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ABSTRACT 

The ‘Gala’ apple is susceptible to development of a physiological storage disorder, stem end 

flesh browning (SEFB). A non-destructive meter that assesses chlorophyll content as an IAD value 

has been used as a way of better defining fruit maturity within a population of fruit to investigate: 

1. the effects of low oxygen storage on ascorbic acid (AsA) contents and fruit quality factors, and 

2. the effects of preharvest aminoethoxyvinylglycine (AVG) and postharvest 1-

methylcyclopropene (1-MCP) on fruit quality. 0.5% oxygen maintained fruit quality better than 

2%. Peel tissues had the highest AsA both at harvest and during storage, while calyx tissues were 

highest among flesh tissues. AVG delayed fruit maturation, increased storage quality, and 

decreased SEFB incidence but not consistently reduced fruit to fruit variation. 1-MCP increased 

SEFB incidence. IAD value may be a useful indicator for determining risk of the incidence of SEFB 

but not as a consistent quality index after storage. 
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Chapter 1 

Introduction and literature review 

1. The apple 

Apples (Malus x domestica Borkh.) are one of the most important fruits consumed and 

produced worldwide (World Bank, 2020). Worldwide production in the marketing year of 2018/19 

was 68.65 million metric tons, of which 5.05 million metric tons were produced in the USA, with 

760,000 tons exported (USDA, 2019). There are more than 100 cultivars grown commercially in 

the USA by over 7,500 growers, mainly in Washington, New York, and Michigan. However, only 

15 cultivars, such as ‘Red Delicious’, ‘Gala’, ‘Honeycrisp’ and ‘Mclntosh’, account for almost 90 

percent of the production (U.S Apple Association, 2019). Controlled atmosphere (CA) storage and 

application of the gaseous inhibitor of ethylene action, 1-methylcyclopropene (1-MCP), are 

common postharvest technologies used to slow ripening rates of fruits stored for more than about 

three months. As a result, apples are available in the market all year round.  

Apples are an excellent source of nutrients such as fiber, carbohydrates, organic acids, 

proteins, minerals and phytochemicals, and the peel is a major contributor of ascorbic acid and 

phenolics in the fruit (Boyer and Liu, 2004; Łata and Tomala, 2007). Phytochemical contents, 

including catechin, quercetin and chlorogenic acid, vary greatly among apple cultivars (Davey et 

al., 2004; Drogoudi et al., 2008a; Eberhardt et al., 2000). Epidemiological evidence has indicated 

that the apple consumption is associated with lower risk of chronic diseases, inhibition of lipid 

oxidation, as well as having cholesterol-lowering effects (Watkins and Liu, 2011). 

Molecular genetic analyses indicate that the domesticated apple is a multi-hybridization of 

several species of Malus that originated in Central Asia (Harris et al., 2002; Juniper et al., 1998). 

Morphologically, the apple is a pome fruit that is a fleshy accessory fruit derived from carpel and 
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hypanthium. The carpel and ovary develop into core tissue and seed, respectively. The hypanthium 

expands into cortex tissue of the fruit during development (Malladi et al., 2020; Pratt, 2011). The 

skin tissue of apple fruit includes epidermal and hypodermal layers of cells, and a thick, waxy 

cuticle (Foster et al., 2003; Pratt, 2011).  

The apple is a climacteric fruit whose ripening is accompanied by an increased respiration 

rate associated with autocatalytic ethylene production. In climacteric fruits, ethylene biosynthesis 

changes from the low basal rates associated with System Ⅰ to System Ⅱ ethylene production during 

ripening (Alexander and Grierson, 2002; Knee, 1993). Different cultivars of apple have different 

patterns of ripening ranging from fast ripening cultivars such as ‘McIntosh’, ‘Gala’, ‘Golden 

Delicious’ to slower ripening ones such as ‘Jonagold’, ‘Granny Smith’, ‘Sunrise’, ‘Honeycrisp’, 

‘Fuji’ and ‘Braeburn’ (Bulens et al., 2012; Costa et al., 2005; Harb et al., 2012; Oraguzie et al., 

2007; Wakasa et al., 2006; Watkins et al., 1989; Wiersma et al., 2007). Regardless of the ripening 

rate, typical changes include color change (anthocyanin accumulation in red apples and 

chlorophyll degradation), increased sugar content, softening, decreased acidity and production of 

aroma volatiles (DeEll et al., 2002; Jobling and McGlasson, 1995; Kvikliene et al., 2006; 

Rutkowski et al., 2008). The rate of these changes depends on the cultivar, maturation stage at 

harvest, preharvest plant growth regulators, storage temperature, storage atmosphere and 

postharvest chemical application.  

2. Fruit maturity 

Consumers prefer mature fruits with the desirable aroma, taste, texture, color and size. 

Therefore, appropriate harvest indices for each fruit type, and often cultivar, are critical for growers 

to determine the optimal harvest time. These indices need to take into account the steps from the 

field to the consumer after harvest, as well as the effect of air or CA storage before marketing. 
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The optimum harvest date varies according to the time that fruits are stored before marketing 

as there is a compromise between harvest date and storability. During ripening, external and 

internal changes include color, volatiles, firmness, respiration rate, organic acid, carbohydrate 

composition, waxes and ethylene production (Bulens et al., 2012; Mattheis et al., 1991; Vanoli et 

al., 1995; Watkins, 2003). When fruits are harvested in a more mature stage, they are typically 

very flavorful but more susceptible to physiological disorders associated with senescence and 

fungal infections due to softening and cracked surfaces (Kweon et al., 2013; Lau, 1998; Lee et al., 

2013b; Thewes et al., 2017a; Vanoli et al., 1995). Therefore, it is more challenging to retain the 

quality during transport and storage, and typical storage potential is low. In contrast, fruits 

harvested earlier and before high quality has developed store better with higher flesh firmness but 

have less volatile production, with less color and sugar content (Cortellino et al., 2017; 

Larrigaudiere et al., 1999; Mattheis et al., 1991; Thewes et al., 2017a; Vanoli et al., 1995). 

Doerflinger et al. (2015b) described the economic tradeoff between maturity, quality, and 

storability for ‘Empire’ apples. Early harvest (a week before standard harvest date) of fruit yield 

higher profit in long-term storage compared to conventional harvest and late harvest. In contrast, 

later harvest fruit can have net financial benefit, but only if the fruit is marketed earlier.  

Many methods have been developed to determine the optimal harvest date (Watkins, 2017). 

The common measurements of maturity indices of apple include the starch pattern index, titratable 

acidity, soluble solids concentration, firmness, internal ethylene concentration, and IAD values. It 

has been suggested that ‘harvest indices’ rather than ‘maturity indices’ is a more appropriate term 

(Watkins, 2003), as discussed below some of these parameters are affected by factors that are 

independent of maturity. 

2.1 Starch pattern index  
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Starch is accumulated in apples as the sugar is produced in the leaves and transported to the 

fruits to be stored (Berüter, 1990). According to Doerflinger et al. (2015a), ‘Gala’ and ‘Empire’ 

had higher starch concentrations in the calyx-end tissue than in the stem-end. Brookfield et al. 

(1997) also found higher amounts of starch in the outer cortex than the core and the vascular 

bundle. As the fruits become more mature, the stored starch in the fruits is gradually converted 

back into sugar. Phosphorolytic cleavage reaction and hydrolytic cleavage reaction are two types 

of starch degradation (Asatsuma et al., 2005); the former is catalyzed by starch phosphorylase and 

latter is catalyzed by amylases (Asatsuma et al., 2005). After the starch degradation, the sugar is 

released mostly by α-amylases and β-amylases from the starch granule. The starch content, more 

precisely amylose, of the fruit can be visualized by staining with I2-Kl solution to form a black-

blue polyiodine complex usually on a scale and expressed at the starch pattern index (SPI), e.g. 

the Cornell Generic Starch Chart that ranges from 1 (100% starch) to 8 (0% starch) (Blanpied and 

Silsby, 1992). 

2.2 Flesh firmness 

Cell wall disassembly results in decreasing flesh firmness during ripening (DeEll et al., 2001; 

Johnston et al., 2002; Kingston, 1992). Usually, firmer fruits have denser tissues, smaller cells 

with less interspace, and can be stored longer than softer fruits. On the other hand, softer fruits 

were found to have more round cells separated by larger intercellular spaces than firmer fruit 

(Johnston et al., 2002). The range of flesh firmness varies greatly depending on cultivar, 

environment, maturity stage and storage time (Arseneault and Cline, 2018; Mditshwa et al., 2017; 

Nock et al., 2018; Ozturk et al., 2015; Thewes et al., 2015). Also, the flesh firmness is also an 

important trait valued by consumers. Therefore, the fruit firmness can be used as reference for 

maturity or as a quality index. 
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2.3 Titratable acidity & soluble solid content 

Organic acids and soluble sugars are important flavor contributors of apple. The titratable 

acidity of fruits gradually decreases as they reach physiological maturity and during the ripening 

process (Kvikliene et al., 2006; Rutkowski et al., 2008). On the other hand, the conversion of stored 

starch to sugar results in increased soluble solid content. However, titratable acidity and soluble 

solid content varies with, season, orchard and management practices such as nitrogen fertilizer 

application (Nava et al., 2007; Neilsen et al., 2009). As a result, setting an optimal value of 

titratable acidity and soluble solid content or sugar/acid ratio for harvest of specific cultivar depend 

on other factors that can be more important than an absolute value. 

2.4 Internal ethylene concentration 

Apples, as a climacteric fruit, produce autocatalytic ethylene production during ripening, 

usually measured experimentally as the internal ethylene concentration. The ethylene synthesis 

pathway by which ethylene is produced from methionine is well understood (Adams and Yang, 

1979). Firstly, methionine is transformed to S-adenosylmethionine (SAM) (Adams and Yang, 

1977) by SAM synthetase, followed by the production of 1-aminocyclopropane-carboxylic acid 

(ACC) (Nardini et al., 2002) from SAM through the action of ACC synthase (ACS). ACC is then 

oxidized by ACC oxidase (ACO) to produce ethylene. 

There are several ways that ethylene production of fruits can be reduced or inhibited. Ethylene 

metabolism can be inhibited by decreasing O2 concentrations as ACO requires O2 for activity 

(Adams and Yang, 1979). Low temperature and CA storage slow loss of product quality by 

decreasing metabolic activity in part by reducing ethylene production and action. O2 and CO2 

concentrations that are used during CA storage can have direct effects on enzyme activities. Low 

O2 and/or high CO2 concentrations inhibit ACO activity, while high CO2 concentrations inhibit 
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ethylene binding to the membrane receptor. Low O2 concentrations inhibit binding of ethylene to 

its receptor (Burg and Burg, 1967). CO2 is also a competitive inhibitor of ethylene action by 

forming a bond with ethylene receptor (Burg and Burg, 1967). These two gasses can act 

synergistically. 

Development of commercial chemical treatments also resulted from understanding of the 

ethylene biosynthetic pathway. Aminoethoxyvinylglycine (AVG), marketed commercially as 

ReTain, works as a competitive inhibitor of SAM that inhibits the conversion of SAM to ethylene 

precursor ACC (Adams and Yang 1979; Boller et al., 1979). Because AVG competes with SAM 

to bind the active site of ACS, it inhibits ACS activity and therefore ethylene synthesis. Also, 1-

MCP, an ethylene-competitive inhibitor, which compete with ethylene for the binding site on the 

ethylene receptor (Sisler et al., 1996), is available commercially as the postharvest formulations, 

SmartFresh and Fysium, as well as a preharvest formulation, Harvista (Watkins 2017). The 

irreversible binding of 1-MCP on the ethylene receptor, which is a negative regulator, prevents the 

ethylene signal transduction shutting off and therefore ripening. 

The climacteric was originally discovered based on increased respiration rates at the onset of 

the climacteric. However, it is difficult to measure routinely; respiration measurements require use 

of sealed systems to measure oxygen depletion or carbon dioxide accumulation. Because the 

climacteric increase of respiration is closely associated with autocatalytic ethylene production 

(Both et al., 2016; Saquet et al., 2017), internal ethylene concentrations are more typically 

measured. 

2.5 Delta Absorbance meter 

Most methods used to assess harvest indices are destructive causing fruit loss and are 

laborious. Therefore, there is interest in the development of non-destructive approaches to evaluate 
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fruit maturity. A new non-destructive approach, visible/near infrared (vis/NIR) provides fast and 

reliable information on the characteristics of many fruit species, including stone and pome fruit 

(Amodio et al., 2017; dos Santos Neto et al., 2017; Escribano et al., 2017; Huang et al., 2020). The 

Delta Absorbance (DA) meter (Sinteleia, Bolonga, Italy), a hand-held instrument developed from 

visible spectroscopy, nondestructively assesses the chlorophyll content in the fruit skin (Ziosi et 

al., 2008). The loss of chlorophyll pigments reflected as decreasing greenness is a characteristic of 

fruit ripening during the onset of maturity and physiological senescence (Knee, 1972). The 

absorbance difference for chlorophyll is based on the wavelengths of 670 nm and 720 nm 

(McGlone et al., 2002; Zude-Sasse et al., 2002), where 670 nm is the absorbance peak for 

chlorophyll and 720 nm is the absorbance base which does not change as the chlorophyll degraded 

(Blanke and Notton, 1992; Nyasordzi et al., 2013). An index, IAD, which is calculated as the 

absorbance at 670 nm minus that at 720 nm, correlates with epidermal/sub-epidermal chlorophyll 

content (Spadoni et al., 2016; Ziosi et al., 2008). 

Strong correlations between IAD value and SPI during ripening of ‘Ambrosia’ and ’Gala’ 

apples have been found (Costamagna et al., 2013; Toivonen and Hampson, 2014). However, weak 

correlations between IAD with SPI and firmness were observed for ‘Empire’, and relationships 

were reduced because of the effects of plant growth regulators (Doerflinger et al., 2016; Zanella 

et al., 2013). Cortellino et al. (2017) found that measurement of absorption coefficient at 670 nm 

at harvest could be a good tool for homogeneous fresh-cut apple texture. On the other hand, poor 

correlations between IAD and firmness were recorded for ‘Braeburn’, ‘Cripps Pink’ and ‘Golden 

Delicious’ apples (Zanella et al., 2015; Zanella et al., 2013). Toivonen et al. (2003) found that 

correlations between fruit quality and peel chlorophyll a content were decreased when postharvest 

treatments such as 1-MCP and CA storage were applied. DeLong et al. (2014) showed that IAD 
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value was associated with fruit quality of ‘Honeycrisp’ at harvest and disorders after storage. They 

suggested that the use of the DA meter approach for optimal harvest delineation is potentially 

applicable to all commercial apple cultivars, but that they should be developed for each within a 

distinct growing region and cultivar. Overall, the literature suggests that results are inconsistent, 

but as a laboratory tool the IAD values provide a powerful method to reduce variability of 

experimental populations of fruit. 

3. Storage conditions 

The most critical postharvest practice to maintain horticulture produce quality is temperature 

control. Hence, it is important to reduce the temperature of the produce as soon as possible after 

harvest to decrease the rate of metabolism. By removing field heat rapidly after harvest, produce 

can be maintained at better quality for transport and storage. Lower temperatures during transport 

and storage also reduces respiration rates, ethylene production and sensitivity, water loss and 

development of decay (Kader and Saltveit, 2003). For apples, air storage under low temperature 

ranging from 0˚C to 3˚C depending on cultivar is a regular procedure. All other postharvest 

technologies are regarded as supplements to, and not replacements for, low temperature storage. 

3.1 Controlled atmosphere storage 

Controlled atmosphere (CA) storage is a standard technology used by apple industries 

worldwide. Maintaining lower oxygen and higher carbon dioxide concentrations in airtight storage 

room is used to reduce the respiratory rate and ethylene biosynthesis, and hence, maintain the fruit 

quality and alleviate disorders during long-term storage (Wright et al., 2015). The specific 

atmosphere used is a function of the cultivar response, tolerance to low O2 and high CO2 

concentrations, and sophistication of the industry, e.g., manual versus computerized atmosphere 

adjustment. 
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Optimum thresholds of the storage atmosphere under standard CA conditions vary between 

0.8-2.5 % O2 and 1-5 % CO2 (Thompson et al., 2018). Anaerobic respiration and fermentation 

occur if oxygen concentrations are too low (Ho et al., 2013). However, the atmosphere condition 

during storage can cause development of some physiological disorders (Watkins and Mattheis, 

2019). Burmeister and Dilley (1995) and Watkins et al. (1997) also reported that ‘Empire’ apples 

stored under high CO2 concentration could also suffer external injuries. Factors including orchard, 

antioxidant treatment and timing of application of CA storage could also affect the susceptibility 

to CO2 injury. Disorders such as superficial scald and core browning can be alleviated with proper 

gas composition and application management of CA storage (DeEll and Ehsani-Moghaddam, 

2012; Saquet et al., 2003). 

