. Cumulative water loss through samples of different bagging

814  materials with time. The patches were mounted inside custom made diffusion cells and
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incubated above dry silica inside a polyethylene box. The bags were made of brown paper,

waxy white paper and white paper. The number of replicates was 20.
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Supplementary Fig. S3. Light absorbed by different bag materials at wavelengths between
220-850 nm was measured using a photometer. A single layer of bag material was mounted
on a cuvette for the absorbance measurement, an empty cuvette was measured for
reference. The bags were made of brown paper or waxy white paper or white paper. The

number of individual replicates was three.
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Supplementary Fig. S4. Effect of bagging developing ‘Apple’ mango fruit on the change
in firmness of the pulp, during a two-week shelf life. The fruit had been surrounded by a
brown paper bag at 60 days after full bloom at the Kaiti production site. Un-bagged fruit
served as controls. The X-axis scale is in days after harvest (DAH). Data are presented as

means * se. The number of individual fruit replicates was 12-16.
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Supplementary Fig. S5. Effect of bagging developing ‘Apple’ mango fruit on the change
in pulp fructose (A), glucose (B), sucrose (C) and total sugars (D) during a two-week shelf
life. The fruit had been surrounded by a brown paper bag at 60 days after full bloom at the
Kaiti production site. Un-bagged fruit served as controls. X-axis scale is in days after
harvest (DAH). Data are represented as means + se. The number of individual fruit

replicates was three.
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Supplementary Fig. S6. Effect of bagging developing ‘Apple’ mango fruit on the change
in vitamin C content during a two-week shelf life. The fruit had been surrounded by a
brown paper bag at 60 days after full bloom at the Kaiti production site. Un-bagged fruit
served as controls. X-axis scale is in days after harvest (DAH). Data are represented as

means * se. The number of individual fruit replicates was three.
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4. General Discussion

The main objectives of this research were to study the mechanistic basis for mango fruit russeting

and develop strategies to manage the disorder. The main finding of this thesis shows similar

mechanistic basis and prevention strategies between russet disorder of ‘Apple’ mango and many

surface disorders in other fruits such as apples, pear, prune, citrus etc.

Specifically, this study found out that:

1)

2)

3)

4)

5)

6)

Fruit russeting generally involves formation of a periderm in response to microcracking of
the CM (chapter 3.1)

Russeting in ‘Apple’ mango involves cracking of the fruit surface, formation of periderm
beneath the cracks, and that growing conditions conducive for surface wetness exacerbate
russeting (see chapter 3.2).

Low cuticle deposition and higher growth strains predispose ‘Apple’ mango to
microcracking and subsequently to russeting (see chapter 3.3).

Moisture on the fruit surface aggravates microcracking and russet development in ‘Apple’
mango fruit (see chapter 3.4).

Lenticels are sites of initiation of microcracking and of russeting in ‘Apple’ mango (see
chapter 3.5)

Preharvest bagging prevents surface wetness thereby improves peel appearance and

postharvest performance of ‘Apple’ mango (see chapter 3.6)

Readers are referred to the respective chapters for a detailed discussion of these specific findings.

This section discusses briefly how these results potentially explain mechanistic basis of other fruit

surface disorders in many fruits, the consequences of openings on the fruit surface and suggest

countermeasures against some of these disorders. These are therefore discussed under the

following points:

1.

Comparison between russet development of ‘Apple’ mango and development of other
surface disorders in many fruit crops.
Consequences of openings on the fruit surface

Countermeasures to prevent surface disorders
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4.1 Comparison between russet development in ‘Apple’ mango and development of other fruit
surface disorders
Russet formation in ‘Apple’ mango bears a number of similarities with many surface disorders in
other fruit crop species. We found out that growth stress (strain) and surface wetness is essential
in its development. Also, russeting of ‘Apple’ mango uniquely occurred at the lenticels. Similarly,
growth stress, surface wetness and openings on the fruit surface triggers the development of many
surface disorders in a variety of fruit crops. These openings on fruit surface include stomates,
lenticels, trichome scar, wound, micro- and macro-cracks, suture (the carpel juncture in prune

fruits), stem and calyx cavities.

