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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. 

Keywords: Mangifera indica, fruit, periderm, cuticle, lenticels, microcracks, permeance, bagging 
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Zusammenfassung 

Die äußere Fruchtqualität und die Vermarktbarkeit von Mango (Mangifera indica L.) der 

wichtigen kenianischen Sorte ‚Apple‘ wird durch Berostungen der Schale stark beeinträchtigt. 

Obwohl Berostung weit verbreitet ist, sind die zugrunde liegenden Mechanismen und 

Präventionsstrategien zur Vermeidung weitgehend unbekannt. Ziel der Untersuchungen war 

es, (1) vorhandene Literatur zu Berostung zu sichten, (2) Berostung von 'Apple' Mango 

präzise 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 

aufzuklären und (6) eine Präventionsstrategie zur Vermeidung von Berostung zu  entwickeln. 

Um diese Ziele zu erreichen, wurde die Berostung bei 'Apple' Mango in verschiedenen 

geografischen Lagen in Kenia quantifiziert. Fruchtoberflächen und Kutikulas von 

berostungsanfälligen 'Apple' und berostungsresistenten 'Tommy Atkins' Mangos wurden 

während der Fruchtentwicklung untersucht und die Dehnungsrelaxation der Kutikula nach 

Isolation und Wachsextraktion quantifiziert. Mechanische Eigenschaften der Kutikulas beider 

Sorten wurden in Zugtests geprüft. Die Rolle von Feuchtigkeit bei der Mikrorissbildung und 

Lentizellen bei der Entstehung von Berostung wurde untersucht. Feldexperimente wurden 

durchgeführt, um den Einfluss des Eintütens von Früchten während der Fruchtentwicklung 

auf die Berostung und die Fruchtqualität 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 

ausgelöst. Berostung erhöhte die Permeanz der Fruchthaut für Wasserdampf. Die Kutikula 

von 'Apple' Mango war dünner als die von 'Tommy Atkins'. Die Dehnungsrelaxation nach 

Ausschneiden und Isolation und Entwachsen war bei 'Apple' höher als bei 'Tommy Atkins'. 

Steifheit, Bruchkraft und Bruchdehnung waren bei Kutikulas von 'Apple' niedriger als bei 

'Tommy Atkins'. Oberflächenfeuchtigkeit führte zu Mikrorissbildung, erhöhte die 

Wasserdampfpermeanz und führte zu Berostung. Berostung begann an Lentizellen und 

breitete sich dann über die Oberfläche aus. Querschnitte berosteter Bereiche zeigten Stapel 

von Phellem Zellen. Das Eintüten der Früchte verhinderte Berostung wirkungsvoll und 

reduzierte die Wasserdampfverlust nach der Ernte. 
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Abbreviations 

𝐶0  Water-vapor concentration in the surrounding atmosphere 

𝐶𝑖 Water-vapor concentration inside of the fruit 

𝐹𝑚𝑎𝑥 Membrane fracture force 

𝑙0  Clamping distance 

𝜀𝑚𝑎𝑥 Membrane strain at fracture 

µm micrometer 

A Fruit surface area 

ANOVA Analysis of variance 

B Boron 

BA Benzyladenine 

C2H4 Ethylene  

Ca Calcium 

CA Chlorogenic acid 

CHCl3/MeOH Chloroform: methanol solution 

cm Centimeter 

CM Cuticular membrane 

CO2 Carbon dioxide 

CPPU N-(2-Chloro-4-pyridyl)-N′-phenyl urea 

cv. Cultivar 

d day  

DAFB Days after full bloom 
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Daminozide 4-(2,2-Dimethylhydrazin-1-yl)-4-oxobutanoic acid 

DAPF Days after petal fall 

DAT Days after termination 

DCM Dewaxed CM 

Dithane: Ethylene-bis dithy-ocarbamate manganese 

ECW Epicuticular wax  

ES epidermal segment 

F Rate of transpiration 

FB Full bloom 

FS Fruit set 

GA Gibberellic acid  

h hour 

ICW Intracuticular wax 

J Flux density 

Kocide Copper oxychloride 

m.a.s.l Meters above sea level 

Mn Manganese 

NaCl Sodium chloride 

NaN3 sodium azide 

NaOH sodium hydroxide 

O2 oxygen 

p (statistics) probability level 

P Permeance of the fruit skin 
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Paclobutrazol (2RS, 3RS)-1-(4-chlorophenyl)-4,4-dimethyl-2-(lH1,2,4-triazol-1-yl) pentan-3-ol 

PE Polythene 

PEG Polyethylene glycol  

PF Petal fall 

pH Potential hydrogen 

r Radius of the fruit 

R2/r2 (statistics) Coefficient of determination 

RH Relative humidity 

S stiffness 

SE standard error 

SQRT square root 

T Absolute temperature 

t Time 

UV ultra violet 

v/v volume by volume 

w/v weight in volume 

Zn Zinc 

ΔC Difference in water-vapor concentration between Ci and C0 
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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 
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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). 

 

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 
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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 µm (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 León et al., 

2000; Wagner et al., 2004). The substomatal cavity maybe lined with an internal cuticle (Du Plooy 

et al., 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 
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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 León 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 II (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 León et al., 

2000). The valleys occasionally transverse the epidermis (Ponce de León 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). 
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The fruit mature during Phase III.  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 León 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-Martínez et al., 2009; 

Camacho-Vázquez 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-

Vázquez et al., 2019). Also, the ECW was crystalline in ‘Kent’ and ‘Manililla’ but amorphous in 

‘Tommy Atkins’, ‘Ataulfo’, ‘Manila’, and ‘Criollo’ (Camacho-Vázquez 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: 

 

i. Review the literature on russeting, particularly its triggers, mechanism, and 

management strategies (Chapter 3.1) 

ii. Identify factors, mechanisms, and consequences of russeting in ‘Apple’ mango 

(Chapter 3.2) 

iii. 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) 

iv. Study the effect of exposing the fruit skin surface to moisture on microcracking and 

on water vapor permeance (Chapter 3.4) 

v. Establish whether lenticels predispose cv. ‘Apple’ mango to russeting (Chapter 3.5) 

vi. Establish the effect of pre-harvest bagging on russeting in susceptible mango cv. 

