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ABSTRACT 

Oxidative Stress Metabolism and Physiological Disorder Development 

in Pome Fruit 

Geoffrey Brian Lum Advisors: 

University of Guelph, 2014 Gale G. Bozzo 

Barry J. Shelp 

1-Methylcyclopropene (1-MCP; ethylene antagonist) application and controlled 

atmosphere (CA) storage are used to delay senescence and maintain quality of pome fruit. 

CA conditions consist of low temperature, low O2 and elevated CO2. 1-MCP treatment of 

‘Honeycrisp’ apples exacerbated CO2-induced  flesh browning disorders, and this 

coincided with γ-aminobutyrate (GABA) accumulation and altered antioxidant status (i.e., 

ascorbate and glutathione). Conditioning ‘Honeycrisp’ apples at 10 °C for 5 days prior to 

elevated CO2 storage alleviated flesh browning, and decreased the GABA level and 

antioxidant response. Moreover, 1-MCP treatment and low O2 storage resulted in 

differential GABA production and incidence of physiological disorders (i.e., senescent 

scald, internal breakdown and internal cavities) in ‘AC Harrow Crisp’, ‘Harovin 

Sundown’ and ‘Swiss Bartlett’ pear fruit. Canonical powered partial least squares 

analysis confirmed that GABA production and altered antioxidant metabolism are 

associated with physiological disorder development in pome fruit during CA storage.  
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CHAPTER ONE 

GENERAL INTRODUCTION 

 

1-Methylcyclopropene (1-MCP, ethylene antagonist) application and controlled 

atmosphere (CA) storage are postharvest strategies designed to delay senescence and 

maintain quality of pome fruit, such as apples and pears. CA consists of low temperature 

in combination with low O2 and elevated CO2. A negative effect of 1-MCP is its capacity 

to promote the development of CA-related disorders in apple and pear fruit. Recent 

reports suggest that conditioning ‘Honeycrisp’ apple fruit at 10 °C for up to 7 d prior to 

storage minimizes susceptibility to physiological disorders (Watkins et al., 2004; Moran 

et al., 2010; Watkins and Nock, 2012). However, the application of this strategy to 1-

MCP treated apple fruit, including ‘Honeycrisp’ has not been widely studied. Moreover, 

clear strategies do not exist for postharvest storage of European pears following 1-MCP 

application (Villalobos-Acuña and Mitcham, 2008), including novel pear cultivars grown 

in Ontario. In both cases limited information exists regarding early biochemical 

mechanisms promoting physiological disorder development in pome fruit; however, these 

may involve alterations in oxidative stress metabolites, including γ-aminobutyrate 

(GABA) (Pedreschi et al., 2009) and the redox balance of antioxidants, such as ascorbate 

and glutathione (Franck et al., 2007).  

In Chapter 2, an overview of postharvest storage strategies for maintaining fruit 

quality of novel Ontario pome fruit (‘Honeycrisp’ apple, and ‘AC Harrow Crisp’, 

‘Harovin Sundown’ and ‘Swiss Bartlett’ pears) is presented; an emphasis is placed on the 

effects of 1-MCP treatment, low temperature or chilling, and conditioning at warmer 
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temperatures prior to CA, low O2 and elevated CO2 storage conditions. The literature 

review also provides a biochemical rationale for the onset of CA-related disorders, 

including the involvement of GABA and antioxidants (ascorbate and glutathione). For 

this thesis, the following hypothesis was investigated: development of physiological 

disorders in CA-stored pome fruit is associated with altered redox ratios (AsA/DHA and 

GSH/GSSG) and the accumulation of GABA.  

In Chapter 3, experimental procedures are outlined to address the temporal 

relationship between physiological disorders and oxidative stress metabolism of pome 

fruit during CA storage; storage trials using‘Honeycrisp’ apples and Ontario grown pears 

(‘AC Harrow Crisp’, ‘Harovin Sundown’ and ‘Swiss Bartlett’) were conducted in 2011 

and 2012, respectively. ‘Honeycrisp’ apples were organized in a nested split-plot 

experimental design to test the effect of 1-MCP (0 vs. 1 L L-1 for 24 h), conditioning (0 

or 5 d at 10 °C), and elevated CO2 (0.03 kPa vs. 2.5 kPa) in the presence of 2.5 kPa O2 at 

3 °C for 35 weeks. The pear cultivars were organized in a randomized complete block 

design to test the effect of 1-MCP (0 vs. 300 nL L-1 for 24 h) and low O2 (18 kPa vs. 2.5 

kPa) in the presence of 2 kPa CO2 at 0 °C for at least 167 d. For both experiments, the 

composition of GABA was determined by reverse-phase high performance liquid 

chromatography (HPLC) and antioxidants (reduced ascorbate, AsA; dehydroascorbate, 

DHA; reduced glutathione, GSH; and glutathione disulphide, GSSG) were determined 

enzymatically using microplate spectrophotometry. 

In Chapter 4, evidence is provided for the exacerbation of CO2-related injuries in 

‘Honeycrisp’ apples treated with 1-MCP. Here, an 80% incidence of flesh disorders was 

coincident with a 4-fold increase in GABA, as well as 65% and 70% declines in 
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GSH/GSSG and AsA/DHA redox ratios, respectively. Conditioning for 5 d at 10 °C prior 

to CA substantially reduced the negative impact of 1-MCP on flesh disorders, a 

phenomenon coincident with dramtically lower GABA concentrations. Moreover, a 

transient 3-fold increase in AsA/DHA was found during conditioning and an 80% decline 

in GSH/GSSG was apparent within 2 weeks of storage at 2.5 kPa CO2 in 1-MCP treated 

fruit.  

The incidence of physiological disorders was determined for all pear cultivars 

treated with or without 1-MCP and subsequently stored under ambient air or CA at 0 °C. 

For the most part, symptoms of senescent scald and internal breakdown were most 

prominent in fruit stored for at least 167 d; all pear cultivars not treated with 1-MCP and 

stored in ambient air displayed approximately 100% incidence of senescent scald. These 

disorders were absent in 1-MCP treated ‘AC Harrow Crisp’ stored under air; for the other 

cultivars disorders were controlled by 1-MCP and 2.5 kPa O2. ‘AC Harrow Crisp’ fruit 

developed internal cavities in response to combined 1-MCP and CA. In general, GABA 

concentration was highest near the end of the storage trial; 1-MCP treated ‘AC Harrow 

Crisp’ pear fruit maintained in 2.5 kPa O2 displayed the greatest accumulation of whole 

fruit GABA of 74 nmol per g FM. In terms of redox state, metabolic fluctuations of 

AsA/DHA and GSH/GSSG were apparent in all pear cultivars during the storage trial; 

most pear fruit sampled at the end of the storage duration had a lower redox state than 

fruit sampled at harvest and prior to storage.   

The relationship between physiological disorders and oxidative stress metabolites 

in all fruit cultivars from either experiment was assessed using a statistical multivariate 

regression approach, Canonical Powered Partial Least Squares (CP-PLS). Score plots of 



 

   4 
 

‘Honeycrisp’ apples demonstrated a temporal shift in oxidative stress metabolites in 

response to 1-MCP, conditioning and elevated CO2, within 2 weeks of CA storage. 

Correlation loading plots of ‘Honeycrisp’ apples revealed that CO2-related flesh injury 

was positively correlated with GABA and GSH/GSSG, but negatively correlated with 

AsA/DHA. Similarly, score plots of all three pear cultivars demonstrated a temporal 

change in oxidative stress metabolites in response to 1-MCP and low O2 atmospheres, 

after 1 week of storage at 0 °C. Although the metabolite profile in response to 1-MCP 

and the different atmospheric conditions varied for each pear cultivar, the correlation 

loading plots for all pear cultivars demonstrated that GABA was positively associated 

with senescent scald and internal breakdown. By contrast, both ascorbate and glutathione 

redox balance were negatively correlated with physiological disorders.  

Overall, both studies presented in this thesis provide evidence that GABA 

accumulation and depletion of antioxidants serve as biochemical signatures for the 

development of physiological disorders in pome fruit. The biochemical mechanisms 

contributing to these metabolic shifts in response to 1-MCP, conditioning and CA and 

their impact on storage-related disorders are discussed in Chapter 5. 
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CHAPTER TWO 

LITERATURE REVIEW 

 

2.1. Introduction 

Apple (Malus x domestica Borkh.) and European pear (Pyrus communis L.) are 

two of the most highly cultivated tree fruits in Canada. In 2013, the farm gate value of 

Canadian apple and pear production was approximately $190 M and $9 M, respectively 

(Statistics Canada, 2014). To maintain fruit quality and ensure year-round supply for 

domestic and international markets, metabolic activity leading to senescence in apples is 

minimized by the use of CA storage, which is comprised of low temperature, in 

combination with reduced O2 and elevated CO2 partial pressures. CA storage lowers 

respiration and delays ethylene production and the onset of senescence-related disorders 

(Kader et al., 1989). In 2013, 190,000 tonnes of Canadian apples were maintained under 

cold and/or CA (Agriculture and Agri-Food Canada, 2014), representing approximately 

40% of all apple production. Moreover, the recent closure of pear canning facilities in 

Ontario necessitates that producers implement postharvest strategies aimed at extending 

the shelf-life of fresh market pears.  

In Ontario, CA storage recommendations are specific to pome fruit species and 

their cultivars. Apples destined for CA storage should be harvested at optimal maturity 

and cooled immediately prior to CA exposure (DeEll et al., 2001). The majority of apples 

cultivated in Ontario are picked at an internal ethylene concentration of 1 L L-1 (DeEll 

et al., 2007), whereas this parameter is not reliable for ‘Honeycrisp’. For this cultivar, 

fruit are harvested at a starch index of 6.0 (using Cornell chart) and when peel colour is 
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transitioning from green to yellow (DeEll, 2014). With respect to postharvest storage, it is 

recommended that ‘Delicious’, ‘McIntosh’, and ‘Empire’ apples cultivated in Ontario be 

maintained at low temperature storage (0-3 °C), which may include a reduction in O2 (2.5 

- 3 kPa) and an elevation in CO2 (2.5 - 4.5 kPa) partial pressures (Levesque et al., 2006; 

DeEll, 2012). There are no reliable CA storage recommendations for ‘Honeycrisp’ fruit, 

and chilling only is advised for short-term storage of locally grown pears in Ontario 

(Cline and Gardner, 2005; Slingerland and McFadden-Smith, 2011; DeEll and 

Slingerland, 2012). ‘Bartlett’ pears harvested at firmness levels of 80-84 N are suitable 

for storage at 0.5 C for 4 mo, and similar storage periods are possible with newly 

developed fire-blight resistant cultivars such as ‘AC Harrow Crisp’, ‘Harovin Sundown’ 

and ‘HW 620’ which are harvested at firmness values of 53-67 N (DeEll and Slingerland, 

2012).     

In other jurisdictions, European pears are often chilled (-1 to 1 C) together with 

low O2 (1 to 3 kPa) and elevated CO2 (up to 5 kPa) (Kupferman, 2003; Drake and Elfving, 

2004). Typically, pears for the commercial market are chilled or CA-stored for 3 to 9 mo 

to minimize ripening–related senescence; associated beneficial effects tend to be cultivar-

specific (Kupferman, 2003; Franck et al., 2007). A loss in fruit firmness and the 

development of senescence-related disorders are marginal in ‘Bartlett’ fruit held at –1 C 

under 2.5 kPa O2/1.0 kPa CO2 for 4 mo (Chu, 1995). A negative aspect of prolonged 

exposure to chilling and/or CA, specifically low O2, is increased susceptibility to 

senescent scald and internal breakdown (a diffuse browning of the flesh tissue 

surrounding the fruit core)  and internal cavity formation (Lammertyn et al., 2003a; 

Franck et al., 2007; DeEll and Ehsani-Moghaddam, 2011). The aforementioned CA 
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strategies may be used in combination with chemical treatments (e.g., 1-MCP) developed 

to inhibit ethylene-mediated ripening. This literature review describes the impact of 

ethylene on fruit senescence, and chemical and CA strategies for minimizing the effect of 

ethylene during pome fruit storage, and CA-related physiological disorders, and discusses 

the possible metabolic signatures underlying the onset of physiological disorders in 

response to 1-MCP and CA storage. 

 

2.2. Fruit Ripening: Ethylene Biosynthesis and Regulation  

Ethylene (C2H4) is a gaseous phytohormone regulating molecular and 

biochemical processes underlying  fruit respiration, chlorophyll degradation, pigment 

synthesis, hydrolysis of starch to sugar, cell-wall degradation associated with fruit 

softening, aroma volatile biosynthesis, and autocatalytic ethylene production (Prasanna et 

al., 2007; Lin et al., 2009; Klee and Giovannoni, 2011; Cherian et al., 2014). Pome fruit 

undergo climacteric ripening wherein whole fruit respiratory activity declines toward a 

minimum with maturation and is elevated at the start of the ripening. The ripening-related 

respiratory burst coincides with endogenous ethylene production (Bleecker and Kende, 

2000; Lin et al., 2009) and permits detached fruit to ripen, whereas non-climacteric fruit 

(e.g., orange, strawberry) lack this capacity (Cherian et al., 2014). Physiological evidence 

exists for two separate mechanisms for ethylene production in plants (System 1 and 

System 2; Lelièvre et al., 1997a). System 1 ethylene biosynthesis is typical of non-

climacteric fruit, as well as immature fruit of climacteric species (Lelièvre et al., 1997a; 

Cherian et al., 2014 and references therein). System 1 ethylene biosynthesis undergoes 

auto-inhibition and is functional during normal vegetative growth, whereas System 2 is 
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an autocatalytic mechanism resulting in ethylene production with ripening and 

senescence of climacteric fruit (Barry and Giovannoni, 2007).  

The production of ethylene is dependent upon continual availability of the Yang 

cycle intermediate, S-adenosylmethioine (SAM), via SAM synthetase action and its 

regeneration from 5-methylthioadenosine, which is liberated from SAM in the formation 

of  aminocyclopropane-1-carboxylic acid (ACC) by ACC synthase (Martinez-Romero et 

al., 2007; Fox and Giovannoni, 2011; Van de Poel et al., 2012). The final step in ethylene 

biosynthesis is ACC oxidase (ACO)-mediated catabolism of ACC to ethylene, cyanide 

and CO2 (Fox and Giovannoni, 2011). ACO and ACS are encoded by multigene families, 

some of which are transcriptionally regulated during fruit development and ripening (Lin 

et al., 2009). ACO is O2-dependent, and ethylene formation is suppressed by chilling, 

anaerobia and elevated CO2 (John, 1997; Vilaplana et al., 2007; Lin et al., 2009). 

Interestingly, some cultivars of European pears require exposure to chilling during 

storage to induce the transcription of ACS and ACO, thereby enhancing their activities 

following removal of the pears from storage and resulting in  ethylene formation 

(Lelièvre et al., 1997b; El-Sharkawy et al., 2003). To date, there is no chilling 

requirement for uniform ripening of Ontario pears. Storage of ‘Golden Delicious’ and 

‘Newton Yellow’ apples under low O2 ( 0.25 kPa) minimizes ripening due to ethylene 

production (Ke et al., 1991). Fruit exposure to elevated CO2 ( 5 kPa) limits ethylene 

evolution by down-regulating ACS and ACO gene transcription, as well as inhibiting 

ACO-mediated oxidation of ACC (Kader, 1995; Gorny and Kader, 1996; John, 1997).  

Exogenous ethylene dramatically affects fruit ripening; for example, supply of 

ethylene to cut disks of pre-climacteric tomato and cantaloupe fruit increases their 
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capacity to form endogenous ethylene (Liu et al., 1985). Moreover, supply of ethylene to 

immature tomato fruit induces expression of ACS and ACO genes (Li et al., 2011). In 

plants, ripening due to ethylene occurs upon binding of this gaseous hormone to an 

ethylene receptor (ETR). Plant ETR gene families share sequence similarity with 

bacterial two-component receptors and are associated with the membranes of the 

endoplasmic reticulum (Gamble et al., 1998; Lashbrook et al., 1998; Ciardi and Klee, 

2001; Klee and Giovannoni, 2011; Cherian et al., 2014). ETR is comprised of an N-

terminal ethylene binding domain, a central histidine kinase domain, and a C-terminal 

GTPase activation domain (Ciardi and Klee, 2001; Mount and Chang, 2002). The 

ethylene-binding pocket region includes three transmembrane domains and a copper (I) 

cofactor (Mount and Chang, 2002) co-ordinated by an electron-rich hydrophobic region 

of spanning helices (Bleecker, 1999; Ciardi and Klee, 2001). Ethylene binding promotes 

a conformational change within the receptor and alteration of the copper ionization status, 

initiating dimerization of the C-terminal kinase domain rendering ETR inactive (Bleecker, 

1999; Chang and Shockey, 1999). In Arabidopsis thaliana, there are five ethylene 

receptor genes: ethylene receptors 1 and 2 (ETR1 and ETR2); ethylene response sensors 

1 and 2 (ERS1 and ERS2); and, ethylene insensitive 4 (Adams-Phillips et al., 2004; Fox 

and Giovannoni, 2011). In the presence of ethylene, transcription of ERS1, ERS2 and 

ETR2 is rapid; these receptors act as negative regulators of the signal transduction 

pathway leading to biochemical changes associated with ripened fruit (ethylene 

autocatalysis, fruit softening, pigment synthesis, increased sugar and volatile synthesis), 

as well as senescence (Chen et al., 2005). Apples and pears contain ethylene response 

genes with homology to those found in Arabidopsis (Bapat et al., 2010). Expression of 
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the apple gene, MdETR, is coincident with the fruit ripening process (Costa et al., 2010). 

Moreover, a cold-requirement for European cultivars is associated with up-regulation of a 

pear ETR (El-Sharkawy et al., 2003).  In pome fruit, expression of ETR and ethylene 

biosynthesis genes is down-regulated by the chemical antagonist, 1-MCP (El-Sharkawy 

et al., 2003; Dal Cin et al., 2006). 

 

2.3. 1-Methylcyclopropene (1-MCP): Biochemical Process and Function 

Chemical inhibition of ethylene perception represents a cost-effective strategy 

aimed at minimizing ripening-related senescence of bulky fruit. 1-MCP (C4H6) is a 

gaseous compound at standard temperature and atmospheric pressure and effective as a 

ripening inhibitor in various horticultural commodities (Sisler and Serek, 1997; 

Blankenship and Dole, 2003; Watkins, 2007). Powder formulations of 1-MCP conjugated 

to γ-cyclodextrin are used in commercial operations, where the active ingredient is 

released as a gas following dissolution in water (Sisler and Serek, 2003; Watkins, 2006). 

1-MCP exhibits a non-toxic mode of action, negligible residual detection, and is potent at 

low concentrations (Watkins, 2006).  

 1-MCP competitively inhibits ethylene binding to ETRs and subsequent 

activation of the ethylene transduction pathway (Ciardi and Klee, 2001; Blankenship and 

Dole, 2003; Prange and DeLong, 2003; Nanthachai et al., 2007).  ETRs display a 9-fold 

higher affinity for 1-MCP relative to ethylene (Blankenship and Dole, 2003). 1-MCP 

binds to the copper (I) cofactor within the ETR-binding pocket yielding a 

conformationally active receptor, which most likely involves a steric hindrance 

mechanism preventing ethylene binding (Binder and Bleecker, 2003). 1-MCP application 
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represses transcription and translation of ACS and ACO in ‘Passe-Crassane’ pears and in 

‘Fuji’, ‘Delicious’ and ‘Granny Smith’ apples (Lelièvre et al., 1997b; Blankenship and 

Dole, 2003). The benefits of 1-MCP application to pome fruit are cultivar-dependent and 

tend to vary with the amount of active ingredient, temperature and treatment period 

(Blankenship and Dole, 2003). Tomato fruit treated with 20 nL L-1 1-MCP for 6 h at 

room temperature display a transient reduction in ACO and ACS transcripts within 2 to 4 

d of 1-MCP exposure (Nakatsuka et al., 1997). For most apple cultivars, a minimum 1-

MCP concentration (1 µL L-1) is required to block ethylene action and delay ripening 

(Sisler et al., 1996; Jiang and Joyce, 2002). Cultivar-specific responses to 1-MCP exist as 

‘Empire’ and ‘Cortland’ fruit require 3 and 9 h exposure, respectively, to maintain 

firmness (DeEll et al., 2002). Nonetheless, 1-MCP maintains fruit quality of ‘Bartlett’, 

‘Williams’, ‘d’Anjou’ and ‘Passe-Crassane’ pears and  ‘McIntosh’, ‘Delicious’ and 

‘Empire’ apples by delaying or minimizing physiological responses associated with 

ripening, including softening, internal browning, colour development, storage scald and 

respiration (Watkins et al., 2000; Chiriboga et al., 2011) 

Ethylene production and respiration of pear fruit are retarded by 1-MCP; 1-MCP 

in combination with chilling can limit the ripening of ‘Conference’ pears during the re-

warming phase (Ekman et al., 2004; Watkins, 2006). In some jurisdictions, ‘Bartlett’ fruit 

subjected to 1-MCP fail to ripen normally until 26 d after their removal from CA and 

subsequent transfer to ambient conditions (Lelièvre et al. 1997a; Blankenship and Dole, 

2003). This negative effect of 1-MCP on post-storage ripening is dependent upon 

geographical location, pre-harvest factors, and timing of 1-MCP application (DeEll and 

Ehsani-Moghaddam, 2011; Villalobos-Acuña et al., 2011a). A larger concern amongst 
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commercial producers of climacteric fruit is the potential for enhanced susceptibility to 

CA stress-related physiological disorders with the use of 1-MCP (Watkins, 2007).  

 

2.4. Physiological Disorders in Apples and Pears 

In bulky fruit, physiological disorders tend to accumulate in response to precise 

physiological parameters (i.e., low temperature, elevated CO2 and low O2 partial 

pressures) chosen to limit catabolism and senescence. In apples and pears, these include 

surface-related disorders (e.g., superficial scald, external CO2 injury) or flesh browning 

(e.g., low temperature breakdown, core browning) and/or cavities (Meheriuk et al., 1994; 

Franck et al., 2007). In some cases 1-MCP application promotes susceptibility to CA-

related disorders (Watkins, 2007, 2008). The following section discusses the symptoms 

of common physiological disorders in apples and pears during CA storage and the 

environmental factors that promote them.  

 

2.4.1. Low temperature disorders  

For pome fruit, low temperature disorders occur in response to chilling 

temperatures (between 0 °C and 3 °C) recommended for optimal preservation of fruit 

freshness and quality. Low temperature disorders include flesh and core browning, soggy 

breakdown, soft scald and superficial scald (Meheriuk et al., 1994). Apple cultivars most 

susceptible to chilling injuries include ‘Cortland’, ‘Delicious’, ‘Fuji’, ‘Granny Smith’, 

‘Empire’ and ‘Honeycrisp’ (Jobling and McGlasson,  1995; DeEll et al., 2007; Moran et 

al., 2010; DeEll and Ehsani-Moghaddam, 2011). The predominant chilling injuries in 

‘Honeycrisp’ fruit include soggy breakdown and soft scald (DeLong et al., 2004; Watkins 
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et al., 2004, 2005; DeLong et al., 2009; DeEll and Ehsani-Moghaddam, 2010). Soggy 

breakdown initiates as diffuse discolouration of the peripheral cortex surrounded by a 

barrier of healthy tissue below the peel, with no effect on the fruit surface. As the 

disorder develops, the flesh tissue becomes moist and spongy, and may be accompanied 

by intense browning of vasculature relative to cortex tissue (Meheriuk et al., 1994). 

Symptoms associated with soft scald  include smooth, irregularly shaped brown patches 

with defined edges on the peel, which tend to occur in fruit stored under ambient air at 

temperatures between 0.5 to 3 C (Meheriuk et al., 1994; Tong et al., 2003; Moran et al., 

2010).  Although ’Honeycrisp’ fruit harvested at advanced maturity display a high 

incidence of soft scald, the trend has not been linked to internal ethylene concentration 

(Tong et al., 2003; Watkins et al., 2005). Low temperature breakdown is also visible in 

‘Honeycrisp’ apples stored under 2.5 kPa O2 and 1-1.5 kPa CO2 at 3 to 5 °C for 6 mo 

(Watkins et al., 2004; DeLong et al., 2009). Incorporation of a conditioning period for 1 

to 7 d at at warmer temperatures than the final storage temperature markedly reduces the 

incidence of soft scald and soggy breakdown (DeLong et al., 2004; Watkins et al., 2004; 

DeEll and Ehsani-Moghaddam, 2012).  

Superficial scald (also known as storage scald) is a low temperature disorder of 

apples and pears, and is evident as irregular brown patches of the peel with no effect on 

the underlying flesh tissue (Meheriuk et al., 1994). Superficial scald is associated with the 

collapse of hypodermal cells culminating in skin browning (Pesis et al., 2009), and is 

coincident with the accumulation of α-farnesene oxidation products, like conjugated 

triene hydroperoxides (Whitaker, 2004) and 6-methyl-5-hepten-2-one (Mir et al., 1999). 

Ontario-grown ‘Cortland’ and ‘Delicious’ apples are scald sensitive, whereas ‘Empire’ 
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and ‘Idared’ fruit are not (Chu and Wilson, 2000). Pear cultivars sensitive to superficial 

scald include ‘Bartlett’, ‘d’Anjou’, ‘Hardy’, ‘Packham’ and ‘Winter Nelis’ (Porritt et al., 

1982; Whitaker et al., 2009; DeEll and Slingerland, 2012). Typically, the severity and 

incidence of superficial scald is more evident in immature fruit than mature fruit 

(Ferguson, 1999). This surface disorder is eliminated in ‘Granny Smith’ apples subjected 

to ~ 3 kPa O2 for 10 d prior to being transferred to 0 C for 8 mo (Pesis et al., 2010). The 

production of endogenous ethylene appears to be associated with the development of 

superficial scald, as accumulation of –farnesene and its oxidation products is 

dramatically increased and associated with a 1.5-fold increase in internal ethylene in 

‘Law Rome’ in 1-MCP treated ‘Cortland’ apples sprayed after a 7 d delay, relative to 

fruit treated with 1-MCP at harvest (Jung and Watkins, 2008).  

Unlike superficial scald, which occurs during re-warming following the removal 

of fruit from storage, senescent scald occurs with chilling (Meheriuk et al., 1994). This 

disorder is typical of ‘Bartlett’ and its genetically related cultivars ‘Harovin Sundown’ 

and ‘AC Harrow Crisp’ during prolonged storage at 0.5 C; initial symptoms include 

discolouration of the peel, primarily at the calyx end, followed by skin browning 

(Meheriuk et al., 1994; Zoffoli et al., 1998; DeEll and Slingerland, 2012). ‘Bartlett’ fruit 

harvested at late maturity tend to be highly susceptible to this disorder (Zoffolii et al., 

1998).  

 

2.4.2. Friction marking 

Friction marking (also known as friction discolouration, friction burn or scuffing) 

is associated with diffuse brown to black-coloured abrasions of the fruit peel (Meheriuk 
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et al., 1994). Most cultivars of pears, including ‘Bartlett’, are susceptible to friction 

marking, which is promoted by mechanical handling, fruit to fruit contact or abrasion 

against transportation bins (Meheriuk et al., 1994; DeEll and Slingerland, 2012). 

However, it is only a minor physiological disorder for apples. The discolouration of the 

skin surface tends to coincide with the browning reaction in damaged epidermal cells 

(Amarante et al., 2001). The intensity of friction marking is correlated with increased 

concentration of chlorogenic acid in fruit peel, a phenomenon that occurs during cold 

storage (Meheriuk et al., 1994). There is evidence for the control of friction marking by 

pre-storage conditioning or chemical treatments. A pre-storage treatment of ‘Spadona’ 

pears with 1-MCP reduces friction marking by up to 97% following 6 mo of storage at 

0.5 C, 1.5 kPa O2 and 5 kPa CO2 (Gamrasni et al., 2010). Similarly, exposure of freshly 

harvested ‘Bartlett’ pears to 1-MCP (0.3 L  L-1) at 3 C for 3 d prior to storage at 0.5 C, 

results in optimal control of ethylene, fruit firmness and colour development, while 

effectively reducing surface disorders such as friction marking (DeEll and Ehsani-

Moghaddam, 2011). Storage of  d’Anjou pears under 3 kPa CO2 for 90 d reduces the 

incidence of friction marking by 32% relative to fruits maintained at 1 kPa CO2 (Drake 

and Elfving, 2004). 

 

2.4.3. Low oxygen and elevated carbon dioxide disorders 

Low O2 disorders of apples initiate as purpling followed by dark brown water-

soaked lesions of the skin, and are prevalent at   1.5 kPa O2 (Meheriuk et al., 1994). 

Core breakdown of pear fruit is low O2-related and initiates as water soaked and brown 

core tissue, followed by browning and cavitation within the surrounding tissues 
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(Meheriuk et al., 1994; Franck et al., 2007). External symptoms are not always evident in 

fruit exhibiting core breakdown (Franck et al., 2007). The symptoms associated with core 

breakdown are synonymous with those of internal breakdown and internal browning; 

these injuries are proposed to develop as a consequence of a decreasing O2 gas gradient 

towards the fruit center (Franck et al., 2007; Ho et al., 2010). Preliminary evidence exists 

for internal breakdown in ‘Bartlett’ and pears collected from fire-blight resistant trees in 

Ontario, albeit in response to postharvest chilling (DeEll and Slingerland, 2012).  

Disorder susceptibility in European pears (e.g., ‘Conference’ and ‘Blanquilla’) is more 

pronounced in fruit harvested at late maturity, during storage at low O2 partial pressures 

(0.5 to 3 kPa) or in the presence of elevated CO2 (5-10 kPa), and eliminated by 

conditioning fruit at -0.5 C for 21 d (Lammertyn et al., 2000; Verlinden et al., 2002; 

Larrigaudière et al., 2004a, Franck et al., 2007; Pedreschi et al., 2009). Control of internal 

breakdown, senescent scald, softening and ethylene production in response to chilling is 

evident in ‘Bartlett’ pears treated with 1-MCP (Ekman et al., 2004; DeEll and Ehsani-

Moghaddam, 2011; Villalobos-Acuña et al., 2011a, b). 1-MCP in combination with CA 

suppresses scald and softening in ‘Rocha’ and ‘d’Anjou’ pears (Bai et al., 2006; Gago et 

al., 2014). Conversely, 1-MCP exacerbates CA-related disorders in apples in a cultivar-

specific manner (Watkins, 2007; 2008).  

High CO2-inducible flesh disorders include browning of the vascular bundles, 

carpel interior walls and core tissue, and cavity formation (Watkins et al., 1997; Kerbel et 

al., 1988). Apple cultivars susceptible to CO2 injury include ‘Cortland’, ‘Empire’, 

‘Honeycrisp’, ‘Law Rome’ and ‘McIntosh’ (Fernandez-Trujillo et al., 2001; DeEll and 

Ehsani-Moghaddam, 2012; Watkins and Nock, 2012; Contreras et al., 2014).  By 
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comparison, most pears tend to be more susceptible to CO2 injury (Porritt et al., 1982; 

Meheriuk et al., 1994). ‘Conference’ pears develop core breakdown when exposed to 

elevated  CO2 in the range of 1 to 10 kPa while in the presence of 1 kPa O2 at -1 C  

(Franck et al., 2003a; Pedreschi et al., 2009). The incidence and severity of CO2 injury 

can be exacerbated by 1-MCP. For example, the incidence of CO2-induced injury in 1-

MCP treated ‘McIntosh’ fruit is 39% higher than in control fruit following storage at 2 C, 

3 kPa O2 and 2.5 kPa CO2 for up to 240 d (DeEll et al., 2003). However, conditioning 

‘Empire’ apples at 1 C under ambient air for up to 2 months eliminates the incidence of 

CO2 injury in 1-MCP treated fruit and delays its onset by 6 weeks (DeEll and Ehsani-

Moghaddam, 2012). Internal CO2 injury of ‘Honeycrisp’ apple fruit is described as 

irregular browning of the cortex, which can be associated with lens-shaped cavities 

(Watkins and Nock, 2012; Contreras et al., 2014). This injury tends to be more prevalent 

at 3 kPa CO2 than 1.5 kPa CO2, and does not coincide with soft scald and soggy 

breakdown; moreover internal CO2 injury can be exacerbated by 1-MCP (Watkins and 

Nock, 2012). Contreras et al. (2014) demonstrated that conditioning ‘Honeycrisp’ apple 

fruit for 3 to 5 d at 10-20 C prior to CA culminates in marginal incidence of this flesh 

disorder during storage.   

