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γ-Hydroxybutyrate (GHB) is an intermediate of γ-aminobutyrate (GABA) catabolism in 

plants subjected to abiotic stress and its formation is catalyzed by two NADPH-dependent 

glyoxylate/succinic semialdehyde reductases (GLYRs). GABA and/or GHB accumulation in 

‘Honeycrisp’ and ‘Empire’ apple fruit stored under controlled atmosphere (CA) conditions (i.e., 

low temperature, low O2, elevated CO2) in the presence or absence of the ethylene-antagonist 1-

methylcyclopropene, coincided with the onset of physiological injury, suggesting an association 

with cellular disruption. Salinity and chilling stresses differentially influenced the expression of 

GABA pathway genes and the levels of GHB among various GABA pathway mutants of 

Arabidopsis. Furthermore, the occurrence of GHB in glyr1/glyr2 double knockout mutants 

indicates the presence of an additional pathway for GHB production. Evidence for GHB 

oxidation was not detectable in cell-free leaf extracts, suggesting the existence of a novel enzyme 

for GHB turnover.  
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Chapter 1 

Literature Review 

 

1.1. Introduction 

Gamma-hydroxybutyrate (GHB) is a short-chain fatty acid that accumulates in planta 

under periods of stress. GHB is a product of succinic semialdehyde (SSA) reductase activity of 

the glyoxylate reductase (GLYR) protein, the last in a series of enzymes involved in -

aminobutyrate (GABA) metabolism (Hoover et al., 2007a; Allan et al., 2009). In mammalian 

systems, GHB has been characterized as an inhibitory neurotransmitter and as a drug of abuse 

(Miotto et al., 2001). Consequently, its fate in mammalian and bacterial systems has been widely 

studied. While some studies have commented on the possible fate of GHB in plants, their 

purpose is often not to address GHB catabolism but rather its role in metabolic stress and its 

effects on plant growth and metabolism. Since the generation of GHB from SSA requires 

NADPH oxidation (Hoover et al., 2007a) and its accumulation in feeding studies is associated 

with severe growth inhibition (Ludewig et al., 2008), GHB is thought to influence cellular 

oxidation-reduction balance, thereby leading to physiological abnormalities (Allan, 2008). 

Postharvest storage of fruit under controlled atmosphere (CA) conditions containing low O2 and 

elevated CO2 may lead to physiological storage disorders that coincide with GABA 

accumulation (Pedreschi et al., 2009). While the role of GABA in fruit tissue is not yet clear, a 

study of pear has suggested that cellular oxidation-reduction balance may be involved (Franck et 

al., 2007), which implicates GHB in its role as a catabolite of GABA. 
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The following literature review provides an overview of GHB and GABA metabolism in 

plants, with an emphasis on the effects of low temperature and low oxygen storage conditions on 

this pathway in apple fruit which can be further explored using the model system Arabdiopsis. 

This literature review also explores known pathways for GHB catabolism in plants and other 

organisms, and discusses the potential involvement of GABA in metabolic processes leading to 

the onset of physiological disorders in fruit stored under CA conditions. 

 

1.2. GHB Production from GABA 

GABA is a four-carbon, non-protein amino acid that is present in both prokaryotic and 

eukaryotic organisms (Satya Narayan and Nair, 1990; Bown and Shelp, 1997; Shelp et al., 1999). 

It accumulates in plants under abiotic and biotic stresses, and is generally metabolized via a 

series of three enzymes referred to collectively as the GABA shunt. Glutamate is first 

decarboxylated by glutamate decarboxylase (GAD) to GABA, which is then transaminated by 

GABA transaminase (GABA-T) to form SSA, and finally oxidized by SSA dehydrogenase 

(SSADH) to form succinate (Fig. 1.1). SSA can also be reduced by GLYR to GHB. 

GABA has been suggested as a temporary form of nitrogen storage since the conversion 

of glutamate to GABA increases during inhibition of glutamine synthesis, inhibition of protein 

synthesis, and enhanced protein degradation (Shelp et al., 1999). Other evidence has indicated 

various roles for GABA, including plant defence (Bown et al., 2002; McLean et al., 2003), 

tricarboxylic acid (TCA) cycle bypass (Bown and Shelp, 1997), compatible osmolyte, growth 

and development, and communication within and among plants and other organisms (Bown and  
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Figure 1.1. Pathway for the metabolism of glutamate to GHB. Abbreviations: CaM, calmodulin; 

GABA, γ-aminobutyrate; SSA, succinic semialdehyde; GHB, γ-hydroxybutyrate.  

GABA 

Pyruvate/Glyoxylate 

Alanine/Glycine 

GABA 
Transaminase 

(GABA-T) 
 

 

SSA 

Succinic 
Semialdehyde 

Dehydrogenase 
(SSADH) NADH 

NAD+ NADPH 

NADP+ 

Glyoxylate 
Reductase 

(GLYR) 

GHB Succinate 
Tricarboxylic 

Acid Cycle 

Glutamate 
CO2 H+ 

Glutamate 
Decarboxylase 

(GAD) 

Ca2+/CaM low pH 



4 
 

Shelp, 1997; Shelp et al., 1999, 2006; Kinnersley and Turano, 2000; Bouché et al., 2003b; Bown 

et al., 2006).  

 

1.2.1. GABA Production 

 

1.2.1.1. Glutamate decarboxylase 

GABA is formed via α-decarboxylation of glutamate in the cytosol in a reaction 

catalyzed by GAD (Tuin and Shelp, 1994; Breitkreuz and Shelp, 1995). GAD activity is optimal 

at pH 5.8, but is also stimulated at pH 7 in the presence of Ca
2+

 and calmodulin (CaM) (Fig. 1.1) 

(Baum et al., 1993; Ling et al., 1994; Snedden et al., 1995, 1996). The influx of Ca
2+

 into cells is 

part of a signal transduction pathway that binds and elicits a conformational change in CaM, 

which in turn interacts with other proteins (Poovaiah and Reddy, 1993). The Ca
2+

/CaM complex 

binds to the CaM-binding domain (CaMBD) located at the C-terminus of GAD, thereby relieving 

its autoinhibitory action (Baum et al., 1993; Ling et al., 1994; Snedden et al., 1995, 1996; Turano 

and Fang, 1998; Zik et al., 1998).  

Stresses promoting cellular membrane disruption, such as wounding and freezing, result 

in the release of vacuolar contents into the cytosol (Bown and Shelp, 2006). The subsequent 

decrease in cytosolic pH stimulates GAD activity, thereby elevating cellular GABA 

concentrations and contributing to H
+
 consumption and regulation of cytosolic pH (Bown and 

Shelp, 1997). Oxygen deficiency has been shown to lower cytosolic pH and increase GABA 

concentrations (Carroll et al., 1994). Other abiotic stresses, such as mechanical handling, cold 

shock, heat, salinity, drought and osmotic stress induce increases in cytosolic Ca
2+

 (Knight et al., 
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1991; Cholewa et al., 1997; Kinnersley and Turano, 2000), thereby stimulating GAD activity via 

its CaMBD. The use of Ca
2+

 channel blockers can inhibit GABA accumulation due to these 

aforementioned stresses (Aurisano et al., 1995; Cholewa et al., 1997), confirming the Ca
2+

/CaM- 

dependent activation of GAD. 

Several GAD isoforms have been identified and/or predicted to occur in plants; for 

example, there appears to be as many as five isoforms in Arabidopsis and four in tobacco 

(Turano and Fang 1998; Zik et al., 1998; Shelp et al., 1999; Yevtushenko et al., 2003). Different 

isoforms may be expressed in distinct plant organs, such as GAD1 in roots, and GAD2 in all 

organs of Arabidopsis (Miyashita and Good, 2008). There are many reports of an increase in 

GAD transcript abundance in response to various abiotic stresses, but interpretation of these data 

are complicated by the possible presence of GAD isoforms (Klok et al., 2002; Deeken et al., 

2006; Cramer et al., 2007; Pasentsis et al., 2007). Recent evidence indicates that certain isoforms 

appear to be differentially expressed under different stresses; for example, AtGAD4 is 

upregulated under hypoxia (Miyashita and Good, 2008). Rice has two GAD isoforms, OsGAD1 

and OsGAD2, but the C-terminus of OsGAD2 does not contain a CaMBD even though it still 

acts as an autoinhibitory domain (Akama et al., 2001, 2007). Furthermore, apple has both CaM-

dependent and CaM-independent GAD isoforms (Trobacher et al., 2013b). The presence of 

different GAD isoforms and isoform expression supports the contention that more than one 

pathway for GABA metabolism exists in plants (Van Cauwenberghe and Shelp, 1999), 

depending on the stress applied and the organ of interest. 
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1.2.1.2. Polyamines 

Polyamines (PAs) are regulatory molecules implicated in various cellular processes such 

as cell division and differentiation, as well as physiological processes such as fruit ripening and 

senescence (Alcázar et al., 2010; Mattoo et al., 2010; Pang et al., 2010). The most common PAs, 

putrescine (Put), spermidine (Spd), and spermine (Spm), are known to accumulate under 

conditions of environmental stress, including salinity, drought, hypoxia, and heat (Bouchereau et 

al., 1999).  

Put is a diamine synthesized from either arginine via arginine decarboxylase (ADC) or 

ornithine via ornithine decarboxylase (ODC) (Alcázar et al., 2011). The triamine Spd is produced 

from Put via Spd synthase (SPDS), and it in turn is converted to the tetramine Spm via Spm 

synthase (SPMS) (Shelp et al., 2012c). This is achieved through successive donations of 

aminopropyl groups from decarboxylated S-adenylmethionine (dcSAM), which is produced from 

S-adenosylmehionine (SAM) via SAM decarboxylase (SAMDC) (Slocum et al., 1984).  

The abundance of ADC1, ADC2, SPMS, and SPDS transcripts in Arabidopsis increases in 

response to wounding, chilling, salinity, dehydration, and potassium deficiency (Perez-Amador 

et al., 2002; Urano et al., 2003; Alcázar et al., 2006; Cuevas et al., 2008). It has been suggested 

that PAs induce antioxidative enzymes, such as superoxide dismutase, catalase, peroxidase, 

glutathione reductase, and ascorbate peroxidase, thereby scavenging reactive oxygen species 

(ROS) and reducing lipid peroxidation of membraneous structures (Verma and Mishra, 2005). 

Abscisic acid synthesis and associated gene expression may also be linked to Put levels (Cuevas 

et al., 2008). However, fluctuations in PA levels can vary with duration of different stresses, and 

according to different plant species and their developmental stages. 
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Polyamine catabolism is mediated via diamine oxidases (DAO) and polyamine oxidases 

(PAO) (Shelp et al., 2012c). Put is catabolized via DAO to 4-aminobutanal, which cyclizes to 

pyrroline and leads to the formation of GABA. Spd is catabolized via PAO into 4-aminobutanal 

and diaminopropane. Spd and Spm can also be back converted to Put and Spd, respectively. 

Since GABA is formed via 4-aminobutanal/pyrroline during PA catabolism (Cona et al., 

2006), elevated GABA levels under abiotic and biotic stress may be attributed, at least in part, to 

the catabolism of PA, in addition to increased GAD activity. Xing et al. (2007) found elevated 

DAO activity in soybean roots under salt stress, along with corresponding increases in GABA. 

Furthermore, the application of 
14

C-labelled Put to fruit pericarp tomato discs results in 
14

C-

labelled Spd (7% total radioactivity), GABA (9% total radioactivity), and Put (69% total 

radioactivity) after 24 h (Rastogi and Davies, 1989). Also, the application of 
14

C-labelled Spd to 

whole Limonium tataricum (L.) plants generates labelled GABA (Duhazé et al., 2002).  

 

1.2.2. GABA Catabolism 

 

1.2.2.1. GABA transaminase 

Once GABA is produced from GAD, it enters the mitochondrion where the amino group 

is transferred to an amino acceptor via GABA-T, thereby generating the highly reactive SSA 

(Breitkreuz and Shelp, 1995; Van Cauwenberghe and Shelp, 1999; Van Cauwenberghe et al., 

2002; Clark et al., 2009; Michaeli et al., 2011). Evidence of pyruvate- and 2-oxoglutarate-

dependent GABA-T activity has been found in soybean cotyledons (Shelp et al. 1995), tobacco 

leaves (Van Cauwenberghe and Shelp 1999) and tomato fruit (Akihiro et al. 2008); however, 
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only the pyruvate-dependent GABA-T isoform could be isolated from tobacco (Van 

Cauwenberghe et al., 2002). Clark et al. (2009a, b) reported evidence of pyruvate- and 

glyoxylate-dependent activities with recombinant GABA-Ts from Arabidopsis and tomato, and 

suggested that the 2-oxoglutarate-dependent activity previously reported is an artifact of the in 

vitro assay of cell-free extracts or the lack of appropriate controls. This contention is supported 

by recent work with RNAi-mediated knockdown of the various GABA-T isoforms in tomato 

(Koike et al., 2013). 