‘Apple’ (Chapter 3.6) 
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Highlights 

• Bagging increased fruit size and decreased cuticle thickness 

• Bagging did not change background color, soluble solids or total acidity 

• Bagging decreased anthocyanin content and blush area of the fruit surface 

• Bagging reduced cuticular microcracking, russeting and postharvest water loss
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Abstract 1 

 2 

In Kenya, the mango (Mangifera indica L) cultivar ‘Apple’ is commercially 3 

important but it often suffers excessive russeting, which both compromises its 4 

appearance and impairs its postharvest performance. Together, these effects 5 

seriously reduce its market potential. Exposure to surface moisture is implicated in 6 

russeting of cv. ‘Apple’ mango.  7 

The objective was to establish the effect of bagging on russeting. Developing fruit 8 

were bagged at the onset of the exponential growth phase, using brown paper bags 9 

(Blue star®). Un-bagged fruit served as controls. The brown paper bags were 10 

selected because of their high permeance to water vapor.  11 

At harvest maturity, bagged fruit were larger, less russeted and had smaller lenticels 12 

than un-bagged control fruit. Staining with aqueous acridine orange in conjunction 13 

with fluorescence microscopy revealed numerous microcracks and larger lenticels 14 

on un-bagged control fruit but these were not evident on bagged fruit.  15 

Postharvest mass loss (principally water loss) of bagged fruit was lower than of un-16 

bagged control fruit. In the un-bagged control fruit, the skin’s water permeance 17 

increased as the russeted surface area increased (r2 = 0.88 **). Fruit skins were less 18 

permeable to water vapor than the brown paper bags. The brown paper bags 19 

contributed not more than 4.2 to 9.1% of the total in-series diffusion resistance of 20 

skin + bag.  21 

The masses of isolated cuticular membranes, and of dewaxed cuticular membranes, 22 

and of wax per unit surface area were higher for un-bagged control fruit than for 23 

bagged fruit.  24 

Bagged fruit were also greener and showed less blush. There was little difference 25 

in skin carotenoid content between bagged and un-bagged control fruit, but skin 26 

anthocyanin content was lower in bagged fruit. The rates of respiration and ethylene 27 

evolution of bagged fruit were lower than those of un-bagged control fruit. There 28 
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were no differences between bagged and un-bagged control fruit in their 29 

organoleptic and nutritional properties including titratable acidity, total soluble 30 

sugars, sucrose, glucose, fructose, vitamin C and calcium content. 31 

In conclusion, bagging decreased russeting and increased postharvest performance 32 

of fruit of mango cv. ‘Apple’.   33 

 34 

Keywords: 35 

Bagging, quality, russeting, lenticel, cuticle, skin permeance  36 
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1. Introduction 37 

 38 

The mango cultivar ‘Apple’ is important in Kenya, where it is grown widely because of its 39 

excellent taste and textural properties. However, ‘Apple’ mango suffers from russeting. As 40 

a consequence, its appearance and postharvest performance are compromised. Russeted 41 

fruit is excluded from export to high-end markets, so russeting severely limits the market 42 

potential of this cultivar. 43 

Russeting in ‘Apple’ mango occurs particularly in fruit from highland regions that are 44 

subject to extended periods of surface wetness (Athoo et al., 2020). To induce russeting for 45 

experimental purposes, deliberate exposure to surface wetness works well, especially 46 

during periods of most rapid growth (Athoo et al., 2022).  47 

In botanical terms, ’russeting’ refers to formation of a periderm and this is often triggered 48 

by rupture of the cuticle which in turn can be caused either by mechanical wounding or by 49 

microscopic cracking (‘microcracking’) (Faust and Shear, 1972; Winkler et al., 2022). As 50 

a consequence, a phellogen forms that divides and, to the outside, produces stacks of cork 51 

cells, the so called phellem (Evert, 2006). The cell walls of the phellem are impregnated 52 

with lignin and suberin (Legay et al., 2015) making them more waterproof and, so, partially 53 

restoring the barrier function previously exercised by the cuticle. The suberin is responsible 54 

for the brownish appearance of a russeted fruit surface and the irregular arrangement of the 55 

phellem cells for its dullness. Russeting is not unique to mango cv. ‘Apple’ but also occurs 56 

in a wide range of other fruit species including apple (Malus domestica Borkh.), pear 57 

(Pyrus communis L.), plum (Prunus domestica L.) and others (Faust and Shear, 1972; 58 

Skene, 1982; Michailides, 1991; Cohen et al., 2019; Shi et al., 2019; Winkler et al., 2022).  59 

It is now well established that moisture on the fruit surface triggers microcracking of the 60 

strained cuticle in mango cv. ‘Apple’ (Athoo et al., 2022) and also in apples (Knoche and 61 

Grimm, 2008; Khanal et al., 2020), sweet cherries (Knoche and Peschel, 2006), and grapes 62 

(Becker and Knoche, 2012). The fruit cuticle is strained as a result of ongoing expansion 63 

growth. This stretches it as the underlying epidermal cells divide and extend (Knoche and 64 

Lang, 2017; Si et al., 2021). It has been shown that exposure to surface moisture alters the 65 
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rheological properties of the cuticle in such a way as to increase the likelihood of failure 66 

(Edelmann et al., 2005; Khanal and Knoche, 2014, 2017). In ‘Apple’ mango, russeting is 67 

initiated close to lenticels (Athoo et al., 2020). These structures are stiffer than the general 68 

fruit surface and so serve to focus the growth stresses on the lenticel and its immediate 69 

vicinity (Brown and Considine, 1982; Considine, 1982). This fits with the observation that 70 

the lenticels in an area of moisture-exposed fruit skin are markedly larger than those in a 71 

similar but un-exposed area (Athoo et al., 2023).  72 

At present, there are no agronomic strategies for russeting prevention or mitigation in 73 

mango cv. ‘Apple’. Due to the known role of surface moisture in exacerbating russeting, it 74 

is hypothesized that bagging of fruit at the beginning of the period of most rapid surface 75 

expansion growth will shorten the duration of surface wetness or even prevent it entirely. 76 

This being the case, cuticular microcracking will be reduced or prevented and thus 77 

russeting. Comparable effects have been reported for pear (Amarante et al., 2002; Lin et 78 

al., 2008)   and Malus apples (Tukey, 1969; Moon et al., 2016; Yuan et al., 2019).  Bagging 79 

reduced lenticel discoloration in mango cv. ‘Apple’ (Mathooko et al., 2011).  80 

The objective of this study is to determine the effect of bagging developing fruit of mango 81 

cv. ‘Apple’ on russeting and postharvest performance.  82 

  83 
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2. Materials and methods 84 

2.1. Plant Materials 85 

Fruit of mango (Mangifera indica L.) cv ‘Apple’ grafted on seedling rootstocks was 86 

obtained from commercial orchards located in Kaiti (1°45’S, 37°28’E) and Kambirwa 87 

(0°44’S, 37°12’E), Kenya. Unless otherwise specified, fruit were harvested at commercial 88 

maturity based on raised shoulders and fullness of the cheeks and freedom from visual 89 

defects. Fruit were examined within 48 h of harvest.  90 

 91 

2.2. Experiments 92 

2.2.1 Selecting the bags  93 

We investigated the water vapor permeance and light absorption characteristics of a brown 94 

paper bag (Blue star; King Plastic Industries, Nairobi, Kenya), a waxed white paper bag 95 