Low O2 partial pressure in combination with elevated CO2  results in hypoxia 

within the core of the pear (Lammertyn et al., 2003b; Ho et al., 2006), which can lead to 

increased production of stress response compounds such as putrescine and trehalose in 

brown tissue (Pedreshi et al., 2009). Metabolic signatures linked to low O2- and elevated 

CO2-related hypoxia are associated with the inhibition of several Krebs cycle enzymes 

(Kerbel et al., 1988; Pedreschi et al., 2009). In addition, core and flesh disorders in pears 
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subjected to elevated CO2 appear to coincide with a decline in whole fruit ATP levels 

(below a critical threshold level required for cell maintenance) and ATP/ADP ratios, with 

the production of fermentation-derived ethanol and acetaldehyde (Ke et al., 1994; 

Peppelenbos and Oosterhaven, 1998; Chervin and Truett, 1999; Veltman et al., 1999a).  

Although the physiological factors and postharvest practices affecting CA-related 

disorders in apples and pears are well described, the biochemical mechanism promoting 

the onset of these injuries remains largely unknown. In the following sections, redox 

metabolism (i.e., reduced and oxidized forms of ascorbate, AsA, and glutathione, GSH), 

and their putative association with physiological disorders in apples and pears is 

emphasized.  

 

2.5. Biochemistry of Physiological Disorders in Pome Fruit 

Physiological disorders of bulky fruit are often a consequence of cellular 

membrane damage and changes to normal metabolic state leading to redox imbalance 

(Mayer, 2006; Franck et al., 2007). Surface and flesh discolouration is promoted by the 

rapid polymerization of quinones with proteins and amino acids (Pourcel et al., 2007) in 

the presence of polyphenol oxidase (PPO) activity (Nicolas et al., 1994; Larrigaudière et 

al., 1998; Larrigaudière et al., 2008a; Toivonen and Brummell, 2008). PPOs catalyze the 

oxidation of hydroxycinnamic acids (e.g., chlorogenic acid), flavan-3-ols or flavonols 

(Nicolas et al., 1994). PPOs from numerous plant species are well characterized; these 

O2-dependent enzymes are classified as (i) catechol oxidases, catalyzing the 

hydroxylation of monophenols (e.g. tyrosine) to diphenols (e.g., chlorogenic acid), or (ii) 

laccases involved in oxidation of o-diphenol to highly reactive o-quinones (Nicolas et al., 
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1994; Friedman, 1996; Pourcel et al., 2007; Toivonen and Brummell, 2008). Although 

most plant PPOs have broad substrate specificity, a PPO from ‘Fuji’ apples prefer 

chlorogenic acid (Murata et al., 1992; Mayer, 2006), a phenolic compound present in 

substantial concentrations in apple fruit (Nicolas et al., 1994; MacLean et al., 2006; 

Amarowicz et al., 2009). Chlorogenic acid concentration is reduced by 60% in ‘Delicious’ 

apples exposed to 1-MCP and then subjected to CA for 120 d relative to control fruit 

(MacLean et al., 2006). Cultivar-specific differences in CA-induced PPO-mediated 

browning are known (Leja et al., 2003). PPO gene expression and co-ordinated 

development of superficial scald occurs in ‘Granny Smith’ apples in response to chilling, 

but is reduced in the presence of 0.5 kPa O2 or in fruit pre-treated with 1-MCP (Sabban-

Amin et al., 2011). Conversely, flesh browning and PPO activity are co-ordinately 

enhanced in 1-MCP treated ‘Empire’ apples subjected to CA (3 kPa O2, 2 kPa CO2) for 6 

mo (Jung and Watkins, 2011).  

In the absence of stress, phenolic compounds are localized within the vacuole and 

are compartmentally separated from plastid-localized PPO, thereby limiting PPO-

associated browning (Veltman et al., 1999a). However, under abiotic stress or wounding, 

a consequence of cellular de-compartmentation is leakage of vacuolar phenolic 

compounds and plastidial PPO into the cytosol, giving rise to enzymatic browning 

reactions (Nicolas et al., 1994). Although PPO activity represents a biochemical 

mechanism coincidental with browning of disordered fruit, biochemical signatures 

induced in response to CA stress that promote the onset of physiological disorders are 

uncertain. The following section highlights oxidative stress metabolism as a possible 

mechanism promoting physiological disorders of pome fruit. 
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2.5.1. CA storage and oxidative stress metabolism 

Susceptibility to CA disorders are likely due to differences in pome fruit 

ultrastructure and tissue density, both of which appear to limit O2 diffusion from 

peripheral tissues towards the fruit center (Ho et al., 2010). Diffusion of O2 through apple 

fruit parenchyma tissue is confined to the intercellular spaces and CO2 diffusion in 

cortical cells is unrestricted, culminating in elevated CO2 concentrations at the fruit 

center relative to the periphery (Ho et al., 2011). For example, pears subjected to CA 

contain almost 90% lower O2 partial pressures at the fruit center as compared to the fruit 

surface, whereas CO2 levels are quite similar (Franck et al., 2007, and references therein). 

In melon fruit, severe hypoxia at the organ center is associated with decreases in ATP 

levels and adenylate energy charge (AEC) relative to peripheral tissues (Biais et al., 

2010). A decline in AEC indicates limited respiration, typical of low O2 and/or elevated 

CO2 storage (Veltman and Peppelenbos, 2003). Similarly, the occurrence of flesh 

browning in ‘Conference’ pears is related to low ATP concentration and decreased 

ATP/ADP ratio of the whole fruit during CA storage (Saquet et al., 2003a). ‘Bartlett’ 

pears exhibit ATP depletion under hypoxic conditions of 0.25 kPa O2 (Nanos and Kader, 

1993). However, ‘Conference’ pears subjected to a conditioning period  of 0 °C under 

ambient air for 21 d possess elevated ATP and AEC relative to fruit transferred directly 

to CA (Saquet et al., 2003a), indicating that preservation of energy constituents can limit 

CA-related injuries. In O2-deprived plant tissues, a decline in AEC occurs simultaneously 

with acidification and elevated Ca2+ levels within the cytosol, increased membrane 

disorganization, and over-production of reactive oxygen species (ROS) (Blokhina et al., 

2003). The impact of cytosolic acidification and increased Ca2+ concentration on CA-
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treated fruit might be expressed as altered levels of amino acid-derived -aminobutyrate 

(GABA) and -hydroxybutyrate (GHB), as well as shifts in the ratio of pyridine 

dinucleotide (e.g., reduced nicotinamide adenine dinucleotide phosphate/ oxidized 

nicotinamide adenine dinucleotide phosphate, NADPH/NADP+) cofactors.  

 

2.5.2. GABA, GHB and pyridine dinucleotides 

The non-protein amino acid GABA and its catabolite, GHB, are ubiquitous across 

all living organisms. In the mammalian nervous system, GABA functions in neural 

transmission and development, and GHB displays neuroprotective properties associated 

with hypoxia (Fait et al., 2006). In plants, physiological roles of GABA and GHB remain 

unclear; however, their accumulation in response to chilling, anoxia, elevated CO2 or 

mechanical handling occurs in various plant tissues (Bown and Shelp, 1997; Shelp et al., 

1999; Allan et al., 2008). Additional roles proposed for GABA include redox regulation, 

pH regulation, maintenance of cellular carbon and nitrogen balance, as well as 

communication signal within plants and between plants and microbes (Shelp et al., 1999; 

Kinnersley and Turano, 2000; Bouché and Fromm, 2004; Shelp et al., 2006; Roberts, 

2007; Shelp et al. 2012a, b).  

GABA accumulation in plants involves cytosolic acidification-mediated 

stimulation of glutamate decarboxylase (GAD) activity, or Ca2+/calmodulin (CaM) 

activation of GAD at neutral pH (Baum et al., 1993; Ling et al., 1994; Arazi et al., 1995; 

Snedden et al., 1995, 1996; Baum et al., 1996; Shelp et al., 1999). GABA concentrations 

are elevated up to 40 fold within minutes of exposure of soybean plant tissues to chilling 

(Wallace et al., 1984), 3-fold within hours of rice roots being exposed to anoxia 
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(Reggiani et al., 1988), and several fold within 12 to 24 h of Arabidopsis plants being 

challenged with chilling, anoxia, salt-stress or water deficiency (Allan et al., 2008).  

Numerous studies of Arabidopsis challenged by abiotic stress indicate a circadian control 

of GABA pathway genes and metabolites (Shelp et al., 2012a). Microarray and real-time 

polymerase chain reaction (qPCR) technologies have confirmed that rice and Arabidopsis 

plants subjected to respective chilling and O2 deficiency rapidly accumulate GABA and 

GHB and display differential up-regulation of GAD genes. Interestingly, the expression 

of GABA catabolism genes, -aminobutyrate transaminase (GABA-T, EC 2.6.1.19) and 

glyoxylate reductase (GLYR), are relatively unaffected (Shelp et al., 2012b and references 

therein), suggesting that biochemical regulation of GABA catabolism enzymes is the 

main factor modifying GHB concentration of plant tissues in response to abiotic stress. 

GABA-T catalyzes transamination of GABA in the presence of an amino acceptor to 

yield succinic semialdehyde (SSA), and may be localized to the cytosolic, plastidial or 

mitochondrial compartments (Clark et al., 2009a, b). SSA, a toxic aldehyde equivalent, 

may be oxidized by SSA dehydrogenase to the Krebs cycle intermediate, succinate, and 

would complete a series of bypass reactions, known as the GABA shunt. As SSADH 

activity is dependent upon oxidized nicotinamide adenine dinucleotide (NAD+), but 

inhibited by reduced nicotinamide adenine dinucleotide (NADH),  abiotic stresses (e.g., 

chilling, extreme heat and submergence) that culminate in increased ratios of 

NADH/NAD+ and NADPH/NADP+ shift the pool of SSA to an NADPH-regulated 

enzyme, SSA reductase, leading to the accumulation of GHB (Allan et al., 2008). In 

Arabidopsis, glyoxylate reductases (AtGLYR1 and AtGLYR2) are the major enzymes 

involved in NADPH-dependent SSA reduction to GHB, although a role in glyoxylate 



 

   23 
 

reduction has also been proposed. (Hoover et al., 2007a, b; Allan et al., 2009); the 

expression of Arabidopsis GLYRs may be elevated in response to abiotic stress (Allan et 

al., 2008; Allan et al., 2012). An alternative pathway forming GABA can involve 

catabolism of the polyamine putrescine. Putrescine accumulates in response to chilling 

and salinity and is catabolized to aminobutyraldehyde by an O2-dependent diamine 

oxidase, and then to GABA via an NAD+-dependent aminobutyraldehyde dehydrogenase 

(Shelp et al., 2012c, and references therein). However, a polyamine catabolism route to 

GABA in apples and pears stored under CA is not likely as both O2 and NAD+ 

concentrations are expected to be dramatically reduced within bulky fruit (Shelp et al., 

2012c). In fact, GABA accumulation in ‘Empire’ apple fruit during CA storage coincides 

with depleted glutamate concentrations; the linear increase in GABA levels is not well 

correlated with temporal fluctuations in polyamine levels, including putrescine (Deyman 

et al., 2014a). 

Within the last decade, studies reported that the accumulation of GABA in bulky 

fruit following 1-MCP and/or CA storage is coincident with physiological disorders. For 

example, enhanced GABA concentration in whole tomato fruit of highly susceptible 

introgressed lines is coincident with surface pitting and decay (Deewatthanawong and 

Watkins, 2010). Recently, Pedreschi et al. (2009) used a global biochemical approach to 

further understand core browning in pear in response to low O2 (1 kPa O2, 10 kPa CO2 , 

−1 C), a storage parameter leading to oxidative stress. More importantly, the brown 

tissue of ‘Conference’ pear resulting from low O2 is coincident with lower malate and 

higher fumarate and GABA levels than sound tissue, indicating reduced metabolic 

activity at the level of the Krebs cycle and a putative block of the GABA shunt pathway. 
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Elevated GABA concentrations are found in tomato, cherimoya fruit, and melon during 

the first few d of exposure to elevated CO2 with no evidence of coincident disorders 

(Merodio et al., 1998; Makino et al., 2008; Biais et al., 2010; Deewatthanawong et al., 

2010a).  In broccoli florets treated with 20 kPa CO2 for 1 week, a 2-fold increase in free 

amino acid concentration, comprised mostly of GABA, is initiated in advance of the 

appearance of discoloration disorders (Hansen et al., 2001). A preliminary study 

suggested that GABA accumulates in ‘Empire’ apples following treatment with 1-MCP 

and/or high CO2 storage (Deewatthanawong and Watkins, 2010). Similarly, a 160% 

increase in relative GABA concentration in ‘Empire’ fruit was apparent by week 2 of 

storage under 5 kPa CO2 and maintained thereafter, whereas it declined in low CO2-

stored ‘Empire’ and then returned to the level of high CO2-stored fruit after 16 weeks of 

storage (Liu, 2011). GABA accumulation appears to be a consequence of CA storage as a 

70% reduction in GABA occurs in ‘Empire’ fruit within 3 h of their transfer from 3 C, 

2.5 kPa O2, and 2.5 kPa CO2 to ambient conditions (Trobacher et al., 2013a); with 

cherimoya fruit and broccoli florets a reduction in GABA level also appears to be linked 

to removal from elevated CO2 storage (Merodio et al., 1998; Hansen et al., 2001).  

GABA accumulation in high CO2-treated vegetative and fruit tissues is proposed 

to counteract the cytosolic acidification upon CO2 dissolution (Shelp et al., 1999). 

Cytosolic acidification-mediated GAD stimulation of GABA production may precede or 

coincide with CO2-related physiological disorders in apples and pears. The fact that 

GABA enhancement in tomato fruit is coincident with nearly 150% accumulation of 

GAD1 and GAD2 transcripts during exposure to 10 kPa CO2 suggests that GABA serves 

as an early biochemical signature of CA stress (Deewatthanawong et al., 2010a). 
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Moreover, whole fruit GABA levels are dramatically enhanced in ‘Braeburn’ apples 

following storage at 0.5 C, 1.5 kPa O2, and 3 kPa CO2 for up to 12 weeks, regardless of 

whether the fruit received a beneficial diphenylamine (DPA) treatment known to reduce 

internal browning (Lee et al., 2012b). Metabolomic study of ‘Empire’ fruit via gas 

chromatography-mass spectrometry has demonstrated that the development of flesh 

browning in response to 1-MCP occurs at 25 weeks of CA (2 kPa O2, 2 kPa CO2, 3.3 C) 

storage, and 10 weeks after the initial increase in whole fruit GABA, glutamate, aspartate, 

isoleucine, valine, asparagine, phenylalanine, threonine and branch chain amino acid 

derived volatiles (Lee et al., 2011). By contrast, immersion of peach fruit in exogenous 

GABA at concentrations of 5 mM for a period of 5 weeks is concomitant with an 89% 

reduction in chilling injury and associated increase in ROS-dissipating enzymes, AsA 

peroxidase and glutathione peroxidase (Yang et al., 2011), suggesting a possible pivotal 

role for GABA in mediating an early response to chilling. GABA treatment of salt-

stressed Caragana intermedia (Kuang & H.C. Fu) roots appears to alleviate signal 

transduction and biochemical mechanisms associated with oxidative stress, including 

ROS formation (Shi et al., 2010). Interestingly, a more recent study has recognized that 

GABA mediated-inhibition of ROS production in hypoxic grapevine buds is not 

associated with widespread up-regulation of ROS-dissipating enzymes (Vergara et al., 

2012). Conversely, a pivotal role for GABA and GHB in the production of ROS is 

suggested from studies where all three stress metabolites are markedly increased in ssadh 

mutants of Arabidopsis plants subjected to high light stress (Fait et al., 2005). Tomato 

fruit from RNAi plants lacking L-galactono-1,4-lactone dehydrogenase (the terminal AsA 

biosynthesis enzyme) display altered proportions of AsA /dehydroascorbate (DHA), 
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which are associated with elevated levels of the stress metabolite, GABA (Alhagdow et 

al., 2007). Together, these studies indicate that redox metabolism and the GABA shunt 

pathway may be coordinately regulated.  

In summary, GABA biosynthesis and catabolism are affiliated with switches in 

redox balance and ROS metabolism in various plant tissues, but their precise influence on 

oxidative stress metabolism in response to 1-MCP and/or CA treatment of pome fruit 

remains unknown. The following section describes the role of cellular antioxidants in 

dissipating ROS, and minimizing the incidence of physiological disorders. 

 

2.5.3. Antioxidants and oxidative stress metabolism 

Cellular disorganization leading to tissue browning is a consequence of membrane 

lipid peroxidation initiated by elevated cellular ROS (Franck et al., 2007; Gill and Tuteja, 

2010). ROS species include H2O2, superoxide (O2
-) and hydroxyl radicals (OH) 

produced from incomplete reduction of molecular O2 (Foyer and Noctor, 2003). Under 

normal conditions, plant tissue ROS levels range from 0.05 to 5 µmol g FM-1, and their 

elevation by abiotic and biotic stresses is coincident with a shift in NADPH redox status 

within the cell (Noctor, 2006; Queval et al., 2008). In stressed plants, ROS formed via a 

plasma membrane bound NADPH oxidase  can override the cell’s ROS dissipation 

capacity culminating in protein oxidation, DNA damage, peroxidation of membrane 

lipids and organellar disruption (Møller, 2001; Mittler, 2002; Toivonen, 2004; Gill and 

Tuteja, 2010; Foyer and Noctor, 2011). In non-green tissues, ROS is predominantly 

mitochondrial in origin, whereas ROS derived from photosynthetic electron transport and 

photorespiratory glycolate oxidase are light-dependent processes (Rhoads et al., 2006). 
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Additional sources of ROS production during stress are the polyamines, putrescine and 

spermidine (Moschou et al., 2012), but this seems unlikely as polyamine oxidases and 

diamine oxidases are O2-dependent steps and presumably non-functional in CA-stored 

fruit (Shelp et al., 2012c). In bulky fruits, O2 diffusion through the fruit cortex is limited, 

resulting in a decreasing O2 gradient from the fruit periphery towards the center, which is 

exacerbated by CA (Ho et al., 2010, 2011).  Thus, polyamine catabolism-derived ROS is 

unlikely to be associated with the anaerobic O2 levels found in fruit during CA storage; 

however, the involvement of a mitochondrial-derived or NADPH oxidase-mediated 

production of ROS seems plausible.  

Although the precise origin of ROS in CA-treated fruit is unclear, numerous 

studies provide evidence for their accumulation in postharvest tissues. ROS are produced 

in response to chilling and/or CA stress, serving as a possible metabolic cue for 

promoting physiological disorders of fleshy fruit (Larrigaudière et al., 2008b). Confocal 

microscope imaging together with 2′,7′-dichlorodihydrofluorescein diacetate fluorescence 

staining reveals increased presence of ROS in peel of ‘Granny Smith’ affected by 

superficial scald (Sabban-Amin et al., 2011). Moreover, watercore is a physiological 

condition that induces flesh browning of ‘Fuji’ apples during cold storage; here the H2O2 

level is 1-fold higher than that of non-affected tissue (Kasai and Arakawa, 2010). A 31% 

incidence of flesh browning is associated with a 140% increase in H2O2 concentrations in 

‘Pink Lady’ apples following 2 mo of CA (0.5 C, 1.5 kPa O2, 5 kPa CO2) storage (de 

Castro et al., 2008). ROS production in ‘Conference’ pears is enhanced by elevated CO2 

(Eccher Zerbini et al., 2002; Veltman et al., 2003) and this coincides with a loss of 

cellular integrity (increased electrolyte leakage). The level of ROS in ‘Blanquilla’ pears 
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treated with 100 nL L-1 1-MCP is 20% less than in control fruit (Larrigaudière et al., 

2004b). Interestingly, a decline in H2O2 formation in pear tissues is concomitant with 

greater activity of the ROS-dissipating enzymes catalase and ascorbate peroxidase 

(Larrigaudière et al., 2004b), suggesting that antioxidant metabolism is pivotal for 

prevention of chilling injury. 

ROS production implies CA andor 1-MCP inducible stress, but assessment of 

oxidative stress via ROS quantification is unfeasible as accurate methodologies for 

determining ROS levels in bulky fruits are lacking. This is due to (i) the short life of ROS 

species, (ii) AsA inhibition of enzyme-mediated assays for ROS determination, and (iii) 

the non-specificity and low sensitivity of assays for ROS species in plant cell extracts 

(Veljovic-Jovanovic et al., 2002; Shulaev and Oliver, 2006; Queval et al., 2008). 

Therefore, it is imperative to identify alternative and more reliable indicators of oxidative 

stress. Cellular ROS are buffered by antioxidants (e.g., AsA and GSH) or ROS 

scavenging enzymes (e.g., superoxide dismutase, SOD; AsA peroxidase, APX; catalase, 

CAT) as a form of stress avoidance (Apel and Hirt, 2004; Foyer and Noctor, 2005). 

A biological indicator of oxidative stress is a measure of antioxidant activity as a 

function of storage time. After 2 mo cold storage, ‘Delicious’ apples display 200% higher 

total antioxidant activity than ‘Empire’ (MacLean et al., 2003), possibly explaining why 

‘Delicious’ is less susceptible to storage injuries than ‘Empire. Total antioxidant assays 

include  ferric reducing/antioxidant power, total radical trapping, and oxygen radical 

absorbance capacity (Prior and Cao, 1999), but their potential inhibition by sample-

associated interfering molecules, differential sensitivity and specificity for individual 

metabolites (i.e., GSH; Prior et al., 2005) may lead to an underestimation of plant tissue 
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antioxidant species. DPA is a synthetic antioxidant with a capacity to control superficial 

scald in apples (Jung and Watkins, 2008; Mattheis and Rudell, 2008), providing indirect 

evidence of a role for plant tissue-derived antioxidant buffering capacity in the prevention 

of physiological disorders. DPA prevents internal browning disorders of ‘Braeburn’ 

apples stored at 1.5 kPa O2/3 kPa CO2, concomitantly inhibiting the accumulation of 

amino acids, acetaldehydes, ethanol and ethyl-ester volatile compounds that are generally 

considered to be signatures of the fermentative metabolism associated with browning and 

oxidative stress (Lee et al., 2012b). The beneficial effect of DPA on physiological 

disorders in apples suggests that maintenance of redox balance is imperative for 

controlling CA-related stress during storage. Interestingly, H2O2 production is less in 1-

MCP treated ‘Blanquilla’ pears during storage at 0.5 C than in control fruit, which is 

correlated with a slight increase in activities of ROS-dissipating enzymes (Larrigaudière 

et al., 2004b). To date, the effect of 1-MCP on antioxidant metabolism and their 

relationship to CA-related disorders of North American pome fruit remains largely 

unexplored. 

Plant tolerance to oxidative stress and ROS dissipation appears to be associated 

with a critical threshold of AsA and GSH. Both are directly oxidized by ROS, or 

indirectly via coupling reactions of the AsA-GSH recycling pathway (also known as the 

Foyer-Halliwell-Asada pathway; Figure 2.1.; Foyer and Noctor, 2011). Briefly, the AsA-

GSH pathway involves the cooperative functioning of AsA peroxidase, 

monodehydroascorbate reductase, dehydroascorbate reductase, and glutathione reductase 

(GR) (Noctor and Foyer, 1998). For each turn of the cycle, two molecules of AsA are 

utilized by AsA peroxidase for H2O2 reduction to water and monodehydroascorbate 
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(Noctor and Foyer, 1998). Monodehydroascorbate (MDHA), a radical intermediate, is 

readily used to produce DHA and eventually to regenerate AsA (Figure 2.1). The 

conversion of MDHA to DHA is promoted by MDHA reductase in the presence of the 

electron donor, NADPH (Noctor and Foyer, 1998). Furthermore, GSH is incorporated as 

a reductant to reduce DHA and reproduce AsA, resulting in the formation of oxidized 

GSH or glutathione disulphide (GSSG), which is catalyzed by DHA reductase; GSSG is 

readily reduced by an NADPH-dependent GR yielding two molecules of GSH (Foyer and 

Halliwell, 1976; Noctor and Foyer, 1998). The net result of the AsA-GSH cycle is the 

regeneration of reduced forms of AsA and GSH, and the reduction of ROS to a less 

volatile form, usually in the form of water or an alcohol compound (Foyer and Noctor, 

2011; references therein). The coordinated interaction of GR and APX ensures that the 

endogenous GSH and AsA pools are maintained at a high level required for efficient 

antioxidant system operation within the plant cell (Jaleel et al., 2009). The following 

section focuses on the relationship between the antioxidants, AsA and GSH, and 

physiological disorders. 

 

2.5.4. Ascorbate and glutathione 

In non-stressed plant leaves, the sum total concentration of AsA and DHA is in 

the range of 1-10 µmol g FM-1, the highest of all redox pairs, whereas the concentration 

of the GSH redox pair is 0.1-1 mol g FM-1 (Noctor, 2006). Apples and pears are low 

AsA-accumulators, containing approximately 230 and 200 nmol of AsA per g FM, 

respectively, relative to kiwis and oranges that contain 10 to 20-fold more of this 

antioxidant (Kevers et al., 2007). For both pome fruit, cultivar specific differences have 
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been described (Davey et al., 2007; Kevers et al., 2007; 2011). Typically, AsA levels of 

mature apple peels are approximately 80 to 180% greater than those in flesh and core 

tissues (Veltman et al., 1999b; Sanchez et al., 2003; Lata et al., 2005; Li et al., 2008). A 

silver staining procedure established that AsA is confined to seeds and surrounding 

cortex tissue, as well as peripheral tissues of CA-stored ‘Braeburn’ apples (Felicetti et al., 

2011). A drawback of the aforementioned procedure is sub-optimal represent-ation of 

AsA tissue distribution due to uneven penetration of the stain through cortex and vascular 

tissues. Multiple pathways exist for AsA biosynthesis (Aguis et al., 2003; Wolucka and 

van Montagu, 2003; Lorence et al., 2004). AsA is synthesized in the mitochondria and 

exported by a proton-electrochemical gradient or facilitated diffusion (Shao et al., 2008). 

Feeding of AsA precursors to peel and flesh of ‘Gala’ apples demonstrates AsA is 

primarily synthesized via the L-galactose pathway (Li et al., 2008). Apple seeds and 

immature apple fruit are capable of synthesizing AsA (Davey et al., 2004; Razavi et al., 

2005); the production of AsA and GSH declines with on-the-tree fruit maturation of 

‘Gala’ apples, a phenomenon that coincides with lower biosynthetic enzyme activities (Li 

et al., 2008). Similarly, AsA concentration is 200% greater in immature ‘Conference’ 

pears than in pears at harvestable maturity (Franck et al., 2003b). AsA concentration in 

plant cells is a fine balance between its biosynthesis and oxidation (Hancock and Viola, 

2005). Physical damage, high temperatures, low humidity and prolonged storage are all 

factors that promote AsA loss (Lee and Kader, 2000).  

In terms of fruit AsA status and its relationship to chilling and/or CA storage, 

susceptibility to physiological disorders can be correlated with sub-optimal AsA/DHA 

ratio in the fruit flesh and/or peel. A screen of 31 apple cultivars has demonstrated that 
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improved storage potential is correlated with the maintenance of total AsA and GSH 

levels during storage at 1 C for 3 mo (Davey and Keulemans, 2004). For perishable 

commodities (e.g., strawberry and spinach), AsA/DHA ratios are reduced by elevated 

CO2 in the presence of sub-atmospheric O2 (Agar et al., 1997; Hodges and Forney, 2000). 

The occurrence of flesh browning in ‘Pink Lady’ apples within 2 mo of 5 kPa CO2 

storage coincides with a 95% decline in AsA and a 140% increase in DHA, whereas both 

parameters are relatively unchanged in sound fruit (de Castro et al., 2008). In general, 

DHA levels in pear flesh are quite low or undetectable (Sanchez et al., 2003). AsA 

concentrations in pears decline within 1 week in response to sub-atmospheric O2 (5 kPa) 

storage, and even more dramatically when supplemented with elevated CO2 (Franck et al., 

2003a; Veltman et al., 2003). Moreover, core breakdown of ‘Conference’ pears occurs in 

tissues possessing AsA levels below a threshold concentration of 3.7 g per g FM 

(Franck et al., 2003a). Similarly, brown heart (a core browning related disorder) occurs in 

‘Conference’ pears within 6 weeks of storage at -0.5 C, 2 kPa O2 and 5 kPa CO2, and  

following a 95% decline in AsA relative to pre-storage levels (Zerbini et al., 2002). In 

high CO2-stored ‘Conference’ and ‘Rocha’ pears, internal browning is evident upon 

depletion of AsA levels to 20 to 60 g per g FM (Veltman et al., 2000). Under low O2, 

AsA concentrations are greater in the non-damaged tissue bordering the brown flesh 

tissue of pears displaying core breakdown, which may be consistent with anoxia at the 

fruit core (Franck et al., 2003a, 2007). Although AsA levels of peel and cortex of 

‘Delicious’, ‘Golden Delicious’ and ‘Fuji’ apples decline within 1 mo of storage at 0.5 oC 

under ambient air (Felicetti and Mattheis, 2010), evidence suggests that elevated CO2 and 

anoxia  promote a dramatic depletion in AsA levels which is coincident with the onset of 
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physiological disorders (Li et al., 2009).  These declines in AsA may be due in part to 

catabolism. Comparative gas chromatography-mass spectrometry analysis revealed that 

gluconic acid accumulates in brown tissue of ‘Conference’ pears with increasing 

exposure to low O2 and elevated CO2 storage (-1 C, 1 kPa O2, 10 kPa CO2), whereas 

non-damaged tissues contain negligible amounts (Pedreschi et al., 2009). These authors 

postulate that the appearance of the AsA catabolite gluconic acid is indicative of a 

dysfunctional AsA-GSH recycling pathway in CA-stressed fruit; most likely due to 

depletion of cellular reducing equivalents (i.e., NADPH) required to regenerate GSH for 

the DHA reductase-mediated conversion of DHA to AsA.  

GSH (γ-L-glutamyl-L-cysteinyl-glycine) is a non-protein tripeptide. Like AsA, the 

pathway for GSH biosynthesis in plants is well described (Noctor et al., 2002; 

Mullineaux and Rausch, 2005). GSH biosynthesis involves conjugation of glutamate to 

cysteine in the presence of a plastidial glutamate-cysteine ligase, and subsequent addition 

of glycine by an ATP-dependent glutathione synthase (Meister, 1995). Approximately 30 

and 50% of the total cellular GSH in Arabidopsis is distributed in the vacuole and cytosol, 

respectively (Queval et al., 2011), and the GSH level in plant tissues is markedly 

influenced by the activity of glutamate-cysteine ligase and availability of cysteine (Foyer 

and Noctor, 2009; Vivancos et al., 2010).  

The primary role of GSH in plants is direct quenching of ROS, or indirectly via 

the AsA-GSH cycle (Rouhier et al., 2008). GSH functions as an antioxidant due to the 

strong nucleophilic nature of the cysteine thiol group, and its structural stability and 

solubility in water (Noctor et al., 2002). GSH interacts chemically with ROS yielding its 

oxidized form, GSSG; regeneration of GSH occurs by NADPH-driven GR activity 
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(Noctor et al., 2002; Figure 2.1).  Furthermore, GSH is involved in the detoxification of 

heavy metals and pollutants (May et al. 1998), disease resistance, salinity tolerance, cell 

cycle regulation and resistance to chilling damage (Mittova et al. 2003; Gomez at al., 

2004; Vivancos et al., 2010).  