Transfer of the amino group from GABA to pyruvate generates alanine in a reversible 

reaction, whereas a similar transfer to glyoxylate forms glycine in an irreversible manner (Clark 

et al., 2009a). Thus, GABA-T could serve as a mechanism for preventing the excessive 

accumulation of photorespiratory glyoxylate, thereby preventing its inhibitory action upon 

Rubisco activity in photosynthesis (Häusler et al., 1996). Interestingly, both the expression and 

activity of GABA-T increase during tomato fruit maturation (Clark et al., 2009), suggesting that 

apart from its role in stress metabolism, GABA is involved in growth and developmental 

processes. This is further supported by the excessive accumulation of GABA in the pistils of 

gaba-t1 mutants of Arabidopsis, which disrupts the endogenous GABA gradient and results in 

pollen tube misguidance and self-sterility (Palanivelu et al., 2003). Wu et al. (2006) reported an 

increase in GABA-T expression in rice leaves by blast fungal infection, mechanical wounding, 

and UV radiation, which suggest that GABA-T is upregulated during stress, possibly to 

metabolize the elevated GABA produced by GAD. 
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1.2.2.2. Succinic semialdehyde dehydrogenase  

SSA is either oxidized to succinate via NAD-dependent SSADH (Busch and Fromm, 

1999) or reduced to GHB by NADPH-dependent GLYR (Breitkreuz et al., 2003; Hoover et al., 

2007a; Allan et al., 2012), since the presence of an extremely reactive aldehyde can be highly 

toxic at physiological concentrations (Lindahl, 1992). SSADH is located in the mitochondrion 

where the product succinate may freely enter the TCA cycle, thus bypassing two enzymatic steps 

of the TCA cycle (Allan et al., 2009). Tuin and Shelp (1994, 1996) found that under ambient 

conditions, isolated intact developing soybean cotyledons metabolize [
14

C]glutamate to GABA, 

CO2 and succinate, which enters the TCA cycle. Subsequent research revealed that hypoxia, a 

condition typical of developing legume fruits, increases the relative partitioning of glutamate 

through GAD (Shelp et al., 1995). Stress conditions can also restrict the oxidation of NADH via 

the mitochondrial electron transport chain and consequently the activity of SSADH (Allan et al., 

2009), thereby contributing to the accumulation of GABA until conditions recover sufficiently to 

allow GABA to be catabolized to succinate (Bown and Shelp, 1997). 

In ssadh mutants of Arabidopsis, the accumulation of GABA (Bouché et al., 2003a) may 

be explained by the feedback inhibition of GABA-T by SSA (Van Cauwenberghe and Shelp, 

1999; Clark et al., 2009a). SSADH activity is also known to be inhibited by NADH (Busch and 

Fromm, 1999). Under O2 stress, the mitochondrion contains higher NADH:NAD ratios, which 

would inhibit SSADH activity and promote feedback inhibition of GABA-T by SSA (Shelp et al. 

1999; Busch et al., 2000; Ludewig et al., 2008). Bouché et al. (2003a) reported that ssadh 

mutants exposed to elevated UV light and high temperatures are dwarfed and possess necrotic 

lesions, a result attributed to the accumulation of ROS. Environmental stresses are known to 

cause the accumulation of various aldehydes in plants, which in turn, react with DNA, lipids, 
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proteins and other essential molecules, leading to cellular toxicity and developmental problems 

(Weber et al., 2004; Kotchoni et al., 2006). Together, these findings suggest that SSADH helps 

to alleviate SSA accumulation under cellular redox conditions that do not inhibit its activity. 

 

1.2.2.3. Glyoxylate reductase (Succinic semialdehyde reductase)  

Under periods of stress when SSADH activity is inhibited by NADH accumulation or 

limited by NAD availability and succinate production is arrested (Shelp et al., 1999), the SSA 

generated from GABA-T may be diverted from SSADH to GLYR, which possesses NADPH-

dependent SSA reductase activity (Breitkreuz et al. 2003; Fait et al. 2005; Hoover et al., 2007a). 

Complementation of an SSADH-deficient yeast mutant with an Arabidopsis cDNA library 

enabled the isolation of a novel cDNA that encodes a 28-amino acid polypeptide with an N-

terminal domain for nicotinamide dinucleotide, presumably NADPH (Breitkreuz et al., 2003). 

Constitutive expression of that cDNA in the yeast mutant allows growth on GABA as the sole 

nitrogen source and the accumulation of GHB. Recombinant expression of the cDNA in 

Escherichia coli confirmed that the highly purified recombinant protein utilizes SSA (Km for 

SSA=0.87 mmol L
-1

) in an essentially irreversible, NADPH-dependent reaction (Hoover et al., 

2007a). However, the protein has a 250-fold higher preference for glyoxylate (Km for 

glyoxylate= 4.5 µmol L
-1

), forming glycolate, and is now designated as glyoxylate reductase 1 

(GYLR1). A second Arabidopsis GLYR isoform, designated as GLYR2, displays a lower 

affinity for glyoxylate and SSA than GLYR1 (Km for glyoxylate = 34 µmol L
-1

, Km for SSA = 

8.96 mmol L
-1

), but has a 350-fold higher preference for glyoxylate than SSA (Simpson et al., 

2008).  
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GLYR1 is ubiquitous within Arabidopsis, but its specific activity is higher in leaves than 

in roots (Hoover et al., 2007), suggesting a role in photosynthetic processes. It has been proposed 

that this enzyme is involved in cellular redox homeostasis due to its capacity to contribute to 

regulation of the NADPH/NADP
+
 ratio, as well as its activity in reducing the highly reactive 

molecules, glyoxylate and SSA (Hoover et al., 2007a, b). It is possible that glyoxylate and SSA 

could accumulate under stress and react with macromolecules, oxidize lipids, and affect the 

transcription of stress-associated genes, leading to cell and developmental problems (Kotchoni et 

al., 2006; Allan et al., 2009). Constitutive expression of aldehyde dehydrogenases in both the 

chloroplast and cytoplasm can lead to tolerance to osmotic and oxidative stress, ROS 

scavenging, as well as the inhibition of lipid peroxidation (Kotchoni et al., 2006). 

GLYR1 is localized in the cytosol and has a higher affinity for glyoxylate than the 

plastidial GLYR2 (Simpson et al., 2008), which may be linked to a role in scavenging glyoxylate 

released from the peroxisome and preventing damage to other parts of the cell (Givan and 

Kleckowski, 1992; Allan et al., 2009). GLYR2 may scavenge photorespiratory glyoxylate, a 

potential inhibitor of Rubisco activity. Moreover, there is higher GLYR activity in vegetative 

and reproductive tissue than in roots (Hoover et al., 2007a), where photosynthesis does not occur 

and glyoxylate production is absent or minimal. 

Based on biochemical function, it seems likely that plant GLYR is a member of the aldo-

keto reductase superfamily or the short-chain keto reductase superfamily (Hoover et al., 2007a). 

However, protein-structure function studies suggest that GLYR1 is part of the β-hydroxyacid 

dehydrogenase superfamily, whose known members include 6-phosphogluconate 

dehydrogenase, 3-hydroxyisobutyrate dehydrogenase and tartronate semialdehyde reductase 

(Hoover et al., 2007a, b; Simpson et al., 2008; Hoover et al., 2013).  
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Although the GLYRs have a higher affinity for glyoxylate than SSA in vitro (Hoover et 

al., 2007a; Simpson et al. 2008), the accumulation of GHB in SSADH-deficient yeast 

overexpressing GLYR1 and growing on GABA (Breitkreuz et al., 2003) suggests that the protein 

can operate in planta as an SSA reductase. Furthermore, GABA and GHB accumulate in O2 

deficient Arabidopsis leaves (Breitkreuz et al., 2003), soybean sprouts, and tea leaves (Allan at 

al., 2003). More detailed studies revealed GHB accumulation and elevated levels of 

NADPH/NADP
+
 and GLYR1 and GLYR2 transcript abundance in both Arabidopsis and tobacco 

under a variety of imposed environmental stresses (Allan et al., 2008). Hence, GHB production 

is associated with the supply of GABA catabolites and reducing equivalents in the form of 

NADPH, as well as control of GLYR expression. 

Recently, Allan et al. (2012) identified glyr1 and glyr2 single knockout mutants, 

respectively, in Wassilewskija and Columbia ecotypes of Arabidopsis and demonstrated that 

concentrations of GHB increase less in the knockouts than the corresponding wild-type plants in 

response to submergence, and that this effect is more dramatic in glyr1 than glyr2 plants. This 

suggests that GLYR1, rather than GLYR2, plays a more important role in GHB production under 

the imposed stress. However, these data must be considered as preliminary as the two mutants 

are in different genetic backgrounds. Single mutants in the same genetic background, as well 

glyr1/glyr2 double mutants, must be examined to determine the relative importance of the two 

GLYRs and whether they are the only enzymes responsible for GHB production. 
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1.3. GHB Catabolism 

GHB is the product of SSA reduction via GLYR and one of the last known compounds in 

the GABA metabolic pathway. While GHB catabolism continues to be thoroughly examined in 

mammalian and bacterial literature, its fate and role within plants is unknown. GHB levels are 

known to fluctuate during exposure to both stressed and non-stressed conditions (Allan et al., 

2003; Allan et al., 2008). Since the GHB formation via GLYR is essentially irreversible (Hoover 

et al., 2007a), GHB must be subjected to inherent catabolic processes that still remain 

unidentified. 

 

1.3.1. Plants 

GHB is known to accumulate rapidly in Arabidopsis under saline, drought, submergence, 

cold, and heat stresses (Allan et al., 2008; Shelp et al., 2012b). GHB levels are regulated 

biochemically and transcriptionally in Arabidopsis as suggested by GABA and alanine 

concentrations, NADPH/NADP
+
 ratios, and associated increases in GLYR1 and GLYR2 transcript 

abundance under conditions of stress (Allan et al., 2008, 2012). Allan et al. (2003) proposed that 

GHB is produced from the diversion of SSA as a result of altered redox balance during stress, 

and Fait et al. (2005) used ssadh mutants of Arabidopsis to demonstrate that GHB is derived 

from the catabolism of GABA. Since NADP(H) is generated from NAD(H) in the presence of 

NAD kinase (NADK) (Hunt et al., 2004), it has been suggested that the process of NADPH-

dependent GHB production reduces the NADH/NAD
+
 ratio during periods of stress, to ‘re-

activate’ NAD
+
-dependent SSADH and enzymes in the TCA cycle (Fait et al., 2005). The 

maintenance of NADH/NAD
+
 ratios is also required for other cellular processes such as the 
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mitochondrial and chloroplastic electron transport chains (Noctor, 2006). Fait et al. (2005) 

reported elevated levels of GHB and ROS in ssadh mutants of Arabidopsis grown under elevated 

UV light. However, this GHB and ROS accumulation does not occur in mutants treated with the 

GABA-T inhibitor γ-vinyl GABA (VGB) or in gaba-t1/ssadh (pop2 ssadh) double mutants (Fait 

et al., 2005; Ludewig et al., 2008). This lends further support for the derivation of GHB via a 

branch of the GABA shunt and therefore requires GABA-T activity, as well as SSA. Once the 

conversion of SSA to succinate is restricted, SSA would be diverted to GHB via GLYR 

(Breitkreuz et al., 2003). Under UV stress, ssadh mutants accumulate hydrogen peroxide and 

proline (Fait et al., 2005), an amino acid that is associated with the scavenging of ROS (Smirnoff 

and Cumbes, 1989; Hong et al., 2000; Fabro et al., 2004). However, the addition of VGB may 

reduce SSA production through GABA-T inhibition in ssadh mutants under high UV stress, as 

proline, hydrogen peroxide and GHB levels are reduced, in addition to the incidence of necrotic 

lesions and cell death, and plant growth is improved (Fait et al., 2005). 

While further research is required to determine whether GLYR is the sole source of GHB 

within plant systems, studies that focus on the catabolism of GHB are few. Allan et al. (2003, 

2006, 2008) provided evidence of GHB fluctuations over time under both stressed and non-

stressed conditions. Declines in GHB levels of soybean sprouts (Allan et al., 2003) and tobacco 

leaves (Allan et al., 2008) prior to the alleviation of the applied stress are of particular interest. 