(Majimaji; King Plastic Industries) and a single layered white paper bag with clamping 96 

wire (G-26; Kobayashi Bag Manufacturing Company, Lida, Japan). We will refer to these 97 

as ‘brown paper bag’, ‘waxy white paper bag’ and ‘white paper bag’, respectively (See 98 

supplementary Fig. S1 for illustration). 99 

To determine the permeance of the bags to water vapor, paper discs (15 mm in diameter) 100 

were punched from the bags and mounted in custom made stainless steel diffusion cells 101 

(Geyer and Schönherr, 1988; Knoche et al., 2000) using high-vacuum grease. The gap 102 

between the lid and the bottom of the diffusion cell was sealed using clear transparent 103 

adhesive tape (Tesa Film®; Tesa-Werke Offenburg, Offenburg, Germany). Deionized 104 

water was injected into the cells through an orifice in the lower part using a disposable 105 

syringe and the orifice subsequently tape sealed. The cells were turned upside down and 106 

left overnight to equilibrate under ambient conditions. The cells were then placed upside 107 

down in a sealed polyethylene (PE) box containing dry silica gel, such that the exposed 108 

bag surface in the diffusion cell faced the silica gel. The diffusion cells were weighed at 2-109 

h intervals for up to 8 h.  The rate of water loss (F, g h−1) was calculated from the slope of 110 

a linear regression fitted through a plot of diffusion cell mass (g) against time (h). The 111 



 
 

114 
 

average r2 was usually better than 0.99. The permeance (P, m s-1) of the bag was then 112 

calculated using equation 1 (Nobel, 2020). 113 

𝑃 =  
𝐹 

𝐴 × ∆𝐶
      (Equation 1) 114 

In this equation, A is the exposed area of the diffusion cell (3.85 x 10-5 m2) and ΔC the 115 

difference in water vapor concentration between the water vapor saturated atmosphere 116 

inside the diffusion cell (20.59 g m−3 at 23 °C) and the dry environment inside the PE box 117 

(approximately 0 g m−3 at 23 °C) (Nobel, 2020).  The resistance (R; s m-1) was calculated 118 

as the inverse of permeance. The number of replicates was 20 per bag. 119 

The light absorbance of the bags was determined by photometry. A piece of the bag was 120 

mounted on the surface of a semi-micro UV cuvette (Brand 759150; Brand GmbH + CO 121 

KG, Wertheim, Germany). Absorbance was recorded in 2 nm steps between 220 and 850 122 

nm using a spectrophotometer (Specord 210; Analytik Jena GmbH, Jena, Germany). An 123 

empty cuvette without a bag sample served as control.  124 

The photosynthetic active radiation (PAR) absorbed by the bags was measured in full 125 

sunlight using a LI-250 light meter fitted with a quantum sensor (LI-COR Biosciences 126 

GmbH, Bad Homburg, Germany). The sensor was either left uncovered to face the sun 127 

(control) or covered by a single layer of the bagging material. The PAR absorbance of the 128 

bags was expressed as a percent fraction of the PAR reading by the uncovered light sensor. 129 

The number of replicates was three.  130 

Based on its water vapor permeance and the product availability (see below), the brown 131 

paper bag was selected for subsequent experimentation.  132 

Fruit were bagged at 59 days after full bloom (DAFB) at Kambirwa and at 60 DAFB at 133 

Kaiti. This timing corresponded to the onset of the exponential growth phase at the two 134 

sites. The open end of the bag was tied to the peduncle using a fine wire. A small hole (1 135 

cm2) was cut at the bottom of the bag to drain away any free water that may have entered 136 

the bag along the peduncle. The bags were left attached to the fruit until maturity; un-137 

bagged fruit served as controls. 138 

 139 
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2.2.2 Developmental time course in fruit growth and cuticle deposition 140 

The developmental time course of change in fruit mass, surface area and cuticle deposition 141 

was established. Fruit mass was determined by weighing (TX420L; Shimadzu Corporation, 142 

Kyoto, Japan). Fruit length and the two orthogonal diameters recorded at the equatorial 143 

plane were measured using a digital caliper (CD-20PKX; Mitutoyo, Kawasaki/Kanagawa, 144 

Japan). Fruit surface area was calculated from the measured dimensions assuming a 145 

spherical shape. An earlier study established that the calculated and measured surface areas 146 

using excised peels are closely related:  𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑎𝑟𝑒𝑎 (𝑠𝑝ℎ𝑒𝑟𝑜𝑖𝑑) = 0.93 +147 

1.18 (±0.04) × 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑝𝑒𝑒𝑙 𝑎𝑟𝑒𝑎, 𝑟2 = 0.98 ∗∗ (Athoo et al., 2021). A sigmoid 148 

regression curve was fitted through a plot of fruit surface area against time. The growth 149 

rate (cm2 d-1) was calculated as the first derivative of the model. The number of individual 150 

fruit replicates was 30.  151 

To quantify cuticle deposition, skin segments (ES) were excised from the cheek using a 152 

biopsy punch (8 mm diameter; Kai Europe, Solingen, Germany). The ES were incubated 153 

in 50 mM citric acid buffer solution containing cellulase (5 mL L-1; Cellubrix L; 154 

Novozymes A/S), pectinase (90 mL L-1; Panzym Super E flüssig; Novozymes A/S, 155 

Krogshoejvej, Bagsvaerd, Denmark) and 30 mM sodium azide to prevent bacterial growth 156 

(Orgell, 1955). The pH was adjusted to pH 4.0 using NaOH. The solution was refreshed 157 

periodically until the cuticle separated from the adhering tissues. The isolated cuticles were 158 

cleaned using a soft, camel hair brush. Following thorough rinsing with deionized water, 159 

the cuticular membranes (CM) were dried overnight at 40 °C and then weighed (CPA2P; 160 

Sartorius AG, Göttingen, Germany). The CM were Soxhlet extracted for 2 h to remove 161 

cuticular wax using a chloroform:methanol mix (1:1 v:v CHCl3:MeOH). The dewaxed CM 162 

(DCM) were dried overnight at 40 °C and then re-weighed (CPA2P; Sartorius). The masses 163 

per unit area of the CM, DCM and wax were calculated. The number of CMs processed at 164 

each sampling time was 20. 165 

 166 

2.2.3 Fresh mass and russeting 167 
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Mature fruit were harvested at 117 DAFB at Kaiti and at 126 DAFB at Kambirwa. Fresh 168 

mass was recorded (TX420L, Shimadzu). Russeting was quantified using a discontinuous 169 

five-step rating scheme (Athoo et al., 2020). The ratings were: score 0 = 0% of the fruit 170 

surface area russeted, score 1 = 1–10% of the surface area russeted, score 2 = 11–25% of 171 

the area russeted, score 3 = 26–50% of the area russeted and score 4 = >51% of the area 172 

russeted. An earlier study had established that these rating scores were closely correlated 173 

to russeted surface area as measured by digital photography and image analysis.  174 

𝑅𝑢𝑠𝑠𝑒𝑡𝑒𝑑 𝑎𝑟𝑒𝑎 (𝑟𝑎𝑡𝑖𝑛𝑔 𝑠𝑐𝑜𝑟𝑒) = √(0.23(±0.01) × 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑎𝑟𝑒𝑎 (%), 𝑟2 =175 