In Arabidopsis, low availability of GSH induces expression of stress tolerance, 

defence and cell signaling genes (Ball et al., 2004); these include transcription factors 

(SPATULA, MYB15, MYB75), redox regulators (glutaredoxinS17, thioredoxins, 

ACHT5, TH8), auxin signaling (HECATE), and cell division proteins (CKS2, 

PROLIFERA) (Schnaubelt et al. 2014). Plant infections due to pathogen invasions have 

been demonstrated to trigger GSH accumulation, leading to the activation response of 

defense–related genes (PATHOGENESIS-RELATED 1) (Gomez et al., 2004). Although 

GSH availability affects cellular homeostasis, over-accumulation of γ-glutamyl cysteine 

negatively affects protein folding and trafficking associated with the endoplasmic 

reticulum (Au et al., 2012).  

Under abiotic stress, intracellular GSH pools shift from a mostly reduced state 

(GSH/GSSG ~ 20) to a mostly oxidized state (GSH/GSSG ~ 1; Foyer and Noctor, 2011; 

Noctor et al., 2012). GSH redox status serves as a bio-indicator of oxidative stress in 

plants (Foyer and Noctor, 2011). Apart from AsA and GSH, ROS-dissipating enzymes 

such as catalase are involved in the H2O2 scavenging, yielding water and O2. An 

Arabidopsis mutant deficient in catalase (cat2) exhibits 3- to 10-fold elevation in 

plastidial and vacuolar GSSG, respectively, relative to wild-type tissues (Queval et al., 

2011). Under exposure to prolonged light periods, a more dramatic GSSG enrichment
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Figure 2.1. A proposed model for the relationship between oxidative stress 

metabolism and physiological disorder development in apple and pear fruit.  

-Aminobutyrate (GABA) formation occurs in response to CA stress. GABA 

catabolism to -hydroxybutyrate (GHB), the production of reactive oxygen species (ROS; 

e.g. H2O2) and the dissipation of the latter by the AsA-GSH pathway (shown in blue) are 

influenced by an increase in reduced pyridine dinculeotides (NADPH and NADH). It is 

proposed that GABA accumulation, and depletion in AsA and GSH redox ratios, may 

precede the onset of physiological disorders in CA-stored fruit. In addition, cellular 

collapse associated with tissue browning may coincide with the aforementioned 

metabolic phenomena. Other abbreviations include: CaM, calmodulin; DHA, 

dehydroascorbate; GSSG, glutathione disulphide; MDHA, monodehydroascorbate; NAD, 

nicotinamide adenine dinucleotide; NADP, nicotinamide adenine dinucleotide phosphate. 

This scheme was adapted from Foyer and Noctor, 2011 and Shelp et al., 2012a. 

http://en.wikipedia.org/wiki/Nicotinamide_adenine_dinucleotide_phosphate
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is evident in Arabidopsis cytosolic GR knockout mutants (gr1) than in wild-type plants 

(Mhmadi et al., 2010). Moreover, under equivalent growth conditions the shift to a lower 

GSH/GSSG ratio is most pronounced in gr1/cat2 double mutants, and the cellular 

production of photorespiratory H2O2 is equivalent to that observed for wild-type plants 

subjected to elevated CO2 stress (Mhmadi et al., 2010).  This implies that GSH oxidation 

is a biochemical signature of abiotic stress, and its regeneration by GR activity is 

important in ROS scavenging.   

Stress-related increases in cellular GSSG levels result in stimulation of GSH 

biosynthesis and increased GSH pool size, allowing the maintenance of redox balance 

and cellular glutathione homeostasis (Noctor, 2006; Diaz-Vivancos et al., 2010; Noctor et 

al., 2013). Arabidopsis cat2 mutants hyper-accumulate cytosolic glutathione (Queval et 

al., 2011), despite the decreased capacity for catalase-dependent metabolism of H2O2. 

Leaf extracts of cat2 plants have a GSH/GSSG ratio close to 1, but the total glutathione 

level increases by 3-fold with stress (Mhamdi et al., 2010). Interestingly, cat2 plants 

display a 10 times greater increase in chloroplastic and vacuolar GSSG relative to the 

cytosol (Queval et al., 2011). Typically, the concentration of GSSG is low under normal 

conditions (Zechmann et al., 2008; Queval et al., 2011), and oxidative stress triggers the 

accumulation of GSSG in the cytosol. The uptake of GSSG into the vacuole and 

chloroplast allows for improved maintenance of cellular reduced redox status (Noctor et 

al., 2013). Candidate transporters for GSSG transport into the vacuole are the subclass C 

of ATP-binding cassette (ABCC) translocators (Klein et al., 2006; Rea, 2007). Of the 15 

known Arabidopsis ABCC genes (ABCC1-ABCC15), nine display higher expression in 

cat2 mutants than in the corresponding wild-type (Wanke and Kolukisaoglu, 2010; 
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Noctor et al., 2013). It is plausible that expression of ABCC genes is associated with the 

accumulation of GSSG, conferring changes in the glutathione redox balance; however, 

the possibility also remains that induced expression of ABCC genes occurs operates in 

parallel with GSSG accumulation during oxidative stress. Interestingly, increased GSSG 

is also associated with enhanced activities of enzymes associated with the ascorbate-

glutathione (AsA-GSH) recycling pathway, such as APX and monodehydroascorbate 

reductase (MDHAR; Roxas et al., 2000).  

The maintenance of glutathione redox status may play a functional role with the 

regulation of the cell cycle. A previous study suggest that stressed plants with a 

GSH/GSSG half-cell reduction potential exceeding the value of -160 mV initiates the 

signaling cascade associated with cell death and dormancy (Kranner et al., 2006), 

although the relevance for alteration in GSH reduction potentials for signatures of 

programmed cell death and maintained cellular function remains under debate. 

Nonetheless, depletion of the cytosolic GSH pool and accumulation of GSSG is 

correlated with increased expression of genes associated with oxidative defense (Diaz-

Vivancos et al., 2010). 

GSH redox status in whole fruit and vegetative tissues is influenced by chilling 

and/or CA storage. For example, GSH concentration in spinach leaves decreases by ~56% 

within 35 d of CA storage (10 °C with10 kPa CO2 and 0.8 kPa O2); a transient deline in 

GSH/GSSG ratio is apparent, although these levels are repleted by the end of the storage 

period (Hodges and Forney, 2000). The impact of CA on GSH metabolism of pear fruit is 

not without controversy as internal browning in ‘Rocha’ pears is not associated with any 

change in total glutathione content or altered GSH/GSSG ratios (Silva et al., 2010). In 
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contrast, total glutathione is reduced by 50% in ‘Conference’ pears within 5 d of storage, 

regardless of the CA regime supplied, but only those fruit maintained at -1 C/ 2 kPa O2/ 

5 kPa CO2 display a change in GSSG/GSH ratios and GR activity (Larriguadière et al., 

2001). Moreover, ‘Blanquilla’ pears treated with 5 kPa CO2 develop core browning, 

which is associated with an increase in GR activity (Pinto et al., 2001). The 

aforementioned fruit studies lack a comprehensive analysis of the development of 

disorders and changes in redox pair ratios as a function of storage time in response to CA 

and/or 1-MCP.   

 

2.6. Concluding Remarks and Significance 

  
Plants are sessile and constantly subjected to stress. Abiotic stress conditions are 

correlated with the increased presence of ROS in plant cells (Ahmad et al., 2008; Garg 

and Manchanda, 2009; Mittler et al., 2011; Suzuki et al., 2012). As discussed, the cellular 

response to low temperature, low O2 and elevated CO2 appear to involve a network of 

redox reactions and induction of amino acid stress metabolism, each of which may 

influence ROS concentration and downstream processes affecting organellar and cellular 

integrity. To date, limited information exists for the early biochemical mechanisms 

promoting CA-related disorders in pome fruit. Previous studies have shown that plant 

tissue exposed to abiotic stresses, like chilling, low O2 and elevated CO2 partial pressures, 

rapidly accumulate GABA. As these stresses are typical of CA, it is possible that pome 

fruit stored in CA undergoes one of two well-known mechanisms for GABA production, 

specifically, cytosolic acidification-mediated stimulation of GAD or its activation by 

calcium and CaM. It is also well recognized that GABA is catabolized to GHB during 
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abiotic stress, and this accumulation of GHB is coincident with altered pyridine 

dinucleotide (NADH and NADPH) ratios. Elevated pyridine dinucleotide ratios are often 

associated with shifts in antioxidants, such as AsA and GSH, where NADPH helps 

maintain antioxidant status at a reduced state (Figure 2.1). These reduced antioxidants 

play an important role in quenching ROS, and as a result lead to the depletion of 

AsA/DHA and GSH/GSSG ratios during oxidative stress. Thus, with the accumulation of 

GABA and alterations in AsA/DHA and GSH/GSSG redox ratios during oxidative stress, 

the possibility remains that these metabolic shifts are temporally associated with the 

development of physiological disorders in apples and pears during CA storage. 

 This thesis focuses on the relationship between physiological disorders and their 

underlying oxidative stress mechanisms in pome fruit during controlled atmosphere (CA) 

storage. The following hypothesis was investigated: The development of physiological 

disorders in pome fruit is associated with altered redox ratios (AsADHA, and 

GSHGSSG) and the accumulation of GABA. To test this hypothesis, a storage trial was 

conducted using pear fruit from two ‘Bartlett’ derived cultivars, ‘AC Harrow Crisp’ 

(Hunter et al. 2002) and ‘Harovin Sundown’ (Hunter et al. 2009), and ‘Swiss Bartlett’. 

This experiment was designed to test the impact of 1-MCP (0 versus 300 nL L-1) and CA, 

including low O2 (18 kPa versus 2.5 kPa) in the presence of 2 kPa CO2 at 0 C on 

storage-related injuries and oxidative stress metabolites. Moreover, frozen ‘Honeycrisp’ 

apple samples from a time course conducted in 2011 were used to test the impact of 1-

MCP (0 versus 1 l L-1), conditioning (0 versus 5 d at 10 C) and elevated CO2 (2.5 kPa 

versus 0.03 kPa) in the presence of 2.5 kPa O2 at 3 C on the aforementioned 

physiological and biochemical phenomena. For both experiments, the composition of 
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GABA was determined by reverse-phase high performance liquid chromatography 

(HPLC) and antioxidant (AsA, DHA, GSH, and GSSG) were determined enzymatically 

using a microplate spectrophotometer.  
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CHAPTER THREE 

MATERIALS AND METHODS 

 

3.1. Conditioning and CA storage of ‘Honeycrisp’ apples 

3.1.1. Apple material  

‘Honeycrisp’ apples (Malus domestica Borkh.) were harvested on September 15, 

2011 from a commercial orchard near Simcoe (Norfolk County), Ontario, Canada. 

Harvest maturity indices are displayed in Appendix A. ‘Honeycrisp’ apples were 

collected in the morning from multiple trees and various positions within the trees at 

several locations within the orchard during the commercial harvest period. The harvested 

apples, free of visible injuries and defects, were randomly divided into 32 boxes (~14 kg 

of fruit per box) for postharvest treatments. 

 

3.1.2. Postharvest treatment 

Freshly harvested ‘Honeycrisp’ apples were immediately transported to the 

storage research facility at the University of Guelph. Sixteen boxes of ‘Honeycrisp’ 

apples were placed into four separate air-tight 6 mil polybags and exposed to 1-MCP (1 

μL L-1) for 24 h at ambient temperature. The 1-MCP gas concentration was calculated 

according to the percent active ingredient and release from SmartFreshTM (AgroFresh 

Inc., Spring House, PA) powder into the volume of the sealed polybag. The remaining 16 

boxes of ‘Honeycrisp’ apples were kept at ambient conditions for 24 h and not exposed to 

1-MCP. Thereafter, half of the ‘Honeycrisp’ apples from each 1-MCP treatment were 
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conditioned at 10 °C for 5 d, while the remaining boxes of ‘Honeycrisp’ apples were 

immediately transferred into CA (no conditioning).  

A nested-split plot design was used for CA storage to eliminate the possibility of 

room and chamber effects.  For this study, the CA system consisted of two separate 

temperature-controlled rooms set to 3 C, each with six portable CA chambers (0.5 m3 

volume, Storage Control Systems Inc., Sparta, MI, United States) supplied with a specific 

atmospheric gas composition. All CA chambers were sealed and flushed with 98 kPa N2. 

When an O2 concentration of 2.5 kPa O2 was realized, N2 flushing was replaced with CO2 

until 0.03 or 2.5 kPa was achieved. CO2 and O2 partial pressures within each chamber 

were monitored hourly and maintained within 0.3 kPa of target values using an ICA 61 

CA Control System (International Controlled Atmosphere Ltd., Kent, U.K.). Each of the 

portable CA chambers is capable of containing up to four boxes of fruit. Within each 

room, two of the chambers contained one box of ‘Honeycrisp’ apples treated with 1-MCP 

and one box of non-1-MCP fruit before their direct transfer to CA (no conditioning), 

whereas a second pair of chambers contained one box of each 1- MCP treatment 

subjected to conditioning at 10 C for 5 d; in both cases, the chambers also contained two 

boxes of fruit of another cultivar for other purposes. The remaining two chambers 

contained one box of each treatment (Figure 3.1).  

For all treatments, apples were sampled at 2 weeks and 31 d of storage; thereafter 

fruit were sampled at 6, 10, 16, 25, and 35 weeks. For each treatment replicate, apples 

were randomly sampled for disorders (eight fruit) and metabolite analysis (four fruit). 

The apples selected for metabolite analysis were immediately frozen with liquid N2 and  
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Figure 3.1. Nested split plot experimental design of 2011 ‘Honeycrisp’ storage trial. H 

indicates ‘Honeycrisp’ apple fruit. 
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stored at -80 °C. The atmospheric compositions of each chamber were re-established 

within 12 h after sampling. 

 

3.1.3. Evaluation of ‘Honeycrisp’ peel and flesh disorders 

Immediately after the removal of apples from storage, the presence of skin and 

flesh browning disorders was assessed for each of the eight apples randomly sampled 

from each treatment replicate. Regardless of disorder severity, the incidences of flesh (i.e., 

internal CO2 injury) and surface peel (i.e., soft scald) disorders were expressed as the 

percentage of fruit displaying disorders and averaged for the four treatment replicates.  

 

3.2. Postharvest Storage of ‘AC Harrow Crisp’, ‘Harovin Sundown’ and ‘Swiss 

Bartlett’ Pears 

3.2.1. Pear material 

In 2012, ‘Swiss Bartlett’ pears (Pyrus communis L.) were harvested on August 22 

from a commercial orhard near Port Burwell, Ontario, Canada. ‘AC Harrow Crisp’ and 

‘Harovin Sundown’ pears were harvested on August 24 and September 11, respectively, 

from a commercial orchard near Simcoe, Ontario, Canada. In all cases, pears were 

collected in the morning from multiple trees and various positions within the trees at 

several locations within the orchard during the commercial harvest period. The harvested 

material was divided into 24 boxes (~17 kg of fruit per box) for postharvest treatments. 
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3.2.2. Postharvest treatment 

Freshly harvested pears were transported immediately to the storage research 

facility at the University of Guelph. For each cultivar, half of the boxes containing pears 

were placed into four separate air-tight 6 mil polybag, and exposed to 300 nL L-1 1-MCP 

for 24 h at 23 C. The 1-MCP gas concentration used is equivalent to the registered label 

rate for SmartFreshTM in Canada, and was calculated according to the percent active 

ingredient and release from SmartFreshTM powder into the volume of the sealed polybag.  

A similar quantity of boxes not exposed to 1-MCP remained at 23 C for 24 h.  

 Following 1-MCP exposure, polybags were opened and ventilated. A complete 

randomized block design was used for cold and CA storage to eliminate the possibility of 

room and chamber effects. Four separate temperature-controlled rooms were set to 0 C, 

each containing four portable CA chambers (0.5 m3 volume; Storage Control Systems, 

Sparta, MI, United States). Each CA chamber contained one box of pears treated with 1-

MCP and one box of non-1-MCP fruit per cultivar; in all cases ‘AC Harrow Crisp’ and 

‘Harovin Sundown’ pears were stored together, whereas ‘Swiss Bartlett’ pears were 

stored with 2 boxes of ‘AC Harovin Bounty’ pears used for other purposes. All CA 

chambers were sealed with a plexiglass lid and flushed with 98 kPa N2 until the target O2 

concentration (18 kPa or 2.5 kPa O2) was realized. Thereafter, N2 flushing was replaced 

with CO2 until 2 kPa was achieved. CO2 and O2 partial pressures within each chamber 

were monitored hourly and maintained within 0.3 kPa of target values using the ICA 61 

CA Control System described above. Also, one box of 1-MCP and one box of non-1-

MCP treated pears from each of the pear cultivars were stored within each cold room 

without CA (Figure 3.2). In all cases, fruit were stored for at least 167 d. 
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Figure 3.2. Randomized complete block experimental design for 2012 pear storage trial. 

Boxes denoted by HC, S and SB denote ‘AC Harrow Crisp’, ‘Harovin Sundown’ and 

‘Swiss Bartett’ pears, respectively. HW represents ‘HW 620’ pears (now known as ‘AC 

Harovin Bounty’) used for other purposes. 
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For each cultivar and treatment, pear fruit were sampled periodically during the storage 

period. For all treatments, ‘AC Harrow Crisp’ was sampled at 6, 13, 34, 55, 111 and 170 

d of storage, whereas ‘Swiss Bartlett’ was sampled at 6, 13, 34, 55, 111, and 167 d, and 

‘Harovin Sundown’ at 7, 21, 28, 56, 119 and 180 d. For each sampling, 14 pears were 

chosen randomly for quality (10 pears) and metabolite analysis (i.e., antioxidant and 

GABA; 4 pears) as described below. Pears sampled for metabolite analysis were 

immediately frozen in liquid N2 and stored at -80 C.  

 

3.2.3. Evaluation of pear fruit quality parameters 

Immediately after harvest, fruit maturity was assessed on each of three biological 

replicates (replicate represented fruit from one of three distinct locations within the 

orchard) of 10 pears. For each replicate, three representative fruit were transferred to a 9 

L plastic vessel and sealed air-tight for 60 min. At the end of the incubation period, a 3-

mL gas sample was taken from the headspace of the vessel using a gas-tight syringe 

inserted into a rubber septum fixed to the sealed lid, and analyzed for fruit ethylene 

production using a Varian CP-3800 gas chromatograph (Varian Canada Inc., Mississauga, 

ON) as described previously (DeEll and Ehsani-Moghaddam, 2011). Peel colour was 

determined subjectively using a scale of 1 to 4; for the colour scale 1=green, 2=more 

green than yellow, 3=more yellow than green, and 4=yellow, as described previously 

(DeEll and Ehsani-Moghaddam, 2011; Villalobos-Acuña et al., 2011a). Flesh firmness 

was determined on opposite sides of each pear with a digital texture analyzer fitted with 

an 8-mm tip (GÜSS, South Africa) following peel removal. Titratable acidity (TA; 

expressed as mg of malic acid equivalents per 100 mL juice) was determined by titrating 
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a 2-mL aliquot with 0.1 N NaOH to an endpoint of pH 8.1 in the presence of 

phenlolphthalein. Soluble solids content (SSC) was assessed on a supplemental aliquot of 

juice using a digital refractometer (PR-32, Atago Co., Ltd, Japan). Starch content of each 

pear was assessed with a standard starch-iodine test; the percentage of starch staining of 

flesh was determined for each fruit. The aforementioned quality characteristics were also 

determined for each storage treatment replicate (10 pears per replicate) within 6 hours of 

their removal from storage.  

 

3.2.4. Evaluation of pear fruit physiological disorders  

The pears evaluated for fruit quality parameters were also evaluated for the 

incidence of senescent scald, internal breakdown, and internal cavities, which were 

expressed as the percentage fruit displaying injury, regardless of severity, and averaged 

for the four treatment replicates.  

 

3.3. Extraction and Analysis of GABA by HPLC 

For all apple and pear cultivars evaluated, the GABA concentration per treatment 

replicate was determined using published methods (Allan and Shelp, 2006). Briefly, 1 g 

of the fine frozen powder for each treatment replicate (pool representing equal amounts 

of four fruit sub-samples) was ground in 4 mL of sulfosalicylic acid (30 mg/mL) using a 

chilled mortar and pestle and fine silica sand. An aliquot (1.0 mL) of the homogenate was 

centrifuged and supernatant was neutralized with 4 N NaOH. The extract was passed 

through a 0.45 m syringe filter, followed by on-line o-phthalaldehyde derivatization and 

reverse-phase high performance liquid chromatography.  
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3.4. Extraction and Analysis of Ascorbate and Glutathione by Enzyme-Coupled 

Spectrophotometric Assay 

Unless otherwise mentioned, chemical reagents were attained from Sigma-

Aldrich (Oakville, ON, Canada). Briefly, for extraction preparation of all apple and pear 

cultivars and their treatments, 100 mg of frozen powder (representing a pool of four pear 

fruit subsamples) previously held at -80 C was transferred to a 1.5 mL microfuge tube, 

homogenized in 10 volumes of 0.2 N HCl containing 20 mM ethylenediaminetetraacetic 

acid (EDTA) and 1.5 % (w/v) poly(vinylpolypyrrolidone) by pulse vortexing for 3 x 5 

sec and then centrifuged at 13,000 g for 10 min at 4 C. An aliquot (0.5 mL) of the 

clarified supernatant was adjusted to pH 7 with 0.5 mL of 200 mM NaOH and 50 μL of 

200 mM NaH2PO4 (pH 5.6); pH was checked with universal litmus indicator paper strips. 

Whole fruit concentrations of AsA, GSH and their respective oxidized derivatives, 

DHA and GSSG were determined enzymatically using a microplate-based assay (Queval 

and Noctor, 2007) with the following modifications. For routine measurements of AsA, 

its depletion in the presence of AsA oxidase was monitored at 265 nm using a 

Spectromax Plus 384 microplate spectrophotometer (Molecular Devices, Sunnyvale, CA, 

U.S.A.).  For standard AsA assays, duplicate aliquots (40 μL) of the neutralized pear 

extract were introduced to separate microplate wells, followed by the addition of  100 µL 

0.2 M NaH2PO4 (pH 5.6) and 55 µL MilliQ-processed water. The initial A265 was 

determined immediately after a 5 s programmed shaking; the reaction was initiated upon 

the addition of 5 μL of AsA oxidase (200 mU per assay) and monitored every 20 s 

thereafter until A265 levels stabilized. The relative change in A265 produced after 3 min 
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was compared to assays with a linear range (0-10 nmol) of authentic AsA standard. In 

order to determine total ascorbate (AsA + DHA), undetectable DHA in fruit tissue 

extracts was converted to AsA following incubation of duplicate 100 μL aliquots of the 

neutralized fruit extract with 140 μL of  120 mM NaH2PO4 (pH 7.5) and 1 mM 

dithiothreitol for 60 min at ambient temperature under darkness, and assayed as described 

above. The absolute DHA concentration was calculated as the difference between total 

ascorbate and AsA.  Each batch of assays included samples spiked with 19.9 or 20.1 

nmol of AsA and DHA, respectively, from which recovery values were calculated and 

used to correct the data.  

GSH and GSSG were quantified by a GR cycling reaction monitoring reduction 

of 5,5’-dithiobis(2-nitro-benzoic acid) (DTNB) at 412 nm. GR was prepared fresh daily 

by centrifugation of an (NH4)2SO4 suspension at 10,000 g for 2 min at 4 C; the pellet 

was re-suspended  in 0.2 M NaH2PO4 (pH 7.5) containing 20 mM EDTA to a final 

concentration of 20 U mL-1. All freshly prepared reagents were covered in aluminum foil 

to prevent photo-oxidation (Rahman et al., 2006). For total glutathione (GSH + GSSG) 

assays, duplicate aliquots (40 μL) of the neutralized pear extract were introduced into 

separate microplate wells, combined  with 100 μL of 0.2 M NaH2PO4 (pH 7.5) containing 

20 mM EDTA, 10 µL of 10 mM NADPH, 10 µL of 12 mM DTNB, and 30 µL of Milli-Q 

processed water. The reaction was initiated by the addition of 200 mU GR and 

immediately thereafter, the microplate was mixed by automated programmed shaking and 

the increase in A412 was monitored every 20 s for a 3 min period; initial readings were 

taken directly after the first automated programmed shaking. The relative change in A412 

was compared to assays performed with standard linear range (0-800 pmol) of authentic 
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GSH standard. Quantification of GSSG was performed simultaneously following 

incubation of the neutralized pear extract with 1 µL of 2-vinylpyridine (GSH quencher) 

for 60 min under darkness. GSSG levels were quantified by the relative change in A412 

and compared to a linear range (0-200 pmol) of authentic standard. The reduced 

glutathione content was calculated as the difference between total glutathione and GSSG. 

For each batch of assays, GSH and GSSG data were corrected for recovery using 

respective spikes of 1.8 and 3.6 nmol added to the crude fruit tissue homogenate. 

 

3.5 Statistical Analyses 

3.5.1. Analysis of variance (ANOVAs) between treatment and within treatment 

effects 

For fruit quality and metabolite data, statistical analyses were conducted using 

SAS 9.3 (SAS Institute Inc., Cary, NC) at the α=0.05 level. Replicate room effects were 

analyzed using ANOVAs (proc mixed method), which partitioned variance into the fixed 

effects (1-MCP, CA regime and storage time) and their interactions, and the random 

effect of chambers. In cases where interactions were significant (P≤0.05), treatment 

means were compared within each sampling time (slice option) over the storage period 

using a Fisher’s protected least significant difference (LSD) test. For experiments where 

interactions were significant (P≤0.05), data for each storage treatment replicate were 

pooled across repeated measures to determine differences among treatments and over 

storage period using Fisher’s protected LSD. Data expressed as percentages (i.e., 

senescent scald, internal breakdown and internal cavity) were arcsine square root 
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transformed to ensure a normal distribution of variance and the treatment means were 

back-transformed for presentation.  

 

3.5.2. Canonical powered partial least squares (CP-PLS) analysis 

  The relationship between metabolites and physiological disorder was analyzed 

using canonical powered partial least squares (CP-PLS). All CP-PLS analysis were 

performed using R (R Core Team 2013) with the pls package (Mevik et al., 2012). PLS 

regression analysis relates the variation in the response variables (Y-variables) to the 

variation in the predictor variables (X-variables) (Pérez-Enciso and Tenenhaus 2003; 

Rudell et al. 2009). This is achieved by extracting latent variables (LVs) from the 

predictor variables, in order to explain as much possible covariance between the X- and 

Y-variables. The first and second LVs were most relevant for the prediction of the 

responses. CP-PLS is an extension of PLS and canonical correlation analysis (Indahl et al. 

2009). The advantage of CP-PLS for interpretation of results is the model incorporates 

experimental treatments and factors, in addition to predictor and response variables. 

Moreover, CP-PLS yields optimal components comprised of both continuous and 

categorical variables (Indahl et al. 2009). 

For both apple and pear studies, metabolites were considered as the predictor 

variables, whereas the experimental factors, storage duration and physiological disorders 

were considered response variables. The experimental factors of the ‘Honeycrisp’ apple 

study (2011) included all 1-MCP, conditioning, and CO2 treatments. For the pear study 

(2012) experimental factors were all 1-MCP treatments, O2 partial pressures (ambient, 18 

and 2.5 kPa O2), and CO2 partial pressures (ambient and 2 kPa CO2). In both storage 
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trials, these experimental factors were incorporated as categorical variables, represented 

as 0 or 1, whereas metabolites, storage duration and physiological disorders were 

incorporated as continuous variables. Scaling of all metabolites, storage duration and 

physiological disorder data to unit was conducted to enable equal chance for all variables 

to influence the model.  
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CHAPTER FOUR 

RESULTS 

4.1. ‘Honeycrisp’ Apple Storage Trial 

4.1.1. Effect of 1-MCP, conditioning CA and elevated CO2 on the incidence of 

physiological disorders in stored ‘Honeycrisp’ apples 

The impact of 1-MCP and conditioning for 5 d at 10 °C  (prior to CA) on the 

incidence of physiological disorders of the peel (i.e., soft scald) and flesh (i.e., internal 

CO2 injury) in ‘Honeycrisp’ apples was assessed over 35 weeks of CA storage (3 C, 2.5 

kPa O2, 0.03 kPa CO2 or 2.5 kPa CO2). Freshly harvested apples displayed no visible 

symptoms of physiological disorders. 1-MCP treated fruit immediately transferred to 2.5 

kPa CO2 developed a high incidence of flesh browning disorders, reaching maximum 

levels by day 30 of storage, which were maintained thereafter (Figure 4.1). By contrast, 

1-MCP treated fruit held at 2.5 kPa CO2 displayed a reduction in flesh disorders (63-88%) 

when conditioned at 10 C for 5 d prior to CA. Although brown lesions of the cortex 

were effectively reduced in conditioned fruit exposed to 2.5 kPa CO2, fruit sampled at 25 

weeks did display cavities typical of internal CO2 injury (Figure 4.2; Contreras et al., 

2014).  For all other treatments, flesh disorder incidence was never higher than 30%; 

delayed exposure to CA effectively minimized symptoms for both 1-MCP and non-1-

MCP treated apples sampled during the first 10 weeks under low O2 storage. For the most 

part, the development of peel disorders was negligible; direct transfer to CA coincided 

with transient and higher incidences of these injuries in non-1-MCP and 1-MCP treated



56 



57 

Figure 4.1. Effect of 1-MCP and conditioning on the incidence of flesh disorders in 

‘Honeycrisp’ apple fruit during storage at 3 C in the presence of 0.03 or 2.5 kPa CO2. 

The O2 level was 2.5 kPa for both CA regimes. No conditioning prior to storage (closed 

black squares); conditioning at 10 C for 5 d prior to CA storage (closed grey squares). 

The initial datum at 0 minus 24 h and 0 represents fruit at harvest and following 1-MCP 

treatment, respectively;  the grey stippled portion of each time course denotes the period 

prior to storage. Asterisk (*) represents fruit subjected to a conditioning period of 5 d at 

10 °C prior to CA storage. At each sampling time, a total of eight fruit were evaluated for 

each treatment replicate.For each treatment, data represents the back-transformed mean 

incidence of flesh disorder of four storage replicates. Shared letters at each time point 

indicates no significant difference at P≤0.05 level. Capital letters represent significant 

differences over storage time (within each treatment), whereas small letters represent 

significant differences across all eight treatments at each time. Within each plot, black 

and grey letters correspond to the proximal no conditioning and conditioning treatment 

datum, respectively. 
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Figure 4.2. Flesh disorders of ‘Honeycrisp’ apple fruit after 35 weeks of storage at 3 °C, 

2.5 kPa O2 and 2.5 kPa CO2. (A) No 1-MCP fruit transferred directly to CA. (B) 1-MCP 

fruit transferred directly to CA. (C) No 1-MCP fruit conditioned at 10 C for 5 d prior to 

storage. (D) 1-MCP fruit conditioned at 10 C for 5 d prior to storage. Scale bar at the 

bottom of each photo = 1 cm. 

A. B.

C. D.
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apples sampled from 2.5 kPa CO2 storage at 10 and 25 weeks, respectively. These 

disorders were effectively minimized at 2.5 kPa CO2 by conditioning (Figure 4.3). 

4.1.2. Effect of 1-MCP, conditioning CA and elevated CO2 on GABA, ascorbate and 

glutathione concentrations of stored ‘Honeycrisp’ apples 

Whole fruit concentration of GABA, as well as reduced and oxidized forms of 

ascorbate and glutathione were determined from cryogenically preserved material of 

apples periodically sampled from CA. Application of 1-MCP and direct transfer to 2.5 

kPa CO2 was coincident with a 4-fold increase in whole fruit GABA concentrations by 

week 6 of storage; these high levels were unchanged thereafter (Figure 4.4). Converesly, 

GABA levels were 58% lower in 1-MCP treated fruit conditionined at 10 C prior to 

storage under this CO2 partial pressure by week 6. For non-1-MCP fruit held under 

elevated CO2, less pronounced changes in GABA levels were evident, although a 2.5-fold 

change was apparent by the end of the storage experiment relative to concentrations 

available prior to storage; delayed exposure to elevated CO2 resulted in slightly lower 

GABA accumulation. Fruit sampled from 0.03 kPa CO2 atmosphere displayed minor 

increases in GABA, albeit these changes were delayed by at least 19 weeks relative to 

fruit held at 2.5 kPa CO2; 1-MCP and conditioning effects were negligible. 