3.2 Dynamic controlled atmosphere storage 

A recent development of CA storage called dynamic controlled atmosphere (DCA) storage, 

that is a technology based on monitoring the biological response of the stored fruit to extremely 

low oxygen concentration. The term ‘dynamic’ refers to the active monitoring of fruit responses 

to stress. It thereby possible to regulate O2 to maintain very low concentrations that minimize 

metabolic rates but are above the anaerobic compensation point. Currently, there are three 

commercial types of DCA available to measure the biological response of the stored fruit: 1. 

chlorophyll fluorescence emission from fruit (DCA-CF) (Prange et al., 2007; Zanella and Rossi, 

2015); 2. respiratory quotient (DCA-RQ) (Both et al., 2017; de Oliveira Anese et al., 2019); and 

3. ethanol production by fruit (DCA-ET) (Veltman et al., 2003b). DCA is widely used in Europe, 

the main reason being that diphenylamine (section 4.2) is no longer registered for use for control 

of superficial scald. However, relatively little use exists in North America because of the continued 

commercial availability of diphenylamine. 
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DCA-CF is based on a non-destructive sensor (HarvestWatch System, Satlantic Inc., Halifax, 

Nova Scotia, Canada) that measures chlorophyll fluorescence emission, which is highly sensitive 

to O2 stress. Once stress signals are observed, O2 concentrations are increased by about 0.2%. 

DCA-CF is highly effective in preserving the postharvest quality of apples (Tran et al., 2015; 

Zanella and Rossi, 2015). Both et al. (2017) reported that DCA reduced ACO activity, ethylene 

production and respiration rate of ‘Royal Gala’, resulting in higher flesh firmness, titratable acidity 

and lower incidences of physiological disorders.  

DCA-RQ is based on monitoring of the respiration quotient (RQ= CO2 production/ O2 

consumption) during storage to identify the anaerobic compensation point. SafePod (Storage 

Control System Inc., Sparta, MI, USA) is one of the sensors used to monitor RQ of fruits under 

DCA storage, and there are other methods developed to improve the defects of DCA-RQ. One of 

the methods is based on a general leakage model simplified by performing sensitivity analysis of 

the gas pressure and concentration to correct real-time measurements of the RQ for gas leakage of 

a cool room (Bessemans et al., 2018). The other method is based on a model calculating air 

circulation, fruit respiration kinetics and transport of the respiratory gases in and between the 

surrounding air and the fruit (Delele et al., 2019). The dynamic response greatly improved the 

respiratory gas distribution inside the CA storage system. Thewes et al. (2017b) found that the 

accumulation of ethanol under DCA-RQ storage suppressed ethylene production. Volatile 

production was correlated with ethylene production and respiration rates because of the 

fermentation induction associated with anaerobic metabolism. The accumulation of anaerobic 

metabolites, acetaldehyde and ethanol, in fruit pulp can increase membrane fluidity and electrolyte 

leakage (Saquet et al., 2000; Thewes et al., 2017b). However, in less ripe fruit, the high 

acetaldehyde and ethanol concentration in DCA-RQ 2.0 did not result in electrolyte leakage. 
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(Weber et al., 2019). The result suggested that ethanol could reduce metabolism. DCA-RQ resulted 

in higher chlorogenic acid and procyanidin B1 in the peel (Stanger et al., 2018). Both individual 

and total phenolics content were higher for DCA-RQ and DCA-CF than in ultra low O2 (ULO) 

conditions. Sorbitol accumulated more over the storage period when fruits were stored under 

DCA-RQ. DCA-RQ reduced the membrane permeability with the accumulation of the anaerobic 

metabolism compounds, acetaldehyde and ethanol (Thewes et al., 2019). de Oliveira Anese et al. 

(2019) reported that apples stored under DCA-RQ 1.5 at 2.0˚C and 2.5˚C showed lower ethanol 

than fruit at 1.5˚C. Fruits stored at 2.5˚C under DCA-RQ without 1-MCP showed lower ethanol 

and acetaldehyde than CA without 1-MCP. They suggested that the result might be related to 

slower metabolism, which required glycolytic pathway activity to produce ATP at substrate level 

and consequently result in a lower ethanol and acetaldehyde.  

DCA-ET, ethanol based DCA, monitors the lowest oxygen limit where no ethanol 

accumulation is detected. In DCA-ET, the oxygen concentration is lowered to the point at which 

the ethanol concentration is identified as unacceptable for the fruit quality. DCS (Storex, 

Gravendeel, The Netherlands) is a common sensor used for ‘Elstar’ and ‘Jonagold’ apples in The 

Netherlands. There is little research on DCA-ET compared to DCA-CF and DCA-RQ available. 

Veltman et al. (2003b) reported that ‘Elstar’ apples stored under DCA-ET had a better quality 

compared to the fruits in standard CA storage. 

Few studies have directly compared different DCA systems. DCA-CF had lowest levels of 

key volatiles (butyl acetate,2-methylbutyl acetate) as compared to DCA-RQ and CA but far below 

the odor threshold. DCA-CF reduced the most important volatile ester, 2-methylbutyl acetate, in 

‘Royal Gala.’ Fruits harvested at optimal maturity had higher ascorbic acid content compared to 

those harvested at pre-optimal maturity. DCA-CF could maintain antioxidant capacity regardless 
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of fruit maturity (Mditshwa et al., 2017). Research also showed that DCA-CF storage resulted in 

low volatile compounds compared to CA and DCA-RQ (Thewes et al., 2017b). 

4. Preharvest and postharvest treatments 

Based on growing regions and marketing plans, pre- and postharvest treatments are used to 

maintain fruit quality. Depending on the treatment, they may be used before harvest, immediately 

after harvest, or after removal from storage during packaging operations. 1-Methylcyclopropene 

(1-MCP) is a common postharvest treatment because of its convenience and safety. 

Aminoethoxyvinylglycine (AVG) and naphthaleneacetic acid (NAA) are plant growth regulators 

which are used before harvest to improve fruit drop and manage the fruit maturity. Other common 

treatments before storage are fungicides to control decay and the diphenylamine (DPA) to control 

the physiological disorder, superficial scald. Edible coatings (waxes) are applied on fruits before 

packing for marketing. Heat treatments are applied to control decay of organic apples in some parts 

of Germany, but on a limited basis. 

4.1 1-Methylcyclopropene  

1-Methylcyclopropene (1-MCP), marketed as Harvista (preharvest) and Smartfresh or 

Fysium (postharvest), is commonly used by apple industries to treat filled storages, or in some 

cases as they are being filled (Both et al., 2018; Lee et al., 2017; Lee et al., 2013a). It is an ethylene-

competitive inhibitor (Sisler et al., 1996) which could delay ethylene production of apples 

(Watkins, 2006, 2008). The effects of 1-MCP on controlling fruit ripening depend on cultivar, 

maturity and factors such as storage temperature and duration, and length of interval between 

harvest and treatment (Al Shoffe et al., 2019; de Oliveira Anese et al., 2019; Doerflinger et al., 

2019; Lee et al., 2017; Lee et al., 2016; Ma et al., 2019). In addition to inhibition of ethylene 

production, 1-MCP slows softening, reduces quality loss, and delays development of ripening 
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characteristics of apple during air and CA storage (Fan et al., 1999; Rupasinghe et al., 2000; 

Thewes et al., 2015; Watkins, 2000; Watkins et al., 2012). Postharvest 1-MCP also delays loss of 

green background color as indicated by IAD values in ‘Aurora’, ‘Gala’, ‘Empire’ and ‘Fuji’ apple 

during storage and ripening (Doerflinger et al., 2015; Toivonen and Hampson, 2014).  

Disorders such as senescent breakdown, associated with ripening, are largely inhibited by 1-

MCP application (DeEll et al., 2005; Moran, 2006; Watkins, 2000). However, 1-MCP can 

exacerbate disorders such as flesh browning (Jung et al., 2010; Jung and Watkins, 2011; Lee et al., 

2013a; Lee et al., 2016; Watkins and Nock, 2008) and CO2 injury (DeEll et al., 2002; Fawbush et 

al., 2009). Flesh browning in ‘Empire’ during long-term CA storage is exacerbated in more mature 

fruits when they are treated with 1-MCP (Doerflinger et al., 2016; Doerflinger et al., 2015b). 

However, de Castro et al. (2008) found no effects of 1-MCP on the incidence of CO2-induced flesh 

browning of ‘Pink Lady’ apples. 

4.2 Aminoethyoxyvinylglycine  

Aminoethyoxyvinylglycine (AVG), marketed as ReTain, is a plant growth regulator (PGR) 

which delays ethylene production. AVG works as a competitive inhibitor of S-adenosylmethionine 

(SAM) that inhibits the conversion of SAM to ethylene precursor ACC (Adams and Yang 1979; 

Boller et al., 1979). Because AVG competes with SAM to bind the active site of ACS, it inhibits 

ACS activity and therefore inhibits ethylene synthesis. AVG is commonly sprayed on trees 

between 1 and 4 weeks before harvest in apple industry to decrease preharvest fruit drop, manage 

the maturity, and delays ripening in apple (Argenta et al., 2006; Arseneault and Cline, 2018; 

Doerflinger et al. 2019; Schupp and Greene 2004; Greene et al., 2016; Ozturket al., 2015; Yildizet 

al., 2012; Yuan et al., 2007). However, the effect of AVG can vary depending on the cultivar, 
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region, climate and concentration (Autio and Bramlage, 1982; Child and Williams, 1983; Schupp 

and Greene 2004; Stover et al., 2003).  

AVG delayed the onset of the ethylene climacteric and fruit ripening (Schupp and Greene, 

2004; Yuan and Carbaugh, 2007; Yuan et al. 2007). In addition, application of AVG also delayed 

the maturation of ‘Gala’ and ‘Fuji’ apple (Amarante and Steffens, 2009), and improved red color 

development of fruit (Thompson et al., 1998). Higher firmness was detected in AVG treated fruit 

at harvest and after storage (Greene and Schupp, 2004; Ozturk et al., 2012; Schupp and Greene, 

2004; Yuan and Carbaugh, 2007; Yuan et al., 2007). In addition, a linearly negative correlation 

was found between AVG concentrations and IEC (Greene and Schupp, 2004). However, the 

effects of AVG on IECs after storage depended on the apple cultivar (Elfving et al., 2007). 

4.3 Naphthaleneacetic acid 

Naphthaleneacetic acid (NAA) is a synthetic auxin that prevents abscission and used vastly 

for the vegetative propagation in horticulture practice. It has often been used as an emergency 

preharvest treatment when fruit drop happens prior to commercially acceptable fruit color, for 

example in ’McIntosh’. In particular cases, NAA is applied when preharvest ethylene spray is used 

to induce color development which is delayed by climate (Stover et al., 2003). In spite of the 

delayed abscission, ethylene production of the fruit can be induced, and thus, softening increased 

(Yuan and Carbaugh, 2007). Hence, NAA-treated fruits are not recommended for long-term 

storage. 

4.4 Diphenylamine 

Diphenylamine (DPA) is an antioxidant which can effectively prevent superficial scald by 

inhibiting the oxidation of a-farnesene and the cell damage by free radical activity (Jung and 

Watkins, 2008; Lurie and Watkins, 2012). External and internal CO2 injuries of apples are also 
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inhibited by DPA (Contreras et al., 2014; Fawbush et al., 2008; Mattheis and Rudell, 2008; 

Watkins and Nock, 2013). DPA also can affect fruit ripening processes, such as degreening of the 

fruit (Tomic et al., 2016). DPA is no longer approved for use in Europe (Lurie and Watkins, 2012) 

but is still widely used in North America. Usage has increased because 1-MCP increases risk of 

CO2 injuries, and DPA is used as prophylactic (Fawbush et al, 2008). 

4.5 Fungicides 

Postharvest pathogens could infect the fruit after harvesting through wounds or while the fruit 

is still attached to the plant in the field. The symptom may develop at the preharvest stage but can 

become more severe during storage. Usually, farmers implement good field sanitation procedures 

in the field to prevent postharvest decay. In addition, appropriate postharvest handling practices 

must be followed to prevent cuts and bruises on the fruit surfaces. Despite the common use of 

modern storage facilities and technologies, synthetic fungicides are still widely applied before or 

after harvest to reduce postharvest deterioration of fruit. For example, a postharvest dip or drench 

application of thiabendazole has been used to control storage rots of apples (Errampalli et al., 

2005). However, chemicals are being growingly limited due to environmental and toxicological 

risks as well as the fungicide-resistant strains of pathogens. Research on biocontrol products such 

as antagonistic microorganisms and natural substances originating from plants with antimicrobial 

and biodegradable properties is continuing.  However, the commercial application of postharvest 

biocontrol products is still limited due to the difficulties, such as mass production of antagonists 

and the physiological status of the harvested commodity. Therefore, the biocontrol product only 

consists of a small share of the market compared to synthetic chemicals (Droby et al., 2016). 

4.6 Skin coatings 
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Coatings (waxes) can be used to reduce the water loss, modify the internal atmospheres, and 

improve the appearance of apples (Dhall, 2013; Falguera et al., 2011; Serrano et al., 2015). 

Commonly used waxes in the United States are made from natural ingredients certified by the 

Food and Drug Administration as safe to eat and they come from sources such as carnauba 

(extracted from leaves of the Brazilian palm, Copernicia prunifera), candelilla wax (derived from 

a reed like desert plant of the genus Euphorbia), and food-grade shellac (excreted by female lac 

beetles, Kerria lacca) (Watkins, 2017).  

4.7 Heat treatment 

Heat treatments, such as hot water, hot air or vapor heat, are used to inhibit physiological 

disorders such as superficial scald, reduce decay and kill insects. Heat treatment is a common 

quarantine method for export of produce from tropical countries and there are strict regulations of 

time and temperature to guarantee insect mortality. In Denmark and Germany, hot water treatments 

are used to reduce decay of organic apples (Maxin et al., 2014). In addition, heat treatment is part 

of commercial processing of fresh-cut apple slices (FreshAppeal, 2016). No commercial use of 

heat treatment of apples occurs in North America.    

5. Physiological disorders of apples 

Apple physiological disorders such as flesh browning, bitter pit and superficial scald can 

cause great economic loss to apple industries. Of these, flesh browning disorders are the most 

common. Depending on the disorder, browning can be found in different zones of fruit such as 

stem-end tissue, core calyx tissue or vascular bundle (Lee et al., 2019; Ma et al., 2015; Nock et al., 

2018). Causes of browning can be due to individual or combined factors such as low temperature 

injury, low O2 and high CO2-induced aerobic injury and the senescence due to over-ripening under 

long-term storage. Stem end flesh browning (SEFB) in ‘Gala’ apples develop first around the 
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shoulder of the fruit during storage and radially expand throughout the fruit overtime. In addition, 

flesh browning related to CO2 injury in ‘Cripps Pink’ apples was observed in the stem-end than in 

other zones (de Castro et al., 2008). Research also reported that the flesh browning disorder in 

‘Empire’ developed from the stem-end of the fruit (Lee et al., 2012). Moreover, radial flesh 

browning was found in the vascular tissue and diffuse flesh browning was found in the cortex 

(James and Jobling, 2009). Mattheis et al. (2012) reported that by conditioning, 1-MCP treated 

‘Gala’ apples showed less stem-end browning and without loss of quality. The occurrence of flesh 

browning could be inhibited by both preharvest and postharvest 1-MCP application (Nock et al., 

2019). Research also showed that fruit size is positively correlated with the susceptibility of SEFB 

in ‘Gala’ apples (Lee et al., 2013). 