0.96∗∗∗) (Athoo et al., 2020). The number of individual fruit replicates was 135 for Kaiti 176 

and 193 for Kambirwa.  177 

 178 

2.2.4 Lenticel size  179 

The effect of bagging on lenticel size was determined at maturity. Briefly, ES were excised 180 

from the fruit cheek using a biopsy punch (8 mm diameter; Kai Europe, Solingen, 181 

Germany). The ES were viewed under a stereo microscope (MZ10F; Leica Microsystems, 182 

Wetzlar, Germany) and photographed (Camera DFC7000T; Leica Microsystems). The 183 

core area and the pore area of each lenticel were quantified by image analysis (ImageJ 184 

1.53P; National Health Institute, Bethesda, MD, USA). Here, we refer to the entire 185 

subepidermal lenticel as the ‘core’ and the open, cracked area of the lenticel as the ‘pore’. 186 

The number of individual fruit replicates was 25.  187 

 188 

2.2.5 Microcracking of the cuticle 189 

To study the effect of bagging on formation of microscopic cuticular cracks (microcracks), 190 

bagged and un-bagged control fruit were dipped in 0.1% aqueous acridine orange solution 191 

for 10 min (Peschel and Knoche, 2005). Aqueous acridine orange penetrates the epidermal 192 

layer through a microcrack in the cuticle surface but not through the intact cuticle. 193 

Following rinsing with distilled water, the fruit surface was inspected for microcracks 194 

under a stereo microscope (MZ10F; Leica Microsystems) in brightfield and fluorescing 195 
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light (GFP LP filter, 480–440 nm excitation, ≥510 nm emission wavelength). Calibrated 196 

images were taken with a digital camera (Camera DFC7000T; Leica Microsystems). The 197 

number of individual fruit replicates was five.  198 

 199 

2.2.6 Postharvest water loss 200 

The effect of bagging on postharvest water loss was investigated. Bagged and un-bagged 201 

control fruit were rated individually for russeting. Fruit mass, and orthogonal dimensions 202 

were determined and the fruit surface area calculated.  203 

The time course of transpiration was established on a whole-fruit basis. Transpiration was 204 

restricted to the skin by sealing the stem end using a fast-curing silicone rubber (Dow 205 

Corning SE 9186; Dow Corning Corp, Midland, MI, USA). After a minimum curing period 206 

of 20 min, fruit were placed in a polyethylene (PE) box containing a saturated solution of 207 

NaCl (relative humidity 75%) (Wexler, 1995). Under these conditions the difference in 208 

water vapor concentration across the fruit skin was 4.67 g m-2 (Wexler, 1995). Fruit were 209 

weighed individually every 24 h for up to 96 h. The rate of water loss, the permeance and 210 

the resistance were calculated as described above. The number of individual fruit 211 

replications was 20. 212 

From the permeance estimates of the bag, of the russeted and the un-russeted fruit skins, 213 

the relative contributions of the bag to total resistance (bag + skin) were calculated using a 214 

‘resistors-in-series’ model according to the following equations (Nobel, 2020):  215 

𝑅 =  
1

𝑃
  and    (Equation 2) 216 

𝑅𝑡𝑜𝑡 = 𝑅𝑏𝑎𝑔 + 𝑅𝑠𝑘𝑖𝑛    (Equation 3) 217 

In this equation resistance (R; s m-1) equals the inverse of the permeance (P; m s-1) and 218 

total resistance of bag plus skin (R tot) equals the some of the resistance of the bag (R bag) 219 

plus that of the skin (R skin) in analogy to resistors arranged in series in an electrical circuit  220 

(Nobel, 2020).  221 

 222 
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2.2.7 Peel color  223 

Peel color was quantified in the CIE LAB 1976 (L*, a*, b*) color space using a 224 

spectrophotometer (CM-23D, 8 mm orifice; Konica Minolta, Osaka, Japan; software: 225 

SpectraMagic™ NX Professional/Lite v 3.3). A total of four fruit were measured, making 226 

four measurements per fruit. Hue angles were calculated from the a* and b* values 227 

according to McGuire (1992). 228 

 229 

2.2.8 Carotenoids and anthocyanins 230 

Whole fruit were peeled and the peel stored at -18 °C until use. Following thawing, 231 

adhering flesh was removed from the peel by gentle scraping, to leave just the epidermis 232 

and hypodermis. The peel was then chopped into small fragments. To quantify carotenoids, 233 

a sample of 3 g of peel was ground in 10 mL acetone in a mortar. The resulting acetone 234 

extract was then transferred to a 50 mL volumetric flask. The peel was extracted several 235 

times until the extracts were colorless. The extracts were combined and brought up to 50 236 

mL volume using acetone. Petroleum ether (30 mL) was added to a separation funnel 237 

followed by the acetone extract. Distilled water was then added to remove the acetone. The 238 

procedure was repeated three times, the extracts were combined and brought up to 50 mL 239 

volume by adding petroleum ether. Absorbance of the extract was determined at 450 nm 240 

using a UV-Vis spectrophotometer (UV-1800 spectrophotometer, Shimadzu) (Heinonen, 241 

1990; Rodriguez-Amaya and Kimura, 2004). Carotenoid content was calculated from 242 

equation 4 (Rodriguez-Amaya and Kimura, 2004).  243 

𝐶𝑎𝑟𝑜𝑡𝑒𝑛𝑜𝑖𝑑𝑠 =
𝐴  × 𝑉 × 104

𝐴𝐶× 𝑆𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 
𝑥 100   (Equation 4) 244 

In this equation A is the absorbance of the extract read at 450 nm, V (ml) the volume of 245 

the extract and AC, the absorbance coefficient of β-carotene in petroleum ether (Rodriguez-246 

Amaya and Kimura, 2004). Results are given on a fresh weight basis. The number of 247 

individual fruit replicates was three.  248 

Anthocyanins were determined using the pH differential method (Lee et al., 2005). Briefly, 249 

3 g of peel was ground in a mortar, then extracted in 10 mL of methanol for 72 h on a 250 
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shaker, in the dark. The extract was divided into two aliquots. The first was buffered in 25 251 

mM KCl buffer at pH 1.0. The second was buffered in 400 mM Na-acetate buffer at pH 252 

4.5. The pH was adjusted to 1.0 or 4.5 using HCl. Solutions were filtered (filter paper grade 253 

1; cut-off pore size 11 µm) to remove any particulate matter (turbidity). Absorbance of the 254 

filtrate was measured at 520 and 700 nm within 20-50 min of preparation of the extracts 255 

using a spectrophotometer (UV-1800; Shimadzu). The anthocyanin pigment concentration 256 

was calculated as cyanidin-3-glucoside equivalents using equation 5 (Lee et al., 2005). 257 