Russeting disorder of ‘Apple’ mango fruit developed in the same manner to that described in
Malus apple, pear, grapes or prune. Cuticular cracking marked its ontogeny. In our studies, surface
expansion and prolonged surface wetness triggered microcrack formation on the cuticle (Athoo et
al., 2022, 2021, 2020). These mechanistic basis are similar to those found in Malus apple (Chen et
al., 2022; Faust and Shear, 1972a, 1972b; Knoche and Grimm, 2008). Just like in Malus apple,
‘Apple’ mango fruit skin was particularly susceptible to water-induced microcracking during the
phase of greatest increment in tangential growth (Athoo et al., 2022; Faust and Shear, 19723;
Khanal et al., 2020a). Moisture may have hydrated the cuticle (Edelmann et al., 2005) making it
mechanically weaker (Khanal and Knoche, 2017; Matas et al., 2005). Contrary to what is known
in other fruit crops, russeting in ‘Apple’ mango began specifically at the lenticels. ‘Apple’ mango
lenticels enlarged more with growth and when the skin was artificially moistened (Athoo et al.,
2023). We suspect higher concentration of stress around the lenticels (Brown and Considine,
1982). Heightened stress coupled by higher moisture uptake at the lenticels therefore caused
lenticels to swell and crack (Athoo et al., 2023). Further stress buildup extends these cracks to the
epidermis or hypodermis (Meyer, 1944). A signal, potentially caused by elevated O (Lipton, 1967;
Wei et al., 2018), is detected in the hypodermis (Legay et al., 2016). The cork cambium (phellogen)
divides to initiate phellem and phelloderm below the crack (Bell, 1937; Faust and Shear, 1972a).
It is the suberized cells walls of the phellem that gives the brown appearance of a russeted skin
(Macnee et al., 2020). Russeting only manifest when these events occur during the earlier phases
of fruit development. Late season cuticular failure results into many other surface disorders
(O’Hare et al., 1999; Winkler et al., 2014).
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Splitting (macrocracking, split-pit, calyx or stem end cracking) of many fruits follow similar
mechanism to russeting in ‘Apple’ mango. Moisture on the surface, rapid fruit expansion or
irrigation following periods of water stress are essential (Byers et al., 2019; Claypool et al., 1972,
Emmons and Scott, 1997; Joshi et al., 2021; Li and Chen, 2017; Li et al., 2019; Opara et al., 2000).
Moisture uptake through the microcracks, wounds, lenticels, trichome scar, calyx-end or stem-end
reduce cell : cell adhesion (Schumann et al., 2019). The skin gives way and the fruit splits
(Schumann et al., 2019).

‘Etch’, lenticel discoloration, lenticel breakdown and skin spot disorders of fruits manifest at
harvest or immediately after fruit removal from cold storage (Bezuidenhout et al., 2005; Curry et
al., 2008; O’Hare et al., 1999; Rymbai et al., 2012; Winkler et al., 2014). Pre- and postharvest
exposure of fruit to moisture or other surfactants is similarly cited. Similar to russeting of ‘Apple’
mango, microcracks consequently develop on the CM or on the lenticels. Phenolic compounds
accumulate on the outer boundaries of the cell walls below the cracks (Du Plooy et al., 2006),
resulting in browning of protoplasts (Grimm et al., 2012; O’Hare et al., 1999). Unlike russeting of

‘Apple’ mango, periderm formation was avoided.

Pericarp browning of litchi, shrivel disorder of plums and maturity bronzing in banana also
follow similar mechanistic basis to russeting of ‘Apple’ mango. Factors that influenced growth
such as moisture triggered these disorders. Microcracks developed on the cuticle following growth
stress (Underhill and Critchley, 1992; Underhill and Simons, 1993). Just like in ‘Apple’ mango,
most of the microcracks in shriveled plum cultivars associated with stomata (Knoche and Peschel,
2007). These cracks may extend deeper into the fruit mesocarp (Underhill and Simons, 1993).
Under desiccating conditions, localized shrivel occur (Knoche et al., 2019). Susceptible plum
cultivars developed shrivel symptoms towards the pedicel end region (Knoche et al., 2019).
Interestingly, this region had more microcracks compared to non-shriveled calyx end (Knoche et
al., 2015). In litchi, pericarp browning occur when the anthocyanin-containing mesocarp is
exposed to desiccating conditions (Holcroft and Mitcham, 1996; Underhill and Critchley, 1992;
Underhill and Simons, 1993). The mesocarp disintegrates and anthocyanins leak out (Holcroft and
Mitcham, 1996). In banana, solid red-brown necrotic lesions form on the skin (Williams et al.,