Plant physiological disorders are the result of malfunction of metabolism under stress 

conditions such as low temperature, lack of nutrients, anaerobic conditions, over exposure of light, 

water-logging or overdose of chemicals. Under adverse conditions, highly reactive free radicals, 

reactive oxygen species (ROS), accumulate in the plant cell and must be processed rapidly before 

oxidation results in damage to cell membranes and visual symptoms of injury. Membrane damage 

and a subsequent loss of cellular electrolyte leakage together with activity of polyphenol oxidase 

can result in oxidation of phenolic compounds to o-quinones, which are further polymerized to 

browning pigments (Murata et al., 2001).  

The antioxidative system composed of antioxidant compounds and antioxidant enzymes 

provides protection for the plant by reducing the ROS. The enzymatic antioxidants include 

superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), glutathione peroxidase 

(GPX), dehydroascorbate reductase (DAR), monodehydroascorbate (MDAR), peroxidases 

(PODs), and glutathione reductase (GR). The main ROS, superoxide radicals spontaneously 
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dismutate into H2O2 but are also converted by SOD (Foyer et al., 1994). H2O2 is then reduced into 

water by APX, and GPX. In addition, APX, GPX, MDAR, DAR, and GR are able to synergistically 

work in ascorbate-glutathione cycle, (Asada, 1999; Noctor and Foyer, 1998). Major antioxidants 

include ascorbic acid (AsA), glutathione, phenolic compounds, and flavonoids. AsA and 

glutathione (Badejo et al., 2012) are potent reducing agents and undergo two electrons loss to form 

dehydroascorbic acid (DHA), monodehydroascorbate (MDA) and oxidized glutathione (GSSG) in 

the ascorbate-glutathione cycle (Foyer and Noctor, 2011; Noctor, 2006). DHA, MDA and GSSG 

are reduced respectively by DAR, MDAR, and GR by utilizing NADPH as electron donor into 

reducing form (Foyer and Halliwell, 1977; Hossain and Asada, 1984; Murthy and Zilinskas, 1994; 

Sano et al., 1995; Stevens et al., 2000). 

AsA contents are found higher in the peel tissue than flesh tissue (Drogoudi et al., 2008; Łata 

et al., 2007; Li et al., 2008), and the levels vary considerably between cultivars (Table 1). Previous 

studies showed that the measuring method of AsA also had great effect on the varied result (Bassi 

et al., 2017; Bianchi et al., 2020; Kevers et al., 2011; Lemmens et al., 2020; Planchon et al., 2004; 

Rop et al., 2011). During fruit development, AsA is diffusely distributed throughout the cortex 

(Felicetti et al., 2011). Young fruits contained much higher AsA content than the mature fruits (Li 

et al., 2008) although a slight increase in the AsA contents was observed in fruit at physiological 

maturity (Felicetti and Mattheis, 2010). A strong correlation between the commercial maturity date 

and the total AsA content in freshly harvested apples was observed by Davey et al. (2007). Łata et 

al. (2005a) also reported that the cultivars with the highest AsA content in the peel were harvested 

later in the season. However, no correlation between harvest time and total AsA content in the 

apple flesh was observed (Kevers et al., 2011; Lemmens et al., 2020), but yearly variations were 

noted. AsA was mainly localized in core line and vascular tissues (Felicetti and Mattheis, 2010; 
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Felicetti et al., 2011; Li et al., 2008), and was higher in peel than flesh and in calyx tissue than 

stem-end tissue (Bassi et al., 2017; de Castro et al., 2008; Drogoudi et al., 2008b; Felicetti and 

Mattheis, 2010; Lee et al., 2019; Lemmens et al., 2020; Mattheis et al., 2008). The sun-exposed 

peel produced more AsA than the shaded peel (Li et al., 2008). The reason of higher AsA content 

in peel is most likely because of the direct exposure to abiotic and biotic stresses. Interestingly, 

old cultivars were found to contain higher AsA than commercial cultivars in the peel and the flesh 

(Bassi et al., 2017).  

No correlation between AsA content with healthy or brown cortex tissue in ‘Gala’ apples was 

observed by Felicetti et al. (2011). However, the lowest levels of “‘Braeburn’ browning disorder” 

were related with the highest levels of SOD, CAT and POX activities in cortical tissues (Toivonen 

et al., 2003). Higher browning incidence of ‘Empire’ apples might be associated with lower AsA 

and glutathione concentrations in stem-end tissues, but the enhanced browning resulting from 1-

MCP treatment was not directly related with antioxidant metabolism (Lee et al., 2019). Browning 

development of ‘Empire’ apples is also associated with higher PPO activity in 1-MCP treated fruit 

and higher POX activity at the lower storage temperature (Saba et al., 2020). However, no 

correlation of phenolics and/or PPO and PDX activity in the development of ‘Empire’ flesh 

browning disorders has been detected (Ma et al., 2015). In addition, CO2-induced internal flesh 

browning tissue of ‘Pink Lady’ apples had a decreased AsA content and an increased DHA content 

under CA storage, whereas undamaged fruit retained a higher content of AsA (de Castro et al., 

2008). Overall, the relation between browning and antioxidant metabolism is still not well known, 

and little direct evidence linking the incidence of flesh browning and AsA content exists. In pear 

fruit, however, decreased AsA and increased glutathione contents were found in browning pear 

(Deuchande et al., 2016; Pintó et al., 2001; Saba and Moradi, 2016; Veltman et al., 2003a). In 
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addition, an increase in both APX and GR activities and a decrease in CAT activity were found in 

browning pear (Pintó et al., 2001). 

1-MCP treatment increased the incidence of flesh browning of ‘Empire’ apples, but changes 

of antioxidants such as AsA and glutathione concentrations were inconsistent during storage 

(Fawbush et al., 2009; Lee et al., 2019). AsA contents were lower in 1-MCP treated ‘Empire’ 

apples (Lee et al., 2012; Vilaplana et al., 2007). However, Lu et al. (2012) reported that 1-MCP 

treated peel tissues of ‘Fuji’ apples kept higher concentrations of AsA and glutathione. In addition, 

1-MCP treatment results in decreased CAT and POX activities but not APX activity in ‘Empire’ 

apple tissue (Lee et al., 2019). 1-MCP treatment reduced the total antioxidant activity in the peel 

tissue of ‘Cripps Pink’ (Hoang et al., 2011) and chlorogenic acid in the flesh, total phenolics, 

flavonoids and antioxidant activity in both the peel and flesh tissues of ‘Jonagold’ and ‘Empire’ 

apples during storage and shelf life (Fawbush et al., 2009; Hoang et al., 2011; Ma et al., 2019; 

MacLean et al., 2006). However, no effect of 1-MCP treatment was found in total phenolic 

concentrations (TPCs) of ‘Empire’ apples (Jung et al., 2011). CA-stored ‘Pink Lady’ apples 

retained a higher content of AsA (de Castro et al., 2008). However, there was no significant effect 

of CA on the phenolic compounds in ‘Cripps Pink’ apples during long-term storage (Hoang et al., 

2011). Franck et al. (2003) also observed a low AsA content in CA stored ‘Conference’ pears. 

‘Granny Smith’ apples stored in DCA had the highest antioxidant capacity, AsA and total 

phenolics contents (Mditshwa et al., 2017). DCA-CF delays the development of flesh browning 

but does not prevent it (Nock et al., 2019). DCA-RQ resulted in higher individual phenolics, 

chlorogenic acid and procyanidin B1 contents in the peel of ‘Galaxy’ apples (Stanger et al., 2018). 

In the flesh, the TPC was higher for DCA-RQ and DCA-CF than under ULO (Stanger et al., 2018). 

Furthermore, the combination of hot air and calcium chloride increased SOD and CAT activities 
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in treated fruits (Rabiei et al., 2011). In addition, DPA-treated apples had lower H2O2 

concentrations (de Castro et al., 2008). 

6. The ‘Gala’ apple 

‘Gala’ apple is a hybrid of ‘Kidd's Orange Red’ apple and ‘Golden Delicious’ apple.  In 

addition, ‘Kidd's Orange Red’ apple is the offspring of ‘Cox's Orange Pippin’ apple and ‘Delicious’ 

apple. There are several mutants of ‘Gala’ apple (Okie, 1999), and the most cultivated ones today 

have been selected as red colored cultivars such as ‘Brookfield’ and ‘Galaxy’. The trend towards 

red color cultivars is due to increasing industry pressure by retailers. Strong correlations between 

IAD value (chlorophyll content indicator) and starch pattern index during ripening of ’Gala’ apples 

have been found (Costamagna et al., 2013; Toivonen and Hampson, 2014). According to 

Doerflinger et al. (2015), ‘Gala’ had higher starch concentrations in the calyx-end tissue than in 

the stem-end. Felicetti et al. (2011) showed that the staining intensity of AsA histochemical 

localization was consistent with the quantity analysis. The staining also showed that AsA was 

diffusely distributed throughout the cortex in ‘Gala’ apples during on-tree development. 

Furthermore, AsA was localized to the coreline and cortex proximal to the peel in ‘Gala’ tissues 

during storage. 

‘Gala’ apples have been a cultivar that has traditionally been considered free of physiological 

disorders.  However, stem-end flesh browning (SEFB) is a recently found physiological disorder 

of the cultivar. The symptom first develops around the shoulder of the fruit during storage and 

radially expands throughout the fruit over time. Mattheis et al. (2012) indicated that this disorder 

may be the result of chilling injury, and that the chemical inhibition of ethylene action can enhance 

fruit susceptibility. Nock et al. (2019) showed that preharvest Harvista application on ‘Gala’ apples 

was more effective at reducing disorder incidence than a ReTain or SmartFresh treatment. Disorder 
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development was delayed by DCA-CF storage but did not prevent it. ‘Gala’ apples stored at 3°C 

than 0.5°C showed less disorder. This result indicated that preharvest Harvista application, DCA-

CF and a slightly warmer storage temperature can reduce the incidence of disorder (Nock et al., 

2019). In addition, no correlation of AsA content in healthy or brown cortex tissue in ‘Gala’ apples 

was observed by Felicetti et al. (2011). 

The recommended CO2 partial pressure for ‘Gala’ apple is between 2.0 and 3.0 kPa 

(Brackmann et al., 2001) and the recommended temperature for ‘Gala’ apple mutants is between 

0.5 to 1.5 °C (Mazzurana et al., 2016; Weber et al., 2013). In addition, the recommended CA for 

‘Galaxy’ apple storage is 1.0–1.2 kPa pO2 and 2.0 kPa CO2 with 94–96 % of relative humidity 

(RH) and 0.5-1.0 °C (Brackmann et al., 2015; Mazzurana et al., 2016; Weber et al., 2013). In 

addition, partial pressures of O2 and CO2 recommended for the storage of 'Royal Gala' apples in 

Brazil are 1.0 and 2.5 kPa, respectively (Brackmann et al., 2008). Higher storage temperature 

(around of 2.0 or 3.0 °C) is allowed with 1-MCP (0.625 μL L−1) application than the 

recommended temperature (Mazzurana et al., 2016). In addition, Weber et al. (2011) also found 

lower incidence of physiological disorders in ‘Royal Gala’ apple stored at 1.0 °C as compared to 

0.5 and 0 °C. In another study, Mazzurana et al. (2016) found a reduction on flesh breakdown and 

higher flesh firmness for ‘Gala’ apples by increasing the temperature from 0.7-0.8 °C to 1.9–2.0 °C. 

Several studies on storage atmosphere condition have been conducted to investigate the browning 

disorders (Doerflinger et al., 2015; Lee et al., 2013; Nock et al., 2019). The lower internal 

browning incidence of ‘Royal Gala’ apples stored in 1 kPa O2 compared to in 0.8 kPa O2 (Weber 

et al., 2011). However, combined usage of 1-MCP with either CA or DCA had higher internal 

browning in ‘Royal Gala’ apples compared to fruit only stored in DCA (Weber et al., 2015). 
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DCA-CF storage treatment reduced ethylene production (Thewes et al., 2015; Mditshwa et 

al., 2018), softening (Zanella et al., 2005; Thewes et al., 2015; Mditshwa et al., 2018) and flesh 

browning (Thewes et al., 2015) and superficial scald (Zanella et al., 2005; Mditshwa et al., 2018) 

of apples. Both et al. (2017) reported that DCA-CF reduced ACO activity, ethylene production 

and respiration rate of ‘Royal Gala’, resulting in higher flesh firmness, titratable acidity and lower 

incidences of physiological disorders. Weber et al. (2015) reported 0% low O2 injury in DCA-CF 

stored ‘Royal Gala’ apples compared to 49% injury to those stored in DCA-RQ. Nock et al. (2019) 

reported that DCA-CF delays the development of flesh browning of ‘Gala’ apples but did not 

prevent it. However, the storage of ‘Royal Gala’ apples in DCA-CF showed a decreased ester 

production, especially 2-methylbutyl acetate, which is the most important for ‘Royal Gala’ apple 

flavor (Both et al., 2017). 

DCA-RQ reduced softening and superficial scald incidence compared with normal CA 

storage (Bessemans et al., 2016). DCA-RQ drastically reduced the ethylene production and 

respiration rate, lowered the incidence of physiological disorders, and maintained higher flesh 

firmness and acidity of ‘Royal Gala’ apples (Both et al., 2017; Both et al., 2018; Weber et al., 

2015).  Weber et al. (2015) observed that ‘Royal Gala’ apples stored under DCA-RQ 2.0 

maintained better quality than DCA-CF. Both et al. (2017) suggested that DCA-RQ 1.5 compared 

with DCA-RQ 2.0 reduced the anaerobic metabolism, decreasing the ethanol and ethyl acetate 

production of the fruit. Weber et al. (2015) suggested that the increase of storage temperature from 

0.5 °C to 1.0 °C for DCA-RQ stored ‘Royal Gala’ apples can reduce the incidence of low O2 injury. 

In addition, ‘Galaxy’ apples had higher flesh firmness and lower mealiness under DCA-RQ storage 

compared with DCA-CF (Brackmann et al., 2015; Thewes et al., 2017a). Thewes et al. (2017a) 

showed that ‘Galaxy’ apples under the storage condition of DCA-RQ 1.3 maintained similar 
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quality to CA storage with application of 1-MCP. In addition, Both et al. (2018) showed that 

'Galaxy' apples stored in DCA-RQ without application of 1-MCP at elevated temperature of 2.0 

°C and 2.5 °C had lower mealiness, ethylene production, ACO activity and higher flesh firmness 

than at 1.5 °C. In summary, the studies suggested that an RQ level of 1.5 for ‘Gala’ mutants was 

the most suitable value for DCR-RQ (ranged from 1.3 to 2.0) storage treatments (Both et al., 2017; 

Brackmann et al., 2015; Thewes et al., 2017a; Weber et al., 2015). 

Under DCA–RQ storage, the IEC and respiration rate of apples were suppressed, but the 

metabolism reduction did not result in a decrease of volatile compound concentration (Anese et 

al., 2020a; Both et al., 2017; Thewes et al., 2017b). According to Anese et al. (2020a), fruit stored 

with DCA-RQ 1.5 had a higher esters accumulation compared to CA, ULO and DCA-CF storage. 

Furthermore, fruit stored with DCA-RQ 1.3 had a reduction in ester formation after nine months 

of storage which is an evidence of a reduction in anaerobic metabolism (Anese et al., 2020a). The 

volatile compounds concentrations of fruit stored under DCA-RQ 1.5 showed no correlation with 

ethylene production while positive correlation was found under CA storage (Thewes et al., 2017a). 

DCA-RQ 1.5 also increased ethanolic fermentation, which resulted in higher acetaldehyde, ethanol 

and ethyl acetate (Thewes et al., 2017b). In addition, DCA-RQ resulted in higher individual 

phenolics, chlorogenic acid and procyanidin B1 contents in the peel of ‘Galaxy’ apples (Stanger 

et al., 2018). 

The loss of chlorophyll content, indicated by IAD values, of ‘Gala’ apple during storage and 

ripening was delayed by postharvest 1-MCP treatment (Doerflinger et al., 2015; Toivonen and 

Hampson, 2014). In addition, Mattheis et al. (2012) reported that by conditioning, 1-MCP treated 

‘Gala’ apples showed less stem-end browning without loss of quality. Despite that 1-MCP 

maintains better quality attributes of ‘Galaxy’ apples under DCA-RQ, volatile compounds 
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concentration was reduced in all conditions even in more mature fruits (Anese et al., 2020a). 