𝐴𝑛𝑡ℎ𝑜𝑐𝑦𝑎𝑛𝑖𝑛 =  
𝐴 × 𝑀𝑊 × 𝐷𝐹 × 103

𝜀 ×𝑙
                  (Equation 5) 258 

and 259 

𝐴 = (𝐴520
𝑝ℎ1 − 𝐴700

𝑝ℎ1) − (𝐴520
𝑝ℎ4.5 − 𝐴700

𝑝ℎ4.5) 260 

In this equation 𝐴 is the differential absorbance of the buffered extracts at pH 1.0 and 520 261 

nm (𝐴520
𝑝𝐻1

), pH 1.0 and 700 nm (𝐴700
𝑝𝐻1

), at pH 4.5 and 520 nm (𝐴520
𝑝𝐻4.5

) and at pH 4.5 and 262 

700 nm (𝐴700
𝑝𝐻4.5

) , MW the molar mass of cyanide-3-glucoside (449.2 g mol-1), DF is the 263 

dilution factor, ε the molar extinction co-efficient (26900 L mol-1 cm-1) of cyanidin-3-264 

glucoside and 𝑙  is the path length of the beam through the extract (cm) (Lee et al., 2005). 265 

Results are given on a fresh weight basis. The number of individual fruit replicates was 266 

three. 267 

 268 

2.2.9 Respiration and ethylene synthesis 269 

Rates of respiration and ethylene synthesis were determined during shelf life at ≈25 °C for 270 

up to 15 d after harvest (DAH) with three to six individual fruit replicates.  271 

The rate of respiration was estimated as the rate of CO2 production per unit fruit mass. Fruit 272 

were individually incubated in gastight plastic jars (volume 2 L) for 1-1.5 h at ambient 273 

temperature (23-25 °C). A gas sample (1 mL) was drawn from the headspace using a 274 

gastight syringe and injected into a gas chromatograph. The CO2 concentration was 275 

determined using a GC (GC-8A; Shimadzu) equipped with a Porapack Q column and a 276 

thermal conductivity detector. The injector temperature was 150 °C, the column and 277 
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detector temperatures 120 °C.  Helium was used as a carrier gas at a flow rate of 20 mL 278 

min-1. The rate of CO2 production was calculated from the increase in CO2 concentration 279 

in the incubation jar during the incubation interval.  280 

Ethylene was quantified on a GC (GC-9A; Shimadzu) equipped with an activated alumina 281 

column (Sepax HP- Amino, 5 µL; Sepax™ Technologies Inc, Newark, DE, USA) and a 282 

flame ionization detector. The injector temperature was set at 220 °C, the column 283 

temperature at 150 °C, and the detector temperature at 240 °C. The carrier gas was N2 at a 284 

flow rate of 50 mL min-1. Hydrogen and synthetic air were used as the burning gas for the 285 

detector at flow rates of 50 mL min-1 for H2 and 5 mL min-1 for synthetic air. The rate of 286 

ethylene evolution was calculated from the increase in ethylene concentration during the 287 

incubation interval. Calibration curves were established to calculate CO2 and ethylene 288 

concentrations from the respective peak areas.  289 

 290 

2.2.10 Firmness  291 

Fruit firmness was measured during shelf life, before and after peeling, using a rheometer 292 

(probe diameter 5 mm) (Compac-100; Sun scientific, Tokyo, Japan). The distance of travel 293 

was set at 20 mm and the travel speed adjusted to 600 mm min-1. The number of individual 294 

fruit replicates ranged from 12 to 16.  295 

 296 

2.2.11 Total acidity and total soluble solids  297 

Pulp samples were prepared from fruit flesh using a blender. Briefly, 5 g of pulp was added 298 

to 50 mL of distilled water. The indicator phenolphthalein (40-60 µl) was added to a 10 299 

mL aliquot of the solution and titrated against 0.1 N NaOH until color change. From the 300 

volume of base consumed, total acidity (TA) was calculated as the amount (g) of citric acid 301 

equivalent per 100 g of fruit according to ISO 750:1998 (factor for citric acid 0.064; (ISO, 302 

1998)). Total soluble solids (TSS) of the pulp were determined using a digital refractometer 303 

(PAL-S; Atago, Tokyo, Japan). The number of individual fruit replicates was three. 304 

 305 
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2.2.12 Sucrose, glucose and fructose 306 

The sucrose, glucose and fructose contents of the pulp of bagged and un-bagged control 307 

fruit was quantified during shelf life using the method described by Li (1996). About 2 g 308 

of pulp was boiled in 20 mL of ethanol for 1 h inside a reflux condenser (SF-6, Sanshin 309 

Industrial Co, Kobe, Japan). Upon cooling, the extract was filtered, and the solvent 310 

evaporated from the filtrate in a rotary evaporator (DGU-20A 5R, Shimadzu). The residue 311 

was taken up in 5 mL of acetonitrile and water (1:1 v/v).  An aliquot (1 mL) of supernatant 312 

was micro-filtered (Nylon syringe filter, pore size 0.45 µm; Membrane Solutions LLC, 313 

Auburn, WA, USA) into a vial. Sucrose, glucose and fructose were analyzed by high-314 

performance liquid chromatography (HPLC) (LC-20AD; Shimadzu) fitted with a 315 

refractive index (RI) detector (model 10A, Shimadzu). The HPLC was run using the 316 

following settings: oven temperature 30oC, injection volume 20 µL, mobile phase 317 

acetonitrile:water (75:25) at 0.5-1.0 mL min-1. Calibration lines were established using 318 

standards. Total sugars were calculated as the sum of glucose, fructose and sucrose. Results 319 

are given on a fresh weight basis. The number of individual fruit replicates was three. 320 

 321 

2.2.13 Vitamin C 322 

The change in ascorbic acid content during shelf life was analyzed by HPLC using the 323 

procedure of Vikram et al. (2005). About 2.5 g of pulp was weighed and dissolved in 0.8% 324 

metaphosphoric acid. The solution was then centrifuged for 10 min at 11739 g and 40 °C. 325 

The supernatant was filtered through a 0.45 µm filter (Nylon syringe filter; Membrane 326 

Solutions LLC). A 20 µL sample of the filtrate was injected into an HPLC (Model 20A; 327 

Shimadzu) equipped with a UV- Vis detector (SPD 20A; Shimadzu). Absorbance was read 328 

at 266 nm. The settings of the HPLC were: oven temperature 30 °C and flow rate of 1.2 329 

mL min-1. Metaphosphoric acid (0.8%) was also used as a solvent. This acid was vacuum-330 

filtered (Rocker-Chemker 300; Rocker Scientific, New Taipei, Taiwan) and degassed using 331 

an ultrasonic cleaner (GT sonic 3; GT International (HK) Group, Shenzhen, China).  332 
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A calibration curve was prepared using ascorbic acid standards in a concentration range 333 

from 20 to 100 mg mL-1. Results are given on a fresh weight basis. The number of 334 

individual fruit replicates was three.  335 

 336 

2.2.14 Calcium 337 

Flesh calcium content was analyzed by spectrophotometry following dry ashing (Isaac and 338 