During exposure to continued stress, GHB is derived via a branch of the GABA shunt, and it is 

expected that the plant cell must possess biochemical processes capable of degrading this 

compound to exhibit the observed declines in GHB. Ludewig et al. (2008) reported that GABA 

accumulates in gaba-t/ssadh mutants of Arabidopsis fed with exogenous GHB, suggesting that 

GHB is metabolized back into GABA. As the gaba-t/ssadh mutant lacks both SSADH and 
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pyruvate-dependent GABA-T activities, GHB could be converted to SSA via an hitherto 

undescribed enzyme in plants (Ludewig et al., 2008), although the presence of high GHB levels 

may also lead to a GABA stress response. Information about SSA levels would be required to 

confirm this suggested pathway, although few studies in the plant literature have attempted to 

quantify this compound (Shelp et al., 2012a). An identical pathway has been observed in the rat 

brain, wherein [
3
H]GHB is converted to [

3
H]GABA without the presence of radiolabeled 

glutamate (Hechler et al., 1997), suggesting that GHB can be metabolized back into GABA 

without passing through the TCA cycle. Further research is required to elucidate the pathway 

responsible for GHB catabolism in plants. The involvement of GLYR activity seems unlikely 

since the reaction is essentially irreversible at physiological pH (Hoover et al., 2007a). 

 

1.3.2. Mammalian systems 

In mammals, endogenous GHB serves as a precursor of the neurotransmitter GABA 

(Hechler et al., 1997; Maitre, 1997). GHB exists at 0.2% of GABA levels in the brain, and is 

released by neuronal depolarization from Ca
2+

 signaling (Maitre, 1997). It has become a 

recreational drug due to its euphoric and mood-enhancing properties (Miotto et al., 2001). 

Similar in structure to GABA, it may function as an inhibitory neurotransmitter (Miotto et al., 

2001) once bound to GABAB receptors (Mathivet et al., 1997; Erdhardt et al., 1998; Hogema et 

al., 2001) and GHB-specific receptors (Andriamampandry et al., 2003). GHB and GABA have 

been shown to accumulate in human patients with neurological abnormalities caused by the 

absence of SSADH activity in a condition called 4-hydroxybutyric aciduria (Jakobs et al., 1981; 

Chambliss et al., 1998; Gibson et al., 1998). Interestingly, SSA is also converted to GHB under 
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anoxic stress in human systems (Mamelak, 1989) via an NADPH-dependent SSA reductase in 

the cytosol (Schaller et al., 1999). 

The metabolism of [
14

C]GHB to radiolabelled amino acids invokes participation of the 

TCA cycle via succinate, rather than β-oxidation, as some have previously suggested (Doherty et 

al., 1975; Möhler et al., 1976; Lyon et al., 2007). A mitochondrial 2-oxoglutarate-dependent 

hydroxyacid-oxoacid transhydrogenase may catalyze the oxidation of GHB to SSA in rat kidneys 

and human liver extracts, but not the reverse reaction (Struys et al., 2005; Lyon et al., 2007). 

This enzyme was also identified as an iron-dependent alcohol dehydrogenase related to bacterial 

4-hydroxybutyrate dehydrogenase (Kardon et al., 2006) (Fig. 1.2). Kaufman et al. (1979, 1988a) 

described a cytosolic NADP
+
-dependent oxidoreductase enzyme in rat brain and kidneys, which 

oxidizes GHB more favourably in the presence of D-glucuronate reduction, and the rate of 

reaction is limited by glucuronate availability rather than NADP
+ 

(Kaufman and Nelson, 1981). 

Recently, there has been evidence of an NAD
+
- and NADP

+
-dependent GHB dehydrogenase 

activity in human neuroblastoma cells that is distinct from SSA reducing enzymes (Lyon et al., 

2007). 

 

1.3.3. Bacteria and yeast 

Like plants, E. coli reacts to low pH stress by decarboxylating glutamate to GABA 

through GAD (Castanie-Carnet et al., 1999). However, GABA is then fermented by Clostridium 

sp. and Ralstonia utropha via SSA and GHB, into 4-hydroxybutyryl-CoA, crotonyl-CoA, and 

finally acetate and butyrate (Hardman and Stadtman, 1963; Kenealy and Waselfsky, 1985; Wolf 

et al., 1993; Valentin et al., 1995; Söhling and Gottschalk, 1996; Gerhardt et al., 2000; Buckel et  
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Figure 1.2. Known GHB degradation pathways in non-plant organisms (Kaufman and Nelson, 1991; Valentin et al., 1991; Buckel et 

al., 2001; Lyon et al., 2007). Abbreviations: α-KG, alpha-ketoglutarate; D-2-HG, D-2-hydroxyglutarate.

α-KG D-2-HG 

NADPH NADP+ 

NADPH 

Glucuronate 

Gulonate 

Bacterial/Yeast Mammalian 

 

γ-Hydroxybutyrate 

(GHB) 

Poly-β-hydroxybutyrate 

 (PHB) 

GABA 

SSA 

Succinate 

TCA 

γ-HB-CoA 

γ-Hydroxybutyrl-CoA 

Crotonyl-CoA 

Acetate 

Butyryl-CoA 

Butyrate 

SSA 

NAD(P)+ 

NAD(P)H 



18 
 

al., 2001) (Fig. 1.2). A similar pathway has been proposed during autotrophic CO2 fixation in 

several thermophilic classes of the phylum Crenarchea using a ‘3-hydroxyproprinate/4- 

hyrdroxybutyrate cycle’ that is not unlike the ‘3-hydroxypropionate cycle’ in phototropic 

Chloroflexus aurantiacus (Kockelkorn and Fuchs, 2009). Alternatively, 4-hydroxybutyryl-CoA 

can be polymerized with 3-hydroxybutyrate to form poly-β-hydroxybutyrate (PBH) by 

Alcaligenes eutrophus, R. utropha, and yeast (Valentin et al., 1995; Valentin and Dennis, 1997; 

Buckel et al., 2001; Bach et al., 2009). PBH is a storage compound that accumulates in rhizobia 

during symbiosis (Trainer and Charles, 2006). However, under anaerobic conditions A. 

eutrophus may metabolize GHB via succinate, and presumably SSA, via an NAD
+
-dependent 

oxidation step (Valentin et al., 1995). 

 

1.4. Postharvest Metabolic Processes in Fruit 

Little is known about GABA metabolism in stored fruits and its response to temperature 

and/or CA imposed by storage regimes. Furthermore, different fruits, and even distinct cultivars, 

may be governed by different regulatory processes. Further research is required in this field to 

determine the possible roles of GABA and its metabolites in postharvest fruit metabolism. 

 

1.4.1 Effects of CA conditions on GABA  

Elevated CO2 conditions are used in postharvest storage to inhibit TCA cycle enzymes, 

thereby decreasing respiration and delaying senescence. High CO2 has been shown to inhibit 

succinate, fumarate and pyruvate oxidation (Shipway and Bramlage, 1973), and succinate 
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dehydrogenase in particular (Knee, 1973), which would most likely result in succinate 

accumulation and feedback inhibition of SSADH and GABA-T. Several strawberry cultivars 

stored under high CO2 conditions (20 kPa CO2) have been shown to accumulate GABA, possibly 

because of relatively low GABA-T levels; however, there is apparently no association between 

GABA accumulation and tolerance to high CO2 (Deewatthanawong et al., 2010a). In contrast, 

Merodio et al. (1998) demonstrated that cherimoya fruit kept in 20 kPa CO2 conditions can 

overcome low storage temperatures. The high CO2-treated cherimoya fruit also displayed a 9-

fold increase in GABA and a 33% increase in polyamine levels compared to untreated fruit at the 

same temperature. 

Tomatoes stored for 6 days at 30°C under 11 kPa O2 and 9 kPa CO2 also accumulate 48% 

more GABA and approximately 157% more alanine than those stored in non-CA conditions, 

suggesting that the rate of GABA biosynthesis is enhanced (Makino et al., 2008). It has been 

speculated that a reduction in O2 decreases H
+
 oxidation by cytochrome C oxidase in the electron 

transport chain, leading to an accumulation of H
+
 and lower pH, which then stimulates GAD and 

GABA production (Rothan et al., 1997; Makino et al., 2008). Deewatthanawong et al. (2010b) 

also observed a 30% reduction in the expression of the succinic semialdehyde reductase1 gene of 

tomatoes stored under 10 kPa CO2, which may contribute to higher GABA levels through 

feedback inhibition. 

 

1.4.2. Physiological storage disorders in pears 

Physiological disorders caused by CA storage may be associated with GABA 

metabolism, as suggested by recent studies on browning in pears (Franck et al., 2007). Core 
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browning of pears stored under 10 kPa CO2 and 1 kPa O2 is associated with less malate and 

elevated fumarate, succinate, and GABA concentrations in disordered tissues relative to non-

disordered tissues from the same fruit (Franck, 2004; Pedreschi et al., 2009). This suggests that 

tissue browning coincides with CO2-induced inhibition of decarboxylating activity in the TCA 

cycle (Shipway and Bramlage, 1973; Ke et al., 1993), leading to restricted flux via GABA shunt 

activity. Low O2 conditions may induce the rate of GABA production via pH-stimulated GAD 

activity, as well as inhibit pyruvate-dependent GABA-T (Streeter and Thompson, 1972a), 

resulting in GABA accumulation. 

Under low O2, the respiratory metabolism of the fruit shifts to the less efficient 

fermentation metabolism, thus lowering the amount of ATP generated (Franck et al., 2007). 

Elevated CO2 also diffuses into the fruit, contributing to a reduction in respiration and associated 

activities in apples and pears (Shipway and Bramlage, 1973; Ke et al., 1994; Kerbel et al., 1998). 

Under these conditions, anoxia can result within the fruit, causing oxidative stress and ROS 

production (Møller, 2001), which can in turn, lead to lipid peroxidation, DNA and protein 

damage, membrane disruption, damaged cellular components, and cell collapse (Møller, 2001; 

Franck et al., 2007). Membrane disintegration within the cell also releases phenolic compounds 

for oxidation by polyphenoloxidase, generating brown-coloured polymers that lead to tissue 

browning (Mathew and Parpia, 1971; Mayer, 1987; Franck et al., 2007). This also suggests that a 

relationship exists between ATP:ADP ratios and browning disorders (Saquet et al., 2000). 

Lentheric et al. (1999) detected a decrease in endogenous ROS-scavenging agents, 

glutathione and ascorbate, as well as a decrease in ROS-scavenging enzymes SOD and CAT at 

the more mature stages of pear development. This may indicate that protection against ROS 

decreases with advanced fruit maturity, and disorders are more likely to develop. ‘Conference’ 
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pears stored in 20 kPa CO2 have lower ascorbate levels associated with core browning (Lentheric 

et al., 1999; Lammertyn et al., 2000). 

 

1.4.3. Physiological storage disorders in apples 

Like pears, apples are subjected to CA storage and have similar physiological storage 

disorders. Internal browning during CA is accompanied by elevated levels of alanine in 

‘Braeburn’ apples (Vandendriesschie et al., 2013). Moreover, ‘Braeburn’ apples stored under 

1.5 kPa O2 and 3 kPa CO2 at 0.5 C for 12 weeks have elevated levels of most amino acids, 

including the universal stress signature GABA (Lee et al., 2012a; Shelp et al., 2012b). 

Interestingly, alanine is formed via the GABA shunt pathway in hypoxic plant tissues (Shelp et 

al., 2012b), but may also be formed via alanine aminotransferase from glutamate and pyruvate 

(Rocha et al., 2010). These findings suggest that a concerted increase in alanine and GABA 

under CA storage is indicative of a stress response in bulky fruit. To date, however, disorders in 

apples have received little attention in terms of GABA metabolism, even though such disorders 

represent a significant source of economic loss. 

 

1.4.3.1. Preharvest factors 

The presence of physiological storage disorders can be affected by preharvest factors 

such as fruit size, ascorbate content, phenolic content, season-to-season variability, orchard of 

origin, geographical area, and cultivar (Tong et al., 2003; Franck et al., 2007). Cultivar 

susceptibility has a great influence on the type and extent of physiological storage disorders that 
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appear. For instance, two cultivars subjected to the same elevated CO2 treatment display 

different results, with one exhibiting injury to the peel (i.e., external) and the other exhibiting 

injury to the flesh (i.e., internal) (Watkins et al., 2001). Hence, cultivar-specific management 

strategies are required to maximize postharvest shelf-life and minimize primary and secondary 

metabolic processes affecting fruit aroma, texture, aesthetic quality and senescence related to 

endogenous ethylene-mediated climacteric ripening (Beaudry, 1999).  