1990). These lesions are localized to the upper one to two cell layers (Williams et al., 1990).
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4.2 Consequences of openings on the fruit surface

Our study revealed reduced skin’s barrier function because of openings on the fruit surface. Water
loss was enhanced because of cracked lenticels and russeting (chapter 3.6). Histologically, the sub-
stomatal or lenticel cavity is filled with a volume of loosely packed cells (Everett et al., 2008;
Evert, 2006). Additionally, the hydrophobic cuticle is either intermittent or absent (Ruess and
Stosser, 1993). The stem cavity, trichome and stylar scars also act as puddles permitting water to
remain attached to the surface for longer time (puddle and pending droplet). This accelerates water
uptake or loss. The higher permeance to water loss observed in ‘Apple’ mango, was consistent
with increased cuticular cracking (Athoo et al., 2022). Similar finding for increased permeance to
water vapor uptake/loss as a result of microcracks was found in strawberries (Hurtado and Knoche,
2021), Malus apple (Maguire et al., 1999) and sweet cherries (Peschel and Knoche, 2005). Cracked
fruit cuticles of Malus apple were 12 times more permeable to water vapor loss than intact ones
(Maguire et al., 1999). In Banana, stomata accounted for about 44% of total fruit transpiration
(Khanal et al., 2022). Also, permeance correlated positively with lenticel density and area per
lenticel in pomegranate and Malus apples (Khanal et al., 2020b; Lufu et al., 2021). Periderm
formation restores water barrier functions but only in part. In kiwifruit, decline in fruit water loss
occurred after degeneration of the hairs on the skin and evolution of periderm (Celano et al., 2009).
However, we observed higher permeance to water loss by the periderms compared to intact CM
in ‘Apple’ mango (Athoo et al., 2020). Our observation was also consistent with higher permeance
by the periderms in 11 Malus apple cultivars (Khanal et al., 2019). Although less effective,

periderms make better barriers compared to openings on the fruit surface without periderms.

Secondly, we infer that openings on the surface predispose fruit to pathogenic intrusion. 90% of
all fruit decays starts at stem scars (Cappellini, 1977), wounds (Goudarzi et al., 2021), lenticels,
microcracks and macrocracks (Guan et al., 2015). In stone fruits, fruit infection increased linearly
with increase in cuticular cracks (Borve et al., 2000; Fogle and Faust, 1975). Fruit infection
incidence increased with increasing microcracking and increasing inoculum density (Gibert et al.,
2009). Incidentally, surface wetness increase cuticular cracking (Athoo et al., 2022) and is
necessary for conidial germination (Gibert et al., 2009). On the contrary, pathogenic infections
reduce when periderm develop under the wounds (Lulai and Corsini, 1998). Peridermal membrane

(PM) presents a compactly arranged cellular structure (Khanal et al., 2013b). The phellem cell
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walls are suberized and lignified (Legay et al., 2016), physically resisting fungal hydrolases
(Ranathunge et al., 2011). Again, the phenolic and aliphatic compounds in the PM possess some
antimicrobial properties (Lulai and Corsini, 1998). Nonetheless, PM penetration by certain
pathogens is still possible. These pathogens enters the skin through the intercellular spaces
(O’Gara et al., 2015) or the PM:CM border (Hawthorne and Sutherland, 1992). Rots occurred
more frequently at the edges of scar tissue than elsewhere on the Cucurbita maxima fruit
(Hawthorne and Sutherland, 1992). Monilinia rot infection occurred after suberization of the
nectarine fruit lenticels (Fogle and Faust, 1975). Wound periderm therefore provides a "first aid"
response but its protection against certain pathogens is insufficient. Efficiency of periderms on

reducing susceptibility of mango fruit to postharvest rots will be worth studying in future.