For all treatments, reduced and oxidized forms of ascorbate and glutathione were 

evaluated for fruit sampled periodically during 35 week of storage via microplate based 

assays; treatment specific fluctuations were observed. Total ascorbate levels, the sum of 
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Figure 4.3. Effect of 1-MCP and conditioning on the incidence of surface peel disorders 

in ‘Honeycrisp’ apple fruit during storage at 3 C in the presence of 0.03 or 2.5 kPa CO2. 

The O2 level was 2.5 kPa for both CA regimes. No conditioning treatment prior to 

storage (closed black squares); conditioning at 10 C for 5 d prior to storage (closed grey 

squares). The initial datum at 0 minus 24 h and 0 represents fruit at harvest and following 

1-MCP treatment, respectively;  the grey stippled portion of each time course denotes the 

period prior to storage. Asterisk (*) represents fruit subjected to a conditioning period of 

5 d at 10 °C prior to CA storage. At each sampling time, a total of eight fruit were 

evaluated for each treatment replicate.For each treatment, data represents the back-

transformed mean incidence of peel disorder of four storage replicates. Shared letters at 

each time point indicates no significant difference at P≤0.05 level. Capital letters 

represent significant differences over storage time (within each treatment), whereas small 

letters represent significant differences across all eight treatments at each time. Within 

each plot, black and grey letters correspond to the proximal no conditioning and 

conditioning treatment datum, respectively. 
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Figure 4.4. Effect of 1-MCP and conditioning on GABA production in ‘Honeycrisp’ 

apple fruit during storage at 3 C in the presence of 0.03 or 2.5 kPa CO2. The O2 level 

was 2.5 kPa for both CA regimes. No conditioning treatment prior to storage (closed 

black squares); conditioning at 10 C for 5 d prior to storage (closed grey squares). The 

initial datum at 0 minus 24 h and 0 represents fruit at harvest and following 1-MCP 

treatment, respectively; the grey stippled portion of each time course denotes the period 

prior to storage. Asterisk (*) represents fruit subjected to a conditioning period of 5 d at 

10 °C prior to CA storage. For each treatment, data represents the mean concentration of 

four storage replicates. Shared letters at each time point indicates no significant 

difference at P≤0.05 level. Capital letters represent significant differences over storage 

time (within each treatment), whereas small letters represent significant differences 

across all eight treatments at each time. Within each plot, black and grey letters 

correspond to the proximal no conditioning and conditioning treatment datum, 

respectively. 
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AsA and DHA concentrations, were transiently depleted by approximately 50% during 

the conditioning period (Figure 4.5). For non-conditioned CA treatments stored at 2.5 

kPa CO2, a similar decline was not apparent until week 6. For most treatments, total 

ascorbate levels were re-established by week 16; considerably lower levels were shown 

for no 1-MCP fruit conditioned prior to 0.03 kPa CO2, and for these same fruit 

transferred directly to 2.5 kPa CO2. By the end of the storage period, total ascorbate 

levels were depleted by 31-50% compared to those prior to storage; conversely, the 

highest levels were exhibited by non-1-MCP fruit held at 0.03 kPa CO2 without 

conditioning. These changes in total ascorbate were somewhat dependent upon shifts in 

AsA; a 20 to 57% decline in AsA was evident by week 2 relative to pre-storage 

concentrations (time=0; Figure 4.6A). Minor fluctuations were evident thereafter, 

although more pronounced transient increases of up to 50% were displayed with 2.5 kPa 

CO2 for non-1-MCP/conditioned fruit and 1-MCP treatments at 10 and 16 weeks, 

respectively. A 2-fold rise increase in the level of oxidized form of AsA, DHA, was 

observed  in response to the 24 h 1-MCP application; these levels rapidly declined in 

response to the 5 d conditioning regime, although there was a delay  of up to 31 d for fruit 

transferred directly to CA (Figure 4.6B). DHA concentrations fluctuated with the highest 

concentrations achieved for non-1-MCP fruit directly transferred to 2.5 kPa CO2 and all 

1-MCP fruit at 0.03 kPa CO2 by weeks 10 and 16, respectively. For the most part, 

conditioning at 10 C prior to storage prevented or delayed this spike in DHA; no effect 

of conditioning was apparent during prolonged storage of 1-MCP treated fruit at 0.03 kPa 

CO2. By the end of the storage experiment, DHA levels approximated those detected at 

harvest. 
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Figure 4.5. Effect of 1-MCP and conditioning on total ascorbate concentration in 

‘Honeycrisp’ apple during storage at 3 C in the presence of 0.03 or 2.5 kPa CO2. The O2 

level was 2.5 kPa for both CA regimes. No conditioning treatment prior to storage 

(closed black squares); conditioning at 10 C for 5 d prior to storage (closed grey 

squares). The initial datum at 0 minus 24 h and 0 represents fruit at harvest and following 

1-MCP treatment, respectively;  the grey stippled portion of each time course denotes the 

period prior to storage. Asterisk (*) represents fruit subjected to a conditioning period of 

5 d at 10 °C prior to CA storage. For each treatment, data represent the mean 

concentration (or ratio) of four storage replicates. Shared letters at each time point 

indicates no significant difference at P≤0.05 level. Capital letters represent significant 

differences over storage time (within each treatment), whereas small letters represent 

significant differences across all eight treatments at each time. Within each plot, black 

and grey letters correspond to the proximal no conditioning and conditioning treatment 

datum, respectively.  
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With respect to the redox balance, the AsA/DHA ratio in freshly harvested fruit 

was 4.73, but this decreased dramatically during the 24 h exposure to 1-MCP; this ratio 

was unchanged in the non-1-MCP treatment prior to storage (Figure 4.6C). Immediate 

transfer to CA coincided with rapid depletion to below 2 for non-1-MCP treatments 

(week 2) and a 2–fold increase thereafter for all 1-MCP fruit. Interestingly, the 

conditioning regime was associated with a 32 and 545% spike in this ratio in non-1-MCP 

and 1-MCP treatments, respectively. A second transient increase occurred after 4 weeks 

at 0.03 kPa CO2, regardless of 1-MCP exposure; no such change was apparent at 2.5 kPa 

CO2. For all treatments, AsA/DHA was not altered significantly beyond week 10. 

Total glutathione concentrations, the sum of GSH and GSSG, were enhanced 

slightly by 24 h exposure to 1-MCP. In most treatments, total glutathione levels were 

rapidly depleted upon transfer to CA, albeit to a greater extent in fruit treated with 1-

MCP (Figure 4.7). Comparable losses were displayed by fruit subjected to the 

conditioning regime, with the exception of 1-MCP fruit held at 0.03 kPa CO2. Very 

minor fluctuations were observed beyond the fourth week of storage, regardless of 

treatment. Similar trends in GSH levels were evident (Figure 4.8A). For the most part, 

GSH levels were slightly enhanced with 1-MCP treatment, and subsequently depleted 

when transferred to CA. A rapid depletion of GSH was apparent within 5 weeks of 

storage, followed by minor fluctuation for the remainder of the storage duration, 

regardless of treatment. 

A greater metabolic fluctuation was apparent for GSSG in response to 1-MCP, 

conditioning and CA storage regimes (Figure 4.8B). Although fruit treated with 1-MCP 

and no 1-MCP had similar GSSG levels, fruit stored at 2.5 kPa CO2 displayed a rapid 90%
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B. C.A.



Figure 4.6. Effect of 1-MCP and conditioning on (A) AsA, (B) DHA, and (C) AsA/DHA in ‘Honeycrisp’ apple during storage at 3 C 

in the presence of 0.03 or 2.5 kPa CO2. The O2 level was 2.5 kPa for both CA regimes. No conditioning treatment prior to storage 

(closed black squares); conditioning at 10 C for 5 d prior to storage (closed grey squares). The initial datum at 0 minus 24 h and 0 

represents fruit at harvest and following 1-MCP treatment, respectively; the grey stippled portion of each time course denotes the 

period prior to storage. Asterisk (*) represents fruit subjected to a conditioning period of 5 d at 10 °C prior to CA storage. For each 

treatment, data represent the mean concentration (or ratio) of four storage replicates. Shared letters at each time point indicates no 

significant difference at P≤0.05 level. Capital letters represent significant differences over storage time (within each treatment), 

whereas small letters represent significant differences across all eight treatments at each time. Within each plot, black and grey letters 

correspond to the proximal no conditioning and conditioning treatment datum, respectively. 
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Figure 4.7. Effect of 1-MCP and conditioning on total glutathione concentration in 

‘Honeycrisp’ apple during storage at 3 C in the presence of 0.03 or 2.5 kPa CO2. The O2 

level was 2.5 kPa for both CA regimes. No conditioning treatment prior to storage 

(closed black squares); conditioning at 10 C for 5 d prior to storage (closed grey 

squares). The initial datum at 0 minus 24 h and 0 represents fruit at harvest and following 

1-MCP treatment, respectively;  the grey stippled portion of each time course denotes the 

period prior to storage. Asterisk (*) represents fruit subjected to a conditioning period of 

5 d at 10 °C prior to CA storage. For each treatment, data represent the mean 

concentration of four storage replicates. Shared letters at each time point indicates no 

significant difference at P≤0.05 level. Capital letters represent significant differences over 

storage time (within each treatment), whereas small letters represent significant 

differences across all eight treatments at each time. Within each plot, black and grey 

letters correspond to the proximal no conditioning and conditioning treatment datum, 

respectively. 
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Figure 4.8. Effect of 1-MCP and conditioning on (A) GSH, (B) GSSG, and (C) GSH/GSSG content in ‘Honeycrisp’ apple fruit during 

storage at 3 C in the presence of 0.03 or 2.5 kPa CO2. The O2 level was 2.5 kPa for both CA regimes. No conditioning prior to 

storage (closed black squares); conditioning at 10 C for 5 d prior to storage (closed grey squares). The initial datum at 0 minus 24 h 

and 0 represents fruit at harvest and following 1-MCP treatment, respectively;  the grey stippled portion of each time course denotes 

the period prior to storage. Asterisk (*) represents fruit subjected to a conditioning period of 5 d at 10 °C prior to CA storage. For each 

treatment, data represent the mean concentration (or ratio) of four storage replicates. Shared letters at each time point indicates no 

significant difference at P≤0.05 level. Capital letters represent significant differences over storage time (within each treatment), 

whereas small letters represent significant differences across all eight treatments at each time. Within each plot, black and grey letters 

correspond to the proximal no conditioning and conditioning treatment datum, respectively. 
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increase in GSSG by the second week and it was maintained up to 10 weeks of storage. 

This was followed by a transient decline in GSSG before returning to levels available in 

freshly harvested fruit. Interestingly, this apparent increase in GSSG was more gradual in 

1-MCP/conditioned fruit held at 0.03 kPa CO2, increasing by 100% within 10 weeks 

followed by a transient decline to harvest levels. In contrast, 1-MCP treated fruit 

immediately transferred into 0.03 kPa CO2 displayed a rapid 95% increase in GSSG by 

the second week, followed by a gradual decline of GSSG levels thereafter approximating 

those available in harvested fruit. For all other treatments, GSSG levels were relatively 

stable with minor changes over the storage duration. With respect to redox balance, the 

GSH/GSSG ratio of freshly harvested fruit was 4.2 and this increased slightly during the 

24 h 1-MCP treatment; this ratio remained unchanged in non-1-MCP treated fruit during 

this time (Figure 4.8C). Immediate transfer of 1-MCP treated fruit into CA resulted in a 

gradual depletion of GSH/GSSG over the initial 5 weeks; fruit subjected to 0.03 kPa CO2 

had a transient increase occurring 11 weeks thereafter, whereas this transient increase 

was not apparent in fruit exposed to 2.5 kPa CO2. When 1-MCP treated fruit were 

subjected to a conditioning regime, GSH/GSSG depleted at a greater rate than non-

conditioned fruit, dropping to a minimum value of around 1 by week 2 and week 10 for 

fruit exposed to CA of 2.5 kPa CO2 and 0.03 kPa CO2, respectively. Interestingly, 

conditioned 1-MCP treated fruit exposed to 2.5 kPa CO2 maintained this minimum 

GSH/GSSG for 8 weeks thereafter, followed by a transient spike; conditioned 1-MCP 

treated fruit subjected to 0.03 kPa CO2 displayed an apparent 50% recovery of 

GSH/GSSG after 25 weeks of storage. In general, fruit subjected to conditioning prior to 

CA displayed a more rapid decline in GSH/GSSG relative to non-conditioned fruit, 
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regardless of 1-MCP. By contrast, non-1-MCP treated fruit displayed a more gradual 

decline within 5 weeks of storage followed by small fluctuations of GSH/GSSG, in 

comparison to 1-MCP treated fruit 

4.1.3. Canonical powered partial least squares (CP-PLS) analysis 

For ‘Honeycrisp’ apples, CP-PLS analysis revealed a temporal shift in oxidative 

stress metabolites in response to 1-MCP, conditioning and CA storage atmospheres. CP-

PLS scores demonstrate the similarities or dissimilarities of each treatment with respect 

to fruit oxidative stress metabolites; scores that are clustered closer together are 

considered to be more metabolically similar than scores that are more spatially distributed. 

Here, CP-PLS score plots revealed that oxidative stress metabolites in fruit stored for 2 

weeks diverged from those found in fruit at harvest (Figure 4.9A). Regarding latent 

variables, the first two explained most of the variability associated with storage time and 

flesh disorders (refer to Table 4.1). Score plot analysis of non-1-MCP treated fruit 

subjected to 0.03 kPa CO2 demonstrated no apparent differences in metabolites when 

subjected to conditioning or immediately transferred to CA (Figure 4.9B). In comparison, 

1-MCP treated fruit held under 0.03 kPa CO2 had metabolite scores more spatially 

distributed along component 1 with respect to storage duration (Figure 4.9C). Non-1-

MCP treated ‘Honeycrisp’ fruit stored at 2.5 kPa CO2 displayed a greater spatial 

distribution of metabolite scores along component 1 with respect to storage duration 

(Figure 4.9D) than the scores of non-1-MCP treated fruit at 0.03 kPa CO2. The most 

prominent spatial distribution and difference for metabolic scores was apparent in 1-MCP 

treated ‘Honeycrisp’ fruit stored at 2.5 kPa CO2; a divergence in metabolites
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Figure 4.9. CP-PLS score plots of oxidative stress metabolites of ‘Honeycrisp’ apples. In 

all plots, fruit were treated with or without 1-MCP and conditioned at 10 °C for 0 or 5 d 

prior to CA storage at 3 C, 2.5 kPa O2, 0.03 kPa or 2.5 kPa CO2 for up to 35 weeks. In 

each score plot, conditioning and no conditioning treatments are represented by open and 

closed symbols, respectively. Apple fruit sampled at harvest (black asterisk); 24 h post 1-

MCP treatment (red circle); 5 d conditioning regime at 10 °C (green circle); and at 2 

weeks (blue), 31 d (turquoise), 6 weeks (pink), 10 weeks (yellow), 16 weeks (orange), 25 

weeks (burgundy) and 35 weeks  (grey) of storage. Plots represent a comparison of all 

treatments (A); or portions thereof (B-E). B, Non-1-MCP treatments at 0.03 kPa CO2, 

inverted  triangle symbols in all plots; C, 1-MCP treatments at 0.03 kPa CO2, triangle 

symbols in all plots; D, non-1-MCP treatments at 2.5 kPa CO2, diamond symbols s in all 

plots; E, 1-MCP treatments at 2.5 kPa CO2, square symbols in all plots. 



Table 4.1. CP-PLS total explained variance for the first two latent variables (LVs) relating metabolites (X), storage time and 

physiological disorders of ‘Honeycrisp’ apples treated with or without 1-MCP, and subjected to a conditioning period of 5 d at 10 °C 

prior to, or immediately transferred to CA storage of 2.5 kPa CO2 or 0.03 kPa CO2 at 3 °C for up to 35 weeks. The percentage of 

variance represented for each variable by the LVs is shown. 

‘Honeycrisp’ 
Variables LV 1 

(%) 
LV1 + LV2 

(%) 
X 13.68 43.08 
Storage time 31.14 65.82 
Flesh disorders 26.11 53.47 
Peel disorders 2.26 4.52 
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was evident between non-conditioned and conditioned fruit by week 2 of storage. Here, 

non-conditioned fruit tended to display a more negative value of component 2, while 

conditioned fruit tended to display a more positive value of component 2.  

Correlation loading plot analysis revealed a positive association between GABA, 

DHA, total glutathione, GSH/GSSG and incidence of flesh disorders in 1-MCP treated 

and non-conditioned fruit (Figure 4.10). In contrast, for all conditioning and no 1-MCP 

treatments GSSG and AsA/DHA redox ratio were negatively associated with the 

incidence of flesh disorders. Interestingly, surface peel disorder had a strong positive 

correlation with DHA levels.  
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Figure 4.10. CP-PLS correlation loading plot representing X-variables of oxidative stress 

metabolites and Y-variables (experimental factors) of ‘Honeycrisp’ apples treated with or 

without 1-MCP after harvest and subjected to conditioning of 5 d at 10 °C prior to, or 

immediately transferred to CA conditions of either 0.03 kPa CO2 with 2.5 kPa O2 or 2.5 

kPa CO2 with 2.5 kPa O2 at 3 °C for up to 35 weeks. The solid blue line represents the 

correlation between flesh disorders and oxidative stress metabolites; the dashed blue line 

represents the correlation between peel disorders and oxidative stress metabolites. 
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4.2. ‘AC Harrow Crisp’, ‘Harovin Sundown’ and ‘Swiss Bartlett’ Pear Storage Trial

4.2.1. Effect of 1-MCP, CA and low O2 on physiological disorders during 

postharvest storage 

The incidence of physiological disorders was compared in all pear cultivars 

treated with or without 1-MCP at 0 C under ambient air or CA conditions (18 kPa O2, 2 

kPa CO2; 2.5 kPa O2, 2 kPa CO2) storage.  Senescent scald was absent or marginal ( 21 

%) for the first 111 to 119 d of most treatments (Figure 4.11). Thereafter, it was apparent 

at approximately 60-100% incidence in non-1-MCP treated fruit of all cultivars chilled 

under both ambient air and 18 kPa O2; for this CA regime, ‘Swiss Bartlett’ displayed the 

lowest incidence of the three cultivars. With 2.5 kPa O2, the incidence was marginal for 

all cultivars.  Overall, senescent scald was minimized by 1-MCP under ambient air and to 

a greater extent by CA, with the lowest levels being observed at 2.5 kPa O2 for all pear 

cultivars.  

Internal breakdown appeared in all pear cultivars evaluated as diffuse browning of 

the cortical tissue surrounding the fruit core. For ‘AC Harrow Crisp’, internal breakdown 

was evident only at the final sampling time (170 d; Figure 4.12). Here, non-1-MCP 

treated fruit stored under ambient air displayed an 85% incidence of internal breakdown. 

As much as a 33% reduction in the occurrence of this flesh disorder was apparent at 2.5 

kPa O2, regardless of whether pears were exposed to 1-MCP prior to storage; marginal 

levels were evident at 18 kPa O2 and absent for 1-MCP fruit chilled under ambient air.

Internal CO2 cavity symptoms visualized as dessication and browning were evident at 

111 d of storage for 1-MCP  treated ‘AC Harrow Crisp’ fruit maintained under CA, and a 

further increase was apparent thereafter (Figure 4.13). Occurrence of internal CO2 



‘Harovin Sundown’ ‘Swiss Bartlett’ 

83

‘AC Harrow Crisp’ 



Figure 4.11. Effect of 1-MCP, CA and low O2 on the development of senescent scald in stored ‘AC Harrow Crisp’, ‘Harovin 

Sundown’ and ‘Swiss Bartlett’ pear fruit. Fruit were treated with or without 1-MCP on the day of harvest and stored at 0 C under 

ambient air or CA of 18 or 2.5 kPa O2. The CO2 level was 2 kPa for both CA regimes. No 1-MCP (control) application prior to storage 

(closed black squares); 300 nL L-1 1-MCP application prior to storage (open grey squares). At each sampling time, a total of 10 fruit

were evaluated for each treatment replicate. For each treatment, data represent the mean incidence of disorders of four storage 

replicates. Shared letters at each time point or within a treatment indicate no significant difference at the P0.05 level. Capital letters 

represent significant differences over storage time (within each treatment), whereas small letters represent significant differences 

among storage conditions (a comparison across all six treatments) at each time. Within each plot, black and grey letters correspond to 

the proximal non-1-MCP and 1-MCP datum, respectively. 
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Figure 4.12. Effect of 1-MCP, CA and low O2 on the development of internal breakdown in stored ‘AC Harrow Crisp’, ‘Harovin 

Sundown’ and ‘Swiss Bartlett’ pear fruit. Fruit were treated with or without 1-MCP on the day of harvest and stored at 0 C under 

ambient air or CA of 18 or 2.5 kPa O2. The CO2 level was 2 kPa for both CA regimes. No 1-MCP (control) application prior to storage 

(closed black squares); 300 nL L-1 1-MCP application prior to storage (open grey squares). At each sampling time, a total of 10 fruit

were evaluated for each treatment replicate. For each treatment, data represent the mean incidence of disorders of four storage 

replicates. Shared letters at each time point or within a treatment indicate no significant difference at the P0.05 level. Capital letters 

represent significant differences over storage time (within each treatment), whereas small letters represent significant differences 

among storage conditions (a comparison across all six treatments) at each time. Within each plot, black and grey letters correspond to 

the proximal non-1-MCP and 1-MCP datum, respectively. 
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Figure 4.13. Effect of 1-MCP, CA and low O2 on the development of internal cavities in stored ‘AC Harrow Crisp’, ‘Harovin 

Sundown’ and ‘Swiss Bartlett’ pear fruit. Fruit were treated with or without 1-MCP on the day of harvest and stored at 0 C under 

ambient air or CA of 18 or 2.5 kPa O2. The CO2 level was 2 kPa for both CA regimes. No 1-MCP (control) application prior to storage 

(closed black squares); 300 nL L-1 1-MCP application prior to storage (open grey squares). At each sampling time, a total of 10 fruit

were evaluated for each treatment replicate. For each treatment, data represent the mean incidence of disorders of four storage 

replicates. Shared letters at each time point or within a treatment indicate no significant difference at the P0.05 level. Capital letters 

represent significant differences over storage time (within each treatment), whereas small letters represent significant differences 

among CA conditions (a comparison across all six treatments) at each time. Within each plot, black and grey letters correspond to the 

proximal non-1-MCP and 1-MCP datum, respectively. 
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cavities was never higher than 7% for all other treatments. By contrast, ‘Harovin 

Sundown’ and ‘Swiss Bartlett’ pears developed symptoms of internal breakdown, 

although internal cavities were absent. A high incidence of internal breakdown was most 

evident in non-1-MCP ‘Harovin Sundown’ treatments during prolonged storage, 

regardless of whether CA was used; disorder levels were reduced 36 to 76 % by 1-MCP, 

with the most effective control at 2.5 kPa. Similarly, application of 1-MCP and CA 

dramatically limited the development of internal breakdown symptoms with ‘Swiss 

Bartlett’, in comparison to non-1-MCP fruit stored under ambient air; disorder levels 

were reduced 52 to 72% by CA, and were almost completely eliminated by 1-MCP 

treatment, regardless of CA regime used.  

4.2.2. Effect of 1-MCP, CA and low O2 on fruit quality of stored pears

Fruit quality assessment included determination of ethylene production, firmness, 

peel color, SSC, TA and starch content at harvest and for pears sampled periodically 

during storage. For all cultivars, non-1-MCP treated fruit stored under ambient air for at 

least 167 d were severely deteriorated, and thus not assessed for quality. Overall, the rate 

of ethylene production from freshly harvested fruit of ‘Harovin Sundown’ and ‘AC 

Harrow Crisp’ pear cultivars was negligible and unaffected in pears chilled and/or CA 

stored for 28 to 34 d and subsequently transferred to 22 C for 3 h (Figure 4.14). 

Thereafter, the lowest level of ethylene production upon their removal from storage was 

for 1-MCP treated fruit stored under low O2. On the whole, 1-MCP treated ‘AC Harrow 

Crisp’ pears chilled for 111 d produced 82-94% less ethylene relative to untreated fruit, 

regardless of atmospheric conditions. In contrast, non-1-MCP treated fruit of ‘Swiss 
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Figure 4.14. Ethylene production rates in ‘AC Harrow Crisp’, ‘Harovin Sundown’ and ‘Swiss Bartlett’ pears at harvest maturity and 

upon the removal of fruit from storage and transfer to 22 C. No 1-MCP (control) application prior to storage (closed black squares); 

300 nL L-1 1-MCP application prior to storage (open grey squares). For both treatments, fruit were stored at 0 C under ambient air or

CA of 18 or 2.5 kPa O2; CO2 level was 2 kPa for both CA regimes. At each sampling time, a total of 10 fruit were evaluated for each 

treatment replicate. For each treatment, data represent the mean ethylene production rate of four storage replicates (see Materials and 

Methods). Shared letters at each time point or within a treatment indicate no significant difference at the P0.05 level. Capital letters 

represent significant differences over storage time (within each treatment), whereas small letters represent significant differences 

among storage conditions (a comparison across all six treatments) at each time. Within each plot, black and grey letters correspond to 

the proximal non-1-MCP and 1-MCP datum, respectively. 
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Bartlett’ had a high rate of ethylene production, regardless of atmospheric conditions, at 

approximately two to three times greater than ‘AC Harrow Crisp’ and ‘Harovin 

Sundown’. Application of 1-MCP corresponded with negligible ethylene production 

when fruit were sampled over the initial 119 d, regardless of storage atmosphere; 1-MCP 

treated fruit subjected to CA yielded minimal levels of ethylene production, regardless of 

when fruit were sampled. 

Although ‘Harovin Sundown’ fruit were harvested at a lower firmness than ‘AC 

Harrow Crisp’, firmness of either cultivar changed very little ( 10% loss) with storage 

and rate of softening was similar across all 1-MCP treatments, regardless of CA regime 

(Figure 4.15). By contrast, rate of softening was greater in non-1-MCP ‘Swiss Bartlett’ 

treated fruit relative to minimal losses ( 10% loss) observed with1-MCP, regardless of 

atmospheric conditions. Fruit peel yellowing in ‘AC Harrow Crisp’ and ‘Harovin 

Sundown’ pears were delayed when 1-MCP treated fruit were held under CA, with the 

least yellow colour development apparent after 170 d of storage at 2.5 kPa O2 (Figure 

4.16). Yellowing of non-1-MCP and 1-MCP treated fruit peel under ambient air and 18 

kPa O2 was marginal. In contrast, ‘Swiss Bartlett’ pears demonstrated a significant effect 

of 1-MCP and CA on fruit peel yellowing; this was delayed by 8 weeks in 1-MCP treated 

fruit stored under ambient air, and by 16 weeks under CA. Peel colouration of 1-MCP 

treated fruit stored in 2.5 kPa O2 changed very little with storage duration. 

SSC of ‘AC Harrow Crisp’ and ‘Harovin Sundown’ pears increased by 23-29% 

within 111 to 119 d of storage relative to harvest levels. In either case, SSC slightly 

decreased by the end of the storage period, and effects of CA and 1-MCP were minor 

(Figure 4.17). Changes in SSC of ‘Swiss Bartlett’ pears were marginal over the intial 111 
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d of storage, regadless of 1-MCP treatment and atmospheric conditions. By the end of the 

storage period, 1-MCP treated fruit had the highest SSC in both CA regimes compared to 

non-1-MCP treated fruit. By contrast, a sharp 40% decrease in TA occurred within 34 d 

of storage, and slightly thereafter for all ‘AC Harrow Crisp’ treatments; lower changes 

were evident for the other cultivars (Figure 4.18). For the most part, ‘Harovin Sundown’ 

pears contained the highest TA levels throughout the storage duration, maintaining 

relatively steady levels up to 55 d, regardless of 1-MCP and atmospheric treatment. By 

the end of the storage period, no difference in TA was observed across all treatments, 

although 1-MCP treated ‘Swiss Bartlett’ pears stored under 2.5 kPa O2 were enriched in 

TA.  

Starch content was not influenced by 1-MCP or CA treatments across all pear 

cultivars (Figure 4.19). Among the three pear cultivars, ‘AC Harrow Crisp’ had the 

greatest starch content at harvest (~85%), although the rate of starch degradation was 

highest in ‘Swiss Bartlett’, which possessed negligible starch after 34 d. By contrast, ‘AC 

Harrow Crisp’ and ‘Harovin Sundown’ displayed similar gradual loss in starch content, 

reaching negligible amounts by week 16 and 17, respectively. 

4.2.3. Effect of 1-MCP, CA and low O2 on GABA concentrations in stored pear fruit 

Whole fruit GABA concentration was relatively stable during the initial 55, 56 

and 55 d of storage for ‘AC Harrow Crisp’, ‘Harovin Sundown’ and ‘Swiss Bartlett’ pear 

cultivar, respectively, regardless of treatments. Thereafter, changes in GABA 

concentration varied according to pear cultivar, as well as 1-MCP and storage atmosphere 

treatments (Figure 4.20). With respect to ‘AC Harrow Crisp’ pears, 1-MCP treated fruit
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Figure 4.15. Effect of 1-MCP, CA and low O2 on fruit firmness levels in stored ‘AC Harrow Crisp’, ‘Harovin Sundown’  and ‘Swiss 

Bartlett’ pear fruit. Fruit were treated with or without 1-MCP on the day of harvest and stored at 0 C under ambient air or CA of 18 or 

2.5 kPa O2. The CO2 level was 2 kPa for both CA regimes. No 1-MCP (control) application prior to storage (closed black squares); 

300 nL L-1 1-MCP application prior to storage (open grey squares). For both treatments, fruit were stored at 0 C under ambient air or

CA of 18 or 2.5 kPa O2; CO2 level was 2 kPa for both CA regimes. At each sampling time, a total of 10 fruit were evaluated for each 

treatment replicate. For each treatment, data represent the firmness level in N of four storage replicates (see Materials and Methods). 

Shared letters at each time point or within a treatment indicate no significant difference at the P0.05 level. Capital letters represent 

significant differences over storage time (within each treatment), whereas small letters represent significant differences among storage 

conditions (a comparison across all six treatments) at each time. Within each plot, black and grey letters correspond to the proximal 

non-1-MCP and 1-MCP datum, respectively. 
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Figure 4.16. Effect of 1-MCP, CA and low O2 on surface peel colour of stored ‘AC Harrow Crisp’, ‘Harovin Sundown’ and ‘Swiss 

Bartlett’ pear fruit. Fruit were treated with or without 1-MCP on the day of harvest and stored at 0 C under ambient air or CA of 18 or 

2.5 kPa O2. The CO2 level was 2 kPa for both CA regimes. No 1-MCP (control) application prior to storage (closed black squares); 

300 nL L-1 1-MCP application prior to storage (open grey squares). For both treatments, fruit were stored at 0 C under ambient air or

CA of 18 or 2.5 kPa O2; CO2 level was 2 kPa for both CA regimes. Peel colour was measured subjectively on the following scale: 

1=green, 2 = more green than yellow, 3 = more yellow than green, 4 = yellow. At each sampling time, a total of 10 fruit were 

evaluated for each treatment replicate. For each treatment, data represent the mean peel colour of four storage replicates (see Materials 

and Methods). Shared letters at each time point or within a treatment indicate no significant difference at the P0.05 level. Capital 

letters represent significant differences over storage time (within each treatment), whereas small letters represent significant 

differences among storage conditions (a comparison across all six treatments) at each time. Within each plot, black and grey letters 

correspond to the proximal non-1-MCP and 1-MCP datum, respectively. 
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Figure 4.17. Effect of 1-MCP, CA and low O2 on SSC in stored ‘AC Harrow Crisp’, ‘Harovin Sundown’ and ‘Swiss Bartlett’ pear 

fruit. Fruit were treated with or without 1-MCP on the day of harvest and stored at 0 C under ambient air or CA with 18 or 2.5 kPa O2. 