 

1.4.3.2. Postharvest factors 

A disadvantage of storing pome fruit is the rapid and simultaneous exposure of detached 

fruit to multiple stresses during delivery of the CA parameters, which may result in the onset of 

browning disorders of the fruit cortex (Meheriuk et al., 1994; Franck et al., 2007). Postharvest 

factors that may influence the presence and severity of physiological storage disorders mainly 

deal with CA conditions (CO2 and O2 partial pressures), storage temperature, and the duration of 

storage (Franck et al., 2007). 

 

1.4.3.2.1. Temperature 

Low temperature storage conditions can lead to soggy breakdown and soft scald 

disorders, particularly in ‘Honeycrisp’ (Fig. 1.3). Soggy breakdown is visualized as diffuse 

browning of the outer cortex bordered by a thin layer of healthy tissue below the peel, and with 

increased severity, cortical tissue becomes moist and spongy. The disorder may be accompanied 

by intense browning of vasculature, and it usually occurs below 2-3°C (Mir and Beaudry, 2001; 

Tong et al., 2003; Watkins et al., 2004). Soft scald is also a low temperature disorder (<2.2 °C),  
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Figure 1.3. Common apple storage disorders. A) external CO2 injury in ‘Empire’; B) internal 

CO2 injury in ‘Honeycrisp’; C) soft scald in ‘Honeycrisp’ (Bozzo, 2011); D) soggy breakdown in 

‘Honeycrisp’.  

A B 

C D 
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characterized by irregularly shaped, smooth brown lesions on the peel and browning in 

hypodermal tissues (Meheriuk et al., 1994; Watkins et al., 2004). While it has been suggested 

that these two disorders are associated with abnormal respiratory metabolism, correlations have 

not been found between the fermentative respiration product ethanol and the incidence of storage 

disorders in ‘Honeycrisp’ apple (Watkins et al., 2004), or the oxidation of lipids in ‘Jonathan’ 

apples (Hopkirk and Willis, 1981). Internal ethylene concentration also does not seem to be 

correlated with the incidence of soft scald (Tong et al., 2003; Watkins et al., 2004). Moreover, a 

recent study in ‘Honeycrisp’ identified negative correlations between internal ethylene 

concentration and the incidence of soft scald (Ehsani-Moghaddam and DeEll, 2013). 

 

1.4.3.2.2. CA conditions 

CA conditions for apple storage typically involve low O2 (2.5 kPa to 3 kPa O2) and high 

CO2 (2.5 kPa to 4.5 kPa CO2) conditions, together with low temperature (0 °C to 3 °C) (DeEll, 

2012) to decrease respiration. CO2 also competitively inhibits ethylene action (Burg and Burg, 

1967); hence, increased CO2 levels reduce ethylene production in apples, delaying ripening and 

senescence (Gorny and Kader, 1996). External CO2 injury (Fig. 1.3) is visible as rough and well-

defined areas on the peel, whereas internal CO2 injury develops as browning of the cortex, and 

eventually becomes dry and cavity-filled over time (Meheriuk et al., 1994; Watkins and Nock, 

2012). External CO injury occurs in ‘Empire’ apples witin a few weeks of elevated CO2 (e.g. 5 

kPa CO2) storage (Fawbush et al., 2008). Low temperature disorders are exacerbated by low O2 

and/or high CO2 storage (Beaudry and Contreras, 2009).  
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‘Honeycrisp’ (Malus × domestica Borkh.) is a premium apple with flavour attributes and  

crisp texture that are highly preferred by consumers (Yue and Tong, 2011). However, fruit of this 

cultivar are susceptible to the development of flesh browning disorders (i.e., soggy breakdown 

and internal CO2 injury) during cold and elevated CO2 storage, some of which appear to be 

exacerbated by the ripening inhibitor 1-MCP (Watkins et al., 2004; Watkins and Nock, 2012). 

Furthermore, elevated CO2 in combination with low temperature storage contributes to more 

severe internal browning than either variable on its own (DeEll, 2005a). A disadvantage of 

storing ‘Honeycrisp’ under elevated CO2 partial pressures in the range of 1.5-2 kPa is increased 

susceptibility to internal CO2 injury (Watkins and Nock, 2012). 

 

1.4.3.2.3. 1-Methylcyclopropene 

Ethylene is a gaseous hormone produced by aminocyclopropane-1-carboxylate (ACC) 

synthase and ACC oxidase, which promotes ripening in fruit (Gorny and Kader, 1996). Burg and 

Burg (1967) suggested that high CO2 treatment displaces ethylene from its receptor, whereas low 

O2 impedes ethylene-receptor binding. 1-Methylcyclopropene (1-MCP) is a gaseous compound 

commonly applied to most apple cultivars with 1 to 7 d of harvest (Agrofresh, 2011). It inhibits 

ethylene action, thereby improving postharvest quality of apples. Reduced ethylene binding 

results in reduced respiration, greater retention of flesh firmness, control of superficial scald, and 

control of low temperature disorders (DeEll et al., 2002; Blankenship and Dole, 2003; DeEll et 

al., 2007; DeEll et al., 2008; DeEll and Ehsani-Moghaddam, 2010). Some of the merits of 1-

MCP use also include reduced incidence of soft scald, flesh browning, and senescent breakdown 
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(Fan and Mattheis., 1999; Fan et al., 1999; DeEll et al., 2008; Watkins, 2008; Beaudry and 

Contreras, 2009; DeEll and Ehsani-Moghaddam, 2010). 

Although 1-MCP inhibition of ripening is beneficial for extending the shelf life and 

marketability of apples, postharvest 1-MCP applications can increase susceptibility to certain 

disorders, when used in combination with low temperature and CA conditions on particular 

cultivars. For instance, severity of tissue softening increases when 1-MCP is used in conjunction 

with decreasing temperature, as opposed to 1-MCP use at room temperature (Mir and Beaudry, 

2001). Furthermore, 1-MCP use in conjunction with CA conditions increases external and 

internal CO2 injury in both ‘Empire’ and ‘McIntosh’ apples, and increases internal browning in 

‘Gala’ apples (DeEll et al., 2003, 2005a). Hence, the efficacy of 1-MCP also depends highly on 

the cultivar and storage conditions (Watkins et al., 2000), as well as harvest time and growing 

region (Watkins et al., 2005). Elevated GABA levels appear to coincide with the development of 

flesh browning disorders in 1-MCP-treated ‘Empire’ fruit stored with 2 kPa CO2 (Lee et al., 

2012b); however, very little information exists for the simultaneous analysis of the separate 

effect of temperature, CA and 1-MCP on amino acid levels in apples as a function of storage 

period. This would be useful in determining whether amino acids, including GABA, are signals 

for, or metabolites of, browning disorders in stored apples. 
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1.5. Concluding Remarks, Hypotheses and Objectives 

 

1.5.1. Hypothesis 1: GABA accumulation is associated with physiological injury in stored 

‘Honeycrisp’ fruit treated with 1-MCP. 

The ripening inhibitor, 1-MCP, is commonly applied to most apple cultivars to effectively reduce 

or eliminate senescence-related disorders, but has been shown to exacerbate some CA-related 

disorders. Moreover, elevated GABA levels appear to coincide with the development of flesh 

browning disorders in 1-MCP-treated ‘Empire’ fruit stored under high CO2. To test this 

hypothesis, I conducted physiological storage disorder evaluations on ‘Honeycrisp’ apples 

treated without or with 1-MCP under high (5 kPa) and low (0.03 kPa) CO2 conditions in 

combination with low O2 (2.5 kPa) at 3 °C and 20 °C. Particular emphasis was placed on the 

temporal relationship between changes in free amino acids and flesh browning disorders in 

response to 1-MCP and elevated CO2 treatments. I conducted statistical analyses on GABA and 

amino acid content that were determined by Dr. Gordon Hoover. Fruit maturity evaluations were 

conducted by Dr. Ehsani-Mogghaddam at the Norfolk Fruit Growers research facility.  

 

1.5.2. Hypothesis 2: GHB accumulation is associated with physiological injury in stored 

apples.  

Studies of physiologically-disordered pears have shown that the oxidation-reduction balance is 

disrupted within disordered tissue and linked to GABA accumulation. Since the production of 

GHB is also tightly linked to oxidation-reduction processes within the cell via the NADPH-

dependence of GLYR, it is possible that GHB levels are associated with the incidence and 
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severity of physiological injury that is evident in stored apples. Here, I quantified the GHB levels 

in apple fruit collected in the 2009 ‘Empire’ storage trials that were conducted under two 

temperature and two CO2 regimes. Furthermore, I conducted statistical analyses on GABA and 

amino acid contents that were determined by Dr. Gordon Hoover. This was done to assess the 

relationship between the onset of physiological injury and the concentrations of GHB and GABA 

in stored apple. 

 

1.5.3. Hypothesis 3: A novel enzyme is responsible for the conversion of GHB to SSA in 

plants.  

There is some evidence of GHB catabolism in plants from the feeding of GHB to ssadh mutants 

and the resultant accumulation of GABA, as well as a decline in leaf GHB accumulation after the 

initial increase in response to O2 deficiency. Furthermore, mammalian studies have suggested 

that GHB is oxidized to SSA in an NADP
+
-dependent manner, and then enters the TCA cycle via 

SSADH. To test this hypothesis, I utilized cell-free extracts of Arabidopsis to determine the 

presence of NAD(P)
+
-dependent oxidation of GHB, as well as its documented product SSA. 

 

1.5.4. Hypothesis 4: Metabolite and gene responses of the GABA pathway are stress-

specific.  

Studies have shown that GABA, GHB and other metabolites accumulate, and the expression of 

genes associated with the GABA pathway are altered in response to various stresses. However, it 

is difficult to compare across treatments when plants differ in age at treatment/ harvest, growth 
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media (e.g. soil, agar, hydroponics), and the degree of stress applied (e.g., differences in 

“chilling” temperatures). Given the complex signaling and metabolic pathways involved in the 

plant stress response, results of experiments that impose stress over longer durations (e.g. several 

days) could be difficult to interpret and attribute to the GABA pathway. To address this 

hypothesis, I conducted time course experiments involving cold and salt stress in Arabidopsis 

over 12 h and 48 h, respectively, to observe the early stress response. These plants were 

maintained in liquid culture to reduce heterogeneity due to growth media and to allow for 

immediate stress delivery in the case of salinity. Transcript analysis was performed by Dr. Adel 

Zarei on GAD1-5, GABA-T, SSADH, GLYR1/2, while I performed GHB and amino acid analysis 

on tissue harvested from identical plant sources. 

 

1.5.5. Hypothesis 5: SSA is the sole source of GHB in plants subjected to abiotic stress.  

In vitro evidence indicates that both cytosolic AtGLYR1 and plastidial AtGLYR2 catalyze the 

NADPH-dependent reduction of SSA, although it is not the preferred substrate. The use of glyr1 

and glyr2 mutants of Arabidopsis suggests that GHB can be derived from SSA via both GLYR 

isoforms, although unfortunately, these mutants are present in different genetic backgrounds, 

making direct comparison difficult. To test this hypothesis, I determined the levels of GABA and 

GHB, as well as appropriate gene transcripts, in various single and double mutants of the GABA 

pathway in Arabidopsis, all in the Columbia background, after short-term exposure to salinity 

(48 h) or chilling (12 h) stress. These mutants included gaba-t, GABA-T Ox, glyr1, glyr2 and 

glyr1/glyr2, glyr1/glyr2-RNAi, GLYR1 Ox, and GABA-T/GLYR1 Ox. Dr. Adel Zarei and Mr. 

Jeffrey Simpson were responsible for generating and/or selecting and propagating the mutant 
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homozygous lines. Preliminary experimentation assessed the growth response of select mutants 

grown in agar culture during chilling or in liquid culture under saline and chilling conditions. 
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Chapter 2 

Materials and Methods 

 

2.1. Postharvest Storage of ‘Honeycrisp’ Apples 

2.1.1. Apple material 

Approximately 500 kg of ‘Honeycrisp’ apples (Malus × domestica Borkh.) were 

harvested on September 7, 2010 from a commercial orchard near Simcoe (Norfolk County), 

Ontario, Canada. Apples were collected in the morning from several trees within an orchard and 

in all cases from various positions on the trees. Apples free of visible defects were randomly 

separated into 32 boxes (~15 kg per box) prior to postharvest treatment.  