‘Royal Gala’ apples stored under DCA-CF or DCA-RQ 1.3 with AVG + NAA application had 

higher flesh firmness and lower incidence of physiological disorders (Anese et al., 2020b). NAA 

treated ‘Royal Gala’ apples had lower incidence of mealiness under DCA-RQ 1.3 and DCA-CF 

storage. Anese et al. also (2020b) reported that AVG + NAA application in preharvest caused an 

increase of volatile compounds and higher titratable acidity in ‘Royal Gala’ apples under CA, 

compared to DCA-CF and DCA-RQ 1.3 storage. Overall, both preharvest AVG + NAA and 

postharvest 1-MCP treatment could maintain better fruit quality with DCA-RQ and DCA-CF. 

However, the volatile compounds production of fruits with the treatment listed above was 

suppressed. 

7. Goals of this study 

New technologies to acquire advanced harvest index have been developed as tools to improve 

fruit quality during storage. Fruit quality assessment technology have developed from destructive 

method to non-destructive method. The DA meter can provide the grower an alternative (IAD value, 

the chlorophyll content indicator) to decide the harvest time and the researcher another way to 

analyze the maturity correlation with nutrition, physiological disorders, and shelf-life. However, 

there is still lack of research to discuss the effects of PGRs on the correlation between maturity 

(IAD value) and quality, especially the antioxidant content in fruit. In addition, DCA storage 

technologies have been developed according to the physiological traits of fruit and applied to the 

apple industry. The storage conditions and the effect on quality have been studied for many 

cultivars. However, there is still little information about antioxidant content changes and the 

incidence of disorders during DCA storage. 
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The overall objective of this study is to continue evaluation of the IAD value. The hypothesis 

is that IAD value could categorize maturity of fruit even with PGRs treatment at harvest. And the 

fruit quality after storage would be correlated with the IAD value at harvest. Hence, two experiments 

regarding storage condition and PGRs were conducted: 

1. To investigate the utility of the IAD value as a means of more precisely categorizing fruit 

maturity within a population of fruit at the time of harvest, and in response to low oxygen 

storage conditions. 

2. The effects of the PGR, ReTain, on fruit maturation and storage by studying the 

relationships between the IAD value and other quality factors. 
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Table 1 Ascorbic acid content in apples 

Cultivar Average content of AsA (mg/100 g FW) 

Braeburn 8.4 ± 0.6 

(Bassi et al., 2017) 

Nicoter 4.2 ± 0.3 

Granny Smith 2.7 ± 0.3 

Cripps Pink 2.6 ± 0.6 

Jonagold 1.8 ± 0.3 

Golden Delicious 1.3 ± 0.3 

Red Delicious 1.3 ± 0.3 

Pinova 1.0 ± 0.4 

Gala 0.8 ± 0.1 

Fuji 0.4 ± 0.3 

Brixner Plattling 2.28 ± 0.38 

(Bianchi et al., 2020) 

Cripps Pink (Pink Lady®) 4.90 ± 0.63 

Gala 0.43 ± 0.13 

Golden Delicious 1.22 ± 0.10 

Weißer Rosmarin 2.64 ± 0.73 

Champagner Renette 2.56 ± 0.6 

Gelber Bellefleur 2.17 ± 0.42 

CIVG 198 Modì® 2.47 ± 0.29 

Nicoter Kanzi® 4.77 ± 0.84 

Pinova 2.20 ± 0.45 

Kaiser Wilhelm 4.95 ± 0.88 

Boznerapfel 2.38 ± 0.60 

Scifresh Jazz® 3.64 ± 0.78 

Stayman Winesap 2.58 ± 0.40 

Morgenduft 2.24 ± 0.47 

LB 04852 (‘Elstar’ x ‘Braeburn’) 5.68 ± 0.94 

LB 05090 (‘Cripps Pink’ x ‘Gala’) 1.55 ± 0.28 

Cellini 2.40 ± 0.47 

Gravensteiner 1.11 ± 0.44 

Roter Herbstkalvill 0.57 ± 0.22 

Freiherr von Berlepsch 6.22 ± 1.06 

Karmelitter Renette 2.23 ± 0.29 

Steinpepping 1.32 ± 0.72 

Schweizer Orangenapfel 6.07 ± 1.45 

Albrechtovo 121.34 ± 5.8 (Rop et al., 2011) 
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Bernske ruzove 116.09 ± 6.1 

Hvezdnata reneta 115.27 ± 5.0 

Jadernicka moravska 91.41 ± 7.1 

Jeptiska 117.84 ± 8.5 

Kratkostopka kralovska 94.25 ± 4.9 

Lebelovo 93.18 ± 4.9 

Matcino 152.64 ± 5.3 

Panenske ceske 148.25 ± 6.2 

Spartan 88.91 ± 4.3 

Starkrimson 91.53 ± 4.1 

Strymka 152.31 ± 6.3 

Transparente de Croncels 25.6 ± 3.1 

(Planchon et al., 2004) 

Bramley’s seedling (set 1) 25.0 ± 5.5 

Reinette des Capucins (set 1) 24.6 ± 6.0 

Reinette des Capucins (set 2) 22.9 ± 2.9 

Reinette Libotte 21.7 ± 1.5 

Reinette de Waleffe 20.6 ± 1.2 

Court-Pendu Rose 19.4 ± 3.8 

Joseph MuschRGF 18.6 ± 4.2 

Reinette Descardre 18.6 ± 3.8 

Calville Blanc d’Hiver 17.8 ± 3.7 

Reinette du Mans 17.7 ± 3.1 

Bramley’s seedling (set 2) 17.5 ± 1.2 

Peasgood non such 16.9 ± 2.2 

Citron d’Hiver 16.5 ± 1.3 

Reinette Ananas 16.0 ± 3.6 

Président Van DievoetRGF 16.0 ± 2.3 

Reinette César 14.8 ± 3.0 

Reinette du Canada Blanc 13.9 ± 1.7 

Reinette de BlenheimRGF 13.8 ± 1.2 

Reinette de France 13.1 ± 0.9 

Président RoulinRGF 12.8 ± 4.2 

GodivertRGF 12.7 ± 2.6 

Gris BraibantRGF 12.4 ± 4.4 

Schone van Boskoop 12.3 ± 1.5 

Jonagold 11.9 ± 0.5 

Reinette de Chênée 11.4 ± 3.3 

Golden Delicious 11.4 ± 1.6 
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Reinette EvagilRGF 10.8 ± 3.9 

Reinette Clochard 10.8 ± 1.0 

Cwastresse DoubleRGF 10.2 ± 1.5 

Belle-Fleur large Mouche 9.8 ± 1.2 

Belle et Bonne 9.3 ± 1.4 

Elstar 6.4 ± 1.5 

RadouxRGF 6.4 ± 1.3 

Reinette Etoilée (set 2) 6.3 ± 0.9 

Reinette Etoilée (set 1) 6.2 ± 1.4 

La PaixRGF 5.8 ± 1.4 

Gala 2.9 ± 0.9 

Telamon 3.9 ± 0.4 

(Lemmens et al., 2020) 

Fuji 12.8 ± 1 

Gloster 7.1 ± 0.4 

Nova Easygro 8.4 ± 0.3 

Reinette du Portugal 6.5 ± 0.3 

Ontario 15.2 ± 1.0 

Nicogreen 10.7 ± 0.1 

Coupette 10.5 ± 0.7 

Braeburn 20.2 ± 1.5 

Marie Joseph d'Othée 19.1 ± 0.4 

Delbard Estival 35.3 ± 1.3 

(Kevers et al., 2011) 

Gala 20.9 ± 0.3 

Belgica 16.6 ± 2.2 

Golden 32.8 ± 2.4 

Braeburn Hilwell 11.6 ± 0.4 

Elstar 21.6 ± 0.3 

Boskoop 31.4 ± 2.5 

Jonagold Red 12.3 ± 0.6 

Braeburn Mariri Red 22.9 ± 0.5 

GreenStar 15.6 ± 0.9 

Topaz 27.3 ± 1.1 

Pinova 34.4 ± 1.4 

King Jonagold 31.1 ± 2.3 

Santana 19.3 ± 1.1 
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Chapter 2 

AsA contents in different tissue zones of ‘Gala’ apples under controlled atmosphere (2% 

O2) and dynamic controlled atmosphere (0.5% O2) storage 

1. Introduction 

‘Gala’ apples (Malus x domestica Borkh.) are susceptible to development of stem-end flesh 

browning (SEFB), a physiological disorder that develops around the shoulder of the fruits during 

storage and then radially expands throughout the flesh during storage. Flesh browning is assumed 

to be the result of membrane damage that results from stress or senescence, and subsequent 

reactions between phenolic compounds and polyphenol oxidase (PPO). Oxidation of phenolic 

compounds and PPO produce o-quinones, which polymerize into browning pigments (Di Guardo 

et al., 2013; Hatoum et al., 2016; Lee et al., 2012a; Ma et al., 2015; Pourcel et al., 2007).  

Little is known about the metabolic processes that lead to SEFB of ‘Gala’ apples. Fruit size 

is positively correlated with the susceptibility of SEFB in ‘Gala’ apples (Lee et al., 2013b). In 

addition, fruits with advanced maturity are more susceptible to injury during storage (Doerflinger 

et al., 2015). Mattheis et al. (2012) reported that by conditioning (keeping fruit at 10oC for 7 days), 

1-Methylcyclopropene (1-MCP) treated ‘Gala’ apples showed less SEFB without loss of quality. 

The occurrence of SEFB was inhibited by preharvest 1-MCP application (Nock et al., 2019). They 

also found inconsistent effects of postharvest 1-MCP treatment, although increased SEFB 

incidence has been found in 1-MCP treated fruits by Lee et al. (2013). Diffuse flesh breakdown 

(DFB) and radial stem-end flesh breakdown (RSFB) are two types of browning disorder found in 

‘Gala’ apples (Lee et al., 2016). The incidence of DFB in ‘Royal Gala’ apples can be reduced by 

1-MCP treatment when stored at both 0.5oC and 3 oC, but 1-MCP may also enhance sensitivity of 

fruits to RSFB when fruit are stored at both 0.5 oC and 3oC. Dynamic controlled atmosphere (DCA) 
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storage where oxygen concentrations are reduced to 0.5% delayed development of SEFB (Nock et 

al., 2019). 

A similar disorder to SEFB of ‘Gala’ apples appears in ‘Empire’ in which browning appears 

first at the stem-end tissues than in calyx-end tissues (Lee et al., 2012b; Lee et al., 2019). Browning 

development in ‘Empire’ apples is associated with higher PPO activity in 1-MCP treated fruit and 

higher POX activity at the lower storage temperature (Jung and Watkins, 2011; Lee et al., 2012c; 

Saba et al., 2014; Saba et al., 2020). However, association of PPO and POX activity with the 

development of flesh browning disorders in ‘Empire’ apples under CA storage was not detected 

by Ma et al (2015). In other cultivars, internal browning was found in ‘Braeburn’ apples related to 

metabolic responses to CA storage. In addition, radial flesh browning was found in the vascular 

tissue and diffuse flesh browning was found in the cortex tissues of ‘Cripps Pink’ (James and 

Jobling, 2009). Also, flesh browning associated with CO2 injury in ‘Cripps Pink’ apples was 

observed in the stem-end than in other zones (de Castro et al., 2008).  

Antioxidant systems provide important protection for the plant by reducing the ROS and are 

assumed to be a major factor that affects browning of fruit tissues. The system is comprised of 

antioxidant compounds and antioxidant enzymes and AsA is one of the most important 

antioxidants. AsA and glutathione (Badejo et al., 2012) are potent reducing agents and undergo 

two electrons loss to form dehydroascorbic acid (DHA), monodehydroascorbate (MDA) and 

oxidized glutathione (GSSG) in the ascorbate-glutathione cycle (Foyer and Noctor, 2011; Noctor, 

2006). DHA, MDA and GSSG are then reduced respectively by DAR, MDAR, and GR by utilizing 

NADPH as electron donor into reducing form (Foyer and Halliwell, 1977; Hossain and Asada, 

1984; Murthy and Zilinskas, 1994; Sano et al., 1995; Stevens et al., 2000). Ascorbic acid content 

in peel, flesh and seed of less mature ‘Gala’ apple was higher than more mature ones (Li et al. 
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2008). AsA contents in peel of ‘Delicious’, ‘Golden Delicious’ and ‘Fuji’ decreased gradually 

from the initial value then increased with a peak during the physiological mature period (Felicetti 

and Mattheis 2010). In contrast, the flesh AsA content in these cultivars declined during fruit 

development. AsA contents were higher in calyx tissues than in stem-end tissues (de Castro et al., 

2008). By using AgNO3 staining, Felicetti and Mattheis (2010) and Li et al. (2008) found that AsA 

was localized to the core line and vascular bundles as the maturity increased and throughout the 

storage of ‘Delicious’ and ‘Golden Delicious’ apples. In addition, Lee et al. (2019) also showed 

that stem-end tissues had lower AsA content than calyx-end tissues in ‘Empire’ apples at harvest. 

Moreover, AsA contents in cortical tissues of 1-MCP treated ‘Empire’ apples decline greater than 

control fruit during storage (Lee et al., 2012a). ‘Pink Lady’ apples stored under CA retained a 

higher content of AsA (de Castro et al., 2008). Franck et al. (2003) also observed a low AsA 

content in CA stored ‘Conference’ pears. ‘Granny Smith’ apples stored in DCA were found to 

have higher AsA content (Mditshwa et al., 2017). In pear fruit, decreased AsA contents were found 

in tissue of browning pear (Deuchande et al., 2016; Pintó et al., 2001; Saba and Moradi, 2016; 

Veltman et al., 2003). 

 The objective of this research was to measure AsA contents in different tissue types of fruit 

stored in 0.5% oxygen compared with 2% oxygen. We also used a Delta Absorbance (DA) meter, 

a non-destructive method of assessing chlorophyll contents in the fruit skin (McGlone et al., 2002; 

Ziosi et al., 2008; Zude-Sasse et al., 2002). The IAD values, as an indicator of chlorophyll a 

concentration, are negatively correlated with apple maturity. IAD values have been correlated with 

senescence breakdown and superficial scald in apples (Farneti et al., 2015; Knutsen et al., 2015). 
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Hence, the objectives of this research were to investigate the AsA contents in different tissue 

zones of ‘Gala’ apples under CA (2%) and DCA (0.5%) storage conditions. IAD values of the fruit 

were used to define maturity classes of the fruits at each of two harvest dates. 

2. Materials and methodsPlant material  

Fruit [Malus x domestica (Borkh.) Mansf.]  were harvested in 2019 (Harvest 1: Sep. 11, 

Harvest 2: Sep. 17) at Fowler Farms, NY. 20 crates of fruit were transported to the lab and sorted 

by measuring delta absorbance (IAD) on the blushed and unblushed sides of each fruit, using a 

handheld DA meter (Sinteleia, Bologna, Italy). The average IAD value for each fruit was used to 

segregate them into the following categories based on a minimum number of 20 fruits: H1: 0.2-

0.4, 0.4-0.6, 0.6-0.8; H2: 0-0.2, 0.2-0.4, 0.4-0.6, 0.6-0.8.  

2.2 Storage 

All fruits were cooled at 0.5oC overnight and then placed into 71 cm x 145 cm x 97 cm 

stainless steel chambers (Storage Control Systems, Inc., Spartan, MI). Fruits were stored with 2% 

of O2, for 0.5% of O2 (1% CO2, and N2 balance in each atmosphere). Final atmosphere regimes 

were established within 48 hours of fruit cooling, and within 12 hours of chambers being opened. 

Atmospheres were checked hourly with a ICA 61/CGS 610 CA Control System (International 

Controlled Atmosphere Ltd., Kent, UK), modified with flow controllers for the experimental 

chambers (Storage Control Systems, Sparta, MI). 