The CO2 level was 2 kPa for both CA regimes. No 1-MCP (control) application prior to storage (closed black squares); 300 nL L-1 1-

MCP application prior to storage (open grey squares). For both treatments, fruit were stored at 0 C under ambient air or CA of 18 or 

2.5 kPa O2; CO2 level was 2 kPa for both CA regimes. At each sampling time, a total of 10 fruit were evaluated for each treatment 

replicate. For each treatment, data represent the mean SSC of four storage replicates (See Materials and Methods). Shared letters at 

each time point or within a treatment indicate no significant difference at the P0.05 level. Capital letters represent significant 

differences over storage time (within each treatment), whereas small letters represent significant differences among storage conditions 

(a comparison across all six treatments) at each time. Within each plot, black and grey letters correspond to the proximal non-1-MCP 

and 1-MCP datum, respectively. 

99 



‘AC Harrow Crisp’ ‘Harovin Sundown’ ‘Swiss Bartlett’ 

1
0

0
 



Figure 4.18. Effect of 1-MCP, CA and low O2 on TA in stored ‘AC Harrow Crisp’, ‘Harovin Sundown’ and ‘Swiss Bartlett’ pear fruit. 

Fruit were treated with or without 1-MCP on the day of harvest and stored at 0 C under ambient air or CA with18 or 2.5 kPa O2. The 

CO2 level was 2 kPa for both CA regimes. No 1-MCP (control) application prior to storage (closed black squares); 300 nL L-1 1-MCP

application prior to storage (open grey squares). For both treatments, fruit were stored at 0 C under ambient air or CA of 18 or 2.5 

kPa O2; CO2 level was 2 kPa for both CA regimes. At each sampling time, a total of 10 fruit were evaluated for each treatment 

replicate. For each treatment, data represent the mean TA of four storage replicates (see Materials and Methods). Shared letters at each 

time point or within a treatment indicate no significant difference at the P0.05 level. Capital letters represent significant differences 

over storage time (within each treatment), whereas small letters represent significant differences among storage conditions (a 

comparison across all six treatments) at each time. Within each plot, black and grey letters correspond to the proximal non-1-MCP and 

1-MCP datum, respectively. 
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stored under CA displayed enhanced GABA concentrations by the 111th d; after an

additional 56 d, the GABA concentration in these fruit increased by 65 and 125% when 

maintained at 18 kPa O2 and 2.5 kPa O2, respectively. Interestingly, at the end of the 

storage experiment non-1-MCP treated fruit stored under ambient air conditions had a 

higher GABA concentration than fruit subjected to 1-MCP. For all other treatments, 

GABA concentration was relatively unaffected. For ‘Harovin Sundown’, GABA 

concentrations were unchanged or marginally affected over 119 d of storage. Thereafter, 

GABA concentration increased by 1.4 to 2.8-fold in all ambient air stored fruit and non-

1-MCP pears stored at 2.5 kPa; no change in GABA over the 180 d experiment was 

observed for all remaining treatments. Similarly, ‘Swiss Bartlett’ pears stored for 167 d 

under ambient air displayed a 15-fold increase in GABA concentration within non-1-

MCP treated fruit, whereas GABA concentration was not altered by 1-MCP. For fruit 

stored in CA, 1-MCP treatment enhanced GABA levels by approximately 100% within 

55 d of storage, regardless of O2 partial pressure. No change in GABA was apparent for 

the remaining ‘Swiss Bartlett’ treatments. 

4.2.4. Effect of 1-MCP, CA and low O2 on ascorbate concentrations in stored pear 

fruit

Ascorbate was detected as reduced and oxidized forms, and fluctuations with storage 

time were apparent (Figures 4.21-4.23). For all pear cultivars, the composition of total 

ascorbate at harvest was predominantly AsA and gradually declined with storage duration. 

With respect to ‘AC Harrow Crisp’, concentrations of total ascorbate, AsA, DHA and the 

AsA/DHA ratio were affected by 1-MCP and CA regime (Figure 4.21).
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Figure 4.19. Effect of 1-MCP, CA and low O2 on starch content in stored ‘AC Harrow Crisp’, ‘Harovin Sundown’ and ‘Swiss Bartlett’ 

pear fruit. Fruit were treated with or without 1-MCP on the day of harvest and stored at 0 C under ambient air or CA with18 or 2.5 

kPa O2. The CO2 level was 2 kPa for both CA regimes. No 1-MCP (control) application prior to storage (closed black squares); 300 

nL L-1 1-MCP application prior to storage (open grey squares). For both treatments, fruit were stored at 0 C under ambient air or CA

of 18 or 2.5 kPa O2; CO2 level was 2 kPa for both CA regimes. At each sampling time, a total of 10 fruit were evaluated for each 

treatment replicate. For each treatment, data represent the mean starch content (% area) of four storage replicates (see Materials and 

Methods). Shared letters at each time point or within a treatment indicate no significant difference at the P0.05 level. Capital letters 

represent significant differences over storage time (within each treatment), whereas small letters represent significant differences 

among storage conditions (a comparison across all six treatments) at each time. Within each plot, black and grey letters correspond to 

the proximal non-1-MCP and 1-MCP datum, respectively. 
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Figure 4.20. Effect of 1-MCP, CA and low O2 on GABA concentration in stored ‘AC Harrow Crisp’, ‘Harovin Sundown’ and ‘Swiss 

Bartlett’ pear fruit. Fruit were treated with or without 1-MCP on the day of harvest and stored at 0 C under ambient air or CA with18 

or 2.5 kPa O2. The CO2 level was 2 kPa for both CA regimes. No 1-MCP (control) application prior to storage (closed black squares); 

300 nL L-1 1-MCP application prior to storage (open grey squares). For both treatments, fruit were stored at 0 C under ambient air or

CA of 18 or 2.5 kPa O2; CO2 level was 2 kPa for both CA regimes. For each treatment, data represent the mean GABA concentration 

(in nmol g FM-1) of four storage replicates. The initial datum at 0 minus 24 h and 0 represents fruit at harvest and following 1-MCP

treatment, respectively.  Shared letters at each time point or within a treatment indicate no significant difference at the P0.05 level. 

Capital letters represent significant differences over storage time (within each treatment), whereas small letters represent significant 

differences among storage conditions (a comparison across all six treatments) at each time. Within each plot, black and grey letters 

correspond to the proximal non-1-MCP and 1-MCP datum, respectively. 
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Total ascorbate levels in ‘AC Harrow Crisp’ pears after 170 d of storage were 10-24% of 

those fruit sampled prior to storage, with the highest levels detected in 1-MCP fruit held 

under ambient air (Figure 4.21A). With ambient air and 18 kPa O2 storage, a major 

portion (~ 57 to 67%) of the total ascorbate concentration available prior to storage was 

lost within 13 d; this decrease was not apparent for an additional 21 d at 2.5 kPa O2. In all 

cases, these changes coincided with similar depletion in AsA levels as a function of 

storage time (Figure 4.21B). Conversely, although DHA concentrations tended to decline 

considerably within 13 d of storage for most treatments a transient 86% increase in DHA 

was evident after an initial drop at week 1 for non-1-MCP treated fruit at 2.5 kPa O2 

(Figure 4.21C). In terms of the redox state, AsA/DHA in non-1-MCP treated pears tended 

to decline sharply within the first 13 d of storage, although delayed by an additional 21 d 

at 18 kPa O2; these levels approximated their original proportions at 111 and 170 d of 

storage under ambient air and CA, respectively (Figure 4.21D). AsA/DHA was relatively 

stable throughout storage in 1-MCP treated ‘AC Harrow Crisp’ fruit held under ambient 

air or 2.5 kPa O2. 

Similarly, in ‘Harovin Sundown’ fruit, total ascorbate levels declined by 

approximately 70% after 28 d of storage, with the least change apparent for 1-MCP fruit 

at 2.5% O2 (Figure 4.22A). A further 60% loss was evident by the end of the storage 

period for non-1-MCP treated fruit maintained without CA; smaller changes occurred for 

the remaining treatments.  These shifts coincided with similar declines in AsA 

concentrations as a function of storage period (Figure 4.22B). DHA levels in fruit 

exposed to ambient air declined by 86% within 7 d of storage, and this was followed by a 

transient rise at 21 d, regardless of 1-MCP treatment (Figure 4.22C).  
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Figure 4.21. Effect of 1-MCP, CA and low O2 on concentrations of total ascorbate (A), AsA (B), DHA (C) and ratio of AsA/DHA (D) 

in stored ‘AC Harrow Crisp’ pear fruit. Fruit were treated with or without 1-MCP on the day of harvest and stored at 0 C under 

ambient air or CA with 18 or 2.5 kPa O2. The CO2 level was 2 kPa for both CA regimes. No 1-MCP (control) application prior to 

storage (closed black squares); 300 nL L-1 1-MCP application prior to storage (open grey squares). For both treatments, fruit were

stored at 0 C under ambient air or CA of 18 or 2.5 kPa O2; CO2 level was 2 kPa for both CA regimes. For each treatment, data 

represent the mean ascorbate concentration (in nmol g FM-1) or ratio of four storage replicates. The initial datum at 0 minus 24 h and 0

represents fruit at harvest and following 1-MCP treatment, respectively. Shared letters at each time point or within a treatment indicate 

no significant difference at the P0.05 level. Capital letters represent significant differences over storage time (within each treatment), 

whereas small letters represent significant differences among storage conditions (a comparison across all six treatments) at each time. 

Within each plot, black and grey letters correspond to the proximal non-1-MCP and 1-MCP datum, respectively. 
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This rapid loss in DHA was delayed by 28 d with storage under CA regime. DHA levels 

were relatively stable after 56 d, regardless of 1-MCP and CA application. By contrast, 

AsA/DHA was temporarily altered within the first 56 d for all treatments (Figure 4.22D). 

Only 1-MCP treated fruit held under ambient air displayed a transient second spike in this 

ratio at 119 d. Finally, 1-MCP treated ‘Harovin Sundown’ fruit displayed minor shifts in 

AsA/DHA at 2.5 kPa O2 relative to all other treatments.  

‘Swiss Bartlett’ pears displayed a rapid decline in total ascorbate over the initial 

34 d, regardless of 1-MCP or storage regime (Figure 4.23A). Thereafter, continual but 

smaller declines occurred for non-1-MCP treated fruit reaching minimum levels at 167 d, 

regardless of atmospheric conditions. Interestingly, all 1-MCP treated fruit maintained 

total ascorbate levels beyond d 34. On the whole, changes in total ascorbate coincided 

with similar depletions in AsA concentrations as a function of storage period; unlike total 

ascorbate, AsA levels were not maintained by 1-MCP in fruit stored for more than 34 d at 

2.5 kPa O2 (Figure 4.23B). DHA concentration tended to decline during the first two 

weeks of storage, although transient spikes of up to 100% were present at 34 and 55 d for 

1-MCP treated fruit at 18 kPa O2 and all ambient air stored fruit, respectively (Figure 

4.23C). Thereafter, DHA levels tended to be higher with 1-MCP than without 1-MCP. 

Fluctuations in AsA/DHA redox status were apparent in all fruit within 34 d of storage, 

with fruit stored under ambient air and 18 kPa O2 maintaining AsA/DHA levels close to 

pre-storage levels (Figure 4.23D). Interestingly, the ratio of AsA/DHA of 1-MCP treated 

fruit maintained under ambient air recovered to pre-storage levels at 167 d, whereas the 

ratio in non-1-MCP treated fruit markedly declined. Fruit subjected to 18 kPa O2 had 

comparable AsA/DHA redox status by the end of the storage period,
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Figure 4.22. Effect of 1-MCP, CA and low O2 on concentrations of total ascorbate (A), AsA (B), DHA (C) and ratio of AsA/DHA (D) 

in stored ‘Harovin Sundown’ pear fruit. Fruit were treated with or without 1-MCP on the day of harvest and stored at 0 C under 

ambient air or CA with18 or 2.5 kPa O2. The CO2 level was 2 kPa for both CA regimes. No 1-MCP (control) application prior to 

storage (closed black squares); 300 nL L-1 1-MCP application prior to storage (open grey squares). For both treatments, fruit were

stored at 0 C under ambient air or CA of 18 or 2.5 kPa O2; CO2 level was 2 kPa for both CA regimes. For each treatment, data 

represent the mean ascorbate concentration (in nmol g FM-1) or ratio of four storage replicates. The initial datum at 0 minus 24 h and 0

represents fruit at harvest and following 1-MCP treatment, respectively. Shared letters at each time point or within a treatment indicate 

no significant difference at the P0.05 level. Capital letters represent significant differences over storage time (within each treatment), 

whereas small letters represent significant differences among storage conditions (a comparison across all six treatments) at each time. 

Within each plot, black and grey letters correspond to the proximal non-1-MCP and 1-MCP datum, respectively. 
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Figure 4.23. Effect of 1-MCP, CA and low O2 on concentrations of total ascorbate (A), AsA (B), DHA (C) and ratio of AsA/DHA (D) 

in stored ‘Swiss Bartlett’ pear fruit. Fruit were treated with or without 1-MCP on the day of harvest and stored at 0 C under ambient 

air or CA with18 or 2.5 kPa O2. The CO2 level was 2 kPa for both CA regimes. No 1-MCP (control) application prior to storage 

(closed black squares); 300 nL L-1 1-MCP application prior to storage (open grey squares). For both treatments, fruit were stored at 0

C under ambient air or CA of 18 or 2.5 kPa O2; CO2 level was 2 kPa for both CA regimes. For each treatment, data represent the 

mean ascorbate concentration (in nmol g FM-1) or ratio of four storage replicates. The initial datum at 0 minus 24 h and 0 represents

fruit at harvest and following 1-MCP treatment, respectively. Shared letters at each time point or within a treatment indicate no 

significant difference at the P0.05 level. Capital letters represent significant differences over storage time (within each treatment), 

whereas small letters represent significant differences among storage conditions (a comparison across all six treatments) at each time. 

Within each plot, black and grey letters correspond to the proximal non-1-MCP and 1-MCP datum, respectively. 
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regardless of 1-MCP treatment. For fruit maintained under 2.5 kPa O2, the AsA/DHA 

redox ratios of both 1-MCP and non-1-MCP treated fruit transiently increased at 167 d, 

and then recovered to pre-storage levels.  

4.2.5. Effect of 1-MCP, CA and low O2 on glutathione concentrations in stored pear 

fruit 

Glutathione was detected as reduced and oxidized forms, and fluctuations with 

storage time were apparent. Major losses (62-80%) of total glutathione concentrations in 

whole ‘AC Harrow Crisp’ pears occurred between 55 and 170 d of storage for all 

treatments at 18 kPa O2 and non-1-MCP fruit under ambient air; lower changes were not 

apparent until after d 119 for 1-MCP fruit under ambient air. Relatively minor changes 

were evident at 2.5 kPa O2 (Figure 4.24A). For all treatments, simultaneous and 

comparable shifts in whole fruit GSH concentration were evident as a function of storage 

period (Figure 4.24B). Conversely, shifts in the concentrations of its oxidized form, 

GSSG, were less dramatic, ranging from 10 and 25 nmol g FM-1 over the duration of the 

storage period for all treatments studied; GSSG levels tended to be higher in 1-MCP 

treated fruit than in non-1- MCP treated fruit (Figure 4.24C). When expressed as 

GSG/GSSH ratios, a transient 23 to 66% increase was apparent by 34 d in all cases, with 

the lowest alteration shown for 1-MCP treated fruit at 2.5 kPa O2 and ambient air storage 

(Figure 4.24D). A second spike in GSH/GSSG status occurred at d 111 for all ambient air 

treatments and non-1-MCP fruit at 2.5 kPa O2. After 170 d of storage, final glutathione 

redox ratios were in the range of 1.32 to 3.74, the latter apparent for 1-MCP treated fruit 

stored in ambient air; on the whole this was significantly lower



116 

A. B. C. D.



Figure 4.24. Effect of 1-MCP, CA and low O2 on concentrations of total glutathione (A), GSH (B), GSSG (C) and ratio of 

GSH/GSSG (D) in stored ‘AC Harrow Crisp’ pear fruit. Fruit were treated with or without 1-MCP on the day of harvest and stored at 

0 C under ambient air or CA with18 or 2.5 kPa O2. The CO2 level was 2 kPa for both CA regimes. No 1-MCP (control) application 

prior to storage (closed black squares); 300 nL L-1 1-MCP application prior to storage (open grey squares). For both treatments, fruit

were stored at 0 C under ambient air or CA of 18 or 2.5 kPa O2; CO2 level was 2 kPa for both CA regimes. For each treatment, data 

represent the mean ascorbate concentration (in nmol g FM-1) or ratio of four storage replicates. The initial datum at 0 minus 24 h and 0

represents fruit at harvest and following 1-MCP treatment, respectively. Shared letters at each time point or within a treatment indicate 

no significant difference at the P0.05 level. Capital letters represent significant differences over storage time (within each treatment), 

whereas small letters represent significant differences among storage conditions (a comparison across all six treatments) at each time. 

Within each plot, black and grey letters correspond to the proximal non-1-MCP and 1-MCP datum, respectively. 
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than the approximate level of 6 available pre-storage. 

 For ‘Harovin Sundown’ pears, the total glutathione concentration was lower at 21 

d of 2.5 kPa CO2 storage for 1-MCP fruit, than all other treatments (Figure 4.25A). Minor 

(as much as 78% increase) spikes in these levels were apparent over the following 7 d, 

but declined levels were revealed thereafter. Both non-1-MCP and 1-MCP treated fruit 

stored under ambient air displayed an 83% drop in total glutathione levels by 180 d of 

storage, although levels were higher in the latter. By comparison, slightly lower decreases 

in total glutathione concentration were evident for non-1-MCP fruit subjected to CA 

during this time; by contrast, minor fluctuations were apparent for 1-MCP treated fruit 

with CA. Simultaneous and similar changes in GSH concentrations were revealed for all 

treatments as a function of storage period (Figure 4.25B). Conversely, GSSG levels 

increased rapidly by 100% after 7 d of storage, followed by a gradual 80% decline over 

the subsequent 49 d, regardless of 1-MCP and storage regimen (Figure 4.25C). A second 

spike was apparent by 119 d of ambient air storage; this increase was delayed until the 

end of the storage experiment for most of the remaining treatments; no increase was 

apparent in non-1-MCP fruit stored at 2.5 kPa O2. At the end of the experiment, 1-MCP 

treated fruit maintained under CA contained the highest levels of GSSG. For GSH/GSSG, 

a rapid 80% transient decline was apparent upon exposure to chilling and CA (Figure 

4.25D). A temporary recovery of this ratio was evident by 28 d under ambient air storage 

and for non-1-MCP fruit at 2.5 kPa O2; smaller ratios were apparent for the remaining 

treatments. After 180 dof storage, the final glutathione redox ratio were in the range of 

0.21 to 1.86, the latter apparent for 1-MCP treated fruit stored in 18 kPa O2; on the whole 

this ratio was markedly lower than pre-storage levels. 
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Figure 4.25. Effect of 1-MCP, CA and low O2 on concentrations of total glutathione (A), GSH (B), GSSG (C) and ratio of 

GSH/GSSG (D) in stored ‘Harovin Sundown’ pear fruit. Fruit were treated with or without 1-MCP on the day of harvest and stored at 

0 C under ambient air or CA with18 or 2.5 kPa O2. The CO2 level was 2 kPa for both CA regimes. No 1-MCP (control) application 

prior to storage (closed black squares); 300 nL L-1 1-MCP application prior to storage (open grey squares). For both treatments, fruit

were stored at 0 C under ambient air or CA of 18 or 2.5 kPa O2; CO2 level was 2 kPa for both CA regimes. For each treatment, data 

represent the mean ascorbate concentration (in nmol g FM-1) or ratio of four storage replicates. The initial datum at 0 minus 24 h and 0

represents fruit at harvest and following 1-MCP treatment, respectively. Shared letters at each time point or within a treatment indicate 

no significant difference at the P0.05 level. Capital letters represent significant differences over storage time (within each treatment), 

whereas small letters represent significant differences among storage conditions (a comparison across all six treatments) at each time. 

Within each plot, black and grey letters correspond to the proximal non-1-MCP and 1-MCP datum, respectively. 
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 ‘Swiss Bartlett’ pears exposed to CA displayed a 28% decline in total glutathione levels 

during the first week of storage, regardless of 1-MCP treatment (Figure 4.26A). This 

decline was delayed by a week in both non-1-MCP and 1-MCP treated fruit stored under 

ambient air. Thereafter, a transient 1-fold increase in total glutathione was evident in 1-

MCP treated fruit stored at 18 kPa O2 for 55 d; a 2-fold increase in these concentrations 

was apparent under ambient air by 111 d. Marginal changes were displayed relative to 

pre-storage levels for 1-MCP treated fruit stored under 2.5 kPa O2.  Interestingly, at 167 d 

total glutathione levels in 1-MCP treated fruit approximated pre-storage concentrations, 

regardless of atmospheric conditions. Non-1-MCP treated fruit displayed a gradual 

decline in total glutathione concentrations, reaching 20% to 33% of those detected at 

harvest. Similar changes were apparent for GSH concentration as a function of storage 

period (Figure 4.26B). Conversely, GSSG levels were enriched by 1- to 2-fold within 13 

d of storage (Figure 4.26C). Thereafter, non-1-MCP treated fruit displayed a gradual 

decline in GSSG concentration, reaching a minimum at 111 d, regardless of CA regime. 

On the whole, 1-MCP treated fruit maintained higher concentrations of GSSG than non-

1-MCP treated fruit. This was most evident under ambient conditions, where high GSSG 

concentrations apparent after 13 d of storage were maintained for an additional 14 weeks, 

although a decline to pre-storage GSSG concentrations occurred thereafter. Storage under 

CA conditions promoted two minor fluctuations in GSSG levels; only1-MCP fruit stored 

at 18 kPa O2 had relatively stable GSSG levels.  

A rapid 76% decline in GSH/GSSG was apparent within 13 d of storage, 

regardless of CA regimes (Figure 4.26.D). A recovery of this ratio was evident in 1-MCP 

treated ‘Swiss Bartlett’ fruit maintained under 18 kPa O2 and ambient air reaching
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Figure 4.26. Effect of 1-MCP, CA and low O2 on concentrations of total glutathione (A), GSH (B), GSSG (C) and ratio of 

GSH/GSSG (D) in stored ‘Swiss Bartlett’ pear fruit. Fruit were treated with or without 1-MCP on the day of harvest and stored at 0 C 

under ambient air or CA with18 or 2.5 kPa O2. The CO2 level was 2 kPa for both CA regimes. No 1-MCP (control) application prior 

to storage (closed black squares); 300 nL L-1 1-MCP application prior to storage (open grey squares). For both treatments, fruit were

stored at 0 C under ambient air or CA of 18 or 2.5 kPa O2; CO2 level was 2 kPa for both CA regimes. For each treatment, data 

represent the mean ascorbate concentration (in nmol g FM-1) or ratio of four storage replicates. The initial datum at 0 minus 24 h and 0

represents fruit at harvest and following 1-MCP treatment, respectively. Shared letters at each time point or within a treatment indicate 

no significant difference at the P0.05 level. Capital letters represent significant differences over storage time (within each treatment), 

whereas small letters represent significant differences among storage conditions (a comparison across all six treatments) at each time. 

Within each plot, black and grey letters correspond to the proximal non-1-MCP and 1-MCP datum, respectively. 
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a maximum at 55  and 111 d, respectively; smaller and transient increase in this ratio 

were apparent at 34 and 55 d for non-1-MCP fruit under these same respective storage 

regimens. 1-MCP treated fruit maintained under 2.5 kPa O2 displayed a partial and 

temporary recovery of GSH/GSSH by 13 d and again at 111 d; a similar replenishment 

was evident for non-1-MCP fruit, albeit at 34 d, with a smaller spike thereafter. After 167 

d of storage, the final glutathione redox ratio for 1-MCP fruit at 18 kPa O2 was 6.71, 

which was fairly close to the ratio apparent at harvest. At this time, somewhat lower 

ratios were shown for 1-MCP fruit under the remaining storage regimens. GSH/GSSG 

was less than 1 for all non-1-MCP ‘Swiss Bartlett’ fruit by the end of the storage period. 

 

4.2.6. Canonical powered partial least squares (CP-PLS) analysis 

For all pear cultivars, CP-PLS analysis showed a divergence in oxidative stress 

metabolites in response to 1-MCP and CA storage as a function of storage period; score 

plots revealed differences in oxidative stress metabolites within the initial 6 to 7 d of cold 

and CA application, regardless of 1-MCP treatment (Figures 4.27–4.29). The first two 

latent variables (LVs) explained most of the variability associated with the time and 

physiological disorders for all three pear cultivars (see Table 4.2). Thereafter, metabolite 

profiles in response to 1-MCP and atmosphere regime as a function of storage time varied 

across pear cultivars.  

CP-PLS of ‘AC Harrow Crisp’ pears revealed that metabolic changes in non-1-

MCP and 1-MCP treated fruit varied with storage atmosphere as a function of storage 

period; the distribution of metabolite scores varied among storage treatments (Figure 

4.27A). Under both ambient air and 18 kPa O2 conditions, distinct spatial
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Figure 4.27. CP-PLS score plots of oxidative stress metabolites of ‘AC Harrow Crisp’ 

pears. In all plots, fruit treated with and without 1-MCP are represented by open and 

closed symbols, respectively.  Pear fruit sampled at harvest (black asterisk); 24 h post 1-

MCP treatment (orange circle); and at 6 d (green), 13 d (blue), 34 d (turquoise), 55 d 

(pink) 111 d (yellow), and 170 d (grey) of storage. Plots represent a comparison of all 

treatments (A); or portions thereof (B-D). B, Storage under ambient air, square symbols 

in all plots; C, Storage at18 kPa O2 and 2 kPa CO2, diamond symbols in all plots; D, 

Storage at 2.5 kPa O2 and 2 kPa CO2, triangle symbols in all plots. 
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Figure 4.28. CP-PLS score plots of oxidative stress metabolites of ‘Harovin Sundown’ 

pears.  In all plots, fruit were treated with and without 1-MCP are represented by open 

and closed symbols, respectively.  Pear fruit sampled at harvest (black asterisk); 24 h post 

1-MCP treatment (orange circle); and at 7 d (green), 21d (blue), 28 d (turquoise), 56 d 

(pink), 119 d (yellow), and 180 d (grey) of storage. Plots represent a comparison of all 

treatments (A); or portions thereof (B-D). B, Storage under ambient air, square symbols 

in all plots; C, Storage at18 kPa O2 and 2 kPa CO2, diamond symbols in all plots; D, 

Storage at 2.5 kPa O2 and 2 kPa CO2, triangle symbols in all plots. 
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Figure 4.29. CP-PLS score plots of oxidative stress metabolites of ‘Swiss Bartlett’ pears. 

In all plots, fruit were treated with and without 1-MCP are represented by open and 

closed symbols, respectively.  Pear fruit sampled at harvest (black asterisk); 24 h post 1-

MCP treatment (orange circle); and at 6 d (green), 13 d (blue), 34 d (turquoise), 55 d 

(pink) 111 d  (yellow), and 167 d (grey) of storage. Plots represent a comparison of all 

treatments (A); or portions thereof (B-D). B, Storage under ambient air, square symbols 

in all plots; C, Storage at18 kPa O2 and 2 kPa CO2, diamond symbols in all plots; D, 

Storage at 2.5 kPa O2 and 2 kPa CO2,  triangle symbols in all plots. 

  

 

 

 

 

 

 

 

 



Table 4.2. CP-PLS total explained variance for the first two latent variables (LVs) relating metabolites (X), time 

and physiological disorders of ‘AC Harrow Crisp’, ‘Harovin Sundown’ and ‘Swiss Bartlett’ pears stored under 

ambient or CA conditions of either 18 kPa O2 with 2 kPa CO2 or 2.5 kPa O2 with 2 kPa CO2 at 0 °C for at least 

167 d. The percentage of variance represented for each variable by the LVs is shown. 

‘AC Harrow Crisp’ ‘Harovin Sundown’ ‘Swiss Bartlett’ 
Variables LV1 

(%) 
LV1+LV2 

(%) 
LV1 
(%) 

LV1+LV2 
(%) 

LV1 
(%) 

LV1+LV2 
(%) 

X 35.70 55.13 34.13 46.92 32.19 43.60 
Time 64.09 65.52 63.42 68.29 37.70 39.90 
Senescent Scald 28.46 38.75 29.99 39.75 49.55 55.45 
Internal Breakdown 36.80 47.55 38.91 55.20 39.59 44.67 
Internal Cavities 7.67 8.81 NA NA NA NA 
NA: internal cavities were absent in ‘Harovin Sundown’ and ‘Swiss Bartlett’ pears 
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separation of metabolite score profile in response to 1-MCP treatment was observed as 

early as 55 and 111 d, respectively (Figures 4.27B, C); the greatest divergence was 

apparent at the end of the storage experiment. Oxidative stress metabolites of non-1-MCP 

and 1-MCP treated fruit held at 2.5 kPa O2 had fairly similar score distribution at 167 d 

(Figure 4.27D); they highly diverged at this time with the other atmospheres. For 

‘Harovin Sundown’, metabolite scores of fruit sampled over the initial 56 d of storage 

were present in one main cluster, regardless of storage regime (Figure 4.28). Thereafter, 

differences were apparent for non-1-MCP fruit sampled at 119 and 180 d of 18 kPa O2 

storage; score plots of fruit sampled from ambient air and 2.5 kPa O2 storage revealed 

differences only at 180 d (Figures 4.28B, D). CP-PLS score plots of ‘Swiss Bartlett’ 

pears displayed strong divergence in metabolite profiles between non-1-MCP and 1-MCP 

treatments after 111 d under both ambient air and 18 kPa O2 storage (Figures 4.29B, C). 

Smaller differences between non-1-MCP and 1-MCP treated fruit at 2.5 kPa O2 were 

evident by 111 and 167 d (Figure 4.29D). 

Comparison of correlation loading plots for ‘AC Harrow Crisp’, ‘Harovin Sundown’ and 

‘Swiss Bartlett’ pears revealed association of oxidative stress metabolites with 

experimental factors, storage duration and physiological disorders (Figures 4.30–4.32). It 

is important to mention that internal cavities were not present in ‘Harovin Sundown’ and 

‘Swiss Bartlett’ pears throughout the storage duration, and as a result were not 

incorporated in the CP-PLS analysis of these two cultivars. In ‘AC Harrow Crisp’, the 

incidences of internal breakdown and senescent scald were associated with non-1-MCP 

fruit and storage at 2.5 kPa CO2; both disorders were negatively associated with total 

glutathione, GSH, GSSG, GSH/GSSG and 1-MCP-treatment (Figure 4.30). With respect 
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to ‘AC Harrow Crisp’ and internal cavities, these were associated with 2 kPa CO2 storage 

of both CA treatments, as well as storage period; this disorder was negatively associated 

with total ascorbate, AsA, DHA, AsA/DHA and ambient air storage. For ‘Harovin 

Sundown’ pears, internal breakdown and senescent scald were positively associated with 

non-1-MCP treatment, 2.5 kPa O2 storage and GABA, although negatively linked to 

AsA/DHA, GSH/GSSG, 1-MCP treatment and ambient air storage (Figure 4.31). CP-PLS 

loading plots revealed that internal breakdown and senescent scald in ‘Swiss Bartlett’ was 

associated with 2.5 kPa O2 and GABA (Figure 4.32). Antioxidant status was positively 

associated with 1-MCP treatament and ambient air storage and negatively associated with 

non-1-MCP treatment and 2 kPa CO2; there was no link to disorders. 
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Figure 4.30. CP-PLS correlation loading plot representing X-variables of oxidative stress 

metabolites and Y-variables (experimental factors) of ‘AC Harrow Crisp’ pears treated 

with or without 1-MCP after harvest and subjected to storage under ambient air or CA 

conditions of either 18 kPa O2 with 2 kPa CO2 or 2.5 kPa O2 with 2 kPa CO2 at 0 °C for 

up to 170 d. The solid and dashed blue lines represent the respective correlation of 

senescent scald, internal breakdown with oxidative stress metabolites; the red line 

represents the correlation between internal cavities and oxidative stress metabolites. 
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Figure 4.31. CP-PLS correlation loading plot representing X-variables of oxidative stress 

metabolites and Y-variables (experimental factors) of ‘Harovin Sundown’ pears treated 

with or without 1-MCP after harvest and subjected to storage under ambient air or CA 

conditions of either 18 kPa O2 with 2 kPa CO2 or 2.5 kPa O2 with 2 kPa CO2 at 0 °C for 

up to 180 d. The solid blue line represents the correlation between senescent scald and 

oxidative stress metabolites; the dashed blue line represents the correlation between 

internal breakdown and oxidative stress metabolites. 
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Figure 4.32. CP-PLS correlation loading plot representing X-variables of oxidative stress 

metabolites and Y-variables (experimental factors) of ‘Swiss Bartlett’ pears treated with 

or without 1-MCP after harvest and subjected to storage under ambient air or CA 

conditions of either 18 kPa O2 with 2 kPa CO2 or 2.5 kPa O2 with 2 kPa CO2 at 0 °C for 

up to 167 d. The solid blue line represents the correlation between senescent scald and 

oxidative stress metabolites; the dashed blue line represents the correlation between 

internal breakdown and oxidative stress metabolites. 
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CHAPTER FIVE 

Discussion 

 

5.1. Conditioning Prior to Storage Alleviates Negative Impact of 1-MCP on CO2-

Related Flesh Disorders of ‘Honeycrisp’ Apple Fruit 

‘Honeycrisp’ apples are susceptible to a number of physiological disorders, 

including low temperature and elevated CO2 injuries (DeLong et al., 2006; Moran et al., 

2009; DeEll and Ehsani-Moghaddam, 2010; Watkins and Nock, 2012; Contreras et al. 