 

2.1.2. Fruit maturity evaluations  

Fruit maturity evaluations were performed by Dr. Ehsani-Mogghaddam at the Norfolk 

Fruit Growers research facility. At the time of harvest, 10 apples were assessed for fruit maturity 

and quality as defined by fruit firmness, starch index, internal ethylene concentration, and 

concentration of soluble solids in extracted juice as described previously (DeEll and Ehsani-

Moghaddam, 2012). Internal ethylene concentration was determined using a 3-mL gas sample 

taken from the core of each apple, injected into a Varian CP-3800 gas chromatograph (Varian 

Canada Inc., Mississauga, ON). Fruit firmness was determined on opposite sides of each apple 

after skin removal, using an electronic texture analyzer fitted with an 11-mm tip (GÜSS, South 

Africa). Titratable acidity was determined using malic acid equivalence by titrating a 2-mL juice 
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sample with 0.1 N NaOH to an endpoint of pH 8.1 and the concentration of soluble solids was 

measured using a digital refractometer (PR-32, Atago Co., Ltd, Japan). Starch index was based 

on the Cornell Starch Chart (Blanpied and Silsby, 1992).  

 

2.1.3. Postharvest treatment 

Freshly harvested apples were transported immediately to storage research facilities at the 

University of Guelph. The CA system consisted of four separate temperature-controlled rooms (2 

rooms at 2.1 × 3 m, W × L; 2 rooms at 2.7 × 3.2 m, W × L), each containing four portable CA 

chambers, which could be supplied with unique atmospheric gas concentrations (Storage Control 

Systems Inc., Sparta, MI, United States). Each aluminum chamber (0.5 m
3
 volume; Storage 

Control Systems, Inc., Sparta, MI) can hold up to four boxes (up to ~16 kg each) of fruit.  

Twenty boxes of ‘Honeycrisp’ fruit were randomly placed into four separate air-tight 6 

mil polybags, and exposed to 1 L L
-1

 1-MCP for 24 h at ambient temperature. The 1-MCP gas 

concentration was calculated according to the percent active ingredient and release from 

SmartFresh
SM

 powder (AgroFresh Inc., Spring House, PA) into the volume of the sealed 

polybag. A similar quantity of boxes were left under ambient conditions for 24 h, but were not 

exposed to 1-MCP. Then both 1-MCP- and non-1-MCP-treated fruit were placed in CA storage. 

A split-plot design was used to eliminate the possibility of chamber effects: two random rooms 

were set to 3 °C, with the other two being set at 20 °C; within each room, duplicate chambers 

were supplied with 2.5 kPa O2 and either 5 kPa or 0.03 kPa CO2. All four chambers in each room 

contained one box of ‘Honeycrisp’ apples treated with 1-MCP and one box of non-1-MCP fruit, 

along with two additional boxes of apples for other purposes (Fig. 2. 1). 
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Figure 2.1. Design of 2010 ‘Honeycrisp’ storage trial. Closed circles and open circles represent 

apples treated with and without 1-MCP, respectively. 
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CA chambers were fit with an automated circulating fan system (Storage Control 

Systems, Sparta, MI). 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, United Kingdom). For all treatments, apple 

fruit were sampled periodically during the storage period. Atmosphere conditions were re-

established within 6 h. For each treatment replicate, 12 apples were randomly chosen from each 

box of fruit for quality (eight apples) and metabolite analysis (four apples) as described below. 

The apples chosen for metabolite analysis were immediately frozen in liquid N2 and then stored 

at -80 
o
C for up to 6 mo. 

 

2.1.4. Evaluation of physiological storage disorders 

At each sampling point, the presence of flesh disorders (including browning and internal 

cavity injuries) was evaluated for each fruit within a treatment replicate. Apples were visually 

assessed for internal and external symptoms of disorders (see section 1.4.3.2). Disorder 

assessment was performed immediately after the removal of apples from storage. For each 

treatment, the incidence of flesh disorders was expressed as the percentage fruit displaying 

injury, regardless of severity, and averaged for the four storage replicates. Fruit displaying 

storage rot were not included in the disorder incidence. 
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2.2. Response of Arabidopsis thaliana to Salt or Chilling Stress 

2.2.1. Plant and chemical materials 

Wild type (WT) Arabidopsis thaliana (L.) Heynh ecotype Columbia and transgenic lines 

in the same genetic background were utilized. Generation of the homozygous GABA-T 

overexpression mutant (GABA-T Ox) was described by Simpson et al. (2010), whereas 

description of the homozygous GABA-T knockout (gaba-t), GLYR1 overexpression (GLYR1 

Ox) , and glyr1 and glyr2 single mutants was given by Clark et al. (2008), Simpson (2009), and 

Allan et al. (2012), respectively. 

Arabidopsis glyr1/glyr2 double mutants were generated by Dr. Adel Zarei (University of 

Guelph). Arabidopsis glyr1 and glyr2 single mutants (Salk_057410 and GK316D04, 

respectively) were twice backcrossed to the wild type. Plants homozygous for glyr1 T-DNA 

were identified using the primers 5'-aaacgatctcttccccaagac-3' and 5'-acaatcaaaacccaaaatccc-3' for 

the wild type allele, and LBb1.3 5'-atttgccgatttcggaac-3' (as recommended by the Salk Institute) 

and 5'-aaacgatctcttccccaagac-3' for the T-DNA. The primers were designed using the Salk iSECT 

tool online software. Similarly, homozygous glyr2 was identified using primers 5'-

attgctatgctctctgatcct-3' and 5'-aagagctagcctcatgtctttct-3' for the WT allele, and Gabi- T-DNA 

border primer 5'-atattgaccatcatactcattgc-3' and 5'-attgctatgctctctgatcct-3' for the T-DNA. The 

double glyr1/glyr2 mutant was generated by crossing healthy plants of the homozygous glyr1 

and glyr2 single mutants. With the exception of three to five closed flowers with white petals on 

the main shoot of mother plant, all flowers and siliques were removed using scissors and forceps. 

The intact flowers on the female parent were emasculated with the aid of a dissecting 

microscope. Open flowers with yellow anthers were removed from the male parent and brushed 
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against the stigmatic surface of carpels on the female parent. Female plants were labeled and 

covered with porous plastic bags until fruit maturity (approximately 4 weeks later). Screening of 

the T2 population was based on the gene-specific and T-DNA primers given above.   

The Arabidopsis glyr1/glyr2-RNAi line was generated in the glyr1 T-DNA mutant 

background, by Dr. Adel Zarei. To prepare the hairpin RNA construct, a 382 fragment (from 

+630 to +1012) for GLYR2 was amplified by PCR from cDNA with the following primer pairs 

containing a LB clonase site:  

GLYR2FP (5'-ggggacaagtttgtacaaaaaagcaggctgatgggcagtaatattcctcac-3'/ GLYR2R (5′-

ggggaccactttgtacaagaaagctgggttcggagtagattgcgatacg-3′).   

The amplified fragment was separately cloned into the intermediate clonase vector pDONR221, 

followed by assembling the fragment into a gateway binary RNAi vector pB7GWIWG2 (II) by 

the LR clonase site reaction (Karimi et al., 2002; http://www.psb.ugent.be/gateway/). The binary 

vector GLYR2-pB7GWIWG2(II) was introduced into Agrobacterium strain EHA105 according 

to Hood et al. (1993). The GLYR2 RNAi construct was introduced into the Arabidopsis glyr1 T-

DNA mutant background using the floral dip method (Clough and Bent, 1998). Seeds were 

selected on solid half-strength Murashige and Skoog (MS) medium (PhytoTechnology 

Laboratories, Cat.# M519) containing 20 mg L
-1

 Basta (as a T-DNA selection marker) and 100 

mg L
-1

 Timentin (to prevent Agrobacterium growth), and then 14-day-old plants were transferred 

to Sunshine LC1 potting mix (Sun Gro Horticulture, Canada) and placed in a Enconair controlled 

environment growth chamber (Model GC8-2H set at 70 μmol s
-
¹ m

-
² photosynthetic photon flux 

density at 23 
°
C for 16 h and no light at 21 

°
C for 8 h), where they were allowed to self-pollinate 

and mature. Progeny was again selected on half-strength MS medium containing 20 mg L
-1

 Basta 

and then transferred to LC1 potting mix. Thirty seedlings were separately screened at the rosette 



37 
 

stage for the GLYR1 and GLYR2 genes using quantitative real time PCR (see section 2.5 for 

details); the primer sets are given in Appendix Table A1.1. Seeds of selected lines were collected 

for further experiments.  

The GABA-T/GLYR1 Ox line was generated by crossing GLYR1 Ox (ID0029) and GABA-

T Ox (ID0039). The presence of both T-DNA insertions was confirmed by pairing pMDM7LP 

(5'-ccaactttttcttgatccgc-3') and GLYR1pMDM7RP (5'-tccgtttccaacttgtcccaa-3') for the GLYR1 

gene, and pMDM7LP and GABATpMDM7RP (5'-gacctgggtatcgttggcatc-3') for the GABA-T 

gene, respectively, in the PCR reaction.  

 

2.2.2. Cultivation and stress conditions 

A. thaliana seeds of the different lines mentioned above were surface-sterilized by vapour 

phase as described by Clough and Bent (1998) for 4 h. One millilitre of 0.15% agar in water 

solution was added to each microfuge tube containing the sterilized seeds prior to stratification at 

4 ºC in the dark for 72 h.  

In preliminary experiments, 10 Arabidopsis seeds per line were sown along the center of 

a 150 mm Petri dish, which was separated into four or five sections for each of the Arabidopsis 

lines tested. Seeds were sown on half-strength MS medium containing 0.7% (w/v) agar, 10 g L
-1

 

sucrose, and 1 mM 2-(N-morpholino)ethanesulfonic acid (MES), supplemented with SSA or 

GHB at concentrations ranging from 0 to 3 mM. Plates were fixed at 45º on dish racks and 

germinated at either ambient conditions (23/18 ºC, light/dark cycle) or under cold conditions (6 

ºC) for 27 d under 12-h photoperiod in a controlled environment growth chamber (Econair TC-

19, Winnipeg, Manitoba, Canada) illuminated by fluorescent lighting (Sylvania, Mississauaga, 
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Canada) at a photosynthetic photon flux density (PPFD) of 150 µmol m
-2

 s
-1 

and 65% relative 

humidity. Preliminary experiments were conducted three times. 

Follow-up experiments were conducted in liquid media essentially as described by Hetu 

et al. (2005). Briefly, 25 seeds of each line were sown onto 2.5 cm
2
 (40 × 40 holes per square 

inch) mesh screens placed on top of half-strength MS medium containing 0.6% (w/v) agar, 10 g 

L
-1

 sucrose, and 1 mM MES (pH 5.6) in Petri dishes. Then seeds were germinated as described 

above. After 10 d, the individual mesh squares of germinated seedlings were transferred into 

separate 125 mL Erlenmeyer flasks containing 15 mL of half-strength MS liquid medium which 

consisted of 10 g L
-1

 sucrose and 1 mM MES. Seedlings were grown for another 6 d under 

similar temperature and lighting conditions as above, with gentle shaking in a controlled 

environment incubator (New Brunswick Scientific, New Brunswick, N.J., U.S.A.). In a 

preliminary salt experiment, the medium in each flask was replaced with fresh medium 

containing 0, 50, 100, or 150 NaCl and arranged in a randomized manner in the chamber for 5 d. 

Subsequent time course experiments replaced the medium in each flask with fresh medium 

containing 150 mM NaCl at specific time points over a 48-h period, and flasks were arranged in 

a randomized manner within the chamber. Seedlings from all flasks were harvested concurrently. 

To determine the effect of chilling stress on GABA and GHB metabolism, flasks of germinated 

seedlings cultured in liquid medium for an additional 7 d were transferred on ice to a rotary 

shaker in a 4 ºC cold storage room illuminated by a 2-tube high output T5 light fixture with 

4100K fluorescent light bulbs (Sylvania, Mississauga, Canada), providing a PPFD of 150 µmol 

m
-2

 s
-1

 over a 12-h period. Flasks were arranged in a randomized manner and the seedlings were 

harvested concurrently. For both salinity and chilling stress experiments, seedlings were 

harvested by rapidly removing the whole mesh screens from individual flasks and flash freezing 
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them in liquid nitrogen. Frozen samples were subsequently ground into a fine powder by mortar 

and pestle, mesh screens removed, and the plant tissue stored at -80 ºC until further analysis.  