Johnson, 1975; Osborne and Voogt, 1978). Briefly, 5 g of pulp was placed into a pre-339 

weighed crucible. The sample was ashed in a muffle furnace (Advantec KL-420; Electric 340 

Muffle furnace, Toyo Seisakusho Kaisha, Chiba, Japan).  The temperature of the furnace 341 

was increased to 550 °C, held constant for 1 h and decreased thereafter. The ash was taken 342 

up in 20 mL of 0.5N HNO3, then heated to 80-90 °C on a hotplate for 5 min and brought 343 

up to 100 mL volume using 0.5N HNO3. The solution was filtered (filter paper grade 1; 344 

cut-off pore size 11 µm). Lanthanum chloride (0.5 mL at 0.12 M) and distilled water (9 345 

mL) were added to 0.5 mL of sample to make the test solution. Absorbance of the solution 346 

was read using an atomic absorption spectrophotometer (Model AA-7000 with ASC-7000 347 

Auto sampler; Shimadzu). A calibration curve was prepared prior to analysis. The number 348 

of individual fruit replicates was three. 349 

 350 

2.3. Data analysis, statistics and terminology 351 

Data are presented as means ± se.  Where not visible, the standard error bars were smaller 352 

than the data symbols. Data were analyzed using analysis of variance with R statistical 353 

software (R version 4.0.3; R Foundation for Statistical Computing, Vienna, Austria). 354 

Means were separated using Turkey’s studentized range test (α = 0.05). Regression 355 

analyses were conducted in R and Sigma Plot (version 12.5; Systat Software, San Jose, 356 

CA, USA). We refer to microcracking of the cuticle that is associated with lenticels as 357 

‘lenticel cracking’.  358 

 359 

3. Results 360 
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Cumulative water vapor loss through the different bagging materials increased linearly 361 

with time indicating a constant permeance to water vapor (Supplementary Fig. S2). The 362 

resistance to water vapor movement was highest for the waxy white paper bag and 363 

markedly lower for both the white paper bag and the brown paper bag (Table 1).  364 

The waxy white paper bag and the white paper bag absorbed less PAR compared with the 365 

brown paper bag (supplementary Table S1, supplementary Fig. S3). Most of the absorption 366 

occurred in the range of short wavelengths. There was less absorption at wave lengths 367 

above 400 nm with little difference between the different bags (supplementary Fig. S3). 368 

Based on these data and local availability, the brown paper bags were selected for the 369 

bagging experiment.  370 

 371 

Fruit mass and surface area increased sigmoidally with time. Surface area growth rate 372 

reached at maximum of 4.2 cm2 d-1 at 94 DAFB (Figure 1A). The mass of CM, DCM and 373 

wax per unit surface area all increased during development. The CM, DCM and wax mass 374 

were significantly higher for the un-bagged control fruit than for the bagged fruit (Figure 375 

1B-D). 376 

 377 

At maturity, the mass of the bagged fruit exceeded that of the un-bagged control fruit (Table 378 

2). Fruit grown in Kaiti, was consistently larger than that from Kambirwa (Table 2).  379 

 380 

Bagged fruit were less russeted and had markedly smaller lenticels than those of un-bagged 381 

control fruit (Figure 2, Tables 3,4). There were no significant differences in russeting or in 382 

lenticel size between fruit from Kaiti or Kambirwa (Tables 3,4). 383 

 384 

Fluorescence microscopy revealed numerous dye infiltrated microcracks and lenticels on 385 

the surface of un-bagged control fruit, but there were no microcracks or infiltrated lenticels 386 

on the surface of bagged fruit (Figure 2).  387 
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Simulated postharvest mass loss from bagged and un-bagged control fruit increased 388 

linearly with time (Figure 3 A,B). Mass loss (mostly water loss) and skin permeance were 389 

about 1.8-fold higher in un-bagged control fruit, compared with bagged fruit (Figure 3B). 390 

For control fruit, permeance was positively and linearly related to the area of russeted 391 

surface (r2 = 0.88**) (Figure 3C). Compared to the bag material, fruit skins were markedly 392 

less permeable and thus had a much higher resistance to water vapor loss than either the 393 

brown paper bag or the white paper bag (Table 1). Consequently, the brown paper bag and 394 

the white paper bag contributed to at most only 4.2 and 4.5%, respectively, to the maximum 395 

total resistance. This result contrasted with that with the waxy white bag, which contributed 396 

up to 94.4% to the maximum total resistance (Table 1). Thus, the relative humidity inside 397 

the bags would have been markedly higher in the waxy white bags as compared with either 398 

the brown paper bag or the white paper bag.  399 

 400 

Bagged fruit were greener and had less blush on the surface than un-bagged control fruit, 401 

as indexed by a lower hue angle (Figure 4). The hue angle decreased during ripening, 402 

indicating de-greening. This change was in part due to an increase in total carotenoids as 403 

the fruit ripened (Figure 4B,C). There was no significant difference in carotene content 404 

between bagged and un-bagged control fruit. Anthocyanin content increased with ripening 405 

and was consistently higher for un-bagged control fruit compared with bagged fruit (Figure 406 

4D). 407 

The rates of respiration, as indexed by CO2 release, increased with ripening, peaked at 408 

about 10 days after harvest (DAH) and then declined. The respiration rate of un-bagged 409 

control fruit exceeded that of bagged fruit by up to 1.4-fold. A similar pattern was observed 410 

for ethylene synthesis, which increased with time, reached a peak at about 4 and 8 DAH in 411 

the un-bagged control and the bagged fruit, respectively, and decreased thereafter. The 412 

peak in ethylene synthesis was about two-fold higher in the un-bagged control than in the 413 

bagged fruit (Figure 5). 414 

 415 
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Titratable acidity (TA) decreased, whereas total soluble sugars (TSS) increased with shelf 416 

life. There was no difference between un-bagged control and bagged fruit (Figure 6). There 417 

were also no differences in firmness, sucrose, glucose, fructose, vitamin C or calcium 418 

contents between bagged and un-bagged control fruit (Supplementary Figs. S4-6 and 419 

supplementary Table S2). 420 
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4. Discussion 421 

 422 

Bagging improved pre- and postharvest performances of ‘Apple’ mango by i) reducing 423 

lenticel cracking and russeting, and ii) by decreasing postharvest water loss.  424 

 425 

4.1 Bagged fruit had less lenticel cracking and was less russeted than un-bagged control 426 

fruit.  427 

Bagging reduced lenticel cracking as indexed by lenticels with smaller core and pore areas. 428 

In ‘Apple’ mango, lenticels are sites where russet is initiated (Athoo et al., 2020). From a 429 

materials science point of view, lenticels represent stiffer areas in a larger area of less-stiff 430 

(more extensible) cuticle. Lenticels therefore tend to concentrate stresses (Brown and 431 