2014). Application of 1-MCP to ‘Honeycrisp’ apples is beneficial in limiting senescence-

related disorders, but may exacerbate CO2-induced disorders (Watkins and Nock, 2012). 

Here, the incidence of total flesh injuries (browning of the cortex with irregular edges and 

lens-shaped cavities) in ‘Honeycrisp’ apples was enhanced dramatically by 1-MCP when 

stored at 2.5 kPa CO2 for 4 weeks (Figure 4.1). This negative effect of 1-MCP on CO2-

related flesh injury of ‘Honeycrisp’ is in agreement with findings by Watkins and Nock 

(2012), although these authors revealed susceptibility is orchard-specific. The effect of 

orchard location was not evaluated here. The rapid onset of CO2 injuries is not 

uncommon, as ‘Empire’ apples display symptoms of external CO2 injury within a few 

weeks of storage (Burmeister and Dilley, 1995; Deyman et al., 2014b). Lens-shaped 

cavities within ‘Honeycrisp’ cortical tissue were apparent with prolonged storage (i.e., 25 

weeks) at 2.5 kPa CO2 (Figure 4.2), which is in agreement with previous research on 

Michigan-grown ‘Honeycrisp’ apples (Contreras et al., 2014). The maximal incidence of 

flesh disorders was achieved by week 4, regardless of 1-MCP, pre-storage conditioning 

or CO2 treatment (Figure 4.1; Contreras et al. 2014).  
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CO2-related damage can be controlled by conditioning at temperatures warmer 

than those used during storage; this practice confers lower incidence of disorders in fruit 

of various cultivars (Argenta et al., 2000; Saquet et al., 2003b; de Castro et al., 2008; 

Watkins and Nock, 2012; DeEll and Ehsani-Moghaddam, 2012). Moreover, conditioning 

‘Honeycrisp’ apples at temperatures between 10 °C to 20 °C for up to 7 d  is an effective 

strategy for controlling physiological disorders  in response to chilling and CO2 (DeLong 

et al., 2004; Watkins and Rosenberger, 2000; Watkins et al., 2004; Contreras et al., 2014). 

Here, evidence is provided for the benefit of conditioning fruit at 10 C for 5 d prior to 

storage in alleviating the negative impact of 1-MCP on CO2-related flesh browning 

(Figure 4.1). Although brown lesions were markedly reduced by conditioning, lens-

shaped cavities were not totally eliminated from the cortex of ‘Honeycrisp’ apples 

(Figure 4.2). Contreras et al. (2014) revealed this type of injury was effectively reduced 

by conditioning at 20 C for 5 d; notably, the maximal incidence of total flesh disorders 

observed in their study was never higher than 17%, a level that is far lower than that 

reported here for fruit held at 2.5 kPa CO2.  

External disorders, like soft scald, tend to occur in response to low temperatures 

(i.e., 0 C), although sometimes absent during storage at 3 C (Watkins et al., 2004).  

Control of this peel disorder by CA is effective when combined with pre-storage 

conditioning at warm temperatures for 7 d (DeLong et al., 2006, Watkins and Nock, 

2012). Peel disorders were minimal or negligible in the current study, and minimally 

affected by 1-MCP or conditioning treatments (Figure 4.2); this may be due in part to 

storage of fruit at 3 C. ‘Honeycrisp’ displayed up to a 40% incidence rate for this 

disorder when stored at 0 C for 3 months (Lachapelle et al., 2013). Notably, ‘Honeycrisp’ 
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fruit displaying symptoms of flesh disorders do not always exhibit soft scald (Watkins et 

al., 2005; Contreras et al., 2014), a disorder that tends to be more prevalent in late 

maturity fruit (Watkins et al., 2004). Fruit used in this study were harvested at the 

recommended commercial maturity (Table A1, refer to Appendix A; DeEll, 2014), and 

thus not of an advanced maturity to render susceptibility to soft scald. 

 

5.2. GABA Accumulation is Associated with CO2-Related Flesh Disorders of 

‘Honeycrisp’ Apple Fruit during CA Storage 

In plant tissues including bulky fruit, the accumulation of GABA is a well-

established metabolic response to abiotic stress, including low temperatures, low O2 and 

elevated CO2 (Allan et al., 2008; Pedreschi et al., 2009; Deewatthanawong et al., 2010a,b; 

Lee et al., 2012a; Shelp et al., 2012c; Leisso et al., 2014). In this study, the separate and 

combined effects of 1-MCP, pre-storage conditioning, and elevated CO2 partial pressure 

on GABA production in ‘Honeycrisp’ apple was determined as function of storage time 

and compared to the development of total flesh disorders. 1-MCP treated ‘Honeycrisp’ 

apples immediately transferred into elevated CO2 displayed the highest increase in 

GABA level (Figure 4.4); coincidentally these same treatments displayed the greatest 

incidence of flesh disorders. Furthermore, CP-PLS loading plot analysis revealed a 

positive correlation between GABA and flesh disorders in ‘Honeycrisp’ apples in 

unconditioned, 1-MCP treated fruit (Figure 4.10). This is not without precedent as the 

development of soggy breakdown in ‘Honeycrisp’ apples coincides with enhanced 

GABA and shifts in triacylglycerol species associated with cellular membrane disruption 

(Leisso et al., 2014). Similar links exists between GABA and CO2-related disorders in 
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‘Braeburn’ apples and ‘Conference’ pears (Pedreschi et al., 2009; Lee et al., 2012b). In 

vegetative tissues, GABA accumulation proceeds by two well-described biochemical 

mechanisms: cytosolic acidification-mediated stimulation or Ca2+/CaM activation of 

GAD (Baum et al. 1993; Ling et al., 1994; Arazi et al., 1995; Snedden et al., 1995, 1996; 

Baum et al., 1996; Shelp et al., 1999; Trobacher et al., 2013b). Thus, GAD activity in 

‘Empire’ apple fruit may be regulated by pH and Ca2+/CaM at near physiological pH; 

notably, recombinant MdGAD1 and MdGAD2 enzymes are influenced by both 

mechanisms, whereas a third MdGAD3 lacks the capacity to be activated by Ca2+/CaM 

(Trobacher et al., 2013b). Analysis of transcript abundance may reveal how the 

expression of apple GAD expression is affected by 1-MCP, pre-CA conditioning and/or 

elevated CO2. Both biochemical mechanisms may be involved here. For instance, 

accumulation of GABA during the early stages of CA storage may involve a Ca2+/CaM 

mediated activation of MdGAD1 and/or MdGAD2, whereas the accumulation of GABA 

that is coincident with flesh damage could involve a mechanism designed to counteract 

cytosolic acidification resulting from CO2 dissolution and/or cellular disorganization 

(Shelp et al., 2012a, b). Although GABA enhancement appears to coincide with 

symptoms of flesh disorders in ‘Honeycrisp’, there is evidence for elevation in GABA 

concentrations prior to the onset of disorders. For example, an increase in this stress 

signature occurs at least 10 weeks prior to CO2-related flesh browning in 1-MCP treated 

‘Empire’ apples (Lee et al., 2011), and within a few days of transfer of tomato, 

cherimoya and melon fruit to elevated CO2 partial pressures when disorders are absent 

(Merodio et al., 1998; Makino et al., 2008; Biais et al., 2010; Deewatthanawong et al., 

2010a). 
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GABA accumulation was substantially lower in 1-MCP treated ‘Honeycrisp’ fruit 

subjected to conditioning prior to elevated CO2 storage than in fruit transferred directly to 

CA (Figure 4.4). This corresponded to a delay in the development of flesh browning 

(Figure 4.2). Apart from an absence of a GABA response, alleviation of flesh disorders in 

1-MCP treated ‘Honeycrisp’ fruit subjected to a conditioning period may be due in part to 

maintenance of energy equivalents. ‘Conference’ pears subjected to 21 d at 0 C prior to 

CA and devoid of flesh browning disorders possess higher levels of ATP and AEC than 

fruit transferred directly to 3 kPa CO2/1 kPa O2 (Saquet et al. 2003a). The onset of flesh 

browning disorders could be due in part to limited energy available for the maintenance 

of membrane structure and function, resulting in increased membrane permeability and 

organelle or cell collapse (Marangoni et al. 1996; Rawyler et al. 1999; Veltman et al. 

2003). Similarly, the energy molecule NAD(P)H is closely associated with GABA 

production (Shelp et al. 2012c; references therein). A key study revealed that enhanced 

concentrations of GABA and its catabolite, GHB, coincide with temporary spikes in 

pyridine dinucleotide ratios within hours of the submergence of Arabidopsis plants (Allan 

et al., 2008). Shifts in NADPH pools and redox status are also reflective of antioxidant 

potential (Foyer and Noctor, 2011). The contribution of shifts in endogenous antioxidant 

pools to physiological disorders and their possible association with GABA levels in 

‘Honeycrisp’ is discussed in section 5.3. 
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5.3. Pre-CA Storage Conditioning Improves Antioxidant Stress Response to 

Elevated CO2 in ‘Honeycrisp’ Apple Fruit  

Conditioned 1-MCP treated ‘Honeycrisp’ apples subjected to elevated CO2 had 

lower DHA and higher GSSG levels during the early stages of the storage period than 

non-conditioned fruit (Figures 4.6 & 4.8). These metabolic adjustments are probably due 

to their involvement in maintaining the AsA pool in order to quench ROS and limit 

detrimental cellular reactions leading to disorder development, as an early response to 

oxidative stress during CA storage (Foyer and Noctor, 2011). Moreover, this 

accumulation of GSSG, along with a decline in GSH/GSSG and stable AsA/DHA redox 

ratios, reflects the limited energy available in whole fruit for maintaining the GSH pool. 

On the contrary, ‘Honeycrisp’ fruit transferred directly to CA following 1-MCP 

underwent a fluctuation in DHA by week 8 of elevated CO2 storage, and GSSG levels 

were well maintained during this period. CP-PLS analysis revealed that flesh disorders 

are positively associated with GSH/GSSG and DHA levels, and negatively associated 

with AsA/DHA (Figure 4.10). Fluctuations in oxidative stress metabolites are not 

uncommon as DHA accumulation correlates with CO2-related flesh browning of ‘Pink 

Lady’ apples (de Castro et al., 2008). Cascia et al. (2013) postulated a temporary increase 

in DHA in response to elevated CO2 may be indicative of early processes in the 

development of flesh browning disorders. Lee et al. (2012a) determined that 1-MCP 

exacerbation of flesh browning in ‘Empire’ apples in response to 2 kPa O2/2 kPa CO2 is 

associated with the activity of AsA peroxidase; the enzyme involved in the H2O2-

mediated conversion of AsA to its oxidized intermediate, MDHA. Together, these 



 

   146 
 

findings suggest that exhaustion of AsA pools is a pivotal event conferring susceptibility 

to flesh browning in elevated CO2-stored apples, including ‘Honeycrisp’.  

A shift in intracellular GSH pools from a predominantly reduced state 

(GSH/GSSG ~ 20) to a mostly oxidized state (GSH/GSSG ~ 1) occurs with abiotic stress 

(Foyer and Noctor, 2011; Noctor et al., 2012). Both 1-MCP treated ‘Honeycrisp’ apples 

subjected to conditioning or immediately transferred into elevated CO2 were rapidly 

depleted of total glutathione and GSH/GSSG redox ratio during the early stages of 

storage (Figure 4.8). ‘Conference’ pear fruit maintained at -1 C/ 2 kPa O2/ 5 kPa CO2 

undergo an approximately 60% decline in GSSG/GSH ratios and 100% increase in GR 

activity within 3 d, whereas these are relatively unchanged during ambient air storage 

(Larriguadière et al., 2001). Similarly, ‘Blanquilla’ pears treated with 5 kPa CO2 exhibit 

core browning, which is associated with an increase in GR activity (Pinto et al., 2001); 

consequently, this activity directly influences GSH/GSSG balance (Foyer and Noctor, 

2011). Conversely, Silva et al. (2010) demonstrated that ‘Rocha’ pears stored under -0.5 

C, 2.5 kPa O2 and 0.7 kPa CO2 for up to 6 mo display up to 25% incidence in internal 

browning, but this is not associated with any change in total glutathione level or altered 

GSH/GSSG ratios of the whole fruit.  

The metabolic shifts in reduced forms of ascorbate and glutathione are probably 

related to the availability of NAD(P)H (Foyer and Noctor, 2011) and their role in the 

sequestration of ROS, which limits their detrimental effects on proteins and 

macromolecules (Franck et al., 2007; Gill and Tuteja, 2010). Both antioxidants and their 

interaction with ROS, like H2O2, are linked via the AsA-GSH recycling pathway (Foyer 

and Noctor, 2011; references therein). During abiotic stresses, such as low temperature 
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and elevated CO2, a rise in ROS production occurs (Larrigaudière et al., 2001; 

Larrigaudière et al., 2004b; Chiriboga et al., 2013). A general response to hypoxia or 

elevated CO2 involves adjustment of carbon metabolism to overcome limited ATP 

production and to regenerate NAD+ by enhancing glycolysis and anerobic fermentation 

pathways, respectively (Veltman et al., 2003; Saquet et al., 2003a). Studies of 

‘Conference’ pears stored under hypoxia and elevated CO2 atmospheres revealed energy 

(ATP and AEC) is limited, and insufficient to support ROS detoxifying reactions in fruit 

displaying disorders (Veltman et al., 2003). Conversely, conditioning prior to CA may 

help to maintain higher levels of ATP and AEC in fruit, which would in turn delay or 

eliminate development of sypmtoms of flesh browning, as demonstrated with 

‘Conference’ pears (Saquet et al., 2003a). Thus, conditioning at 10 oC of ‘Honeycrisp’ 

treated with 1-MCP may conserve energy status (e.g., NADPH) during storage. NADPH 

is important for the maintenance of redox potential against oxidative stress (Kruger and 

von Schaewen, 2003). 

 

5.4. 1-MCP and CA Differentially Affect Fruit Quality of ‘AC Harrow Crisp’, 

‘Harovin Sundown’ and ‘Swiss Bartlett’ Pears 

In this study, we predicted that 1-MCP application in combination with CA 

storage would improve overall fruit quality and alleviate physiological disorders in fruit 

of three pear cultivars, ‘AC Harrow Crisp’, ‘Harovin Sundown’ and ‘Swiss Bartlett’. 

However, cultivar-specific responses were observed as 1-MCP application together with 

chilling at 0 C alone effectively maintained the quality of ‘AC Harrow Crisp’ pears, 

whereas CA-related disorders were exacerbated by 1-MCP (Figures 4.11 & 4.13). By 
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contrast, both ‘Harovin Sundown’ and ‘Swiss Bartlett’ pears responded best to a 

combined practice of 1-MCP application and chilling at 2.5 kPa O2 (Figures 4.11 & 4.12). 

In addition, it was predicted that disorder development would be associated with the 

accumulation of oxidative stress metabolites. For each cultivar, the relationship between 

physiological disorders and oxidative stress signatures is presented below. 

Senescent scald and internal breakdown are senescence-related disorders that 

occur in various pear cultivars, which tend to be reduced by chilling (i.e., -1 to 1 C; 

Kupferman, 2003; Franck et al., 2007). Over the last decade, studies indicate these 

disorders are effectively controlled by CA, which can extend the storage life of European 

pears beyond four mo (Drake and Chen, 2000; Drake and Elfving, 2004), albeit for some 

cultivars this is accompanied by the occurrence of physiological disorders (Lammertyn et 

al., 2003a; Franck et al., 2007; DeEll and Ehsani-Moghaddam, 2011). Alternatively, 

disorders are minimized in ‘Bartlett’ pears by 1-MCP and chilling (Ekman et al., 2004; 

DeEll and Ehsani-Moghaddam, 2011; Villalobos-Acuña et al. 2011a). Benefits of 1-MCP 

on stored pear fruits are cultivar-dependent, varying with the amount of active ingredient, 

temperature and exposure period (Blankenship and Dole, 2003; Ekman et al., 2004). A 

widely accepted commercial practice for apple producers includes application of 1-MCP 

followed by CA storage (Watkins, 2007, 2008), although not widely studied for pears. 

Here, internal breakdown and senescent scald were absent in all cultivars over the first 

111 to 119 d of storage, regardless of CA and 1-MCP treatment; thereafter disorder 

development in response to 1-MCP and CA varied with cultivar (Figures 4.11 & 4.12). 

The most effective treatment for control of senescent scald and internal breakdown in 

‘Harovin Sundown’ and ‘Swiss Bartlett’ was 2.5 kPa O2/2 kPa CO2. By contrast, there 
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was no synergetic benefit of 1-MCP and CA for ‘AC Harrow Crisp’. For this cultivar, 1-

MCP eliminated senescent scald regardless of storage regime (Figure 4.11); however, it 

exacerbated the incidence of internal cavities at either CA regime, suggesting a response 

to the supply of 2 kPa CO2 (Figure 4.13). To date, this negative impact of 1-MCP on 

CO2-related injuries is described only for susceptible apple fruit cultivars (DeEll et al., 

2003; Fawbush et al., 2008; Watkins and Nock, 2012), and is relatively unknown for 

other commodities. Internal cavities and internal breakdown were absent in 1-MCP 

treated ‘AC Harrow Crisp’ fruit chilled without CA. This phenomenon is consistent with 

previous findings where internal CO2 injury was negligible in ‘Fuji’ apples stored at the 

near ambient CO2 partial pressure of 0.05 kPa, but prominent at 3 kPa (Argenta et al., 

2000). 

The control of storage-related physiological disorders in ‘Bartlett’ fruit by 1-MCP 

tends to coincide with delayed and/or lower ethylene emission and reduced fruit softening 

(Ekman et al., 2004; DeEll and Ehsani-Moghaddam, 2011; Villalobos-Acuña et al., 

2011a, b;). Similarly, in fruit of all cultivars used in this study less ethylene was produced 

following application of 300 nL L-1 1-MCP relative to the control treatment. 1-MCP 

application and CA synergistically reduced ethylene production in fruit upon their 

removal from storage (Figure 4.14). This is not without precedent as ‘Delicious’ apples 

exposed to 1-MCP and subjected to CA storage (0 C, 2.5 kPa O2, 2.5 kPa CO2) for 6 mo 

produce much less ethylene than non-1-MCP treated fruit (DeEll et al., 2007).  

The transition of peel or external colour from green (associated with immature 

ripened fruit) to yellow occurs with ripening, including short-term chilling of European 

pears (i.e.,  4 mo; Ekman et al. 2004; Villalobos-Acuña and Mitcham, 2008; DeEll and 
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Ehsani-Moghaddam, 2011; Villalobos-Acuña et al., 2011a). Moreover, delayed peel 

yellowing by 1-MCP is known, although its effect is minimal with prolonged chilling 

(Ekman et al., 2004; DeEll and Ehsani-Moghaddam, 2011; Villalobos-Acuña et al., 

2011a). Fruit of all cultivars turned yellow after 111 to 119 d of chilling with ambient air; 

1-MCP was most effective in delaying this colour transition under the 2.5 kPa O2/2 kPa 

CO2 regime (Figure 4.16). This is consistent with previous research demonstrating that 

low O2 in tandem with elevated CO2 effectively limits peel yellowing in ‘Anjou’ pears 

(Drake, 1994).  

In general, fruit softening is dependent upon ethylene biosynthesis in pears 

(Hiwasa et al., 2003). However, pear fruit from this study displayed very little change in 

firmness throughout the storage period, and more importantly 1-MCP and CA had no 

impact on fruit softening (Figure 4.15). This suggests softening and production of 

endogenous ethylene act independently of each other in ‘AC Harrow Crisp’ and ‘Harovin 

Sundown’ pears during storage. This is not without precedent as firmness levels in 

Chinese and Japanese pears remain stable during ripening, a phenomenon consistent with 

limited activity of the cell wall modifying enzyme endo-polygalacturonase (Hiwasa et al., 

2004). The firmness of ‘Bartlett’ fruit declines with prolonged exposure to post CA on-

shelf conditions (Ekman et al., 2004; DeEll and Ehsani-Moghaddam, 2011), an aspect not 

addressed here as control fruit exposed to ambient air for at least 167 d  were highly 

deteriorated and not useful for shelf-life evaluation.  

In addition to fruit softening, organoleptic properties like TA, a measure of 

organic acid levels, tend to decline in response to chilling, although in a cultivar-specific 

manner, whereas the SSC remains relatively stable (Pasquariello et al., 2013). The 
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decline in TA coincides with fruit maturation and may be due to organic acid transport 

and degradation (Etienne et al. 2013), including oxidative decarboxylation of malic acid 

by malic enzyme (Pedreschi et al., 2009). Malic acid is the predominant organic acid 

species in pear fruit (Eccher-Zerbini, 2002). 1-MCP treatment inhibits the decline in TA 

of ‘d’Anjou’ pears during cold storage, whereas there is no difference in 1-MCP treated 

‘Rocha’ pears stored under CA relative to ambient air (Gago et al., 2014; Xie et al., 2014). 

In this study, TA declined by up to 40% in ’AC Harrow Crisp’ and ‘Harovin Sundown’ 

as a function of storage time, regardless of 1-MCP and/or CA treatment (Figure 4.18), 

trends in agreement with losses reported for other stored pear fruit (Pasquariello et al., 

2013). Smaller losses were apparent for ‘Swiss Bartlett’ pears, and 1-MCP prevented 

such losses under ambient air or 2.5 kPa O2 (Figure 4.18). Modification of SSC 

represents changes in levels of dissolved sugars, mostly from the hydrolysis of starch 

during ripening. Also, elevated SSC may be associated with degradation of cell wall 

structure and complex carbohydrates (Kittur et al., 2001). SSC tended to increase over the 

first 55 to 56 d of storage and be maintained thereafter in all cultivars, but ‘Harovin 

Sundown’ which displayed a decline after 119 d (Figure 4.17). Typically, SSC in pear 

fruit is minimally affected by 1-MCP (Calvo and Sozzi, 2004, 2009), although the level is 

higher in 1-MCP treated ‘Bartlett’ following 4 mo at 0.5 C than in untreated fruit (DeEll 

and Ehsani-Moghaddam, 2011). In this study, a beneficial effect of 1-MCP application in 

the preservation of SSC was evident only for ‘Swiss Bartlett’ (Figure 4.17).   
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5.5. GABA Serves as a Hypoxic Response for Storage-Related Disorder 

Development in Pear Fruit 

Although GABA has been well-established as a response to oxidative stress in 

plants, the physiological role remains uncertain (Shelp et al., 2006; Fait et al., 2007; 

Roberts, 2007; Shelp et al., 2012a; Shelp et al., 2012b). GABA may serve a role in pH 

regulation, maintenance of carbon/nitrogen balance, redox regulation, energy production 

and cellular signaling (Bouché and Fromm, 2004; references therein). Here, the 

accumulation of GABA in pear fruit varied with cultivar and experimental treatment; in 

most cases, the levels were highest at the end of the storage experiment (167 to 180 d). 

CP-PLS correlation loading plots revealed a positive relationship of GABA with 

senescent scald and internal breakdown, regardless of pear cultivar (Figures 4.30-4.32). 

Interestingly, this trend was evident only for non-1-MCP ‘AC Harrow Crisp’ and 

‘Harovin Sundown’ fruit stored at 2.5 kPa O2; ‘Swiss Bartlett’ stored at 2.5 kPa O2 

demonstrated this relationship regardless of 1-MCP. In whole fruit, regions of flesh 

browning might reflect O2 deprived tissues. Differential changes in fruit quality and 

susceptibility of physiological disorders across the different pear cultivars may be 

associated with differences in tissue ultrastructure and density, which influences the 

diffusion rate of O2 gas from peripheral tissues towards the center of the fruit (Ho et al., 

2010).  

It is plausible that hypoxic damage from ROS production results in mitochondrial 

membrane disintegration, allowing the release of Ca2+ from the mitochondrial inner 

membrane and subsequently enhancing GABA production via the activation of GAD by 

Ca2+/CaM (Snedden et al., 1996; Snedden and Fromm, 2001). Alternatively, the low O2 
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conditions may reduce the rate of H+ oxidation by cytochrome C oxidase within the fruit 

(Geigenberger, 2003; Ho et al., 2011), leading to the accumulation of H+ and lowering 

the pH of the cytosol, which subsequently also stimulates GAD activity and GABA 

production (Rothan et al., 1997; Makino et al., 2008; Shelp et al. 2012a, b). Disordered 

tissue of pear fruit is known to possess higher GABA levels than sound tissue (Franck et 

al., 2007; references therein). Moreover, GABA has been demonstrated to accumulate 

under CA storage regimes of 10 kPa CO2 and 1 kPa O2, which is associated with flesh 

browning (Franck et al., 2007; Pedreschi et al., 2009). While it is evident that GABA 

accumulation might occur in fruit subjected to low O2 and/or elevated CO2 environments, 

GABA production could be present under all environmental conditions tested, suggesting 

that GABA is a component of a long-term chilling response. This is consistent with 

previous studies demonstrating GABA accumulation in various plant tissues after 

exposure to chilling, anoxia, elevated CO2 or mechanical handling (Bown and Shelp, 

1997; Shelp et al., 1999; Allan et al., 2008). 

Some of the 1-MCP and CA treated pears developed physiological injury, but 

GABA did not accumulate. For instance, non-1-MCP ‘AC Harrow Crisp’ pears stored at 

18 and 2.5 kPa O2, respectively, had a high incidence of senescent scald and internal 

breakdown (Figures 4.11 & 4.12); however, both cases had a steady GABA level (Figure 

4.20). Similar results were observed with ‘Harovin Sundown’ pears stored under ambient 

air and 18 kPa O2, and with non-1-MCP treated ‘Swiss Bartlett’ pears stored under 18 

kPa O2. This limited accumulation and marginal changes of GABA may have been 

associated with GABA catabolism; specifically, the rate of GABA degradation could be 

greater than the rate of GABA production (Shelp et al. 1999). Previous studies have 
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shown that the catabolism of GABA may lead to the production of GHB when the 

NAD(P)H/NAD(P)+ redox status is altered (Shelp et al., 1999; Breitkreuz et al., 2003; 

Hoover et al., 2007b). Taken together, the possibility remains that during postharvest 

storage of fruit, changes in redox constituents may be a consequence of arrested 

biosynthesis, and together with their oxidation and catabolism, may be lead to 

physiological injuries.  

 

5.6. Depletion and Inter-conversion of Antioxidants in Pear Fruit in Response to 1-

MCP and CA  

It is well established that the level of ROS in plant tissue is elevated under abiotic 

stress, leading to destructive reactions with essential macromolecules and cellular toxicity 

(Møller, 2001; Mittler, 2002; Toivonen, 2004; Gill and Tuteja, 2010; Foyer and Noctor, 

2011). Previous studies have shown depletion of antioxidants, such as ascorbate, is 

associated with development of physiological disorders in pear fruit (Veltmnan et al., 

1999b; Veltman et al., 2000; Franck et al., 2003a; Franck et al., 2007; Pedreschi et al., 

2009; Silva et al., 2010; Cascia et al., 2013; Chiriboga et al., 2013). Here, the ascorbate 

species were rapidly depleted and the glutathione status altered in three pear cultivars 

during early stages of CA storage (Figures 4.21-4.26), prior to the detection of 

physiological injury. Furthermore, there may be pre-determined hypoxic regions within 

the fruit of certain pear cultivars, which would enhance the susceptibility to CO2 injury 

and result in elevated levels of GABA. Interestingly, internal cavity development in ‘AC 

Harrow Crisp’ pears was associated with 2 kPa CO2 storage atmosphere, conditions 

resulting in lower AsA/DHA and its individual species during the initial 55 d of CA 



 

   155 
 

(Figure 4.21); in fact, the negative association between ascorbate metabolism and this 

disorder (Figure 4.30) suggests that when AsA is sub-optimal, these fruit tissues become 

susceptible to internal cavity formation. This relationship between ascorbate and CO2-

related disorders is not uncommon. ‘Pink lady’ apples displaying a high incidence of 

flesh browning was shown to be associated with depleted AsA and a marginal increase in 

DHA concentration during  4 mo storage  at 5 kPa CO2 (de Castro et al., 2008). Cascia et 

al. (2013) determined that a link between increased DHA concentration in pear fruit and 

flesh browning disorders is evident in ‘Williams Bon Chretien’ but not apparent in the 

‘Beurre Bosc’ and ‘Doyenne du Comice’ pears. Although no link was apparent between 

DHA and internal breakdown and senescent scald of all three cultivars studied here, 

internal CO2 injury in ‘AC Harrow Crisp’ was shown to be correlated to DHA (Figure 

4.30).  

The concentration of AsA in plant cells is a fine balance between its biosynthesis, 

oxidation and catabolism (Hancock and Viola, 2005). In general, ripened fruit have 

limited capacity for de novo AsA synthesis (Li et al., 2008), although seeds and immature 

fruit are capable of synthesizing AsA (Davey et al., 2004; Razavi et al., 2005). As a result, 

the available AsA used to quench ROS is the amount present at harvest, and this amount 

of AsA is dramatically reduced during fruit maturation and storage (Veltman et al., 2000; 

Larriguadière et al., 2001; Zerbini et al., 2002; Franck et al., 2003b; de Castro et al., 

2008). Pear fruit displayed a rapid loss of total ascorbate, which was mostly represented 

by the loss of AsA content, within early stages of cold storage regardless of atmosphere 

regimes (Figures 4.21-4.23); total ascorbate levels were highest prior to cold and CA 

storage in all three pear cultivars, suggesting utilization of AsA for quenching ROS 
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during early stages of oxidative stress (Foyer and Noctor, 2011). Although AsA is 

regenerated by GSH, the recycling of AsA cannot support the fruit indefinitely, as AsA 

and its metabolites are consumed in other reactions (Davey et al., 2000). Notably, flesh 

browning of ‘Conference’ pears has been linked to the accumulation of gluconic acid 

(Pedreschi et al., 2009), an intermediate of AsA catabolism leading to oxalic and L-

tartaric acids production (Debolt et al., 2007). Catabolism of AsA is dependent on the 

status of DHA, and if DHA is not reduced back to AsA by DHAR, which utilizes GSH as 

a substrate, a rapid degradation of AsA to gluconic acid as an intermediate maybe 

plausible (Pedreschi et al., 2009). In this study, both AsA and DHA rapidly declined in 

all pear cultivars during the early stages of storage, regardless of 1-MCP and CA regime 

(Figs 4.21-4.23); this may be a result of ROS generation from chilling and CA stress, 

leading to rapid AsA catabolism. Moreover, accumulation of threonic acid in brown 

tissue of ‘Conference’ pears might be associated with AsA catabolism (Pedreschi et al., 

2009); threonic acid is a catabolite of AsA and DHA. Accumulation of AsA catabolites 

may also provide evidence of AsA catabolism used to override dysfunctional AsA-GSH 

recycling mechanism in CA-stressed fruit (Pedreschi et al., 2009), which may be linked 

to a depletion of cellular reducing equivalents (i.e., NADPH) required to regenerate GSH 

for the DHAR-mediated conversion of DHA to AsA.  