 

2.3. Extraction and Analysis of Amino Acids by HPLC 

Extraction and analysis of amino acids in apple tissue were conducted by Dr. Gordon 

Hoover (Unversity of Guelph). For each treatment replicate from the postharvest apple 

experiment, four whole frozen apples were cryogenically pulverized, taking care to ensure that 

the apple tissue did not thaw during the procedure, and the amino acid composition of each apple 

was determined essentially as described previously (Allan and Shelp, 2006). Briefly, 1 g of the 

fine frozen powder was ground in four volumes of 30 g L
-1

 sulfosalicylic acid using a chilled 

mortar and pestle and fine silica sand, and 1.0 mL of the solution was centrifuged. The 

supernatant was adjusted to pH 7.0 with 4 N NaOH, and then passed through a 0.45 m syringe 

filter prior to derivatization on-line with o-phthalaldehyde. Aliquots (0.5 μL) of the supernatant 

were analyzed by reverse-phase high performance liquid chromatography (HPLC). The level of 

each amino acid in the apple tissue was expressed on a concentration basis (μmol g
-1

 FM), as 

well as a relative basis (mol % total amino acids) as has been done previously (Micallef and 

Shelp, 1989) for comparison of treatment effects; each treatment replicate was considered to be 

the average of the four apples analyzed and each mean was the average of four treatment 

replicates. For all treatments, the level of tryptophan was negligible and proline was not 

quantified as it does not react with o-phthalaldehyde. For the Arabidopsis tissues collected 

during the salinity or chilling stress experiments, similar amino acid analyses were performed. 

The only modification was that 50 mg of frozen Arabidopsis tissue was extracted with 500 L of 
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the sulfosalicylic solution. A suite of external amino acid standards of 125 pmol each derived 

from either protein hydrolysate or individual amino acids GABA, asparagine, glutamine (Herbert 

et al., 2001) was run every sixth sample.  

 

2.4. Extraction and Analysis of GHB and GABA by GC-MS/MS 

For extraction of GHB from apple fruit, frozen powder of ‘Empire’ apples from a 2009 

storage experiment were used. As described in a thesis by J. Liu (2011), two storage rooms were 

set to 3 °C, while two others were set at 0 °C; within each room, duplicate random chambers 

were supplied with 2.5 kPa O2 and either 5 kPa or 0.03 kPa CO2 for a completely randomized 

design with split plots (Fig. 2.2). For each treatment replicate, 12 apples were randomly chosen 

from each box of fruit for quality (eight apples) and metabolite analysis (four apples). The four 

apples chosen for metabolite analysis were immediately frozen in liquid N2 and then stored at -

80 
o
C. For each treatment replicate, 37.5 mg of frozen apple powder for each of the four apples 

was pooled. The pooled tissue was spiked with 148 pmoles of the internal standard GHB-d6, as 

well as 155 pmoles of GHB to improve sensitivity of methods, and combined with 500 L of 80 

% (v/v) ethanol and homogenized with a small pestle for 5 min. In contrast, for Arabidopsis only 

50 mg of frozen powder was weighed into the microfuge tube; this was spiked with 148 pmoles 

of GHB-d6 and then extracted with 500 μL of 80% ethanol for 5 min using a small pestle. The 

homogenates for both apple and Arabidopsis were clarified by centrifugation at 21,000 g for 20 

min and the pellets were discarded. The supernatant was combined with 200 L of chloroform, 

vortexed for 1 min, followed by addition of 300 L of Milli-Q water and an additional 2 min of 

vortexing. The mixtures were centrifuged as described above, and the polar layer was collected   
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Figure 2.2. Design of 2009 ‘Empire’ storage trial (modified from Liu, 2011). 
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and syringe-filtered through a 0.45 μm nylon filter. A 120-L aliquot of the filtered polar layer 

was aliquoted into glass inserts and dried down by rotary concentrator (Savant SPD 2010, 

Thermo Scientific, Asheville, NC, USA) for 15 h. The dried residue was resuspended in 40 μL of 

20 g L
-1

 methoxyamine hydrochloride in pyridine by vortexing for 10 s, and then incubated for 

90 min at 37 ºC. Subsequently, 80 μL N-Methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA) 

was added, and the sample was incubated for 45 min at 37 ºC. The solution was allowed to stand 

overnight at room temperature prior to injection into the gas chromatograph -mass 

spectrometer/mass spectrometer (GC-MS/MS). 

For each sample, a 1-L aliquot of the derivatized plant extract was split-injected onto 

the GC-MS-MS (Scion 436-GC, Bruker Daltonics Inc., Fremont, CA, USA) through a 30 m, 

0.25 mm ID, 0.25 mm df column (BR-5ms, Bruker) carried by helium gas. Initially, the column 

oven temperature was held at 50 ºC for 5 min, followed by an increase of 5 ºC/min up to 140 ºC, 

and then a 20 ºC/min increase to 300 ºC, which was held for 1 min. Three solvent washes of the 

injector syringe were performed prior to each sample injection. The transfer line was kept at 250 

ºC, and the MS-MS source was maintained at 200 ºC. GHB-d6 was monitored by precursor and 

product ions of m/z 239 and m/z 146, respectively, while GHB was monitored by precursor and 

product ions of m/z 233 and m/z 146, respectively. See Appendix A.2 for preparation of 

standards and calibration curves used in GHB analysis of apple and Arabidopsis tissue. 
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2.5. Analysis of Gene Expression in Arabidopsis during Chilling or Salinity Stress 

Analysis of gene expression was performed by Dr. Adel Zarei. Arabidopsis seedlings 

were ground in liquid N2 and total RNA was extracted from the frozen powder with two volumes 

of phenol buffer (1:1 mixture of phenol containing 0.1% w/v 8-hydroxyquinoline and buffer 

containing 100 mM LiCl, 10 mM EDTA, 1% sodium dodecyl sulfate (SDS), 100 mM Tris (pH 

9) and one volume of chloroform (Zarei et al., 2011). RNA was precipitated overnight with LiCl 

at a final concentration of 2 M, washed twice with 70% ethanol, and then dissolved in water. 

RNA integrity and quality was verified by formaldehyde RNA gel electrophoresis and then the 

RNA was treated with DNase I using the TURBO DNA-free kit (Applied Biosystems, Austin, 

TX) according to the manufacturer’s instructions. One microgram total RNA was used for first-

strand cDNA synthesis with Oligo(dT)20 and Superscript III (Invitrogen, Carlsbad, CA) at 50 °C 

according to the manufacturer’s protocol. Primers used for quantitative real-time PCR (qPCR) 

were designed using Primer Express 3 software (Applied Biosystem) with 60 °C melting 

temperature, 40% to 60% GC content, and 50 to 85 bp amplicon size range. The primers used in 

this study are listed in Appendix Table A.1.1. Quantitative PCR was performed with an iQ5 

Multicolor Real-Time PCR Detection system (BioRad Laboratories, Hercules, CA, USA). SYBR 

Green supermix (BioRad Laboratories) was used to quantify cDNA synthesis. The final 

concentration of primers was adjusted to 0.2 µM, and the thermal profile of the qPCR reactions 

was 95 °C for 2 min and 40 cycles of 95 °C for 10 s, 55 °C for 30 s, and 72 °C for 15 s. Results 

of the qPCR were analyzed using the iQ5 2.1 optical system software. Relative expression and 

data analysis were determined using the 2
-∆Ct

 method (Livak and Schmittigen, 2001) and 

Elongation factor 1-alpha (NCBI GenBank ID AT5G60390) as the housekeeping gene. Two 
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technical replicates were conducted for each biological replicate sample, and the average ±SE of 

three of the biological replicates was determined for each time point. 

 

2.6. Statistical Analysis  

All statistical analyses of fruit quality parameters, the incidence of disorders, GHB, and 

the concentrations of GABA and other amino acids were conducted using SAS 9.2 at the α=0.05 

level (SAS Institute Inc., Cary, NC). Both 2010 ‘Honeycrisp’ and 2009 ‘Empire’ data were 

analyzed as completely randomized designs with split-plot and replicate CA room effects using 

ANOVAs (Proc Mixed method). As stored apples were sampled periodically from a storage 

chamber, these were considered as repeated measures and analyzed using ANOVAs. For the 

2010 ‘Honeycrisp’ data, the incidence of disorders and the concentrations of amino acids were 

analyzed for fixed temperature, CO2, storage period, and 1-MCP effects, as well as their 

interactions. For the 2009 ‘Empire’ data, the concentration of amino acids and GHB were 

analyzed for fixed temperature, CO2, and storage period effects, as well as their interactions. 

Both years’ analyses included a random chamber effect. For all statistical analyses, treatment 

means were generated by Proc Mixed and compared within weeks or treatments using the ‘slice’ 

option and a Fisher’s least significant difference test. ANOVA tables are provided in Appendix 

C. Significance within weeks is indicated in figures while other significant results are discussed 

in the thesis. For data expressed as percentages (i.e., incidence of browning and amino acids 

expressed as mol % of total amino acids), data were arcsine transformed to ensure a normal and 

homogenous distribution of variance. Assumptions of randomness, homogeneity, normality, and 

independence of errors were confirmed using plots of residuals and a Shapiro-Wilk test for 
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normality. A Lund’s test of studentized residuals was used to identify any outliers. Transformed 

data for GABA levels and incidence of flesh browning were used for Pearson correlation (simple 

correlation) analysis. 
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Chapter 3 

Results 

 

3.1. ‘Honeycrisp’ 2010 Storage Trials 

 

3.1.1. Effects of chilling, CO2, and 1-MCP on the incidence of storage disorders 

To assess the stress-related impact of 1-MCP and elevated CO2 on ‘Honeycrisp’ apples, 

changes in whole fruit amino acid composition were compared to the incidence of flesh 

browning disorders using a subset of apples sampled simultaneously from the treatments 

conducted at 3 °C and 20 °C. No symptoms of physiological disorders were visible for freshly 

harvested apples. At 20 °C, the incidence of flesh browning over the 6 week storage period was 

never higher than 15% and visual symptoms were most evident at elevated CO2, reaching the 

maximum incidence after 3 and 6 weeks for 1-MCP-treated and non-1-MCP fruit, respectively 

(Fig. 3.1A). Symptoms were not assessed thereafter, as prolonged storage at 20 °C culminated in 

complete storage rot. For fruit held at 3 °C, flesh browning in 1-MCP-treated fruit was apparent 

within 3 weeks of exposure to elevated CO2, although the maximal incidence of 30% was not 

different from non-1-MCP fruit until 24 weeks; the incidence of injury was minimal at 0.03 kPa 

CO2 regardless of whether 1-MCP was present or not (Fig. 3.1B). At this time, cavities typical of 

internal CO2 injury were also present amongst the symptoms associated with flesh browning 

(Fig. 3.1C). 
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Figure 3.1. Effect of 1-MCP and CA on the incidence of flesh browning during storage at 20 C 

(A) and 3 C (B). All data at time 0 represent fruit following a 24-h exposure with or without 1-

MCP. For each treatment, data represent the mean incidence of flesh browning of four storage 

replicates. Shared letters at each time point indicate no significant difference at the P0.05 level. 

Underlined letters indicate a shared letter for overlapping data; where letters are absent at a time 

point, there were no significant differences. (C) A representative 1-MCP-treated apple after 24 

weeks at 3 C, 2.5 kPa O2 and 5 kPa CO2 displaying flesh browning symptoms, including 

cavities. 
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The effect of 1-MCP on the free amino acid composition was determined with 

Honeycrisp’ apples harvested at commercial maturity (Appendix Table B.1) and then stored at 

two temperatures (3 or 20 °C) with low O2 and either low or elevated CO2 levels. The two 

temperatures were used to determine the contribution of chilling to changes in relative amino 

acid composition and the incidence of flesh browning. Since metabolite levels, particularly 

GABA, in plant tissues can be markedly affected within seconds of mechanical handling 

(Chehab et al., 2009; Shelp et al., 2012a), apples were cryogenically frozen as quick as was 

practical after sampling. Individual amino acids are expressed as mol % of total amino acids 

(Micallef and Shelp, 1989) to emphasize changes in the relative importance of metabolic 

pathways against the background of a changing amino acid pool (Figs. 3.2, 3.3). Marked 

increases (30-250% higher relative to concentration at harvest) in GABA, leucine, lysine, 

methionine and phenylalanine were apparent in 1-MCP-treated fruit after 24 h, but not in non-1-

MCP fruit (Figs. 3.2, 3.3). In general, these levels declined to their pre-treatment levels after one 

week of CA storage.  