Considine, 1982; Considine, 1982) and this increases susceptibility to cracking (Athoo et 432 

al., 2021, 2023). In mango cv. ‘Apple’, the lenticels would seem to be far more susceptible 433 

to microcracking than those in other mango cultivars (Athoo et al., 2021, 2023). Our 434 

finding that lenticels serve as initiation points for microcracking is consistent with reports 435 

for other fruitcrop species including for pear (Amarante et al., 2002; Lin et al., 2008) and 436 

pomegranate (Sarkomi et al., 2019). Our bagged ‘Apple’ mango fruit also suffered less 437 

microcracking around the lenticels and also less microcracking on the intervening fruit 438 

surface, so the fruit were almost russet-free.  439 

The reduction in lenticel cracking and the decrease in russeting in the bagged fruit would 440 

seem to be the result of reduced surface wetness as surface wetness has previously been 441 

shown to trigger microcracking and russeting in ‘Apple’ mango (Athoo et al., 2022) and 442 

Malus apple (Tukey, 1969; Knoche and Grimm, 2008; Chen et al., 2020; Khanal et al., 443 

2020). Exposure to surface moisture alters the rheological properties of the strained cuticle 444 

and this increases the likelihood of failure (Khanal and Knoche, 2017). It is interesting that 445 

the CM, DCM and wax mass were all significantly lower in the bagged fruit, compared 446 

with the un-bagged controls. The bags probably acted as a transpiration barrier due to the 447 

resistance of the bag itself arranged in series to the cuticle plus the boundary layer 448 

resistance of the still air inside the bag. Both factors reduce transpiration. Lower 449 
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transpiration inside the bags may have suppressed CM deposition (Skoss, 1955; Hao et al., 450 

2011). Suppressed CM deposition has been reported in shaded compared to sun-exposed 451 

mango (Léchaudel et al., 2013) or grape berries (Rosenquist and Morrison, 1989). Our 452 

findings are consistent with effects of bagging on CM deposition in pear and persimmon 453 

(Amarante et al., 2002; Katagiri et al., 2003).  454 

 455 

4.2 Bagging improved postharvest performance in ‘Apple’ mango.  456 

Bagging improved postharvest performance. First, bagged fruit maintained a more intact 457 

cuticle barrier that is effective in restricting transpiration and in pathogen defense. In fact, 458 

bagging has been reported to reduce the incidence of anthracnose and stem end rot in ‘Nam 459 

Dok Mai #4’ and ‘Keitt’ mango (Hofman et al., 1997; Chonhenchob et al., 2011). Similar 460 

findings have been reported for pear, pummelo, papaya etc. (Kitagawa et al., 1992; 461 

Issarakraisila, 2018; Gao et al., 2022). Second, bagged fruit had lower postharvest water 462 

loss than un-bagged control fruit. Non-russeted fruit surfaces have a lower permeance than 463 

russeted surfaces in ‘Apple’ mango (Athoo et al., 2020) and Malus apple (Khanal et al., 464 

2019). Third, bagging increased peel quality in ‘Apple’ mango and many other fruitcrops 465 

e.g., pear (Amarante et al., 2002). Fruit appearance was improved by reduced russeting. 466 

The ground color was not affected by bagging, as indicated by the hue angle of the peel. 467 

There was no change in carotenoid content, this is in line with earlier studies in other mango 468 

cultivars (Hofman et al., 1997; Ding and Syakirah, 2010). That bagging decreased the red 469 

blush and reduced anthocyanin content compared with un-bagged control fruit, is not 470 

unique to ‘Apple’ mango, but has also been reported for bagged Malus apple (Chen et al., 471 

2012), peach (Jia et al., 2005), and pomegranate (Sarkomi et al., 2019). See Ali et al. (2021) 472 

for a detailed review. Reduced anthocyanin content is common in shaded compared to sun-473 

exposed fruit (Bible and Singha, 1993; Karanjalker et al., 2018). This is due to the reduced 474 

exposure to UV light in bagged fruit – UV is required for anthocyanin synthesis (Ubi et al., 475 

2006; Karanjalker et al., 2018). We show that brown paper bags absorb light in the UV 476 

wavelength range.    477 

We detected no adverse effects of bagging on fruit quality. Organic acids, sugars, vitamin 478 

C and Ca were largely unaffected. The lack of an effect of bagging on Ca content is 479 
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consistent with earlier studies in ‘Kensington Pride’, ‘Sensation’ and ‘Keitt’ mango 480 

(Hofman et al., 1997; Joyce et al., 1997; Hofman et al., 1999). 481 

  482 
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5. Conclusion 483 

The results presented here indicate that preharvest bagging is a commercially attractive 484 

procedure able to reduce russeting in ‘Apple’ mango. In addition, bagged fruit were larger 485 

and suffered lower postharvest weight loss than un-bagged control fruit. Except for a 486 

reduced blush, there were no adverse effects of bagging on fruit quality or nutritional value. 487 

Thus, pre-harvest bagging offers an opportunity for small-scale farmers to produce high 488 

quality ‘Apple’ mangos suitable for discerning export markets.  489 

 490 

  491 
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 712 

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-1). 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. 

  

Bagging material 

Resistance 

bag  

(s m-1) 

Total resistance  

(Skin +bag) 

Contribution of bag to 

total resistance (%) 

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-1) and maximum resistances (4139 s m-1) 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.  

 713 

 714 

 715 

 716 

 717 

 718 

 719 

 720 

 721 
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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. 

Treatment 

Mass (g) 

Kaiti Kambirwa Mean Treatment 

Control 371.7 ± 9.0 313.5 ± 7.0 342.6 ± 5.8 a y 

Bagged 424.4 ± 8.9 348.8 ± 5.8 386.6 ± 5.4 b 

Mean Site 398.0 ± 6.5 b z 331.2 ± 4.6 a  

Main effect of treatment y and orchard site z 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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  723 
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 724 

Table 3 

Average (mean± 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. 

 

Treatment 

Russeting (rating) 

Kaiti Kambirwa Mean Site 

Control 1.8 ± 0.1 bz 2.3 ± 0.1 b 2.1 ± 0.1 

Bagged 0.2 ± 0.0 a 0.2 ± 0.0 a 0.2 ± 0.0 

Mean treatment 1.0 ± 0.0  1.3 ± 0.1  

zInteraction 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 
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 727 

 728 

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. 