2.3 Fruit sampling 

Four replicates of five fruits of each IAD category were assessed at harvest, and at 2, 4, 6 

months plus one day at 20 oC. Internal ethylene concentration (IEC), titratable acidity (TA), soluble 

solid concentration (SSC) and flesh firmness, as well as the starch pattern index (SPI) only at 

harvest. The IEC of each fruit was measured on 1 mL samples of internal gas from the core cavity 
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using a Hewlett-Packard 5890 series II gas chromatograph (Hewlett-Packard, Wilmington, DE) 

equipped with a flame ionization detector and fitted with a stainless steel column packed with 

60/80 mesh alumina F-1 (Al Shoffe et al., 2019). Flesh firmness was measured on opposite peeled 

sides of each fruit using a fruit texture analyzer (Guss Manufacturing Ltd., Strand, South Africa) 

fitted with an 11.1 mm probe. The combined juice expressed during firmness testing of the 5 fruits 

per replicate were collected for TA and SSC measurements. TA were measured with autotitrator 

(Mettler DL12, Highstown, NJ) where 1 mL of the juice was titrated to pH 8.1 with 0.1 N NaOH. 

SSC was measured with a digital handheld pocket refractometer (PAL-1, Atago 3810, Bellevue, 

WA). The SPI was measured by cutting the fruit in half along the equator and dipping one half 

into an iodine (I2-KI) solution and evaluating the pattern by comparison with the Cornell generic 

SPI chart with a scale of 1 (100% starch staining) to 8 (0%) starch staining) (Blanpied and Silsby 

1992). 

All fruit were cut equatorially a minimum of five times from the stem to calyx ends of the 

fruit to observe presence or absence of physiological disorders. 

2.4 Tissue sampling 

Each fruit was peeled and then cut equatorially to obtain, stem-end, core and calyx tissues. 

All tissue was frozen in liquid N2 and stored at -80 ℃ until ground into a fine powder with an 

IKA® A11 basic analytical mill (IKA® Works, Inc., Wilmington, NC). 

2.5 Ascorbic acid assay 

AsA contents were analyzed using the dinitrophenylhydrazine (DNPH) method (Terada et al. 

1978). One gram of homogenized fruit tissue was added to 20 mL of a mixture of 6% 

metaphosphoric acid in 2 M acetic acid. The mixture was centrifuged at 14,000 x g for 15 min at 

4 °C with Microfuge® 18 Centrifuge (Beckman Coulter Inc., Palo Alto, CA). One 1 mL 
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supernatant was mixed with 0.05 mL of 0.2% 2,6-dichlorophenolindophenol (DCIP) and the 

solution was incubated at room temperature for 1 hour. Subsequently, 1 mL of 2% thiourea in 5% 

metaphosphoric acid and 0.5 mL of 2% DNPH in 4.5M sulfuric acid were added to the solution, 

and then incubated at 60 °C for 3 hours. The reaction was stopped by placing the tubes in an ice 

bath and slowly adding 2.5 mL of ice cold 90% sulfuric acid. Total AsA was measured by 

absorbance at 540 nm with a UV-Vis spectrometer (Genesys™ 10S UV-Vis, Thermo Scientific, 

USA) using a standard curve. 

2.6 Statistical analyses 

There were five fruits in one replicate and four replicates in each group. The Tukey HSD test 

was used to compare means at the 5 % confidence level. All statistical analyses were performed 

using JMP Pro 14. 

3. Results 

3.1 Harvest indices  

Fruits were graded into three IAD categories at H1 (0.2-0.4, 0.4-0.6, 0.6-0.8), and four IAD 

categories at H2, with the addition of 0.0-0.2 at H2 that reflected increasing maturation of fruit 

(loss of chlorophyll) over time. Data were analyzed within each harvest time but considered 

together where effects were similar.  

No effects of IAD category on TA and SPI were detected at H1 and IEC at H2 (Table 1 and 

Table 2). IEC and SSC were negatively correlated with maturity. Positive correlations were found 

between IEC and SSC, firmness and TA, SPI and SSC at both harvests. However, negative 

correlations were found between firmness and SSC and firmness and SPI.  

3.2 Quality factors during storage 
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Harvest 1: IECs were lower in fruit stored in 0.5% O2 than in 2% O2 (Table 1). However, 

IECs increased in 2% O2 fruit by month 4 where they were higher in the less mature fruit (higher 

IAD category) than in the less mature fruit. At month 6, the effect of IAD category was not 

significant, presumably because all IECs increased.  

Fruit softened during storage in 2% O2 by month 4 but not in fruit stored in 0.5% O2 (Table 

1). TA decreased from 0.463% to 0.368% during storage with no other main effects or interactions 

being detected. SSC increased from 10.2% to 11.2%, during storage and overall, higher IAD 

categories were associated with SSCs; 11.2, 10.8 and 10.6% for 0.2-0.4, 0.4-0.6 and 0.6-0.8, 

respectively. 

Harvest 2: IECs were lower in fruit stored in 0.5% O2 than in 2% O2, but increased to 

maximum concentrations in both atmospheres at month 2 (Table 2). Although trends were similar 

to those found for H1 fruit, no significant interactions between IAD category and storage time were 

detected, probably because of more variable IECs measured in these fruits.  

Fruit softened over time and were firmer in 0.5% O2 than in 2% O2 storage atmospheres, and 

a significant difference was found after 4 months storage. Fruit in the 0.0-0.2 IAD category were 

softer than those in all other categories. Interactions were detected between storage time and 

atmosphere, and between storage time and fruit maturity (Table 2).  

TA decreased from 0.44% to 0.32%, while SSC increased from 10.9% to 11.4%, during 

storage. Neither TA nor SSC were affected by O2 concentration. TA and SSC were higher and 

lower in higher than lower IAD categories, respectively. However, for SSC of fruit at H2 there was 

an interaction between IAD category, atmosphere and storage time; there was no effect of IAD 

category on SSC for fruit from the 0.5% O2 treatment at 2 months. For TA of fruit at H2 there was 
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an interaction between IAD category and storage time; there was no effect of IAD category on TA 

for fruit at harvest and after 6 months storage. 

No external or internal physiological disorders were detected in fruit during this experiment 

(data not shown). 
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Table 2 Internal ethylene concentration (IEC), firmness, titratable acidity (TA), and soluble solid 

content (SSC) of ‘Gala’ apples from H1 in 2019. Fruits were separated by IAD values at harvest 

and stored with 2% oxygen and 0.5% oxygen for up to 6 months. 

Storage time  

Oxygen (%) 
IAD 

values 

IEC Firmness TA SSC 

(Months) (µl L-1) (N) (%) (%) 

0   

0.2-0.4 1.32 73.9 0.453 10.5 

0.4-0.6 0.87 78.6 0.487 10.1 

0.6-0.8 0.81 74.5 0.450 9.9 

2 

2 

0.2-0.4 0.68 74.9 0.446 11.3 

0.4-0.6 0.52 76.1 0.443 10.8 

0.6-0.8 0.62 74.6 0.453 10.9 

0.5 

0.2-0.4 0.71 74.3 0.456 11.3 

0.4-0.6 0.63 72.7 0.454 11.0 

0.6-0.8 0.48 73.0 0.449 10.8 

4 

2 

0.2-0.4 1.57 69.9 0.404 11.4 

0.4-0.6 2.78 72.3 0.414 10.9 

0.6-0.8 4.06 70.8 0.414 10.9 

0.5 

0.2-0.4 0.96 75.1 0.431 11.5 

0.4-0.6 0.96 75.2 0.424 11.2 

0.6-0.8 0.97 73.6 0.389 10.9 

6 

2 

0.2-0.4 2.79 70.1 0.388 11.2 

0.4-0.6 3.69 69.0 0.370 11.1 

0.6-0.8 3.61 68.8 0.357 10.9 

0.5 

0.2-0.4 0.38 72.3 0.387 11.5 

0.4-0.6 0.40 74.8 0.345 11.4 

0.6-0.8 0.40 72.9 0.359 11.0 

Effects             

Factors     P values 

Maturity   0.04 0.003 0.227 <0.0001 

Oxygen   <0.0001 0.0026 0.9538 0.079 

Storage time (ST)    <0.0001 <0.0001 <0.0001 <0.0001 

Maturity*Oxygen   0.0002 0.9455 0.6123 0.255 

Maturity*ST   <0.0001 0.1049 0.1774 0.692 

Oxygen*ST   <0.0001 <0.0001 0.8932 0.451 

ST*Oxygen*Maturity     0.0006 0.523 0.8403 0.96 
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Table 3 Internal ethylene concentration (IEC), firmness, titratable acidity (TA), and soluble solid 

content (SSC) of ‘Gala’ apples from H2 in 2019. Fruits were separated by IAD values at harvest 

and stored with 2% oxygen and 0.5% oxygen for up to 6 months. 

Storage time  
Oxygen 

(%) 

IAD 

values 

IEC Firmness TA SSC 

(Months) (µl L-1) (N) (%) (%) 

0   

0-0.2 1.81 69.5 0.452 11.3 

0.2-0.4 1.16 70.2 0.427 11.2 

0.4-0.6 1.13 68.8 0.440 10.7 

0.6-0.8 0.88 69.7 0.450 10.5 

2 

2 

0-0.2 8.42 66.1 0.393 11.6 

0.2-0.4 4.73 68.4 0.404 11.7 

0.4-0.6 3.94 71.9 0.415 11.3 

0.6-0.8 5.20 71.1 0.428 11.2 

0.5 

0-0.2 5.67 67.4 0.371 11.6 

0.2-0.4 4.62 68.6 0.385 11.2 

0.4-0.6 3.98 71.3 0.391 11.3 

0.6-0.8 4.10 70.9 0.447 11.4 

4 

2 

0-0.2 1.72 60.8 0.336 11.4 

0.2-0.4 1.45 64.5 0.360 11.5 

0.4-0.6 2.23 65.0 0.386 11.3 

0.6-0.8 5.67 63.8 0.399 10.7 

0.5 

0-0.2 1.14 65.6 0.359 11.5 

0.2-0.4 1.45 66.5 0.365 11.5 

0.4-0.6 1.74 67.8 0.383 11.3 

0.6-0.8 2.32 69.2 0.367 11.0 

6 

2 

0-0.2 1.86 55.4 0.317 12.6 

0.2-0.4 3.97 64.5 0.309 11.1 

0.4-0.6 7.51 63.3 0.310 11.3 

0.6-0.8 7.28 63.4 0.318 10.9 

0.5 

0-0.2 0.27 64.8 0.310 11.5 

0.2-0.4 0.31 70.8 0.334 11.4 

0.4-0.6 0.35 70.2 0.317 11.1 

0.6-0.8 0.59 71.5 0.329 11.1 

Effects             

Factors     P values 

Maturity     0.6417 <0.0001 0.0009 <0.0001 

Oxygen   0.0026 <0.0001 0.8066 0.4422 

Storage time (ST)    <0.0001 <0.0001 <0.0001 <0.0001 
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Maturity*Oxygen   0.6542 0.3882 0.9497 0.0353 

Maturity*ST   0.2527 0.0002 0.0313 0.0008 

Oxygen*ST   0.0168 <0.0001 0.4621 0.3924 

Maturity*Oxygen*ST     0.8323 0.9774 0.3801 0.0107 
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3.3 Total ascorbic acid content 

AsA contents were highest in the peel, overall being 67.8 and 61.3 mmole kg-1 at H1 and H2, 

respectively, and were approximately twice those in the other tissue zones (Tables 3 and 4). Calyx 

tissue contents were higher than in the stem-end tissues, and the lowest contents were found in the 

core tissues. AsA contents were highest in the most mature fruit (lowest chlorophyll) based on IAD 

values (0.2-0.4 and 0.0-0.2, at H1 and H2, respectively), with no differences among other 

categories. No effect of atmosphere was detected, and effects of storage time were inconsistent.  

The highest order interactions for H1 fruit were found between storage time, atmosphere and 

maturity and between storage time, maturity and tissue zone (Table 3). AsA contents in fruit of 

IAD categories 0.4-0.6 and 0.6-0.8 stored under 0.5% oxygen were found higher than those in fruit 

stored under 2% oxygen. AsA contents in peel of 0.2-0.4 IAD categories fruit were found higher 

over the storage period. No consistent pattern was found among flesh tissue. For H1 fruit, the 

storage time, maturity, and tissue zone were the three main effects at H1. In addition, results of the 

paired interaction between storage time, maturity, atmosphere and tissue zone showed that tissue 

zone is the most important main effect, followed by maturity and storage time. However, for AsA 

of fruit at H1 there was an interaction between both IAD category, tissue zone, storage time and 

atmosphere, tissue zone, storage time; there was no effect of atmosphere on AsA of peel for fruit 

of each IAD category at 2 and 6 months; stem end for fruit of each IAD category at 4 and 6 months; 

core for fruit of each IAD category at 6 months; calyx for fruit of each IAD category at 2 months.  

For H2 fruit, the highest order interaction was found between storage time, atmosphere, 

maturity and tissue zone (Table 4). At the end of storage, higher AsA content was found in peel of 

fruit stored under 2% oxygen than 0.5% oxygen except fruit of IAD category 0.2-0.4. The storage 

time, maturity, and tissue zone are also the three main effects. However, the result of the paired 
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and triple interaction between storage time, maturity, atmosphere and tissue zone showed that the 

storage time is the most important main effect, followed by maturity and tissue zone. However, 

for AsA of fruit at H2 there was an interaction between IAD category, atmosphere tissue zone and 

storage time; there was no effect of atmosphere on AsA of tissue zone for fruit of each IAD category 

at 6 months. 

In addition, pearson correlations (Table 5 and Table 6) showed that only maturity in peel 

tissue had consistently negative correlation with AsA contents.  
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Table 4 Total ascorbic acid content (mmole kg-1) changes in peel, stem-end, core, and calyx of 

‘Gala’ apples in IAD category 0.2-04, 0.4-0.6 and 0.8-0.1 from H1 during 6 months storage in 2% 

and 0.5% O2.  

H1 Total ascorbic acid content (mmole kg-1) 

 

Fruit Zone 

Storage 

time  
2% O2 0.5% O2  

(Months) 0.2-0.4 0.4-0.6 0.6-0.8 0.2-0.4 0.4-0.6 0.6-0.8  

Peel 

0 79.99 67.65 55.61 – – –  

2 56.95 56.93 52.55 59.52 45.86 45.84  

4 65.18 54.75 56.61 61.32 61.09 60.72  

6 69.67 60.01 54.19 58.00 63.30 56.78  

Stem end 

0 49.45 19.50 23.19 – – –  

2 28.69 30.52 28.27 29.82 26.80 27.15  

4 44.18 25.25 28.78 28.24 23.60 32.86  

6 36.52 32.87 29.45 27.16 31.88 27.82  

Core 

0 37.02 22.47 21.84 – – –  

2 28.70 25.90 26.25 30.63 25.91 22.62  

4 25.09 25.86 28.92 27.79 27.69 31.02  

6 33.18 28.87 23.66 28.62 35.27 31.87  

Calyx 

0 48.49 33.42 58.89 – – –  

2 33.39 38.38 34.91 38.33 31.00 33.93  

4 31.55 25.94 33.35 34.12 36.11 38.71  

6 35.50 35.25 24.15 33.87 35.57 35.31  

  
      

 

Main Effects           
 

Factors     P values   
 

Maturity         <0.0001   
 

Oxygen     0.8731   
 

Fruit Zone (FZ)    <0.0001   
 

Storage time (ST)     <0.0001   
 

Maturity*Oxygen    0.0304   
 

Maturity*FZ    <0.0001   
 

Maturity*ST    <0.0001   
 

Oxygen*FZ     0.0099   
 

Oxygen*ST     0.141   
 

FZ*ST     <0.0001   
 

Maturity*Oxygen*FZ    0.7613   
 

Maturity*Oxygen*ST    <0.0001   
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Maturity*FZ*ST    <0.0001   
 

Oxygen*FZ*ST    0.1601   
 

Maturity*Oxygen*FZ*ST       0.5543   
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Table 5 Total ascorbic acid content (mmole kg-1) changes in peel, stem-end, core, and calyx of 

‘Gala’ apples in IAD category 0-0.2, 0.2-04, 0.4-0.6 and 0.8-0.1 from H2 during 6 months storage 

in 2% and 0.5% O2. 