For fruit stored at 20 °C, there was a rapid 2-fold increase in the concentration level of 

total amino acids (TAA) for most treatments, but this was delayed until week 6 with elevated 

CO2 in 1-MCP-treated fruit (Fig. 3.2). Apart from the latter treatment, the relative level of 

glutamine was markedly higher at 6 weeks than at 1 week. There was a difference in the 

glutamate and GABA levels within 1 and 6 weeks, respectively, in 1-MCP-treated fruit exposed 

to elevated CO2; a fold change in GABA levels was apparent for non-1-MCP fruit within 1 week 

and maintained thereafter. Notably, glutamate levels of most treatments were depleted by 30 to 

50% after 6 weeks; no change in glutamate levels occurred for 1-MCP-treated fruit stored at  
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Figure 3.2. Effect of 1-MCP and CA on the relative amino acid composition of ‘Honeycrisp’ 

fruit during storage at 20 C. The initial datum at 0 minus 24 h represents fruit at harvest, and the 

stippled portion of the graph represent the period prior to storage. All data at time 0 represent 

fruit following a 24-h exposure with or without 1-MCP. For each treatment, data represent the 

mean amino acid concentration in mol % of total amino acids (amino acid identity indicated in 

top right portion of each graph) of four storage replicates. TAA represents total amino acids. 

With the exception of TAA, backtransformed means from the analysis are presented and 

statistical differences were determined on the arcsine transformed scale. Shared letters at each 

time point indicate no significant difference at the P0.05 level. Underlined letters indicate a 

shared letter for overlapping data; where letters are absent at a time point, there were no 

significant differences.   
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Figure 3.3. Effect of 1-MCP and CA on the relative concentrations of metabolites of 

‘Honeycrisp’ fruit during storage at 3 C. The initial datum at 0 minus 24 h represents fruit at 

harvest, and the stippled portion of the graph represent the period prior to storage. All data at 

time 0 represent fruit following a 24-h exposure with or without 1-MCP. For each treatment, data 

represent the mean amino acid concentration in mol % of total amino acids (amino acid identity 

indicated in top right portion of each graph) of four storage replicates. TAA represents total 

amino acids. With the exception of TAA, backtransformed means from the analysis are 

presented and statistical differences were determined on the arcsine transformed scale. Shared 

letters at each time point indicate no significant difference at the P0.05 level. Underlined letters 

indicates a shared letter for overlapping data; where letters are absent at a time point, there were 

no significant differences. 
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0.03 kPa CO2. Moreover, alanine levels in non-1-MCP apples at 0.03 kPa CO2 were increased 

slightly by 1 week of storage and remained elevated, whereas a decreasing trend was evident for 

all other treatments. Levels of the phenylpropanoid precursors, tyrosine and phenylalanine, were 

markedly elevated in non-1-MCP fruit at 0.03 kPa CO2 within 6 weeks, but remained unchanged 

or slightly decreased for all other treatments. Similarly, fruit stored at 0.03 kPa CO2 accumulated 

significantly more methionine, isoleucine, valine and histidine after 6 weeks than fruit stored at 

elevated CO2 treatments, regardless of the 1-MCP treatment. 

At 3 °C, a temporary increase in the concentration of TAA was evident for 1-MCP-

treated fruit exposed to 0.03 kPa CO2; TAA levels were relatively stable for all other treatments 

(Fig. 3.3). Rapid increases in alanine and serine levels were found with elevated CO2, regardless 

of the 1-MCP treatment. The GABA level in 1-MCP-treated fruit was enhanced within 3 weeks 

at elevated CO2, and was 2-fold that of freshly harvested fruit after 6 weeks. This high GABA 

level was maintained for an additional 18 weeks and was associated with a minor elevation of 

glutamate level within the first week and then a 50% decline over the following 21 weeks; the 

decline in glutamate was also associated with a 2-fold enhancement in arginine level. The GABA 

level of non-1-MCP fruit at elevated CO2 markedly increased after 18 weeks, and by 24 weeks 

the level was similar to that in 1-MCP-treated fruit at elevated CO2. Apples at 0.03 kPa CO2 

displayed only minor changes in GABA levels. 

Pearson correlation analysis was conducted to investigate the relationship between 

GABA level (Fig. 3.2) and the incidence of flesh disorders (Fig. 3.1) at 3 
o
C (P<0.05, Appendix. 

C.1.3). When the data were compared as a function of CO2 and 1-MCP treatments, a significant 

positive association was found at 5 kPa CO2, but not 0.03 kPa CO2, regardless of the 1-MCP 

treatment. When the data were analyzed by the week regardless of treatment, a significant 
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positive association was found at 6, 18 and 24 weeks, although the intervening point at 9 weeks 

was not significant. Overall, there was a significant relationship between GABA levels and the 

incidence of flesh disorders regardless of the harvest time. 

 

3.2. ‘Empire’ 2009 Storage Trials 

Previously, the incidences of internal and external disorders were determined in ‘Empire’ 

apples that were collected in 2009 and stored under 0 °C or 5 °C, in combination with 5 kPa or 

0.03 kPa CO2 at 2.5 kPa O2 (Liu, 2011). The levels of GABA and other amino acids were also 

measured; however, the overall amino acid composition was not considered in detail or 

statistically analyzed. To account for changes in TAA in storage over time, selected amino acid 

data were statistically analyzed and presented here as mol percentages of TAA. GABA is also 

expressed in pool sizes to allow for comparisons against GHB.  

 

3.2.1. Effects of chilling and CO2 on GHB and amino acid levels 

There were significant storage time and CO2 main effects on the concentrations of TAA 

(P<0.05, Appendix Table C.2.1). Two of the four treatment means were significantly different 

from one another at weeks 2, 4, and 8 where each of the two treatments belonged to different 

CO2 conditions (Fig. 3.4). Notably, the TAA concentration at 0 °C and 0.03 kPa CO2 after 2 

weeks was about 70% greater than the initial concentration at harvest time (i.e., time 0 of the 

storage period).  
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Figure 3.4. Effects of low temperature and elevated CO2 on amino acid and GHB levels in 

‘Empire’ fruit. Data are the mean estimates of four storage replicates. TAA represents total 

amino acids. The incidence of external disorder was directly re-plotted from Liu, 2011. Amino 

acids expressed as a mol % were arcsine transformed for statistical analysis, and their 

backtransformed means are presented. Different letter groupings indicate significant differences 

between treatments within weeks (P<0.05). Underlined letters indicate a shared letter for 

overlapping data; where letters are absent at a time point, there were no significant differences. 
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GABA, expressed as nmol g
-1

 FW, also showed significant storage time and CO2 main 

effects, as well as storage time × CO2 and CO2 × temperature interactions (P<0.05, Appendix 

Table C.2.2). Treatment means were significantly different from one another at weeks 8 and 16, 

where the GABA concentrations at 0 °C and 5 kPa CO2, respectively, were approximately 80% 

and 100% higher than those at the 3 °C and 0.03 kPa CO2 treatment (Fig. 3.4). 

Unlike GABA, the concentration of GHB did not display a significant storage time effect, 

but did exhibit a significant CO2 main effect and a CO2 × temperature interaction (P<0.05, 

Appendix Table C.2.3). The GHB concentrations at weeks 2 and 16, respectively, were five and 

two times higher at 0 °C and 5 kPa CO2 than at 0 °C and 0.03 kPa CO2. The concentration at 

week 2 and week 16 of the 0 °C and 5 kPa CO2 treatment was eight times the initial GHB 

concentration and significantly different than at 3 °C and 5 kPa CO2 (Fig. 3.4). 

Notably, when GABA was expressed on a relative basis (i.e., mol % TAA) to account for 

the changing amino acid pool, it also exhibited significant main effects and interactions as 

GABA expressed on a concentration basis (P<0.05, Appendix Table C.2.4); however, post-hoc 

analysis of the relative GABA levels revealed significant differences in treatment means within 

each week of storage evaluated (Fig. 3.4). While weeks 2 and 4 displayed significant differences 

between one treatment at 0.03 kPa CO2 and another treatment at 0 °C and 5 kPa CO2, weeks 8 

and 16 displayed a clear CO2 effect that was independent of temperature. At week 16, GABA 

was 8.8 mol % TAA, which is approximately four times the initial level, whereas the 

concentration of GABA was one and a half times the initial pool size. The trends for GHB 

seemed to mimic the levels for GABA (expressed both ways).  
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Given the significant changes in TAA over storage time, glutamate, alanine, and glycine 

were also expressed relative to TAA levels. Glutamate displayed significant storage time and 

temperature × storage time effects (P<0.05, Appendix Table C.2.5) with significant differences 

between treatment means at week 16 (Fig. 3.4). Like GABA, glutamate levels doubled by week 

2, but either remain unchanged or declined between weeks 8 and 16. Statistical analysis of 

alanine levels revealed significance for all main effects and interactions tested (P<0.05, 

Appendix Table C.2.6). While all treatments reached their maximum alanine levels at week 2 

(Fig. 3.4), the treatment at 0 °C and 5 kPa CO2 exhibited the highest alanine levels for many of 

the weeks, like the levels of GHB, GABA (expressed both ways), and TAA. Glycine exhibited 

significant storage time and CO2 main effects (P<0.05, Appendix Table C.2.7). Unlike the other 

amino acids, the relative glycine levels were reduced slightly at week 2, but returned to their 

initial values by week 16 (Fig. 3.4).  

 

3.3. Metabolite and Expression Analysis of the GABA Pathway in Arabidopsis Mutants 

Subjected to Abiotic Stress 

 

3.3.1. Phenotypic differences in response to exogenous SSA and GHB application 

Concentrations of 0 to 3 mM SSA were supplied in the agar medium for growing WT 

Arabidopsis and various mutants under 6 °C conditions. Increasing concentrations of SSA were 

found to progressively inhibit plant growth and development (Fig. 3.5). At 1 mM SSA, the 

inhibition was greatest with glyr1/glyr2-RNAi, then glyr1/glyr2. At 2 mM SSA, radicle 

development in both glyr1/glyr2-RNAi and glyr1/glyr2 was halted, whereas shoot production  
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WT glyr1/glyr2-RNAi glyr1/glyr2 GLYR1 Ox 
 

 

 

 

 

Figure 3.5. Effects of SSA on WT, glyr1/glyr2-RNAi, glyr1/glyr2, and GLYR1 Ox lines of 

Arabidopsis grown on solid media at 6 °C for 27 d. Bar = 1 cm. 

Control 

1 mM SSA 

2 mM SSA 

3 mM SSA 
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was entirely absent. Observations at higher magnification of a replicate experiment indicated that 

2 mM SSA stunted radicle growth in all four lines, and confirmed that shoot and leaf 

development was hindered in glyr1/glyr2-RNAi and glyr1/glyr2 (Fig. 3.6). At 2 mM SSA, both 

glyr1 and glyr2 mutants were also negatively affected, but to a lesser degree than glyr1/glyr2, 

and glyr1 exhibited a greater rate of radicle emergence than glyr2 (Fig. 3.7). At 3 mM SSA, 

neither the mutants nor WT exhibited much growth beyond early radicle development. 

Furthermore, a purple tinging of the leaves was repeatedly observed in these (Figs. 3.5, 3.7) and 

other experiments (not shown) where plants were supplied with SSA.  

Concentrations of 0 to 4 mM GHB were applied to WT Arabidopsis and several mutants 

under 4 °C conditions. In general, root length was reduced at 2 and 3 mM GHB, and shoot 

reduction and yellowing were particularly evident at 4 mM GHB (Fig. 3.8). WT and GLYR1 Ox 

showed slight yellowing and stunted shoot growth at 3 mM GHB, a treatment where the leaves 

of glyr1/glyr2 were greener than with the other lines. At 4 mM GHB, GLYR1 Ox, glyr1/glyr2, 

and glyr1/glyr2-RNAi exhibited severe chlorosis and less leaf growth than the WT receiving the 

same treatment. There were no discernible differences between the single GLYR mutants, WT, 

and glyr1/glyr2 (Fig. 3.9), but like Fig. 3.8, root growth appeared to be more sensitive to GHB 

than leaf colour and size. 
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Figure 3.6. Effects of 2mM SSA on WT, glyr1/glyr2-RNAi, glyr1/glyr2, and GLYR1 Ox lines of 

Arabidopsis grown on solid media for 21 d at 6 °C and observed at higher magnification than in 

Fig 3.5. Bar = 1 cm. 