Thirdly, this study inferred reduced mechanical strength of the fruit skin as consequence of
openings on the surface. We argue that, 1) openings on the surface without periderms are
structurally weaker due to presence of large intracellular spaces (Li et al., 2013) and intermittent
or absent cuticle. 2) These openings accelerate water uptake and subsequent reduction of cellular
adhesion (Bruggenwirth and Knoche, 2017; Schumann et al., 2019). 3) These openings cause
localized stress concentration (Khanal et al., 2023). Surface openings with periderms like lenticels,
also represent weaker spots in a strained skin. This is because of their limited extensibility
compared to the adjoining CM (Khanal et al., 2013b). In this study, cuticles with lenticels were
more strained compared to lenticel free ones (Athoo et al., 2023). Also, ‘Apple’ mango CM failed
at lower fracture force compared to those of ‘Tommy Atkins’ (Athoo et al., 2021). We attribute
this failure to larger lenticel area in ‘Apple’ mango. Lenticels often cracked at their tips (Athoo et

al., 2020; Lufu et al., 2021).

4.3 Countermeasures to prevent surface disorders

We propose pre-harvest bagging of fruits, fruit production under rain shelter and breeding as
strategies to prevent some of these disorders. Fruit bagging is used commercially in Asia to
produce blemish-free fruits (Kitagawa et al., 1992). Pre-harvest bagging prevents these disorders
by keeping the surface dry. Consequently, microcracking of the fruit surface is prevented.

Significant russet reduction occurred when we bagged ‘Apple” mango (chapter 3.6). Reduction in
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surface disorders with bagging is also reported in ‘Apple’ and ‘Nam Dok Mai#4’, mango
(Chonhenchob et al., 2011; Mathooko et al., 2011), peach (Zhang et al., 2015), pear (Amarante et
al., 2002; Lin et al., 2008), pummelo, persimmon (Katagiri et al., 2003), pomegranate (Sarkomi et
al., 2019) and Malus apple (Tukey, 1969; Yuan et al., 2019). However, reduced red color and high
labor demand may limit its adoption (Hua et al., 2016; Karanjalker et al., 2018). Also, careful
selection must be made to avoid bags with low permeability to water vapor. Materials like
polyethylene bags yield high water vapor concentrations around the fruit causing subsequent
microcracks and russeting (Tukey, 1969), Nonetheless, improved peel appearance, reduced
chemical residue, reduced pest and disease incidence (Blasi et al., 2017; Estrada, 2004; Gao et al.,
2022; Lin et al., 2008) justify preharvest bagging.

Rain shelters work in similar manner to bagging. They prevent disorders by keeping the surface
dry. Unlike bagging, rain shelters water-proofs the entire tree. Currently, significant production of
high valued fruits like sweet cherries occur under rain shelters. Production of fruits under rain
shelter reduced incidences of russeting (Shi et al., 2019), cracking (Cline et al., 1995) and diseases
(Lim et al., 2015). Their use is limited to crops with shorter canopy.

Breeding could provide a long-term solution to reduce russeting. Breeding targeting the fruit
biomechanics is suggested. The strength of a fruit skin is affected by cell size, cell number and
arrangement of cells (Khanal and Knoche, 2017, 2014), lenticel structure and size (Athoo et al.,
2021, 2023), quantity and volume of intracellular spaces (Cybulska et al., 2010), and cell wall
structure and composition (Li et al., 2013; Zykwinska et al., 2008). Breeding for less susceptible
genotypes should consider: (1) smaller and uniformly sized epidermal and hypodermal cells. These
are able to withstand increased growth strains and are less likely to fail (Curry, 2012; Winkler et
al., 2022). (2) uniform stress distribution within the cuticle especially around the stomata, lenticels
or trichomes. Breeding should therefore target uniform connection between the cuticle and
stomatal/lenticel apparatus. (3) Enhanced cuticle and wax deposition to help fix growth strain
(Khanal et al., 2013a) thus reduce risk of lenticel cracking.
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