H2 Total ascorbic acid content (mmole kg-1) 

 

Fruit Zone 

Storage 

time  
2% O2 0.5% O2  

(Months) 0-0.2 0.2-0.4 0.4-0.6 0.6-0.8 0-0.2 0.2-0.4 0.4-0.6 0.6-0.8  

Peel 

0 84.63 53.43 56.21 50.74 – – – –  

2 61.36 60.77 62.71 60.13 85.57 69.41 68.45 66.75  

4 67.66 62.38 71.72 68.67 70.00 58.11 73.48 67.26  

6 73.88 60.11 71.95 72.25 70.37 69.31 68.04 70.79  

Stem end 

0 41.79 30.50 35.97 31.91 – – – –  

2 26.52 31.26 33.67 31.96 45.16 33.07 31.64 30.09  

4 33.27 25.05 30.83 26.59 30.60 32.38 33.23 34.42  

6 30.49 31.20 40.53 39.48 30.33 37.11 32.62 29.40  

Core 

0 42.12 23.52 33.09 33.73 – – – –  

2 28.17 31.02 35.53 33.16 35.91 27.27 29.88 23.85  

4 28.28 29.38 27.61 26.28 29.61 27.48 23.64 26.16  

6 24.67 29.75 26.47 26.53 27.24 26.66 26.40 30.27  

Calyx 

0 43.37 34.62 37.75 35.81 – – – –  

2 31.58 31.07 33.44 37.05 36.33 33.74 34.58 38.47  

4 29.17 39.89 40.41 38.65 39.61 28.49 31.15 26.75  

6 33.33 35.07 37.37 41.25 32.75 29.78 32.96 39.11  

          
 

Main Effects             
 

Factors      P values     
 

Maturity        <0.0001     
 

Oxygen     0.3068     
 

Fruit Zone (FZ)    <0.0001     
 

Storage time (ST)     0.0058     
 

Maturity*Oxygen    <0.0001     
 

Maturity*FZ     <0.0001     
 

Maturity*ST     <0.0001     
 

Oxygen*FZ     0.0006     
 

Oxygen*ST     <0.0001     
 

FZ*ST     <0.0001     
 

Maturity*Oxygen*FZ    0.5817     
 

Maturity*Oxygen*ST    <0.0001     
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Maturity*FZ*ST    <0.0001     
 

Oxygen*FZ*ST    <0.0001     
 

Maturity*Oxygen*FZ*ST       <0.0001     
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Table 6 Pearson correlations of ascorbic acid concentration for Storage time and Maturity with 

peel, stem end, core, and calyx tissues of ‘Gala’ apples from harvest 1 in 2019. Correlations were 

analyzed for peel, stem end, core, and calyx tissues individually. ns = not significant. * = 

significant at 0.05. ** = significant at 0.01. *** = significant at 0.001. 

 

H1 

Peel 

  

Stem end 

  

Core  

  

Calyx 

  

Correlations         

Storage time  -0.179 ns 0.033 ns 0.200 ns -0.495 *** 

Maturity -0.496 *** -0.410 *** -0.349 *** 0.076 ns 

 

Table 7 Pearson correlations of ascorbic acid concentration for Storage time and Maturity with 

peel, stem end, core, and calyx tissues of ‘Gala’ apples from harvest 2 in 2019. Correlations were 

analyzed for peel, stem end, core, and calyx tissues individually. ns = not significant. * = 

significant at 0.05. ** = significant at 0.01. *** = significant at 0.001. 

 

H2 

Peel 

  

Stem end 

  

Core  

  

Calyx 

  

Correlations         

Storage time  0.279 ** -0.105 ns -0.419 *** -0.169 ns 

Maturity -0.315 *** -0.116 ns -0.141 ns 0.072 ns 
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3.4 Correlation between AsA and quality factors 

Overall, SSC of fruits was negatively correlated with TA and firmness but positively 

correlated with SPI. In addition, TA of fruits was negatively correlated with SPI but positively 

correlated with firmness. Also, negative correlation was found between TA and IEC in H2. 

Moreover, SPI of fruits was negatively correlated with firmness but positively correlated with IEC. 

IEC of fruits showed negative correlation with firmness. No correlation was found between AsA 

and any quality index in both harvests except the negative correlation with SPI in H2. 
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Table 8 Correlations of internal ethylene concentration (IEC), firmness, ascorbic acid 

concentration (AsA), starch pattern index (SPI), soluble solid content (SSC) and titratable acidity 

(TA) of ‘Gala’ apples from both harvests in 2019. Correlations were analyzed for each harvest 

individually. ns = not significant. * = significant at 0.05. ** = significant at 0.01. *** = significant 

at 0.001. 

Correlations 

H1 

IEC Firmness AsA SPI SSC TA 

H2 

IEC   -0.520 *** 0.005 ns 0.195 *** 0.029 ns 0.002 ns 

Firmness -0.109 *   -0.004 ns -0.348 *** -0.281 *** 0.482 *** 

AsA 0.004 ns 0.007 ns   0.006 Ns 0.034 ns 0.015 ns 

SPI 0.276 *** -0.491 *** -0.115 *   0.407 *** -0.671 *** 

SSC 0.067 ns -0.273 *** -0.004 ns 0.774 ***   -0.303 *** 

TA -0.293 *** 0.474 *** 0.007 ns -0.532 *** -0.231 ***   
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4. Discussion 

This study was designed to investigate the effects of harvest date and harvest indices, and 

specifically fruit maturity as indicated by IAD values, on the AsA content of tissue zones of fruit 

stored at 0.5% and 2% oxygen. The lower oxygen concentration was identified by fluorescent 

responses of the fruit during DCA storage whereby it is possible to reduce oxygen concentrations 

to low levels but safe levels (Prange et al., 2007; Zanella and Rossi, 2015). Oxygen concentrations 

of 0.5% have been shown to delay development of SEFB (Nock et al., 2019), although no disorder 

development was detected in this study. 

Regarding the fruit quality at harvest, later harvested fruits had higher SSC, and lower TA 

and firmness. Later harvested fruits were more mature. In addition, IEC and SSC were negatively 

correlated with IAD categories at harvest in both harvests. This correlation result was similar to 

previous studies (Zanella et al., 2015; Zanella et al., 2013), except the inconsistent firmness in this 

study. Significantly strong correlations were found between IAD, firmness, and SPI during fruit 

maturation (Sadar and Zanella, 2019). Zanella et al. (2013) reported a positive correlation between 

firmness and IAD of ‘Braeburn’ apples, but results for ‘Cripps Pink’ apples were being positive or 

negative depended on harvest date and shelf life in the same study. A positive correlation between 

IECs and IAD category was observed despite the inconsistent pattern in 0-0.2 category in H2 during 

the first two months of storage. TA decreased and SSC increased in higher than lower IAD 

categories during storage in both harvests. Previous researches showed that firmness, SPI, SSC, 

TA have great correlation with IAD value at harvest and after storage (McGlone et al., 2002; 

Nyasordzi et al., 2013; Doerflinger et al., 2016). However, IAD category of fruit from both harvests 

were only negatively correlated with SSC and IEC in this research. According to Doerflinger et al. 

(2016), IAD values showed declination over time, while IEC and SPI increased and firmness 
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decreased. However, the correlation between IECs and IAD values was poor for individual fruits. 

In addition, better correlations of IAD for SSC and TA than for firmness were observed by 

Nyasordzi et al. (2013). Toivonen et al. (2014) suggested that IAD values do not have consistent 

correlation to any internal quality indicator other than peel chlorophyll a content when 1-MCP was 

applied to apples after harvest. Doerflinger et al. (2015) also suggested that preharvest treatment 

of plant growth regulators might dissociate the correlation between IAD values and other quality 

index.  

The AsA contents showed no consistent correlation with IAD values but was highest in the 

fruit with lowest IAD values. The early harvested fruit of each IAD category contained higher AsA 

content in peel than second harvested ones but showed no clear relation in flesh. The result was 

similar to Kevers et al. (2011) and Lemmens et al. (2020) where no correlation between total AsA 

content and harvest time in the apple pulp was observed but yearly variation was observed.  Red 

color coverage was not measured in this study but Drogoudi et al. (2008b) reported that the peel 

with more red coloration contained higher antioxidant activity.   

AsA contents were highest in the peel and followed by calyx, stem-end and core tissues at 

both harvest and over the storage period. That the result of AsA content in calyx was higher than 

stem-end tissue was similar to what the previous researches reported (de Castro et al., 2008; Lee 

et al., 2019; Lemmens et al., 2020). In addition, the result that AsA content in peel was higher than 

in flesh tissue was also matches the data from previous studies (Bassi et al., 2017; Drogoudi et al., 

2008; Felicetti and Mattheis, 2010; Mattheis et al., 2008). The apple peel contained a higher level 

of AsA compared to the pulp, most likely due to its direct exposure to abiotic and biotic stresses. 

In addition, previous studies (Felicetti and Mattheis, 2010; Felicetti et al., 2011; Li et al., 2008) 

found that the AsA mainly localized in core line and vascular tissues, but we did not find the same 
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result from the core data. In fact, during the tissue sampling process, we trimmed out the core line 

and only reserved the central core tissue. This could be the main reason why the result was 

inconsistent with other reports. 

For fruit quality after storage in both harvests, lower IECs and higher firmness values were 

observed under 0.5% O2 storage but the result of TA nor SSC were not affected by O2 

concentration. Despite the fact that 0.5 % O2 consistently inhibits the internal ethylene production, 

fruit from H2 showed greater variation by IAD values than from H1. This result suggested that 0.5% 

O2 could better maintain the fruit quality than 2% O2 during storage. Low O2 atmosphere in DCA 

storage showed better maintain the fruit quality than higher oxygen concentration in CA storage 

(Both et al., 2017; Tran et al., 2015; Zanella and Rossi, 2015). 

Significant decreases of ascorbic acid during the first 2 months of storage were found by de 

Castro et al. (2008). However, in this study, AsA contents in each tissue zone did not show 

significant changes over time in my research. This was mainly due to increased AsA content during 

storage. A slight increase in the quantity of AsA at physiological maturity was observed (Felicetti 

and Mattheis, 2010) but no reference regarding storage was found.  

It is possible that longer storage duration during which SEFB developed might have been 

reflected in AsA contents, but within the limitations of the current study, no main effect of O2 

concentration on AsA contents were detected.  Mditshwa et al. (2017) showed that antioxidant 

capacity and AsA and total phenolics concentration in ‘Granny Smith’ apples were found higher 

under DCA storage.  Reasons for these differences are unclear but suggest that further research 

among cultivar effects are justified. 
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5. Conclusion 

DCA storage showed better ability in maintaining TA, SSC and firmness than CA storage. 

DCA storage also suppressed IEC better than CA during storage. However, no effect of oxygen 

on AsA content in both flesh and peel was found. Peel showed the highest AsA both at harvest and 

during storage, while calyx tissue showed the highest among flesh. Overall, DCA showed better 

ability in maintaining the fruit quality. Harvest date have more influence than IAD values on fruits 

ripening metabolism. Storage condition of apple could affect the correlation between IAD values 

and quality indicators.  

Hence, ’Gala’ apple are recommended to be stored under 0.5% O2 condition to have better 

storage quality. In addition, IAD value could be a maturity indicator but further study on the 

correlation with harvest date is necessary to build a precise IAD value related model. The lower 

level of AsA in stem-end tissue could be related to the incidence of SEFB. For future research, the 

other antioxidants content of fruit from IAD categories could be measured to investigate the 

difference among browning flesh tissue compared to AsA.  
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Chapter 3 

The effect of preharvest aminoethoxyvinylglycine (Retain) and postharvest 1-MCP 

(SmartFresh) application in relation to IAD value and other harvest indices and association 

with quality factors after storage 

1. Introduction 

A browning disorder of ‘Gala’ apples which is known as stem end flesh browning (SEFB) 

has become a concern for the US apple industry.  SEFB initially develops at the stem end tissue 

during storage, progressing in severe cases to the flesh and core tissues (Lee et al., 2013a; Lee et 

al., 2013b). Initial stages of the disorder may not be detected by the consumer, but quickly can 

result in loss to the fresh market. 

Information about the causes of SEFB, including preharvest and postharvest factors, are still 

limited. However, large size fruit and later harvested fruit are associated with higher SEFB 

incidence (Argenta et al., 2018; Lee et al., 2013).  

Other browning disorders found in several cultivars include internal browning in ‘Braeburn’ 

browning disorder (BBD), and flesh browning in ‘Empire’ and ‘Pink Lady’ apples. Sometimes 

more than one disorder can develop in one fruit, e.g., core flush and BBD in ‘Braeburn’ apple. 

Core flush is a senescence-related disorder that occurs during long term storage and is identified 

first by the browning around the core tissue followed by expression in the cortical tissue (Fan and 

Mattheis, 1999). In contrast, BBD is associated with high levels of CO2 during early storage in 

sensitive fruit, and it is detected by the brown patches and cavities in the flesh (Elgar et al., 1998). 

Flesh browning in ‘Empire’ apple is thought to be a chilling injury caused by advanced maturity 

and low storage temperatures (DeEll and Ehsani-Moghaddam, 2012; Doerflinger et al., 2015; Jung 

and Watkins, 2011; Lee et al., 2012). Flesh browning of ‘Pink Lady’ apples also is the result of 
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CO2 injury during CA storage (de Castro et al., 2008). Regardless of the disorder, plant tissue 

browning is usually a result of membrane leakage, which leads to the oxidized reaction of phenolic 

compounds from the cytosol by polyphenol oxidase (Murata et al., 1995; Vámos‐Vigyázó and 

Haard, 1981).  

The plant growth regulator (PGR), aminoethoxyvinylglycine (AVG) as ReTain, has been 

shown to affect the incidence of some browning disorders. AVG is commonly applied before 

harvest in the apple industry to limit fruit ethylene production, thereby delaying fruit maturation 

and ripening, and decreasing preharvest fruit drop (Argenta et al., 2006; Arseneault and Cline, 

2018; Doerflinger et al. 2019; Schupp and Greene 2004; Greene et al., 2016; Ozturket al., 2015; 

Yildizet al., 2012; Yuan et al., 2007). AVG is a competitive inhibitor of S-adenosylmethionine 

(SAM) that inhibits the conversion of SAM to ethylene precursor 1- aminocyclopropane-1-

carboxylate (ACC) (Adams and Yang 1979; Boller et al., 1979). AVG competes with SAM to bind 

the active site of ACC synthase (ACS), thereby inhibiting ACS activity and ethylene synthesis. 

However, the effect of AVG can vary depending on the cultivar, region, climate and its 

concentration (Arseneault and Cline, 2018; Autio and Bramlage, 1982; Child and Williams, 1983; 

Schupp and Greene 2004; Stover et al., 2003). Application of AVG to delay fruit maturation can 

also result in improving red color development of fruit exposed to low temperature during the 

delayed harvest period (Thompson et al., 1998), although the red coloration can be indirectly 

suppressed by the delay of fruit maturation (Greene and Schupp, 2004). AVG also delays the onset 

of the ethylene climacteric and fruit ripening (Schupp and Greene, 2004; Yuan and Carbaugh, 

2007; Yuan et al. 2007). AVG-treated fruit were firmer than untreated fruit at harvest and after 

storage (Greene and Schupp, 2004; Ozturk et al., 2012; Schupp and Greene, 2004; Yuan and 

Carbaugh, 2007; Yuan et al., 2007). An inverse linear correlation of IEC with AVG concentration 
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was found (Greene and Schupp, 2004). The effects of AVG on decreasing IECs after storage 

depend on the apple cultivar (Elfving et al., 2007). Also, the maturation of ‘Gala’ and ‘Fuji’ apples 

were delayed by the AVG sprays (Amarante and Steffens, 2009). 

Postharvest treatment of fruit with 1-methylcyclopropene (1-MCP) is widely applied to 

manage the ripening of apples during storage. It is an ethylene-competitive inhibitor which inhibits 

ethylene production of apples (Sisler et al., 1996). The effects of 1-MCP depend on cultivar, 

maturity and treatment conditions such as time after harvest (Argenta et al., 2006; Argenta et al., 

2007; DeEll et al., 2002; Fawbush et al., 2009; Tatsukiet al., 2007; Tatsuki et al., 2011; Watkins 

and Nock, 2004). Postharvest 1-MCP also delayed decreases of chlorophyll a concentration (IAD 

value) in ‘Aurora’, ‘Gala’, ‘Empire’ and ‘Fuji’ apples during ripening and storage (Doerflinger et 

al., 2015; Toivonen and Hampson, 2014). However, 1-MCP can increase incidence of storage 

disorders such as flesh browning (Doerflinger et al., 2019; Jung et al., 2010; Jung and Watkins, 

2011) and CO2 injury (DeEll et al., 2002; Fawbush et al., 2009). 