Treatment 

Lenticel area (mm2) 

Kaiti Kambirwa 

Pore area Core area Pore area Core area 

Control 0.39 ± 05 bz 0.95 ± 0.13 b 0.35 ± 05 b 0.95 ± 0.13 b 

Bagged 0.01 ± 00 a 0.05 ± 0.01 a 0.00 ± 00 a 0.04 ± 0.01 a 

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 731 

 732 

Fig. 1. Developmental time course of change in fruit mass and surface area (A) and surface 733 

area growth rate (A, inset), deposition of the cuticular membrane (CM) (B), the dewaxed 734 

CM (DCM) (C) and wax of ‘Apple’ mango. Vertical arrows indicate the time at which the 735 

fruit were bagged at Kambirwa using brown paper bags. Un-bagged fruit served as 736 

controls. X-axis scale in days after full bloom (DAFB). Data represent means ± se. The 737 

number of replicates was 30 in A, and 20 in B, C, and D. 738 

 739 

Fig. 2. Representative images of un-bagged (‘Control’) (A) and bagged (‘Bagged’) (B) 740 

‘Apple’ mango at maturity. Microscopic view of fruit surface (C-E) and lenticels (G-J) of 741 

un-bagged (C,D,G,H) and bagged (E,F,I,J) ‘Apple’ mango at harvest. Fruit were viewed 742 

under incident bright (C,E,G,I) or under incident fluorescent light to visualize microcracks 743 

(D,F,H,J). Areas of the fruit surface were incubated in 0.1 % aqueous acridine orange prior 744 

to microscopy. Scale bar is 1 cm (A,B) and 1 mm (C-E). The number of replicates was 745 

five.  746 

 747 

Fig. 3. Time course of fruit mass loss (A) and change in permeance (B) of mature ‘Apple’ 748 

mango. The fruit were either bagged (‘Bagged’) or remained un-bagged (‘Control’) at 749 

Kambirwa at 59 days after full bloom. Data represent means ± se. (C) Relationship between 750 

the permeance of the fruit skin to water vapor and the portion of the fruit surface area 751 

russeted. Russeting was quantified using a five-point scoring scheme. Score 0 = 0% of the 752 

fruit surface area russeted, Score 1 = 1–10% russeted area, score 2 = 11-25% russeted area, 753 

score 3 = 26-50% russeted area and score 4 = 50-100% russeted area. Data in C represent 754 

individual fruits. The number of individual fruit replicates was 15. The regression equation 755 

was: 𝑃𝑒𝑟𝑚𝑒𝑎𝑛𝑐𝑒 (× 10−4 𝑚−1) = 2.22 (± 0.1) + 0.71 (± 0.1) × 𝑟𝑢𝑠𝑠𝑒𝑡 𝑠𝑐𝑜𝑟𝑒, r2 = 756 

0.88 **. 757 

 758 
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Fig. 4. Hue angle (A), carotenoid (B), and anthocyanin content (C) in the skin of un-bagged 759 

(‘Control’) and bagged (‘Bagged’) ‘Apple’ mango. Fruit were bagged using brown paper 760 

bags at 60 days after full bloom in Kaiti. X-axis scale in days after harvest (DAH). Data 761 

represent means ± se of 12 to 16 (A) and 3 (B,C) fruit.  762 

 763 

Fig. 5. Rates of respiration and ethylene release from mature bagged (‘Bagged’) and un-764 

bagged (‘Control’) ‘Apple’ mango. The fruit were bagged using brown paper bags at 60 765 

days after full bloom in Kaiti. X-axis scale in days after harvest (DAH). Data represent 766 

means ± se of three to six fruit. 767 

 768 

Fig. 6. Titratable acidity (TA) (A) and total soluble solids (TSS) (B) of the pulp of mature 769 

bagged (‘Bagged’) and un-bagged (‘Control’) ‘Apple’ mango. The fruit were bagged using 770 

brown paper bags (Blue star®) at 60 days after full bloom at Kaiti. X-axis scale in days 771 

after harvest (DAH). Data represent means ± se of 15 fruit.  772 
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Fig. 1.  776 
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Fig. 2.  779 
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Fig. 3. 782 
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Fig. 4 785 
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Fig. 5. 791 
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Fig. 6. 795 
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Supplementary material 798 

 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 (µmol s-1 m-2) 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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 802 

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 g-1) 

Un-bagged (control) 25.6 ± 0.5 a 

Bagged 25.8 ± 0.7 a 

There were no significant differences between treatments at p≤0.05.   

 803 

 804 

 805 

  806 
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 807 

Supplementary Fig. S1. Photographs of the different bags used in the study. The bags 808 

tested were; white paper bag (Left), Brown paper bags (Middle) and the waxy white paper 809 

bag (Right). 810 

 811 

 812 

Supplementary Fig. S2. Cumulative water loss through samples of different bagging 813 

materials with time. The patches were mounted inside custom made diffusion cells and 814 
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incubated above dry silica inside a polyethylene box. The bags were made of brown paper, 815 

waxy white paper and white paper. The number of replicates was 20. 816 

 817 

 818 

Supplementary Fig. S3. Light absorbed by different bag materials at wavelengths between 819 

220-850 nm was measured using a photometer. A single layer of bag material was mounted 820 

on a cuvette for the absorbance measurement, an empty cuvette was measured for 821 

reference. The bags were made of brown paper or waxy white paper or white paper. The 822 

number of individual replicates was three. 823 

 824 

 825 
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 826 

 Supplementary Fig. S4. Effect of bagging developing ‘Apple’ mango fruit on the change 827 

in firmness of the pulp, during a two-week shelf life. The fruit had been surrounded by a 828 

brown paper bag at 60 days after full bloom at the Kaiti production site. Un-bagged fruit 829 

served as controls. The X-axis scale is in days after harvest (DAH). Data are presented as 830 

means ± se. The number of individual fruit replicates was 12-16. 831 

 832 
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 Supplementary Fig. S5. Effect of bagging developing ‘Apple’ mango fruit on the change 834 

in pulp fructose (A), glucose (B), sucrose (C) and total sugars (D) during a two-week shelf 835 

life. The fruit had been surrounded by a brown paper bag at 60 days after full bloom at the 836 

Kaiti production site. Un-bagged fruit served as controls. X-axis scale is in days after 837 

harvest (DAH). Data are represented as means ± se. The number of individual fruit 838 

replicates was three. 839 

 840 

 841 

 842 

Supplementary Fig. S6. Effect of bagging developing ‘Apple’ mango fruit on the change 843 

in vitamin C content during a two-week shelf life. The fruit had been surrounded by a 844 

brown paper bag at 60 days after full bloom at the Kaiti production site. Un-bagged fruit 845 

served as controls. X-axis scale is in days after harvest (DAH). Data are represented as 846 

means ± se. The number of individual fruit replicates was three. 847 

 848 
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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) Fruit russeting generally involves formation of a periderm in response to microcracking of 

the CM (chapter 3.1) 

2) 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).  

3) Low cuticle deposition and higher growth strains predispose ‘Apple’ mango to 

microcracking and subsequently to russeting (see chapter 3.3).  

4) Moisture on the fruit surface aggravates microcracking and russet development in ‘Apple’ 

mango fruit (see chapter 3.4).  

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

chapter 3.5) 

6) 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. 

2. Consequences of openings on the fruit surface  

3. 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, 1972a; 

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 O2 (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 

Stösser, 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 (Brüggenwirth 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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