1-MCP treated pears displayed higher total glutathione levels than non-1-MCP 

treated fruit, during ambient and CA storage (Figures 4.24-4.26). Moreover, internal 

breakdown and senescent scald were negatively linked with all glutathione metabolite 

indicators, including GSH/GSSG (Figures 4.30 & 4.31). The relationship of glutathione 

with ascorbate in cellular defense against ROS accumulation is well documented in the 
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AsA-GSH recycling pathway (Foyer and Noctor, 2011; references therein). A recent 

study of tomato with reduced MDHAR activity demonstrated accumulation in total GSH 

levels, reinforcing the close interdependence of the enzymes and metabolites involved 

with AsA-GSH recycling and regulation (Airaj et al., 2013). Moreover, application of 

ethylene to spinach leaves results in reduced MDHAR and DHAR activities, as well as 

AsA level, suggesting that ethylene has an important signaling role in AsA regulation 

(Gergoff et al., 2010). Interestingly, shifts in glutathione metabolites of pears investigated 

in this study were associated with non-1-MCP treatment and ambient air storage (Figures 

4.30 & 4.31), fruit shown to produce ethylene (Figures 4.14). Converesely, these same 

treatments in ‘Swiss Bartlett’ corresponded to increased ethylene production and disorder 

development, but no correlation with glutathione metabolites was evident (Figure 4.32). 

Alternatively, it may also be possible that glutathione content is regulated by an 

ethylene-independent mechanism, given that most 1-MCP treated fruit displayed higher 

total glutathione levels than non-1-MCP fruit under specific atmospheric regimes. It has 

been previously shown that plants under oxidative stress due to environmental and 

cellular conditions may conditionally have increased glutathione levels (Szalai et al. 2009; 

references therein). Interestingly, Lee et al. (2012a) showed higher GSH concentration in 

1-MCP treated ‘Empire’ apples than non-treated fruit within 5 weeks of storage at 0.5 °C. 

It is known that application of 1-MCP competitively inhibits ethylene binding to ETRs 

and subsequent activation of the ethylene transduction pathway (Ciardi and Klee, 2001; 

Blankenship and Dole, 2003; Prange and DeLong, 2003; Nanthachai et al., 2007). 

Reports of ‘Conference’ pears demonstrate that 1-MCP limits ripening by increasing 

activity of enzymatic and non-enzymatic antioxidants during cold storage, as well as 
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inhibiting ethylene biosynthesis (Chiriboga et al., 2013). Moreover, 1-MCP treated 

‘Blanquilla’ pears have higher enzymatic antioxidant potential with CAT, POX and APX 

during cold storage, leading to reduced levels of H2O2 and AsA (Larrigaudière et al., 

2004b). Most studies with 1-MCP treatments on pears focus on antioxidant mechanism 

associated with CAT, SOD, APX and peroxidase activities; however, 1-MCP may also 

have an influence on enzymes associated with glutathione maintenance. Moreover, the 

synergistic effect of chilling and low O2 may also have a contributing role on glutathione 

content in pear fruit; higher GSH levels and GR activity have been demonstrated in plants 

subjected to chilling (Koscy et al., 2001; references therein) and low O2 (Geigenberger, 

2003). Although limited information exists about glutathione regulation by ethylene, a 

recent proteomic approach investigating the response of Arabidopsis seedlings to 

ethylene application showed increased abundance glutathione synthetase (GS), as a result 

of ethylene treatment (Chen et al., 2011); GS is considered to be the rate limiting enzyme 

in glutathione biosynthesis (Parisy et al., 2007). Ethylene is proposed to increase the 

activity of GS (Yoshida et al., 2009), leading to elevated production of GSH. With 

limited de novo production of antioxidants in fruit, it is plausible that ethylene may be 

involved in glutathione regulation. Nonetheless, the regulation and maintenance of 

glutathione content in pear fruit by ethylene induction is uncertain and requires further 

investigation.  
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CHAPTER SIX 

Conclusions 

 

Although there is uncertainty regarding the relationship of oxidative stress 

metabolites as biological signatures for the development of physiological disorders 

during CA storage in pome fruit, results from this study provide evidence that GABA and 

antioxidant (i.e., ascorbate and glutathione) status are involved in the development of 

physiological injury during elevated CO2 and low O2 storage. CP-PLS analysis confirmed 

the close association of GABA and antioxidant species with physiological disorders 

during CA storage in ‘Honeycrisp’ apples and pears (‘AC Harrow Crisp’, ‘Harovin 

Sundown’ and ‘Swiss Bartlett’). However, the differential responses of GABA and 

antioxidants during CA storage raise some interesting questions about these oxidative 

stress metabolites and their relationships with physiological disorders.  

1-MCP treated ‘Honeycrisp’ apples were shown to develop a high incidence of 

flesh browning and lens-shaped cavities during the early stages of elevated CO2 storage 

at 3 °C, and it was coincident with rapid accumulation of GABA. Conditioning of 1-MCP 

treated ‘Honeycrisp’ apples at 10 °C for 5 d alleviated flesh browning associated with 

elevated CO2, and resulted in lower GABA level and altered antioxidant redox balance. 

The possibility remains that the energy status (e.g., NADPH) of these apples was 

conserved by the conditioning treatment. It is known that NADPH is important for the 

maintenance of redox potential against oxidative stress, although its role in conditioned 

fruit subjected to CA is uncertain. 
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Cultivar specific effects of 1-MCP, chilling and low O2 storage on fruit quality, 

including disorders, and oxidative stress metabolites (i.e., GABA and antioxidants; 

ascorbate and glutathione) were observed for Ontario pears. 1-MCP treated pears of all 

cultivars tested displayed a lack of development of physiological disorders (i.e., internal 

cavity in ‘AC Harrow Crisp’) that coincided with a lower accumulation of GABA than in 

non-1-MCP fruit. This finding may be associated with GABA catabolism and related 

fluctuations in NAD(P)H/NAD(P)+ redox status, which would limit the oxidation reaction 

of SSA to succinate by SSADH and favour the reduction reaction of SSA to GHB by 

GLYR and. Nonetheless, it is still uncertain whether these alterations in GABA precede 

or act concurrently with disorder development. Moreover, fluctuations in 

NAD(P)H/NAD(P)+ redox status are closely related to rapid declines in ascorbate species 

and altered glutathione status during early stages of storage, which may be indicative of 

AsA catabolism to gluconic, threonic, oxalic and L-tartaric acids; these AsA catabolites 

may be candidates as potential biomarkers for disorder development. To date, the 

structure and regulation of the AsA catabolism pathway remain to be fully elucidated.  

Future studies may involve examination of NAD(P)H/NAD(P)+  and energy 

equivalents in 1-MCP treated and CA-stored fruit, given its close association with GABA 

and antioxidant status. Analysis of ethylene and low O2-responsive gene expression 

together with metabolites in 1-MCP- and CA-stored pears would provide additional 

information on the link between oxidative stress metabolism, ethylene control and 

disorder development. Taken together, the possibility remains that during postharvest 

storage the fruit, depletion of total redox constituents may be a consequence of arrested 
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biosynthesis, and together, with their oxidation and catabolism, may lead to physiological 

injuries. 
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APPENDICES 

 

APPENDIX A: Results  
 
 
Table A1. Maturity test of ‘Honeycrisp’ apples at harvest time on September 15, 2011 
(Guelph).  
 
 

Diameter 
(mm) 

Blush 
(%) 

Firmness 
(N) 

IEC 
(L L-1) 

SSC 
(%) 

Malic acid 
(mg/100 mL) 

Starch index 
(1-8) 

7.9 71.0 74.76 19.5 13.1 704 5.9 

All values represent the mean of 10 individual apple fruit. 
Abbreviations include: IEC, internal ethylene concentration; N, 
Newtons; SSC, soluble solids content  
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APPENDIX B: ANOVA tables  
 

 

B1. ANOVA tables for ‘Honeycrisp’ apples 2011 storage trial 

 

Table B1.1.  ANOVA for the effects of storage period (week), 1-MCP and CO2 on Flesh 
Disorders in ‘Honeycrisp’ apple fruit stored at 3 °C for 35 weeks 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Week 1-MCP×Cooler -0.00033 0.000627 -0.52 0.6033 
Residual  0.05286 0.005802 9.11 <.0001 

Effect  Num df Den df F-Value Pr>F 

Week  6 166 15.09     <.0001 
1-MCP  1 2 21.57     0.0434 
Week × 1-MCP  6 166 0.65     0.6892 
Conditioning  1 166 94.65     <.0001 
Week × Conditioning  6 166 1.30     0.2595 
1-MCP × Conditioning  1 166 18.37     <.0001 
Week × 1-MCP × 
Conditioning 

 6 166 0.67     0.6713 

CO2  1 166 127.44     <.0001 
Week × CO2  6 166 3.10     0.0067 
1-MCP × CO2  1 166   5.57     0.0195 
Week × 1-MCP × CO2  6 166 1.44     0.2020 
Conditioning × CO2  1 166 18.95     <.0001 
Week × Conditioning  × 
CO2 

 6 166 0.66     0.6836 

1-MCP × Conditioning × 
CO2 

 1 166 12.03     0.0007 

Week × 1-MCP × 
Conditioning × CO2 

 6 166   0.95 0.4581 
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Table B1.2.  ANOVA for the effects of storage period (week), 1-MCP and CO2 on 
Surface Peel Disorders in ‘Honeycrisp’ apple fruit stored at 3 °C for 35 weeks 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Week 1-MCP×Cooler -0.00046     0.000174      -2.63       0.0084 
Residual  0.03467     0.003806       9.11       <.0001 

Effect  Num df Den df F-Value Pr>F 

Week  6 166 8.22     <.0001 
1-MCP  1 2 2.80     0.2360 
Week × 1-MCP  6 166 0.52     0.7902 
Conditioning  1 166 0.08     0.7727 
Week × Conditioning  6 166 1.41     0.2139 
1-MCP × Conditioning  1 166 1.51     0.2208 
Week × 1-MCP × 
Conditioning 

 6 166 1.19     0.3151 

CO2  1 166 0.08     0.7833 
Week × CO2  6 166 1.67     0.1308 
1-MCP × CO2  1 166   0.44     0.5074 
Week × 1-MCP × CO2  6 166 1.30     0.2587 
Conditioning × CO2  1 166 0.20     0.6536 
Week × Conditioning × 
CO2 

 6 166 0.55     0.7688 

1-MCP × Conditioning × 
CO2 

 1 166 0.02     0.8890 

Week × 1-MCP × 
Conditioning × CO2 

         6          166       0.97    0.4494 
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Table B1.3.  ANOVA for the effects of storage period (week), 1-MCP and CO2 on 
GABA (nmol g FM-1)  in ‘Honeycrisp’ apple fruit stored at 3 °C for 35 weeks 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Week 1-MCP×Cooler 8.4431      14.3283       0.59       0.5557 
Residual  328.76      36.0858       9.11       <.0001 

Effect  Num df Den df F-Value Pr>F 

Week  6 166 43.74     <.0001 
1-MCP  1 2 70.80     0.0138 
Week × 1-MCP  6 166 5.81     <.0001 
Conditioning  1 166 27.60     <.0001 
Week × Conditioning  6 166 2.51     0.0238 
1-MCP × Conditioning  1 166 2.49     0.1168 
Week × 1-MCP × 
Conditioning 

 6 166 0.28     0.9477 

CO2  1 166 95.84     <.0001 
Week × CO2  6 166   1.98     0.0707 
1-MCP × CO2  1 166   12.44     0.0005 
Week × 1-MCP × CO2  6 166 0.98     0.4406 
Conditioning × CO2  1 166 7.16     0.0082 
Week × Conditioning × 
CO2 

 6 166 2.29     0.0377 

1-MCP × Conditioning × 
CO2 

 1 166   9.34     0.0026 

Week × 1-MCP × 
Conditioning× CO2 

 6 166   0.52     0.7895 
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Table B1.4.  ANOVA for the effects of storage period (week), 1-MCP and CO2 on Total 
Ascorbate (nmol g FM-1) in ‘Honeycrisp’ apple fruit stored at 3 °C for 35 weeks 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Week 1-MCP×Cooler 112.75       200.43       0.56       0.5738 
Residual  4850.34       534.02       9.08       <.0001 

Effect  Num df Den df F-Value Pr>F 

Week  6 165 11.38     <.0001 
1-MCP  1 2 1.22     0.3855 
Week × 1-MCP  6 165 3.43     0.0033 
Conditioning  1 165 13.22     0.0004 
Week × Conditioning  6 165 2.38     0.0311 
1-MCP × Conditioning  1 165 0.78     0.3789 
Week × 1-MCP × 
Conditioning 

 6 165 2.23     0.0429 

CO2  1 165 6.65     0.0108 
Week × CO2  6 165 3.05     0.0074 
1-MCP × CO2  1 165   0.01     0.9340 
Week × 1-MCP × CO2  6 165 1.94     0.0780 
Conditioning × CO2  1 165 8.27     0.0046 
Week × Conditioning × 
CO2 

 6 165 0.97     0.4483 

1-MCP × Conditioning × 
CO2 

 1 165 0.45     0.5055 

Week × 1-MCP × 
Conditioning × CO2 

 6 165   4.64     0.0002 
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Table B1.5.  ANOVA for the effects of storage period (week), 1-MCP and CO2 on AsA 
(nmol g FM-1) in ‘Honeycrisp’ apple fruit stored at 3 °C for 35 weeks 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Week 1-MCP×Cooler 61.5960      88.9823       0.69       0.4888 
Residual  1519.73       167.32       9.08       <.0001 

Effect  Num df Den df F-Value Pr>F 

Week  6 165 9.69     <.0001 
1-MCP  1 2 0.26     0.6583 
Week × 1-MCP  6 165 2.02     0.0658 
Conditioning  1 165 1.85     0.1760 
Week × Conditioning  6 165 3.18     0.0056 
1-MCP × Conditioning  1 165 1.62     0.2042 
Week × 1-MCP × 
Conditioning 

 6 165 1.37     0.2282 

CO2  1 165 11.46     0.0009 
Week × CO2  6 165 6.28     <.0001 
1-MCP × CO2  1 165   0.21     0.6450 
Week × 1-MCP × CO2  6 165 3.05     0.0075 
Conditioning × CO2  1 165 1.89     0.1707 
Week × Conditioning × 
CO2 

 6 165 2.67     0.0169 

1-MCP × Conditioning × 
CO2 

 1 165 0.71     0.3997 

Week × 1-MCP × 
Conditioning × CO2 

 6 165   8.27     <.0001 
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Table B1.6.  ANOVA for the effects of storage period (week), 1-MCP and CO2 on DHA 
(nmol g FM-1) in ‘Honeycrisp’ apple fruit stored at 3 °C for 35 weeks 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Week 1-MCP×Cooler -13.2825      35.5946      -0.37       0.7090 
Residual  2682.15       295.32       9.08       <.0001 

Effect  Num df Den df F-Value Pr>F 

Week  6 165 15.45     <.0001 
1-MCP  1 2 3.98     0.1865 
Week × 1-MCP  6 165 6.52     <.0001 
Conditioning  1 165 12.79     0.0005 
Week × Conditioning  6 165 2.50     0.0242 
1-MCP × Conditioning  1 165 0.01     0.9393 
Week × 1-MCP × 
Conditioning 

 6 165 1.76     0.1110 

CO2  1 165 0.58     0.4472 
Week × CO2  6 165 0.95     0.4640 
1-MCP × CO2  1 165   0.36     0.5473 
Week × 1-MCP × CO2  6 165 1.42     0.2110 
Conditioning × CO2  1 165 8.05     0.0051 
Week × Conditioning × 
CO2 

 6 165 2.55     0.0219 

1-MCP × Conditioning × 
CO2 

 1 165 0.07     0.7869 

Week × 1-MCP × 
Conditioning × CO2 

 6 165   1.78     0.1062 
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Table B1.7.  ANOVA for the effects of storage period (week), 1-MCP and CO2 on 
AsA/DHA ratios in ‘Honeycrisp’ apple fruit stored at 3 °C for 35 weeks 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Week 1-MCP×Cooler -0.00175      0.01491      -0.12       0.9067 
Residual  0.9255             0.1019 9.08       <.0001 

Effect  Num df Den df F-Value Pr>F 

Week  6 165 15.75     <.0001 
1-MCP  1 2 0.37     0.6049 
Week × 1-MCP  6 165 2.95     0.0092 
Conditioning  1 165 6.31     0.0129 
Week × Conditioning  6 165 3.58     0.0023 
1-MCP × Conditioning  1 165 0.39     0.5309 
Week × 1-MCP × 
Conditioning 

 6 165 1.47     0.1918 

CO2  1 165 3.29     0.0716 
Week × CO2  6 165 0.49     0.8160 
1-MCP × CO2  1 165   1.69     0.1958 
Week × 1-MCP × CO2  6 165 1.59     0.1521 
Conditioning × CO2  1 165 8.64     0.0038 
Week × Conditioning × 
CO2 

 6 165 5.48     <.0001 

1-MCP × Conditioning × 
CO2 

 1 165 0.02     0.8831 

Week × 1-MCP × 
Conditioning × CO2 

 6 165   1.49     0.1853 
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Table B1.8.  ANOVA for the effects of storage period (week), 1-MCP and CO2 on Total 
Glutathione (nmol g FM-1) in ‘Honeycrisp’ apple fruit stored at 3 °C for 35 weeks 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Week 1-MCP×Cooler -1.9286       0.2272      -8.49       <.0001 
Residual  111.29      12.2406       9.09       <.0001 

Effect  Num df Den df F-Value Pr>F 

Week  6 166 3.95     0.0010 
1-MCP  1 2 629.44     0.0012 
Week × 1-MCP  6 166 5.56     <.0001 
Conditioning  1 166 6.11     0.0145 
Week × Conditioning  6 166 7.57     <.0001 
1-MCP × Conditioning  1 166 6.31     0.0130 
Week × 1-MCP × 
Conditioning 

 6 166 4.32     0.0004 

CO2  1 166 0.82     0.3658 
Week × CO2  6 166 2.08     0.0582 
1-MCP × CO2  1 166   0.29     0.5912 
Week × 1-MCP × CO2  6 166 1.45     0.1981 
Conditioning× CO2  1 166 3.16     0.0775 
Week × Conditioning × 
CO2 

 6 166 4.23     0.0005 

1-MCP × Conditioning × 
CO2 

 1 166 11.50     0.0009 

Week × 1-MCP × 
Conditioning × CO2 

 6 166   8.30     <.0001 
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Table B1.9.  ANOVA for the effects of storage period (week), 1-MCP and CO2 on GSH 
(nmol g FM-1) in ‘Honeycrisp’ apple fruit stored at 3 °C for 35 weeks 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Week 1-MCP×Cooler -1.9263       0.2762      -6.97       <.0001 
Residual  116.55      12.8225       9.09       <.0001 

Effect  Num df Den df F-Value Pr>F 

Week  6 165 2.43     0.0280 
1-MCP  1 2 171.57     0.0038 
Week × 1-MCP  6 165 6.19     <.0001 
Conditioning  1 165 13.98     0.0003 
Week × Conditioning  6 165 5.40     <.0001 
1-MCP × Conditioning  1 165 11.35     0.0009 
Week × 1-MCP × 
Conditioning 

 6 165 1.65     0.1376 

CO2  1 165 2.43     0.1212 
Week × CO2  6 165 2.28     0.0382 
1-MCP × CO2  1 165   1.99     0.1601 
Week × 1-MCP × CO2  6 165 0.90     0.4987 
Conditioning × CO2  1 165 0.37     0.5431 
Week × Conditioning × 
CO2 

 6 165 4.00     0.0009 

1-MCP × Conditioning × 
CO2 

 1 165 6.41     0.0123 

Week × 1-MCP × 
Conditioning × CO2 

 6 165   5.83     <.0001 
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Table B1.10.  ANOVA for the effects of storage period (week), 1-MCP and CO2 on 
GSSG (nmol g FM-1) in ‘Honeycrisp’ apple fruit stored at 3 °C for 35 weeks 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Week 1-MCP×Cooler -0.1839         0.03043      -6.04    <.0001 
Residual  11.4419       1.2590       9.09      <.0001 

Effect  Num df Den df F-Value Pr>F 

Week  6 165 6.09     <.0001 
1-MCP  1 2 106.73     0.0072 
Week × 1-MCP  6 165 11.21     <.0001 
Conditioning  1 165 14.91     0.0002 
Week × Conditioning  6 165 11.84     <.0001 
1-MCP × Conditioning  1 165 11.88     0.0007 
Week × 1-MCP × 
Conditioning 

 6 165 9.15     <.0001 

CO2  1 165 3.34     0.0694 
Week × CO2  6 165 2.41     0.0290 
1-MCP × CO2  1 165   6.12     0.0143 
Week × 1-MCP × CO2  6 165 2.25     0.0408 
Conditioning × CO2  1 165 14.58     0.0002 
Week × Conditioning × 
CO2 

 6 165 3.69     0.0018 

1-MCP × Conditioning × 
CO2 

 1 165 5.01     0.0266 

Week × 1-MCP × 
Conditioning × CO2 

 6 165   6.36     <.0001 
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Table B1.11.  ANOVA for the effects of storage period (week), 1-MCP and CO2 on 
GSH/GSSG ratios in ‘Honeycrisp’ apple fruit stored at 3 °C for 35 weeks 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Week 1-MCP×Cooler -0.01110     0.002289      -4.85       <.0001 
Residual  0.7206      0.07931       9.09       <.0001 

Effect  Num df Den df F-Value Pr>F 

Week  6 165 1.08     0.3777 
1-MCP  1 2 40.63     0.0215 
Week × 1-MCP  6 165 6.81     <.0001 
Conditioning  1 165 17.48     <.0001 
Week × Conditioning  6 165 3.82     0.0014 
1-MCP × Conditioning  1 165 10.79     0.0012 
Week × 1-MCP × 
Conditioning 

 6 165 0.78     0.5861 

CO2  1 165 4.18     0.0424 
Week × CO2  6 165 2.47     0.0258 
1-MCP × CO2  1 165   3.87     0.0507 
Week × 1-MCP × CO2  6 165 0.16     0.9862 
Conditioning × CO2  1 165 0.75     0.3884 
Week × Conditioning 
CO2 

 6 165 4.91     0.0001 

1-MCP × Conditioning × 
CO2 

 1 165 1.83     0.1778 

Week × 1-MCP × 
Conditioning × CO2 

 6 165   5.03     <.0001 
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B2. ANOVA tables for ‘AC Harrow Crisp’ pears 2012 storage trial 

 

Table B2.1. ANOVA for the effects of storage period, 1-MCP and O2 on incidence of 
internal breakdown  in ‘AC Harrow Crisp’ pear fruit stored at 0 °C for 170 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  0 . . . 
Storage period 1-MCP×Cooler -0.00012 0.000659 -0.18 0.8535 
Residual  0.02203 0.003085 7.14 <0.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 102 57.21 <0.0001 
1-MCP  1 6.27 10.44 0.0168 
O2  1 102 12.06 0.0008 
Storage period × 1-MCP  5 102 9.43 <0.0001 
Storage period × O2  5 102 12.06 <0.0001 
1-MCP × O2  1 102 0.29 0.5883 
Storage period × 1-MCP × 
O2 

 5 102 0.29 0.9148 

 

 

Table B2.2.  ANOVA for the effects of storage period, 1-MCP and O2 on 
incidence of senescent scald  in ‘AC Harrow Crisp’ pear fruit stored at 0 °C for 
170 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  0 . . . 
Storage period 1-MCP×Cooler 0.00023 0.001109 0.21 0.8356 
Residual  0.02967 0.004155 7.14 <0.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 102 59.26 <0.0001 
1-MCP  1 6.21 25.60 0.0021 
O2  1 102 5.88 0.0171 
Storage period × 1-
MCP 

 5 102 25.11 <0.0001 

Storage period × O2  5 102 4.86 0.0005 
1-MCP × O2  1 102 2.01 0.1593 
Storage period × 1-
MCP × O2 

 5 102 1.45 0.2133 
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Table B2.3.  ANOVA for the effects of storage period, 1-MCP and O2 on the 
indicence ofinternal cavities  in ‘AC Harrow Crisp’ pear fruit stored at 0 °C for 
170 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  0.00052 0.001247 0.42 0.3383 
Storage period 1-MCP×Cooler -0.00097 0.000309 -3.15 0.0016 
Residual  0.02436 0.003555 6.85 <0.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 93.9 12.14 <0.0001 
1-MCP  1 5.81 60.37 0.0003 
O2  1 8.89 1.45 0.2601 
Storage period × 1-
MCP 

 5 93.9 7.41 <0.0001 

Storage period × O2  5 93.9 0.97 0.4395 
1-MCP × O2  1 93.9 0.01 0.9319 
Storage period × 1-
MCP × O2 

 5 93.9 0.24 0.9453 

 

 

 

Table B2.4.  ANOVA for the effects of storage period, 1-MCP and O2 on GABA (nmol·g 
FM-1)  in ‘AC Harrow Crisp’ pear fruit stored at 0 °C for 170 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  22.8385 24.1328 0.95 0.1720 
Storage period 1-MCP×Cooler 4.4253 9.4431 0.47 0.6393 
Residual  161.20 22.8715 7.05 <0.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 99.3 7.74 <0.0001 
1-MCP  1 4.14 5.07 0.0852 
O2  1 4.52 4.95 0.0524 
Storage period × 1-MCP  5 99.3 1.67 0.1477 
Storage period × O2  5 99.3 4.22 0.0016 
1-MCP × O2  1 99.3 4.48 0.0369 
Storage period × 1-MCP × 
O2 

 5 99.3 1.74 0.1315 
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Table B2.5.  ANOVA for the effects of storage period, 1-MCP and O2 on total ascorbate 
(nmol·g FM-1)  in ‘AC Harrow Crisp’ pear fruit stored at 0 °C for 170 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  77.9970       174.84       0.45       0.3278 
Storage period 1-MCP×Cooler 69.8670 127.28 0.55 0.5831 
Residual  2261.76 322.27 7.02 <0.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 98.5 148.81 <0.0001 
1-MCP  1 4.9 0.01 0.9169 
O2  1 4.71 3.11 0.1416 
Storage period × 1-MCP  5 98.5 4.08 0.0021 
Storage period × O2  5 98.5 3.80 0.0034 
1-MCP × O2  1 98.5 0.54 0.4640 
Storage period × 1-MCP × 
O2 

 5 98.5 1.42 0.2248 

 

 

Table B2.6.  ANOVA for the effects of storage period, 1-MCP and O2 on AsA (nmol·g 
FM-1)  in ‘AC Harrow Crisp’ pear fruit stored at 0 °C for 170 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  59.1028 78.0694 0.76 0.2245 
Storage period 1-MCP×Cooler -6.0054 30.7181 -0.20 0.8450 
Residual  920.79 132.83 6.93 <0.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 96.1 188.63 <0.0001 
1-MCP  1 4.86 0.00 0.9474 
O2  1 6.19 1.84 0.2225 
Storage period × 1-MCP  5 96.1 5.61 0.0001 
Storage period × O2  5 96.1 3.09 0.0125 
1-MCP × O2  1 96.1 1.75 0.1891 
Storage period × 1-MCP × 
O2 

 5 96.1 7.74 <0.0001 
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Table B2.7.  ANOVA for the effects of storage period, 1-MCP and O2 on DHA (nmol·g 
FM-1)  in ‘AC Harrow Crisp’ pear fruit stored at 0 °C for 170 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  0 . . . 
Storage period 1-MCP×Cooler 91.5474 92.0807 0.99 0.3201 
Residual  1207.99 169.15 7.14 <0.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 102 25.32 <0.0001 
1-MCP  1 6.1 0.01 0.9350 
O2  1 102 1.68 0.1982 
Storage period × 1-MCP  5 102 1.31 0.2654 
Storage period × O2  5 102 5.43 0.0002 
1-MCP × O2  1 102 0.02 0.8819 
Storage period × 1-MCP × 
O2 

 5 102 1.81 0.1181 

 

 

 

Table B2.8.  ANOVA for the effects of storage period, 1-MCP and O2 on AsA/DHA   in 
‘AC Harrow Crisp’ pear fruit stored at 0 °C for 170 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  0.03718 0.1516 0.25 0.4032 
Storage period 1-MCP×Cooler 0.09183 0.1271 0.72 0.4700 
Residual  2.0671 0.2946 7.02 <0.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 98.5 3.32 0.0082 
1-MCP  1 5.42 0.59 0.4736 
O2  1 3.91 1.12 0.3513 
Storage period × 1-MCP  5 98.5 1.19 0.3179 
Storage period × O2  5 98.5 2.21 0.0593 
1-MCP × O2  1 98.5 0.73 0.3965 
Storage period × 1-MCP × 
O2 

 5 98.5 1.89 0.1025 
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Table B2.9.  ANOVA for the effects of storage period, 1-MCP and O2 on total 
glutathione (nmol·g FM-1)  in ‘AC Harrow Crisp’ pear fruit stored at 0 °C for 
170 d 

 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  6.9171 17.1067 0.40 0.3430 
Storage period 1-MCP×Cooler 9.5757 14.2711 0.67 0.5022 
Residual  243.75 34.7889 7.01 <0.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 98.2 90.55 <0.0001 
1-MCP  1 5.44 33.55 0.0016 
O2  1 5.16 60.27 0.0005 
Storage period × 1-MCP  5 98.2 11.59 <0.0001 
Storage period × O2  5 98.2 14.83 <0.0001 
1-MCP × O2  1 98.2 9.30 0.0029 
Storage period × 1-MCP × 
O2 

 5 98.2 5.32 0.0002 

 

 

Table B2.10.  ANOVA for the effects of storage period, 1-MCP and on GSH (nmol·g FM-

1) in ‘AC Harrow Crisp’ pear fruit stored at 0 °C for 170 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  7.9857 16.9647 0.47 0.3189 
Storage period 1-MCP×Cooler 6.0204 11.9668 0.50 0.6149 
Residual  239.41 34.2544 6.99 <0.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 97.7 88.04 <0.0001 
1-MCP  1 5.48 31.58 0.0018 
O2  1 5.54 45.49 0.0007 
Storage period × 1-MCP  5 97.7 9.15 <0.0001 
Storage period × O2  5 97.7 15.17 <0.0001 
1-MCP × O2  1 97.7 9.07 0.0033 
Storage period × 1-MCP × 
O2 

 5 97.7 4.17 0.0018 
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Table B2.11.  ANOVA for the effects of storage period, 1-MCP and O2 on GSSG 
(nmol·g FM-1)  in ‘AC Harrow Crisp’ pear fruit stored at 0 °C for 170 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  0.4321 0.4977 0.87 0.1926 
Storage period 1-MCP×Cooler 0.07212 0.2353 0.31 0.7592 
Residual  3.4063 0.4846 7.03 <0.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 98.8 20.45 <0.0001 
1-MCP  1 2.59 37.19 0.0134 
O2  1 4.11 33.03 0.0042 
Storage period × 1-MCP  5 98.8 19.57 <0.0001 
Storage period × O2  5 98.8 1.61 0.1641 
1-MCP × O2  1 98.8 0.30 0.5865 
Storage period × 1-MCP 
× O2 

 5 98.8 9.23 <0.0001 

 

 

 