Harvest maturity can affect development of the browning in apples during storage (Argenta 

et al., 2018; DeEll and Ehsani-Moghaddam, 2012; Doerflinger et al., 2015; Jung and Watkins, 

2011; Lee et al., 2012; Lee et al., 2013). Harvest maturity can be assessed by many fruit quality 

indices, such as IEC, SSC, SPI, firmness, and peel background color. In contrast to the traditional 

color cards, DA meter (Sinteleia, Bolonga, Italy) is a new portable device measuring the 

chlorophyll a concentration in the fruit skin regardless of the anthocyanin content (McGlone et al., 

2002; Zude-Sasseet al., 2002). The index, IAD value, is the absorbance difference of the chlorophyll 

absorption at wavelengths 670 nm and 720 nm. Lower IAD values reflect the lower chlorophyll 

concentrations that are found in maturing fruit. The relation between IAD values and other maturity 

indices and storage quality has been investigated (Arzani et al, 2016; DeLong et al., 2014; Farneti 
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et al., 2015; McGloneet al., 2002; Nyasordzi et al., 2013; Toivonen and Hampson, 2014; Zanella 

et al., 2013). Firmness and titratable acidity are positively correlated with IAD value but SPI, SSC 

and IEC are negatively correlated with it at harvest (Costamagna et al., 2013; McGlone et al., 2002; 

Nyasordzi et al., 2013).  Delong et al. (2014) reported that the IAD value was associated with fruit 

quality at harvest and disorder incidence after storage. They suggested that the use of the DA meter 

approach for identification of optimal harvest periods is potentially applicable to all commercial 

apple cultivars but should be developed for each cultivar within a distinct growing region. In 

contrast, fruit quality and IAD values were not correlated if fruit were treated with postharvest 1-

MCP treatment and stored under CA conditions (Cocetta et al., 2017; Toivonen et al., 2003; 

Toivonen and Hampson, 2014; Sadar and Zanella, 2019). Zanella et al. (2013) also reported that 

the firmness of ‘Braeburn’ apples had only a low correlation with IAD value and was not correlated 

in the case of ‘Cripps Pink’ apple. The effects of AVG on IAD values at harvest and after storage 

is not well characterized. 

The objective of this study is to investigate the effect of preharvest AVG (Retain) application 

and postharvest 1-MCP (SmartFresh) application in relation to IAD values and other harvest indices 

and their association with SEFB incidence after storage. 

2. Materials and methods 

2.1 Plant material and treatments 

Fruit [Malus x domestica (Borkh.) Mansf.] were harvested (Harvest 1: Sep. 18, Harvest 2: 

Sep. 26) at Fowler Farms, New York in 2019. The trees were treated with Retain at ½ (166.5 g per 

acre) and ⅔ (222 g per acre) rates at 3 weeks before Harvest 1, to replicates sets of 30 trees in a 

randomized field design. For each field treatment and harvest, eight boxes of 20 kg of fruit were 

harvested throughout each replicate set of trees. An additional sample of 10 fruit per replicate were 
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taken for analysis of harvest indices.  Fruit were transported to the postharvest laboratory at Ithaca 

for analysis and storage. Four bushels of fruit for each treatment were treated with 1-MCP and the 

other four bushels of fruit were untreated. Fruit were treated with 1-MCP using SmartFreshTM 

tablets (0.36% a.i., AgroFresh Inc., Dow AgriSciences, Spring House, PA) at a rate of 1 µL L−1 in 

a 4000 L plastic tent for 24 h using a release and fan system supplied by the manufacturer.  

The fruit were kept 0.5 oC overnight. All fruit were then loaded into 0.9 m3 CA chambers 

(Storage Control Systems, Sparta, MI).  Atmospheres of 2% O2/1% CO2 were established within 

48 h, checked hourly and maintained with an ICA 61/CGS 610 CA Control System (International 

Controlled Atmosphere Ltd., Kent, U.K.) modified with flow controllers for the experimental 

chambers (Storage Control Systems, Sparta, MI). Fruit were stored for 6 months, and then 

evaluated after 1 and 7 d at 20 oC.  

2.2 Harvest indices 

The IEC, IAD value, SSC, TA, SPI, and flesh firmness were measured on 10 fruits from each 

replicate at harvest. IEC was measured by taking 1 mL of gas from the apple core and injecting it 

into Hewlett-Packard 5890 series II gas chromatograph (Wilmington, DE) equipped with a flame 

ionization detector and fitted with a stainless steel column packed with 60/80 mesh alumina F-1. 

The oven, injector, and detector temperature of the gas chromatograph were 200 oC, 220 oC, and 

250 oC, respectively. The flow rate for nitrogen, hydrogen, and air were 30, 30, and 230 mL min-

1. The IAD value was measured using a handheld Delta Absorbance (DA) meter (Sintelia, Bologna, 

Italy) on the blushed and unblushed side of each apple. Firmness was then measured on two 

opposite-side of peeled apple at the equator with a fruit texture analyzer (Guss Manufacturing (Pty) 

Ltd., Strand, South Africa) equipped with an 11.1 mm probe. The combined expressed juice from 

the 10 fruits were collected for SSC and TA measurements. SSC was measured with a digital 
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handheld pocket refractometer (PAL-1, Atago 3810, Bellevue, WA). TA was measured with an 

autotitrator (Mettler DL12, Hightstown, NJ) using 1 mL of the juice diluted to 30 mL and titrated 

to pH 8.1 with 0.1 N NaOH. The SPI was measured by cutting the fruit into two parts at equator 

and dipping the exposed flesh into iodine (I2-KI) solution (Blanpied and Silsby, 1992).  

2.3 After storage assessment 

IAD value, firmness, SSC, TA were measured on 10 fruits from each replicate on days 1 and 

7 after removal from storage as described above. Flesh browning and any other external or internal 

disorders also were assessed on all remaining fruit on day 7, by slicing fruit horizontally from the 

stem end at least 5 times.  

2.4 Statistical analyses 

There were ten fruits in one replicate and four replicates in each group. The Tukey HSD test 

was used to compare means at the 5 % confidence level.  All statistical analyses were carried out 

using the JMP statistical program (JMP Pro 14.INK). Percentage data were arcsine transformed 

for analysis and are presented as back-transformed means. 

3. Results 

3.1 Harvest indices 

Fruit from H1 had lower IEC and SSC but had higher IAD value and firmness than H2. No 

effect of harvest time on TA was detected (Table 1). Retain treated fruit were less mature than 

control fruit based on IEC, IAD value and SSC. In addition, ⅔ Retain treated fruit were less mature 

than ½ Retain fruit. Control fruit had higher TA than either Retain treatments. No effects of field 

treatment on firmness were detected. 

The relationships between IAD values and other harvest indices were shown in Fig. 1. Overall, 

the linear regressions showed that natural logarithm of IEC and SSC were highly correlated with 
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IAD value in every treatment, but no correlation was found between TA and IAD value. The 

correlation of IEC and IAD value can be characterized by the following function: Log (IEC) = 

1.6639677 - 5.4165141*(IAD value), showing a negative exponential relationship between IEC and 

IAD value. 

Preharvest Retain application is believed by the industry to lower the variation between fruit 

but little experimental evidence exists in this research. Box plot distributions were used to show 

the distribution of IEC, firmness, SSC, TA and IAD value in control, and the Retain treated fruit at 

each harvest (Fig.2). The results showed that the variation of firmness and IAD value in Retain 

treated fruit were greater than control fruit. Overall, the ½ Retain treated fruit from H1 had less 

fruit-to-fruit variation of IEC, SSC and TA. However, the rest of the treatments did not show the 

effect to limit the variation of quality factors between fruits. 
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Table 9 Internal ethylene concentration (IEC), IAD value, firmness, titratable acidity (TA), and 

soluble solid concentration (SSC) of ‘Gala’ apples at harvest. Fruit that were untreated (control) 

or treated with preharvest Retain ½ or Retain ⅔ were picked on H1 and H2. Main effects for each 

harvest index are indicated by different letters (P=0.05). 

 

Harvest Treatment 
IEC 

IAD value  
Firmness TA SSC 

SPI 
(µl L-1) (N) (%) % 

H1 

Control 1.17 0.32 85.7 0.529 11.7 3.3 

ReTain ½ 0.47 0.47 84.9 0.482 10.8 2.8 

ReTain ⅔ 0.14 0.59 84.4 0.474 10.6 3.1 

H2 

Control 2.51 0.15 79.7 0.524 12.5 6.2 

ReTain ½ 1.57 0.32 81.1 0.464 11.3 4.7 

ReTain ⅔ 0.71 0.35 84.2 0.490 11.2 3.7 

                

Main Effects  
     

 

a. Harvest       
 

- H1  0.59 b 0.46 a 85.0 a 0.495 11.0 b 3.1b 

- H2  1.60 a 0.27 b 81.6 b 0.493 11.6 a 4.9 a 

b. Field Treatment       
 

- Control  1.84 a 0.23 b 82.7 0.527 a 12.1 a 4.7 a 

- ReTain ½  1.02 b 0.40 a 83.0 0.482 b 11.0 b 3.7 b 

- ReTain ⅔  0.43 c 0.47 a 84.3 0.473 b 10.9 b 3.4 b 
       

 

P value  
      

Harvest  <0.0001 <0.0001 0.0004 0.8821 <0.0001 <0.0001 

Field Treatment  <0.0001 <0.0001 0.2773 0.0094 <0.0001 <0.0001 

Harvest*Field Treatment 0.0849 0.3137 0.031 0.6274 0.5607 <0.0001 
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Figure 1 Regressions of internal ethylene concentration (IEC), firmness, soluble solid 

concentration (SSC) and titratable acidity (TA) of ‘Gala’ apples against IAD value at harvest. Fruit 

that were untreated (control) or treated with preharvest Retain ½ or Retain ⅔, were picked on H1 

and H2. 

Control R2= 0.6609 ***

Retain 1/2 R2= 0.6882 ***

Retain 2/3 R2= 0.657 ***

All R
2
= 0.7491 ***

Control R2= 0.0284 ns

Retain 1/2 R2= 0.1399 ns

Retain 2/3 R2= 0.085 ns

All R2= 0.0742 ns

Control R2= 0.8175 ***

Retain 1/2 R2= 0.7747 ***

Retain 2/3 R2= 0.2196 ns

All R2= 0.5959 ***

Control R2= 0.4615 **

Retain 1/2 R2= 0.2544 *

Retain 2/3 R2= 0.0726 ns

All R2= 0.0778 ns
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Figure 2 Box plots for internal ethylene concentration (IEC), firmness, soluble solid concentration 

(SSC), titratable acidity (TA), and IAD value of ‘Gala’ apples at harvest. Fruit that were untreated 

(control), or treated with preharvest Retain ½ or Retain ⅔, were picked on H1 and H2. 
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Table 10 Pearson correlations for IAD value with internal ethylene concentration (IEC), firmness, 

soluble solid concentration (SSC), and titratable acidity (TA) for ‘Gala’ apples from harvest. 

Correlations were analyzed for control H1, H2 and in combination. ns = not significant. * = 

significant at 0.05. ** = significant at 0.01. *** = significant at 0.001. 

 

Pearson (r)   H1   H2   All   

IAD value vs IEC   -0.8517 *** -0.8837 *** -0.8783 *** 

                

IAD value vs Firmness -0.5361 ** 0.4124 * 0.279 ns 

                

IAD value vs SSC   -0.7984 *** -0.8753 *** -0.8655 *** 

                

IAD value vs TA   -0.4406 * -0.2266 ns -0.2725 ns 

                

IAD value vs SPI   -0.1996 ns -0.8936 *** -0.7719 *** 
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3.2 Quality factors after storage 

IECs were lower in fruit of H1 than H2 and were lowest in those from Retain ⅔ among all 

treatments. The main effects of 1-MCP application were not significant, but overall, IECs were 

higher in fruit from 7 days after removal from 6 months storage than 1 day. The highest order 

interactions were found between Field treatment x Shelf life, where the IEC of fruit from control 

and 7 days was higher than all the other treatments. 

Flesh firmness of fruit was higher in fruit from H1 than from H2, highest in Retain ⅔ treated 

fruit among field treatments and higher in Day 7 than Day 1, with no effect of 1-MCP. The highest 

order interactions were found in Harvest x Field treatment and 1-MCP x Shelf life. Firmness of 

fruit from each field treatment were higher in H1 than in H2, and the Retain ⅔ treated fruit was 

the highest in H2 and lowest in H1. Firmness of fruit from Day 1 and Day 7 was not affected by 

1-MCP. However, only that of 1-MCP treated fruit increased after 7 days of removal.  

IAD values are affected by harvest and field treatment; H1 fruit were higher (highest 

chlorophyll a concentrations) being 0.33 compared with 0.24 in H2, and untreated fruit were lowest 

at 0.19 compared with Retain ½ at 0.31 and Retain ⅔ at 0.36. 

TA of fruit was higher at H1 than H2, higher in control than Retain ½ and Retain ⅔, higher 

in untreated fruit than 1-MCP treated and higher in Day 1 than Day 7. The only interaction detected 

was harvest x shelf life where the H1-Day 1 group was the significant highest and no difference 

was found between the other group. 

SSC was highest in untreated fruit and lowest in Retain ½ treated fruit, while Retain ⅔ treated 

fruit was intermediate in response. However, postharvest 1-MCP or shelf life did not affect the 

values. The only interaction detected was Harvest x Field treatment where Retain ⅔ treated fruit 
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was higher in H2 than H1, while the difference between field treatment was highest in control fruit 

at H1 and lowest in Retain ⅔ fruit at H2. 

Incidence of SEFB was only affected by field treatment; Retain ⅔ treated fruit had lowest 

incidence, which was reduced by 2.8-fold, and Retain ½ treated fruit had the intermediate 

incidence, which was reduced by 1.9-fold. The two interactions detected were Field treatment x 1-

MCP and Field treatment x Shelf life. However, 1-MCP and Shelf life did not significantly reduce 

disorder incidence of fruit from every treatment. 
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Table 11 Internal ethylene concentration (µL L-1) of ‘Gala’ apples after 6 months of CA storage at 

0.5 ºC plus 1 and 7 days at 20 ºC. Fruit that were untreated (control), or treated with preharvest 

Retain ½ or Retain ⅔, were picked on H1 or H2. 1-MCP was applied 1 d after harvest at storage 

temperature. Main and interaction effects are indicated by different letters (P=0.05). 

 

Factors 
  H1 H2 

  Day 1 Day 7 Day 1 Day 7 

Control    0.26 0.40 0.21 0.40 

Control + 1-MCP   0.25 0.65 0.24 0.43 

ReTain ½   0.33 0.35 0.27 0.26 

ReTain ½ + 1-MCP   0.24 0.52 0.21 0.29 

ReTain ⅔   0.24 0.34 0.18 0.17 

ReTain ⅔ + 1-MCP   0.18 0.31 0.18 0.21 

Main Effects     Significant interactions     

Harvest (p=0.0037)     Harvest x Shelf life (p=0.0719)     

H1 0.34 a H1 Day 1 0.25 b 

H2 0.25 b H2 Day 1 0.22 b 

Field Treatment (p=0.0013)     H1 Day 7 0.43 a 

Control 0.36 a H2 Day 7 0.29 b 

ReTain ½ 0.31 a 

Field Treatment x Shelf life 

(p=0.0458)     

ReTain ⅔ 0.23 b control Day 1 0.24 bc 

1-MCP (p=0.3769)     Retain ½ Day 1 0.26 bc 

Without 0.28   Retain ⅔ Day 1 0.19 c 

With 0.31   control Day 7 0.47 a 

Shelf life (p<0.0001)     Retain ½ Day 7 0.36 ab 

Day 1 0.23 b Retain ⅔ Day 7 0.26 bc 

Day 7 0.36 a 1-MCP x Shelf life (p=0.051)     

      without 1-MCP Day 1 0.25 b 

      with 1-MCP Day 1 0.22 b 

      Without 1-MCP Day 7 0.32 ab 

      With 1-MCP Day 7 0.40 a 
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Table 12 Fresh firmness (N) of ‘Gala’ apples after 6 months of CA storage at 0.5 ºC plus 1 and 7 

days at 20 ºC. Fruit that were untreated (control), or treated with preharvest Retain ½ or Retain ⅔, 

were picked on H1 or H2. 1-MCP was applied 1 d after harvest at storage temperature. Main and 

interaction effects are indicated by different letters (P=0.05). 