Table B2.12.  ANOVA for the effects of storage period, 1-MCP and O2 on GSH/GSSG 
in ‘AC Harrow Crisp’ pear fruit stored at 0 °C for 170 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  0.06912 0.09392 0.74 0.2309 
Storage period 1-MCP×Cooler -0.01403 0.02915 -0.48 0.6302 
Residual  1.0424 0.1520 6.86 <0.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 94 82.76 <0.0001 
1-MCP  1 5.36 12.57 0.0147 
O2  1 5.73 3.30 0.1215 
Storage period × 1-MCP  5 94 3.50 0.0061 
Storage period × O2  5 94 9.73 <0.0001 
1-MCP × O2  1 94 9.72 0.0024 
Storage period × 1-MCP 
× O2 

 5 94 1.17 0.3312 
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Table B2.13.  ANOVA for the effects of storage period, 1-MCP and O2 on peel colour  
in ‘AC Harrow Crisp’ pear fruit stored at 0 °C for 170 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  0.00546 0.005022 1.09 0.1385 
Storage period 1-MCP×Cooler -0.00069 0.001381 -0.50 0.6164 
Residual  0.04251 0.006137 6.93 <0.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 96 806.65 <0.0001 
1-MCP  1 4.2 40.06 0.0027 
O2  1 6.4 27.54 0.0016 
Storage period × 1-MCP  5 96 6.78 <0.0001 
Storage period × O2  5 96 8.18 <0.0001 
1-MCP × O2  1 96 0.88 0.3493 
Storage period × 1-MCP 
× O2 

 5 96 3.72 0.0040 

 

 

 

Table B2.14.  ANOVA for the effects of storage period, 1-MCP and O2 on SSC  in ‘AC 
Harrow Crisp’ pear fruit stored at 0 °C for 170 d 

 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  0.1194 0.1069 1.12 0.1321 
Storage period 1-MCP×Cooler 0.04842 0.05158 0.94 0.3479 
Residual  0.1503 0.02466 6.09 <0.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 74.3 130.71 <0.0001 
1-MCP  1 2.57 1.20 0.3649 
O2  1 3.08 0.06 0.8173 
Storage period × 1-MCP  5 74.3 0.28 0.9237 
Storage period × O2  5 74.3 0.89 0.4918 
1-MCP × O2  1 74.3 2.93 0.0912 
Storage period × 1-MCP 
× O2 

 5 74.3 0.47 0.7963 
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Table B2.15.  ANOVA for the effects of storage period, 1-MCP and O2 on TA  (mg of 
malic acid equivalents per 100 mL juice)  in ‘AC Harrow Crisp’ pear fruit stored at 0 °C 
for 170 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  836.23 704.69 1.19 0.1177 
Storage period 1-MCP×Cooler 422.75 487.85 0.87 0.3862 
Residual  3488.00 521.16 6.69 <0.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 89.7 117.32 <0.0001 
1-MCP  1 3.51 0.30 0.6154 
O2  1 5.19 0.42 0.5422 
Storage period × 1-MCP  5 89.7 0.54 0.7461 
Storage period × O2  5 89.7 0.64 0.6680 
1-MCP × O2  1 89.7 0.34 0.5591 
Storage period × 1-MCP 
× O2 

 5 89.7 0.33 0.8923 

 

 

 

Table B2.16.  ANOVA for the effects of storage period, 1-MCP and O2 on starch 
content in ‘AC Harrow Crisp’ pear fruit stored at 0 °C for 170 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  0 . . . 
Storage period 1-MCP×Cooler 0.000039 0.000262 0.15 0.8823 
Residual  0.006905 0.000983 7.03 <0.000

1 
Effect  Num df Den df F-Value Pr>F 

Storage period  5 98.8 747.60 <0.000
1 

1-MCP  1 6.66 6.94 0.0352 
O2  1 98.8 0.52 0.4706 
Storage period × 1-MCP  5 98.8 1.56 0.1796 
Storage period × O2  5 98.8 0.34 0.8846 
1-MCP × O2  1 98.8 0.92 0.3406 
Storage period × 1-MCP 
× O2 

 5 98.8 0.60 0.7010 
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Table B2.17.  ANOVA for the effects of storage period, 1-MCP and O2 on firmness (N)  
in ‘AC Harrow Crisp’ pear fruit stored at 0 °C for 170 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  0.002027 0.006955 0.29 0.3853 
Storage period 1-MCP×Cooler -0.00072 0.003538 -0.20 0.8393 
Residual  0.1041 0.01579 6.59 <0.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 86.9 69.73 <0.0001 
1-MCP  1 5.99 14.28 0.0092 
O2  1 5.17 0.15 0.7116 
Storage period × 1-MCP  5 86.9 0.83 0.5319 
Storage period × O2  5 86.9 1.21 0.3093 
1-MCP × O2  1 86.9 2.16 0.1454 
Storage period × 1-MCP 
× O2 

 5 86.9 0.98 0.4327 

 

 

 

Table B2.18.  ANOVA for the effects of storage period, 1-MCP and O2 on ethylene 
production (µL·kg-1 ·h-1) in ‘AC Harrow Crisp’ pear fruit stored at 0 °C for 170 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  0 . . . 
Storage period 1-MCP×Cooler 0.7833 3.600 0.22 0.8278 
Residual  92.0728 13.0931 7.03 <0.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 98.9 86.09 <0.0001 
1-MCP  1 6.77 122.07 <0.0001 
O2  1 98.9 1.58 0.2117 
Storage period × 1-MCP  5 98.9 33.95 <0.0001 
Storage period × O2  5 98.9 1.97 0.0903 
1-MCP × O2  1 98.9 6.67 0.0113 
Storage period × 1-MCP 
× O2 

 5 98.9 3.51 0.0058 
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B3. ANOVA tables for ‘Harovin Sundown’ pears 2012 storage trial 

 

Table B3.1.  ANOVA for the effects of storage period, 1-MCP and O2 on incidence of 
internal breakdown  in ‘Harovin Sundown’ pear fruit stored at 0 °C for 180 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  0 . . . 
Storage period 1-MCP×Cooler 0.000655     0.001354       0.48       0.6284 
Residual  0.02980     0.004173       7.14       <.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 102 128.56 <.0001 
1-MCP  1 6.17 16.52     0.0062 
O2  1 102 1.38     0.2431 
Storage period × 1-MCP  5 102 14.27     <.0001 
Storage period × O2  5 102 2.52     0.0341 
1-MCP × O2  1 102 0.19     0.6609 
Storage period × 1-MCP 
× O2 

 5 102 1.73     0.1339 

 

 

Table B3.2.  ANOVA for the effects of storage period, 1-MCP and O2 on incidence of 
senescent scald  in ‘Harovin Sundown’ pear fruit stored at 0 °C for 180 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  0 . . . 
Storage period 1-MCP×Cooler 0.001031     0.001623       0.64       0.5252 
Residual  0.03148     0.004408       7.14       <.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 102 80.49     <.0001 
1-MCP  1 6.15 10.82     0.0160 
O2  1 102 16.07     0.0001 
Storage period × 1-MCP  5 102 11.20     <.0001 
Storage period × O2  5 102 8.70     <.0001 
1-MCP × O2  1 102 5.59     0.0200 
Storage period × 1-MCP 
× O2 

 5 102 2.89     0.0176 
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Table B3.3.  ANOVA for the effects of storage period, 1-MCP and O2 on GABA 
concentration (nmol·g FM-1)  in ‘Harovin Sundown’ pear fruit stored at 0 °C for 180 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  0.4494       2.8670       0.16       0.4377 
Storage period 1-MCP×Cooler 2.2183       2.8042       0.79       0.4289 
Residual  44.4414       6.3405       7.01       <.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 98.3 5.19     0.0003 
1-MCP  1 5.74 0.15     0.7098 
O2  1 4.32 6.53     0.0584 
Storage period × 1-MCP  5 98.3 2.98     0.0151 
Storage period × O2  5 98.3 0.73     0.6006 
1-MCP × O2  1 98.3 0.82     0.3674 
Storage period × 1-MCP 
× O2 

 5 98.3 0.48     0.7869 

 

 

 

Table B3.4.  ANOVA for the effects of storage period, 1-MCP and O2 on total ascorbate 
concentration (nmol·g FM-1)  in ‘Harovin Sundown’ pear fruit stored at 0 °C for 180 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  0 . . . 
Storage period 1-MCP×Cooler -28.7861      25.2137      -1.14       0.2536 
Residual  1243.92        174.18       7.14      <.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 102 101.78     <.0001 
1-MCP  1 6.42 0.38     0.5608 
O2  1 102 3.99     0.0485 
Storage period × 1-MCP  5 102 4.29     0.0014 
Storage period × O2  5 102 0.72     0.6077 
1-MCP × O2  1 102 1.78     0.1853 
Storage period × 1-MCP 
× O2 

 5 102 1.55     0.1807 
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Table B3.5.  ANOVA for the effects of storage period, 1-MCP and O2 on AsA 
concentration (nmol·g FM-1)  in ‘Harovin Sundown’ pear fruit stored at 0 °C for 180 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  0 . . . 
Storage period 1-MCP×Cooler -9.8344       9.1762      -1.07       0.2838 
Residual  442.25      61.9277       7.14       <.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 102 199.84     <.0001 
1-MCP  1 6.41 0.52     0.4972 
O2  1 102 7.28     0.0082 
Storage period × 1-MCP  5 102 12.62     <.0001 
Storage period × O2  5 102 2.74     0.0232 
1-MCP × O2  1 102 1.68     0.1976 
Storage period × 1-MCP 
× O2 

 5 102 2.10     0.0718 

 

 

 

Table B3.6.  ANOVA for the effects of storage period, 1-MCP and O2 on DHA 
concentration (nmol·g FM-1)  in ‘Harovin Sundown’ pear fruit stored at 0 °C for 180 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  0 . . . 
Storage period 1-MCP×Cooler -9.3348      18.1765      -0.51       0.6076 
Residual  708.35      99.1886       7.14       <.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 102 6.29     <.0001 
1-MCP  1 6.33 1.49     0.2662 
O2  1 102 0.27     0.6075 
Storage period × 1-MCP  5 102 0.95     0.4543 
Storage period × O2  5 102 1.00     0.4244 
1-MCP × O2  1 102 0.55     0.4594 
Storage period × 1-MCP 
× O2 

 5 102 4.80     0.0006 
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Table B3.7.  ANOVA for the effects of storage period, 1-MCP and O2 on AsA/DHA in 
‘Harovin Sundown’ pear fruit stored at 0 °C for 180 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  0 . . . 
Storage period 1-MCP×Cooler -0.3287       0.3763      -0.87       0.3824 
Residual  16.9098       2.3678       7.14       <.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 102 7.83     <.0001 
1-MCP  1 6.37 0.00     0.9659 
O2  1 102 1.43     0.2345 
Storage period × 1-MCP  5 102 1.20     0.3149 
Storage period × O2  5 102 0.70     0.6264 
1-MCP × O2  1 102 0.13     0.7192 
Storage period × 1-MCP 
× O2 

 5 102 1.88     0.1037 

 

 

 

Table B3.8.  ANOVA for the effects of storage period, 1-MCP and O2 on total 
glutathione concentration (nmol·g FM-1)  in ‘Harovin Sundown’ pear fruit stored at 0 °C 
for 180 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  0 . . . 
Storage period 1-MCP×Cooler -4.8895       1.6582      -2.95       0.0032 
Residual  129.15      18.0841       7.14       <.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 102 90.90     <.0001 
1-MCP  1 6.78 118.00     <.0001 
O2  1 102 4.39     0.0386 
Storage period × 1-MCP  5 102 9.19     <.0001 
Storage period × O2  5 102 2.47     0.0370 
1-MCP × O2  1 102 20.61     <.0001 
Storage period × 1-MCP 
× O2 

 5 102 0.88     0.4984 
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Table B3.9.  ANOVA for the effects of storage period, 1-MCP and O2 on GSH concentration 
(nmol·g FM-1) in ‘Harovin Sundown’ pear fruit stored at 0 °C for 180 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  0 . . . 
Storage period 1-MCP×Cooler -5.3220       1.2498      -4.26       <.0001 
Residual  121.34      16.9907       7.14       <.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 102 90.14     <.0001 
1-MCP  1 7.19 134.86     <.0001 
O2  1 102 8.12     <.0001 
Storage period × 1-MCP  5 102 3.03     0.0849 
Storage period × O2  5 102 2.50     0.0351 
1-MCP × O2  1 102 18.70     <.0001 
Storage period × 1-MCP × O2  5 102 0.99     0.4297 

 

 

 

Table B3.10.  ANOVA for the effects of storage period, 1-MCP and O2 on GSSG 
concentration (nmol·g FM-1)  in ‘Harovin Sundown’ pear fruit stored at 0 °C for 180 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  0 . . . 
Storage period 1-MCP×Cooler 0.04227       0.1919       0.22       0.8257 
Residual  5.0940       0.7133       7.14       <.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 102 73.31     <.0001 
1-MCP  1 6.21 18.19     0.0049 
O2  1 102 4.26     0.0417 
Storage period × 1-MCP  5 102 3.54     0.0054 
Storage period × O2  5 102 4.60     0.0008 
1-MCP × O2  1 102 3.08     0.0825 
Storage period × 1-MCP 
× O2 

 5 102 2.52     0.0340 
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Table B3.11.  ANOVA for the effects of storage period, 1-MCP and O2 on GSH/GSSG 
in ‘Harovin Sundown’ pear fruit stored at 0 °C for 180 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  0 . . . 
Storage period 1-MCP×Cooler -0.01508     0.006766      -2.23       0.0258 
Residual  0.4518      0.06326       7.14       <.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 102 76.43     <.0001 
1-MCP  1 6.62 40.06     0.0005 
O2  1 102 0.01     0.9180 
Storage period × 1-MCP  5 102 5.74     0.0001 
Storage period × O2  5 102 2.83     0.0197 
1-MCP × O2  1 102 7.20     0.0085 
Storage period × 1-MCP 
× O2 

 5 102 1.55     0.1797 

 

 

 

Table B3.12.  ANOVA for the effects of storage period, 1-MCP and O2 on peel colour  
in ‘Harovin Sundown’ pear fruit stored at 0 °C for 180 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  0.003497     0.006471       0.54       0.2945 
Storage period 1-MCP×Cooler 0.004348     0.005639       0.77       0.4406 
Residual  0.07266      0.01075       6.76       <.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 91.8 278.15     <.0001 
1-MCP  1 5.52 7.92     0.0335 
O2  1 5.24 24.25     0.0039 
Storage period × 1-MCP  5 91.8 2.16     0.0657 
Storage period × O2  5 91.8 6.80     <.0001 
1-MCP × O2  1 91.8 0.07     0.7945 
Storage period × 1-MCP 
× O2 

 5 91.8 1.83     0.1140 
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Table B3.13.  ANOVA for the effects of storage period, 1-MCP and O2 on SSC in 
‘Harovin Sundown’ pear fruit stored at 0 °C for 180 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  0.07844      0.06117       1.28       0.0999 
Storage period 1-MCP×Cooler 0.08684           0.05982 1.45       0.1466 
Residual  0.2211      0.03316       6.67       <.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 89.1 44.01     <.0001 
1-MCP  1 5.84 0.14     0.7233 
O2  1 5.33 2.81     0.1510 
Storage period × 1-MCP  5 89.1 1.68     0.1467 
Storage period × O2  5 89.1 1.43     0.2224 
1-MCP × O2  1 89.1 2.35     0.1292 
Storage period × 1-MCP 
× O2 

 5 89.1 1.04     0.3965 

 

 

 

Table B3.14.  ANOVA for the effects of storage period, 1-MCP and O2 on TA  (mg of 
malic acid equivalents per 100 mL juice) in ‘Harovin Sundown’ pear fruit stored at 0 °C 
for 180 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  8780.95      5797.19       1.51       0.0649 
Storage period 1-MCP×Cooler 5905.77      3925.40       1.50       0.1325 
Residual  6993.79      1061.22       6.59       <.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 87.1 21.80     <.0001 
1-MCP  1 5.31 0.13     0.7352 
O2  1 5.33 0.41     0.5498 
Storage period × 1-MCP  5 87.1 2.22     0.0594 
Storage period × O2  5 87.1 3.30     0.0090 
1-MCP × O2  1 87.1 0.60     0.4389 
Storage period × 1-MCP 
× O2 

 5 87.1 0.44     0.8173 

 

 

 



 

   216 
 

Table B3.15.  ANOVA for the effects of storage period, 1-MCP and O2 on starch 
content in ‘Harovin Sundown’ pear fruit stored at 0 °C for 180 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  0.000160     0.000632       0.25       0.4001 
Storage period 1-MCP×Cooler 0.001068     0.000936       1.14       0.2539 
Residual  0.008464     0.001256       6.74       <.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 90.8 250.00     <.0001 
1-MCP  1 5.87 0.14     0.7193 
O2  1 3.97 0.06     0.8165 
Storage period × 1-MCP  5 90.8 0.24     0.9459 
Storage period × O2  5 90.8 0.93     0.4624 
1-MCP × O2  1 90.8 0.79     0.3760 
Storage period × 1-MCP 
× O2 

 5 90.8 0.70     0.6279 

 

 

 

Table B3.16.  ANOVA for the effects of storage period, 1-MCP and O2 on firmness (N) 
in ‘Harovin Sundown’ pear fruit stored at 0 °C for 180 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  0.07628      0.08131       0.94       0.1741 
Storage period 1-MCP×Cooler 0.08147      0.07927       1.03       0.3040 
Residual    0.4494      0.07024       6.40       <.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 82.4 23.58     <.0001 
1-MCP  1 4.12 1.15     0.3424 
O2  1 4.44 0.88     0.3976 
Storage period × 1-MCP  5 82.4 1.39     0.2377 
Storage period × O2  5 82.4 0.21     0.9553 
1-MCP × O2  1 82.4 1.17     0.2819 
Storage period × 1-MCP 
× O2 

 5 82.4 1.43     0.2224 
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Table B3.17.  ANOVA for the effects of storage period, 1-MCP and O2 on ethylene 
production (µL·kg-1 ·h-1) in ‘Harovin Sundown’ pear fruit stored at 0 °C for 180 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  6.8684       6.2635       1.10       0.1364 
Storage period 1-MCP×Cooler -2.3277       1.4650      -1.59       0.1121 
Residual  61.5040       9.0278       6.81       <.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 94.2 100.37     <.0001 
1-MCP  1 3.91 145.95     0.0003 
O2  1 8.02 0.70     0.4285 
Storage period × 1-MCP  5 94.2 18.58     <.0001 
Storage period × O2  5 94.2 3.89     0.0030 
1-MCP × O2  1 94.2 2.38     0.1264 
Storage period × 1-MCP 
× O2 

 5 94.2 0.96     0.4458 

 

 

 

B4. ANOVA tables ‘Swiss Bartlett’ pears 2012 storage trial 

 

Table B4.1.  ANOVA for the effects of storage period, 1-MCP and O2 on the incidence 
of internal breakdown  in ‘Swiss Bartlett’ pear fruit stored at 0 °C for 167 d  
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  0 . . . 
Storage period 1-MCP×Cooler -0.00036     0.000687      -0.53       0.5962 
Residual  0.02696     0.003775       7.14       <.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 102 23.20     <.0001 
1-MCP  1 6.33 25.75     0.0019 
O2  1 102 0.37     0.5455 
Storage period × 1-MCP  5 102 19.61     <.0001 
Storage period × O2  5 102 0.37     0.8695 
1-MCP × O2  1 102 0.37     0.5455 
Storage period × 1-MCP 
× O2 

 5 102 0.37     0.8695 
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Table B4.2.  ANOVA for the effects of storage period, 1-MCP and O2 on the incidence 
of  senescent scald  in ‘Swiss Bartlett’ pear fruit stored at 0 °C for 167 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  0 . . . 
Storage period 1-MCP×Cooler 0.000733     0.000698       1.05       0.2931 
Residual  0.008464     0.001185       7.14       <.0001 
Effect  Num df Den df F-Value Pr>F 

Storage period  5 102 130.86     <.0001 
1-MCP  1 6.1 34.45     0.0010 
O2  1 102 8.31     0.0048 
Storage period × 1-MCP  5 102 61.38     <.0001 
Storage period × O2  5 102 11.09     <.0001 
1-MCP × O2  1 102 8.31     0.0048 
Storage period × 1-MCP 
× O2 

 5 102 11.09     <.0001 

 

 

 

Table B4.3.  ANOVA for the effects of storage period, 1-MCP and O2 on GABA 
concentration (nmol·g FM-1)  in ‘Swiss Bartlett’ pear fruit stored at 0 °C for 167 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  1.1731       1.2622       0.93       0.1763 
Storage period 1-MCP×Cooler 0.3047       0.5807       0.52       0.5998 
Residual  10.7791       1.5532       6.94       <.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 96.3 10.43     <.0001 
1-MCP  1 5.11 5.00     0.0744 
O2  1 5.47 1.87     0.2251 
Storage period × 1-MCP  5 96.3 17.37     <.0001 
Storage period × O2  5 96.3 0.90     0.4867 
1-MCP × O2  1 96.3 0.47     0.4967 
Storage period × 1-MCP 
× O2 

 5 96.3 1.26     0.2880 
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Table B4.4.  ANOVA for the effects of storage period, 1-MCP and O2 on total ascorbate 
concentration (nmol·g FM-1)  in ‘Swiss Bartlett’ pear fruit stored at 0 °C for 167 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  0 . . . 
Storage period 1-MCP×Cooler 16.0972      59.5232       0.27       0.7868 
Residual  1530.07       214.25       7.14       <.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 102 49.45     <.0001 
1-MCP  1 6.21 9.68     0.0199 
O2  1 102 2.22     0.1394 
Storage period × 1-MCP  5 102 19.45     <.0001 
Storage period × O2  5 102 4.96     0.0004 
1-MCP × O2  1 102 1.21     0.2736 
Storage period × 1-MCP 
× O2 

 5 102 0.43     0.8272 

 

 

 

Table B4.5.  ANOVA for the effects of storage period, 1-MCP and O2 on AsA 
concentration (nmol·g FM-1)  in ‘Swiss Bartlett’ pear fruit stored at 0 °C for 167 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  0 . . . 
Storage period 1-MCP×Cooler 17.1482      33.6410       0.51       0.6102 
Residual  725.35       101.57       7.14       <.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 102 70.71     <.0001 
1-MCP  1 6.17 8.86     0.0239 
O2  1 102 3.87     0.0519 
Storage period × 1-MCP  5 102 19.37     <.0001 
Storage period × O2  5 102 4.64     0.0007 
1-MCP × O2  1 102 0.85     0.3586 
Storage period × 1-MCP 
× O2 

 5 102 0.84     0.5266 
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Table B4.6.  ANOVA for the effects of storage period, 1-MCP and O2 on DHA 
concentration (nmol·g FM-1)  in ‘Swiss Bartlett’ pear fruit stored at 0 °C for 167 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  9.9625      37.5137       0.27       0.3953 
Storage period 1-MCP×Cooler 28.1495      38.8582       0.72       0.4688 
Residual  620.05      89.7835       6.91       <.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 95.4 9.07     <.0001 
1-MCP  1 5.47 1.23     0.3136 
O2  1 5.66 0.04     0.8525 
Storage period × 1-MCP  5 95.4 6.60     <.0001 
Storage period × O2  5 95.4 4.15     0.0019 
1-MCP × O2  1 95.4 0.54     0.4661 
Storage period × 1-MCP 
× O2 

 5 95.4 0.83     0.5338 

 

 

 

Table B4.7.  ANOVA for the effects of storage period, 1-MCP and O2 on AsA/DHA in 
‘Swiss Bartlett’ pear fruit stored at 0 °C for 167 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  0.002591      0.06804       0.04       0.4848 
Storage period 1-MCP×Cooler 0.03635      0.06507       0.56       0.5765 
Residual  1.2976       0.1883       6.89       <.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 95 7.12     <.0001 
1-MCP  1 5.94 0.81     0.4040 
O2  1 5.67 0.03     0.8637 
Storage period × 1-MCP  5 95 2.51     0.0349 
Storage period × O2  5 95 5.86     <.0001 
1-MCP × O2  1 95 0.84     0.3621 
Storage period × 1-MCP 
× O2 

 5 95 0.51     0.7706 
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Table B4.8.  ANOVA for the effects of storage period, 1-MCP and O2 on total 
glutathione concentration (nmol·g FM-1)  in ‘Swiss Bartlett’ pear fruit stored at 0 °C for 
167 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  11.8025      19.8321       0.60       0.2759 
Storage period 1-MCP×Cooler -6.2098       5.4570      -1.14       0.2551 
Residual  255.15      37.4959       6.80       <.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 92.6 27.55     <.0001 
1-MCP  1 5.6 309.02     <.0001 
O2  1 5.87 2.19     0.1906 
Storage period × 1-MCP  5 92.6 30.14     <.0001 
Storage period × O2  5 92.6 4.20     0.0017 
1-MCP × O2  1 92.6 2.72     0.1022 
Storage period × 1-MCP 
× O2 

 5 92.6 3.50     0.0061 

 

 

 

Table B4.9. ANOVA for the effects of storage period, 1-MCP and O2 on GSH 
concentration (nmol·g FM-1) in ‘Swiss Bartlett’ pear fruit stored at 0 °C for 167 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  2.8102      17.4849       0.16       0.4362 
Storage period 1-MCP×Cooler -6.7681       6.1849      -1.09       0.2738 
Residual  270.64      41.7333       6.48       <.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 84.1 20.10     <.0001 
1-MCP  1 5.16 245.89     <.0001 
O2  1 4.79 1.72     0.2489 
Storage period × 1-MCP  5 84.1 23.24     <.0001 
Storage period × O2  5 84.1 4.99     0.0005 
1-MCP × O2  1 84.1 2.50     0.1174 
Storage period × 1-MCP 
× O2 

 5 84.1 3.22     0.0104 
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Table B4.10.  ANOVA for the effects of storage period, 1-MCP and O2 on GSSG 
concentration (nmol·g FM-1)  in ‘Swiss Bartlett’ pear fruit stored at 0 °C for 167 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  0.1979       0.5087       0.39       0.3486 
Storage period 1-MCP×Cooler -0.1395       0.2316      -0.60       0.5469 
Residual  8.3671       1.1850       7.06       <.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 99.7 34.59     <.0001 
1-MCP  1 4.41 62.92     0.0009 
O2  1 6.2 4.03     0.0899 
Storage period × 1-MCP  5 99.7 12.17     <.0001 
Storage period × O2  5 99.7 2.81     0.0204 
1-MCP × O2  1 99.7 0.01     0.9083 
Storage period × 1-MCP 
× O2 

 5 99.7 6.73     <.0001 

 

 

 

Table B4.11.  ANOVA for the effects of storage period, 1-MCP and O2 on GSH/GSSG 
in ‘Swiss Bartlett’ pear fruit stored at 0 °C for 167 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  7.46E-19 . . . 
Storage period 1-MCP×Cooler -0.02550      0.02421      -1.05       0.2922 
Residual  1.1596       0.1624       7.14       <.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 102 16.00     <.0001 
1-MCP  1 6.41 91.87     <.0001 
O2  1 102 0.50     0.4791 
Storage period × 1-MCP  5 102 11.76     <.0001 
Storage period × O2  5 102 7.64     <.0001 
1-MCP × O2  1 102 2.71     0.1025 
Storage period × 1-MCP 
× O2 

 5 102 5.73     0.0001 
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Table B4.12.  ANOVA for the effects of storage period, 1-MCP and O2 on peel colour  
in ‘Swiss Bartlett’ pear fruit stored at 0 °C for 167 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  0.001585     0.002706       0.59       0.2790 
Storage period 1-MCP×Cooler 0.001735     0.002195       0.79       0.4292 
Residual  0.03050     0.004492       6.79       <.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 92.2 777.01     <.0001 
1-MCP  1 5.57 130.65     <.0001 
O2  1 4.8 65.90     0.0006 
Storage period × 1-MCP  5 92.2 59.54     <.0001 
Storage period × O2  5 92.2 16.40     <.0001 
1-MCP × O2  1 92.2 0.77     0.3829 
Storage period × 1-MCP 
× O2 

 5 92.2 9.40     <.0001 

 

 

 

Table B4.13.  ANOVA for the effects of storage period, 1-MCP and O2 on SSC in 
‘Swiss Bartlett’ pear fruit stored at 0 °C for 167 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  0.01141      0.01537       0.74       0.2289 
Storage period 1-MCP×Cooler 0.002309     0.007493       0.31       0.7580 
Residual  0.1668      0.02428       6.87       <.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 94.4 8.80     <.0001 
1-MCP  1 5.84 0.74     0.4226 
O2  1 5.51 0.35     0.5769 
Storage period × 1-MCP  5 94.4 3.40     0.0072 
Storage period × O2  5 94.4 1.50     0.1986 
1-MCP × O2  1 94.4 0.00     0.9602 
Storage period × 1-MCP 
× O2 

 5 94.4 0.23     0.9505 
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Table B4.14.  ANOVA for the effects of storage period, 1-MCP and O2 on TA (mg of 
malic acid equivalents per 100 mL juice)  in ‘Swiss Bartlett’ pear fruit stored at 0 °C for 
167 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  106.80       202.72       0.53       0.2991 
Storage period 1-MCP×Cooler 45.6309       131.67       0.35       0.7289 
Residual  2486.96       363.87       6.83       <.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 93.4 31.63     <.0001 
1-MCP  1 4.74 9.27     0.0306 
O2  1 4.9 0.53     0.5018 
Storage period × 1-MCP  5 93.4 5.83     <.0001 
Storage period × O2  5 93.4 0.56     0.7316 
1-MCP × O2  1 93.4 0.12     0.7323 
Storage period × 1-MCP 
× O2 

 5 93.4 2.43     0.0404 

 

 

 

Table B4.15.  ANOVA for the effects of storage period, 1-MCP and O2 on starch 
content  in ‘Swiss Bartlett’ pear fruit stored at 0 °C for 167 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  0 . . . 
Storage period 1-MCP×Cooler -8.08E-6          0.000095 -0.09       0.9320 
Residual  0.002873     0.000409       7.03       <.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 98.8 1139.01     <.0001 
1-MCP  1 6.86 0.97     0.3574 
O2  1 98.8 6.10     0.0152 
Storage period × 1-MCP  5 98.8 0.25     0.9396 
Storage period × O2  5 98.8 1.23     0.3028 
1-MCP × O2  1 98.8 5.42     0.0220 
Storage period × 1-MCP 
× O2 

 5 98.8 1.90     0.1017 
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Table B4.16.  ANOVA for the effects of storage period, 1-MCP and O2 on firmness (N)  
in ‘Swiss Bartlett’ pear fruit stored at 0 °C for 167 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  0.07923      0.06431       1.23       0.1090 
Storage period 1-MCP×Cooler 0.06255      0.04748       1.32       0.1877 
Residual  0.2738      0.04024       6.80       <.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 92.6 125.50     <.0001 
1-MCP  1 5.63 12.75     0.0131 
O2  1 5.07 3.41     0.1231 
Storage period × 1-MCP  5 92.6 27.26     <.0001 
Storage period × O2  5 92.6 4.44     0.0011 
1-MCP × O2  1 92.6 11.81     0.0009 
Storage period × 1-MCP 
× O2 

 5 92.6 1.66     0.1533 

 

 

 

Table B4.17.  ANOVA for the effects of storage period, 1-MCP and O2 on ethylene 
production (µL·kg-1 ·h-1) in ‘Swiss Bartlett’ pear fruit stored at 0 °C for 167 d 
 
Cov Parm Subject Estimate Std. Error Z-Value Pr>Z 

Chmbr  0 . . . 
Storage period 1-MCP×Cooler -1.8134       0.9230      -1.96       0.0495 
Residual  54.6412       7.8242       6.98       <.0001 

Effect  Num df Den df F-Value Pr>F 

Storage period  5 97.8 475.61     <.0001 
1-MCP  1 8.13 3976.57     <.0001 
O2  1 97.8 8.67     0.0040 
Storage period × 1-MCP  5 97.8 301.77     <.0001 
Storage period × O2  5 97.8 33.37     <.0001 
1-MCP × O2  1 97.8 17.98     <.0001 
Storage period × 1-MCP 
× O2 

 5 97.8 43.52     <.0001 
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