 

Factors 
  H1 H2 

  Day 1 Day 7 Day 1 Day 7 

Control    81.8 80.5 73.8 74.5 

Control + 1-MCP   80.2 80.8 72.4 74.4 

ReTain ½   81.0 80.9 73.6 74.0 

ReTain ½ + 1-MCP   78.4 82.1 73.8 76.3 

ReTain ⅔   79.8 81.4 76.7 78.4 

ReTain ⅔ + 1-MCP   78.2 80.3 76.6 79.6 

Main Effects     Significant interactions     

Harvest (p<0.0001)     Harvest x Field Treatment (p<0.0001)     

H1 80.4 a H1 Control 80.8 a 

H2 75.3 b H2 Control 73.8 c 

Field Treatment (p=0.0076)     H1 Retain ½ 80.6 a 

Control 77.3 b H2 Retain ½ 74.4 c 

ReTain ½ 77.5 b H1 Retain ⅔ 79.9 ab 

ReTain ⅔ 78.9 a H2 Retain ⅔ 77.8 b 

1-MCP (p=0.4876)     1-MCP x Shelf life (p=0.0387)     

Without 78.0   without 1-MCP Day 1 77.8 ab 

With 77.7   with 1-MCP Day 1 76.6 b 

Shelf life (p=0.0017)     without 1-MCP Day 7 78.3 a 

Day 1 77.2 b with 1-MCP Day 7 78.9 a 

Day 7 78.6 a       
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Table 13 IAD value of ‘Gala’ apples after 6 months of CA storage at 0.5 ºC plus 1 and 7 days at 20 

ºC. Fruit that were untreated (control), or treated with preharvest Retain ½ or Retain ⅔, were picked 

on H1 or H2. 1-MCP was applied 1 d after harvest at storage temperature. Main and interaction 

effects are indicated by different letters (P=0.05). 

 

Factors 
  H1 H2 

  Day 1 Day 7 Day 1 Day 7 

Control    0.24 0.25 0.14 0.14 

Control + 1-MCP   0.20 0.21 0.14 0.19 

ReTain ½   0.30 0.37 0.26 0.30 

ReTain ½ + 1-MCP   0.32 0.36 0.28 0.33 

ReTain ⅔   0.37 0.42 0.29 0.31 

ReTain ⅔ + 1-MCP   0.46 0.49 0.26 0.30 

Main Effects     Significant interactions     

Harvest (p<0.0001)     Harvest x Field Treatment (p<0.0001)     

H1 0.33 a H1 Control 0.22 cd 

H2 0.24 b H2 Control 0.15 d 

Field Treatment (p<0.0001)     H1 Retain ½ 0.34 b 

Control 0.19 b H2 Retain ½ 0.29 bc 

ReTain ½ 0.31 a H1 Retain ⅔ 0.44 a 

ReTain ⅔ 0.36 a H2 Retain ⅔ 0.29 bc 

1-MCP (p=0.5061)           

without 0.28         

with 0.29         

Shelf life (p=0.0758)           

Day 1 0.27         

Day 7 0.31         
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Table 14 Titratable acidity (%) of ‘Gala’ apples after 6 months of CA storage at 0.5 ºC plus 1 and 

7 days at 20 ºC. Fruit that were untreated (control), or treated with preharvest Retain ½ or Retain 

⅔, were picked on H1 or H2. 1-MCP was applied 1 d after harvest at storage temperature. Main 

and interaction effects are indicated by different letters (P=0.05). 

 

Factors 
  H1 H2 

  Day 1 Day 7 Day 1 Day 7 

Control    0.403 0.392 0.385 0.370 

Control + 1-MCP   0.408 0.365 0.373 0.354 

ReTain ½   0.369 0.352 0.355 0.357 

ReTain ½ + 1-MCP   0.371 0.336 0.339 0.326 

ReTain ⅔   0.376 0.337 0.361 0.342 

ReTain ⅔ + 1-MCP   0.367 0.336 0.352 0.340 

Main Effects     Significant interactions     

Harvest (p=0.0032)     Harvest x Shelf life (p=0.056)     

H1 0.368 a H1 Day 1 0.382 a 

H2 0.355 b H2 Day 1 0.361 b 

Field Treatment (<0.0001)     H1 Day 7 0.353 b 

Control 0.381 a H2 Day 7 0.348 b 

ReTain ½ 0.351 b       

ReTain ⅔ 0.352 b       

1-MCP (p=0.012)           

Without 0.367 a       

With 0.356 b       

Shelf life (p<0.0001)           

Day 1 0.372 a       

Day 7 0.351 b       
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Table 15 Soluble solids concentration (%) of ‘Gala’ apples after 6 months of CA storage at 0.5 ºC 

plus 1 and 7 days at 20 ºC. Fruit that were untreated (control), or treated with preharvest Retain ½ 

or Retain ⅔, were picked on H1 or H2. 1-MCP was applied 1 d after harvest at storage temperature. 

Main and interaction effects are indicated by different letters (P=0.05). 

 

Factors 
  H1 H2 

  Day 1 Day 7 Day 1 Day 7 

Control    12.8 12.8 12.7 12.8 

Control + 1-MCP   13.0 12.9 12.5 12.8 

ReTain ½   12.5 12.3 11.9 12.1 

ReTain ½ + 1-MCP   12.3 12.0 12.0 12.0 

ReTain ⅔   12.2 12.0 12.7 12.7 

ReTain ⅔ + 1-MCP   12.1 11.9 12.9 12.7 

Main Effects     Significant interactions     

Harvest (p=0.244)     
Harvest x Field Treatment 

(p<0.0001)     

H1 12.4   H1 Control 12.8 a 

H2 12.5   H2 Control 12.7 a 

Field Treatment (p<0.0001)     H1 Retain ½ 12.3 b 

Control 12.8 a H2 Retain ½ 12.0 b 

ReTain ½ 12.1 c H1 Retain ⅔ 12.0 b 

ReTain ⅔ 12.4 b H2 Retain ⅔ 12.7 a 

1-MCP (p=0.7601)           

Without 12.4         

With 12.4         

Shelf life (p=0.5088)           

Day 1 12.5         

Day 7 12.4         
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Table 16 Stem end fresh browning (%) of ‘Gala’ apples after 6 months of CA storage at 0.5 ºC 

plus 1 and 7 days at 20 ºC. Fruit that were untreated (control), or treated with preharvest Retain ½ 

or Retain ⅔, were picked on H1 or H2. 1-MCP was applied 1 d after harvest at storage temperature. 

Main and interaction effects are indicated by different letters (P=0.05). 

 

Factors 

  H1 H2 

  Day 1 Day 7 Day 1 
Day 

7 

Control    2.5 8.5 5.0 26.5 

Control + 1-MCP   17.5 28.5 15.0 28.6 

ReTain ½   17.5 7.9 17.5 8.5 

ReTain ½ + 1-MCP   7.5 7.1 15.0 9.4 

ReTain ⅔   7.5 2.8 5.0 12.0 

ReTain ⅔ + 1-MCP   2.5 4.8 5.0 7.3 

Main Effects     Significant interactions     

Harvest (p=0.2167)     Field Treatment x 1-MCP (p=0.0484)     

H1 9.6   Control without 1-MCP 10.6 ab 

H2 12.9   Control with 1-MCP 22.4 a 

Field Treatment (p=0.0075)     Retain ½ without 1-MCP 12.8 ab 

Control 16.5 a Retain ½ with 1-MCP 9.8 ab 

ReTain ½ 11.3 ab Retain ⅔ without 1-MCP 6.8 b 

ReTain ⅔ 5.9 b Retain ⅔ with 1-MCP 4.9 b 

1-MCP (p=0.4024)     Field Treatment x Shelf life (p=0.0174)     

without 10.1   Control Day1 10.0 ab 

with 12.4   Control Day7 23.0 a 

Shelf life (p=0.2896)     Retain ½ Day 1 14.4 ab 

Day 1 9.8   Retain ½ Day 7 8.2 b 

Day 7 12.7   Retain ⅔ Day 1 5.0 b 

      Retain ⅔ Day 7 6.7 b 
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3.3 Correlations between fruit maturity and fruit quality at harvest after storage  

Correlations between IAD value and other quality indicators (including SEFB) at harvest and 

after storage were also investigated to explore the differential effects of harvest time and days after 

storage (Table 3-8). The IAD values of fruit from H2 were negatively correlated with IEC, SSC and 

TA, and positively correlated with firmness and SEFB. IAD values of fruit from H1 were negatively 

correlated with firmness and SEFB. The result of the correlation between IAD values and quality 

indicators after storage was more consistent. In both 1 day and 7 days after storage, IAD values 

were negatively correlated with SSC, TA and SEFB. 
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Table 17 Pearson correlations for IAD value with internal ethylene concentration (IEC), firmness, 

soluble solid concentration (SSC), and titratable acidity (TA) for ‘Gala’ apples after 6 months at 

0.5 ºC in CA storage plus 7 days at 20 ºC. Correlations were analyzed for control day 1, day 7, H1, 

H2 and in combination. ns = not significant. * = significant at 0.05. ** = significant at 0.01. *** = 

significant at 0.001. 

 

Pearson (r)   D1   D7   H1   H2   All   

IAD value vs IEC   -0.2141 ns -0.2556 ns -0.2508 ns -0.3418 * -0.1481 ns 

                        

IAD value vs Firmness 0.2705 ns 0.2196 ns -0.3360 * 0.3319 * 0.2638 ** 

                        

IAD value vs SSC   -0.3601 * -0.7439 *** -0.7556 *** -0.3359 * -0.5605 *** 

                        

IAD value vs TA   -0.3545 * -0.5706 *** -0.6002 *** -0.6665 *** -0.4827 *** 

            

IAD value vs SEFB   -0.3777 ** -0.5900 *** -0.4723 *** 0.0022 ** -0.4636 *** 

 

---------------------------------------------------------------------------------------------------------------- 
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4. Discussion 

Maturity was affected by both harvest date and the Retain application. Early harvested fruit 

were less mature than later harvested fruit with lower IEC, higher IAD, higher firmness, lower SSC 

and lower SPI. After 6-month storage, early harvested fruit were still less ripe, with higher IAD, 

higher firmness and higher TA, but a higher IEC was also detected.  

Fruit treated with Retain were less mature as indicated by lower IEC especially in ⅔ Retain 

fruit, higher IAD values, lower TA and lower SSC. Lower IEC in ReTain treated fruit was also 

found by Schupp and Greene (2004) and Yuan et al. (2007). However, the firmer fruit treated with 

AVG found at harvest (Ozturk et al., 2012; Schupp and Greene, 2004; Yuan et al., 2007) was not 

found in the current study. Effects of ReTain (⅔ rate) were found after 6-month storage, however, 

with treated fruit still having lower IEC, higher IAD, lower TA and lower SSC, and with high 

firmness. This result indicated that the effect of Retain could delay the maturation of ‘Gala’ apple 

at harvest and better maintain firmness during storage. Retain also maintained lower IEC after 7 

days at 20 ºC. Retain ½ treated fruit from H1 had less fruit to fruit variation of IEC, SSC and TA 

at harvest. However, less fruit to fruit variation for IEC was only found in Retain ⅔ treated fruit 

from H1. Hence, the result did not completely support the belief in industry that Retain could lower 

fruit to fruit variation.   

Lee et al. (2013) found that later harvested fruit were correlated with higher incidence of 

SEFB, but no effect of harvest date on SEFB incidence was found in the current study. Retain 

application reduced the incidence of SEFB, especially at the ⅔ rate. However, SEFB incidence 

could be just delayed by Retain application since fruit were only stored for 6 months. Overall, fruit 

maturity could, therefore, be an affecting factor in susceptibility of fruit to SEFB.  
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Effects of postharvest 1-MCP were also detected for Retain-treated fruit, especially at the ⅔ 

rate, with lower incidence of SEFB with 1-MCP application than untreated fruit. Postharvest 1-

MCP increased the incidence of SEFB in ‘Gala’ apple, except those treated with Retain. Lee at al. 

(2016) also reported that incidence of SEFB in ‘Gala’ apple was enhanced with postharvest 1-

MCP treatment. Similar results of 1-MCP on browning were found in more mature ‘Empire’ apple 

during CA and cold storage (Jung and Watkins, 2011; Jung and Choi, 2020). The browning could 

be the result of an extended period of exposure to oxidative stress due to insensitivity to ethylene 

by blocking the ethylene signal pathway in the 1-MCP-treated apples (DeEll and Lum, 2017). 

Hence, higher susceptibility of 1-MCP treated fruit to flesh browning could be the result of 

antioxidant defense mechanism reduction, including increasing PPO activity and electrolyte 

leakage rate (Jung and Choi, 2020).  

At harvest, IAD values had negative correlation with IEC and SSC. The same result was also 

found by MacGlone et al. (2002) and Nyasordzi et al. (2013) but positive correlations of IAD value 

with firmness and TA were not found in the current study. In addition, Doerflinger et al. (2016) 

also suggested that preharvest treatment of plant growth regulators, such as 1-MCP and AVG, 

could affect the correlation between IAD values and other quality indices. However, the correlation 

of IAD values and firmness, TA, and SPI varied in fruit from both harvests and was not affected by 

the preharvest treatment of Retain. The result validated that IAD value is a good maturity indicator 

for harvest and greatly correlated with IEC and SSC but was only highly correlated with SPI in 

late harvest fruit.  

Doerflinger et al. (2015) and Toivonen and Hampson (2014) showed that postharvest 

treatment of 1-MCP delayed the decrease of IAD values in ‘Aurora Golden Gala’, ‘Empire’ and 

‘Fuji’ fruit during storage, but this result was not found in the current study. After 6-month storage, 
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IAD value was negatively correlated with SSC, TA and SEFB and positively correlated with 

firmness. In addition, other quality factors were not affected by the application 1-MCP after 6-

month storage except TA. IAD values showed greater correlation with SSC, TA and SEFB after 7 

days of removal. This result also indicated that the incidence of SEFB was higher in more mature 

fruit with less chlorophyll content. However, studies (Sadar and Zanella, 2019; Toivonen et al., 

2003; Toivonen and Hampson, 2014) showed that the peel chlorophyll a content had no correlation 

with fruit quality after postharvest treatment of 1-MCP under CA storage. Hence, this study 

suggests that IAD value was still a precise ripening index although no correlation with IEC was 

found.  

5. Conclusion 

Preharvest application of Retain, especially at the ⅔ rate delayed fruit maturation, prolonged 

the shelf life, and decreased incidence of SEFB of ‘Gala’ apples. Less fruit to fruit variation of 

quality indicators at harvest and less incidence of SEFB after storage were observed. On the other 

hand, postharvest application of 1-MCP increased SEFB incidence, although Retain-treated fruit 

had lower incidence with 1-MCP application than untreated fruit. Postharvest 1-MCP application 

in combination with preharvest Retain application may at least partially control disorder 

development.  

Hence, preharvest Retain application is recommended for ‘Gala’ apple to prevent SEFB after 

storage. Postharvest 1-MCP treatment without preharvest Retain application on ‘Gala’ apple 

should be avoided for long-term storage to prevent increased incidence of SEFB. In addition, IAD 

value may be a useful indicator for maturity at harvest and determining risk of the incidence of 

SEFB after storage. However, IAD value is not a consistent quality index for ‘Gala’ apple after 

postharvest treatment and storage. For future research, the antioxidants content of the browning 
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tissue in PGRs-treated fruit should be measured to investigate the relation with the incidence of 

SEFB in ‘Gala’ apple. 
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