  

glyr1/glyr2 GLYR1 Ox 

 

WT glyr1/glyr2-RNAi 
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WT glyr1/glyr2 glyr1 glyr2 
 

 

 

 

 

Figure 3.7. Effects of SSA on WT, glyr1/glyr2, glyr1, and glyr2 lines of Arabidopsis grown on 

solid media at 6 °C for 27 d. Bar = 1 cm. 

 

Control 

1 mM SSA 

2 mM SSA 

3 mM SSA 



64 
 

WT glyr1/glyr2-RNAi glyr1/glyr2 GLYR1 Ox 

 

 

 

 

 

Figure 3.8. Effects of GHB on WT, glyr1/glyr2-RNAi, glyr2/glyr2, and GLYR1 Ox lines of 

Arabidopsis grown on solid media at 6 °C for 27 d. Bar = 1 cm. 

2 mM GHB 

3 mM GHB 

4 mM GHB 

Control 
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WT glyr1/glyr2 glyr1 glyr2 

 

 

 

 

 

Figure 3.9. Effects of GHB on WT, glyr1/glyr2, glyr1, and glyr2 lines of Arabidopsis grown on 

solid media at 6 °C for 27 d. Bar = 1 cm. 

Control 

2 mM GHB 

3 mM GHB 

4 mM GHB 
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3.3.2 Effects of high salinity on plant growth and levels of gene expression, GHB, 

and amino acids 

 To ascertain the optimal NaCl concentration for an observable stress response, 

Arabidopsis plants were subjected to 0 to 150 mM NaCl using a liquid culture system (Fig. 

3.10). Increasing concentrations of NaCl led to escalating severity of chlorosis and reduced 

growth in shoots and roots. No discernible differences in phenotype were observed in 0 and 50 

mM NaCl treatments; however, at higher NaCl concentrations GLYR1 Ox displayed more severe 

chlorosis and stunted growth than the other lines. Two other mutants, gaba-t and glyr1/glyr2 also 

displayed stunted growth by comparison, although to a lesser degree than GLYR1 Ox, at 150 mM 

and 100 mM respectively. Based on these results, 150 mM NaCl was chosen for subsequent experiments. 

The expression of GABA pathway genes in WT Arabidopsis and various mutants was 

determined over a 48-h period using 150 mM NaCl in liquid culture (Fig. 3.11). As predicted, the 

level of the GABA-T transcript before the imposition of salt stress was markedly reduced and 

elevated in the gaba-t (14% WT) and GABA-T Ox (~2x WT) mutants, respectively, compared to 

the WT. Likewise, the levels of both GLYR1 and GLYR2 transcripts were barely detectable in the 

glyr1/glyr2 mutant (2-4% WT) and the levels of the GLYR1 transcript was considerably elevated 

in the GLYR1 Ox (7x WT) mutant. In general, there was little response of GLYR1, GLYR2 and 

SSADH transcripts to NaCl over the time course; the only possible increase in the level of 

SSADH transcript was at 24 h in the WT. Among the GAD genes, the GAD2 transcript was the 

most abundant, followed by transcripts for GAD1 and GAD4 at approximately 75% and 10% of 

the GAD2 levels. GAD3 and GAD5 transcripts were the least abundant at ~1% of the GAD2 

levels. Notably, GAD4 was the only GAD gene to consistently display a rapid increase in  
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Figure 3.10. Effects of increasing salinity (0 to 150 mM NaCl) on WT, GLYR1 Ox, gaba-t, glyr1/glyr2, and GABA-T/GLYR1 Ox lines 

of Arabidopsis grown in liquid culture for 21 d. 
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Figure 3.11. The impact of 150 mM NaCl on the expression of GABA pathway genes in WT, 

gaba-t, GABA-T Ox, glyr1/glyr2, and GLYR1 Ox lines of 18-day-old Arabidopsis plants grown in 

liquid culture. Data are expressed relative to the housekeeping gene Elongation factor 1-alpha. 
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Figure 3.12. The impact of 150 mM NaCl on the amino acid and GHB levels in WT, gaba-t, 

GABA-T Ox, glyr1/glyr2, and GLYR1 Ox lines of 18-day-old Arabidopsis plants grown in liquid 

culture.  
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response to salt stress. This increase was maintained over a 12-h period, increasing from 0 h to 6 

h, followed by a decline to near initial levels by 24 to 48 h of salt stress. 

GABA, GHB and other GABA pathway metabolites were also analyzed (Fig. 3.12). In 

the absence of salinity, the GABA concentration of the gaba-t mutant was approximately 10 

times that in the WT; however, the concentration in GABA-T Ox was similar to that in the WT 

even though the GABA-T Ox mutant contained two times more GABA-T than WT (see above). 

There were no clear differences in pre-treatment GHB concentrations between the WT and other 

mutants, but the concentration in GLYR1 Ox was approximately 50% of that in the WT. In 

general, the GABA, alanine and GHB concentrations in the WT were transiently doubled within 

the first 6 h of NaCl treatment. With the possible exception of the gaba-t mutant, there was little 

if any change in GABA concentration in the mutants over this same time period. Clear 

differences in GABA stress response between GABA-T Ox and WT were revealed under salinity 

stress where differences in GABA levels were not apparent prior to treatment. The GHB 

concentration increased by 1-fold and 4-fold in the GABA-T Ox and GLYR1 Ox mutants, 

respectively, but did not change in the glyr1/glyr2 mutant. There was no consistent response to 

NaCl among the other amino acids. 

 

3.3.3 Effect of chilling on levels of GHB and amino acids 

The expression of GABA pathway genes in WT, glyr1/glyr2, and GLYR1 Ox Arabidopsis 

lines grown in liquid culture was determined over a 12-h period at 4 °C (Fig. 3.13). In this case, 

the GLYR1 transcript level was greatly elevated in GLYR1 Ox (7x WT) in the absence of stress,  
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Figure 3.13. The impact of chilling on the expression of GABA pathway genes in WT, 

glyr1/glyr2, and GLYR1 Ox lines of 18-day-old Arabidopsis grown in liquid culture. Data are 

expressed relative to the housekeeping gene Elongation factor 1-alpha. 
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Figure 3.14. The impact of chilling on the amino acid and GHB levels in WT, glyr1/glyr2, and 

GLYR1 Ox lines of 18-day-old Arabidopsis grown in liquid culture. 

 



75 
 

and along with the GLYR2, dramatically reduced in glyr1/glyr2 and barely detectable (< 2% 

WT). There was little to no cold temperature response among the GABA-T, SSADH, GLYR1, and 

GLYR2 transcripts in the WT or the mutants. Among GADs, the abundance of GAD2 transcript 

was highest, followed by GAD1 and GAD4 at approximately 20% of the GAD2 level, and then 

GAD3 and GAD5 at approximately 5%. Notably, the transcript levels for both GAD3 and GAD5 

were stimulated in the WT after 3 h of chilling, although this change appeared to be transient. In 

contrast, the GAD3 transcript responded more consistently to chilling than the GAD5 transcript 

in the two mutants, peaking at 3 h before returning to near initial levels of abundance. 

The concentrations of GABA, GHB, and other GABA pathway metabolites were also 

analyzed (Fig. 3.14). Both GABA and GHB appeared to transiently increase with chilling, 

although the effect was greater with GHB (1-fold increase) than with GABA (0.5-fold increase) 

in WT and there were no clear differences among the three lines in GABA levels. Notably, initial 

GHB levels were lowest in GLYR1 Ox, but the increase was approximately 9.5-fold, compared to 

1- and 2.5-fold increases in the WT and glyr1/glyr2, respectively. The other amino acids 

exhibited less clear trends, although they did tend to mimic one another, as well as GABA, over 

time. 

  



76 
 

Chapter 4 

Discussion 

 

4.1. GABA accumulation is associated with flesh browning in ‘Honeycrisp’ apple fruit 

during CA storage 

In this study, the separate and combined effects of elevated CO2 and 1-MCP on the amino 

acid composition of ‘Honeycrisp’ apples were determined as a function of storage time at two 

different temperatures, and compared to changes in the incidence of flesh browning. Metabolites 

of ‘Honeycrisp’ fruit have been assessed during on-the-tree development and maturation, and it 

has been found that sugars accumulate whereas most organic acids and amino acids are nearly 

90% depleted at harvest (Zhang et al., 2010). The ethylene antagonist, 1-MCP, binds to 

endogenous ethylene receptors in plant tissues restricting the action of ethylene to promote 

ripening and senescence (Watkins, 2006). Moreover, de novo ethylene production and gene 

expression of the biosynthetic enzyme, 1-aminocyclopropane 1-carboxylic acid synthase, are 

dramatically reduced in apple fruit in response to 1-MCP (Dal Cin et al., 2006). It is tempting to 

speculate that potent inhibition by 1-MCP of ethylene biosynthesis may coincide with the 

accumulation of its methyl donor precursor, SAM, but this has not been previously described. 

SAM is formed from methionine via the Yang cycle enzyme, SAM synthetase (Sauter et al., 

2013). HPLC analysis of whole fruit sampled after 24 h exposure to 1-MCP revealed a near 2-

fold increase in the relative level of methionine compared to non-1-MCP fruit; a further increase 

was evident within 1 week of air storage at 20 C (Fig. 3.2). Together, this provides evidence for 

a rapid effect of 1-MCP on ethylene precursors. Moreover, the 24-h 1-MCP treatment elicited a 
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similar increase in amino acids not affiliated with the Yang cycle (Figs. 3.2, 3.3). Specifically, an 

increase in the stress signature, GABA, was apparent, but this was reduced to its original level 

within 1 week of CA storage at 3 C (Fig. 3.3). The possibility remains that fruit sampled within 

a few days of storage could have GABA levels similar to those determined after 1 week of CA. 

Although GABA accumulation suggests that a stress was imposed during the delivery of 1-MCP, 

this might be a consequence of enclosing the fruit in the air-tight polyvinyl bags under ambient 

conditions. An additional experimental control could have been non-1-MCP fruit in air-tight 

polyvinyl bags under equivalent conditions; this was omitted as we posited that higher internal 

ethylene concentrations and subsequent fruit quality losses associated with over-ripening would 

result.  

CA storage at 20 C was associated with a rapid increase in TAA and relative levels of 

glutamine, a prominent amino acid in ‘Honeycrisp’ apples (Zhang et al., 2010); these changes 

were delayed in 1-MCP-treated fruit at elevated CO2 (Fig. 3.2). Accumulation of TAA, 

glutamine and branched chain amino acids are biochemical markers of proteolysis in senescing 

Arabidopsis leaves, broccoli florets and apples (King and Morris, 1994; Magné et al., 1997; Diaz 

et al., 2005; Sugimoto et al., 2011). Changes in the relative levels of the aforementioned amino 

acids during prolonged storage of 1-MCP- or non-1-MCP-treated fruit at 20 C indicate that 

these fruits were undergoing senescence. Similar changes in glutamine level occurred at 3 C for 

all treatments; however, changes in TAA and asparagine were quite marginal with the exception 

of 1-MCP-treated fruit at 0.03 kPa CO2 (Fig. 3.3). This is not without precedent, as the levels of 

the majority of amino acids in apples are quite stable in response to chilling (Leisso et al., 2013).  

Alterations in relative amino acid composition at 20 C appear to be due to indiscriminate 

protein degradation, but this might be attributed, at least in part, with a switch to fermentative 
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metabolism, specifically under the low O2 regime. Although there was a minor decline in serine, 

glycine and cysteine for most treatments, the levels of other glycolysis-derived amino acids, like 

phenylalanine, tyrosine and valine, were present in greater proportions in non-1-MCP fruit 

within 6 weeks at 0.03 kPa CO2 (Fig. 3.2); no changes were evident for other treatments. By 

contrast, the levels of most glycolysis-derived amino acids were marginally affected during CA 

storage at 3 C, but a 50% increase in serine levels was apparent at elevated CO2 (Fig. 3.3). 

Together, these data suggest mitochondrial respiration is arrested in apples exposed to elevated 

CO2 at either temperature, but under 0.03 kPa CO2 at the higher temperature indirect evidence 

exists for fermentative metabolism within these fruit. Storage of pears at extremely low O2 

partial pressures (0.3 to 1.7 kPa) coincides with fermentative metabolism, including the 

production of ethanol (Kader 1989; Ke et al., 1994; Beaudry, 1999); both are limited in the 

presence of elevated CO2 (Kerbel et al., 1988), mostly as a result of the inhibition of succinate 

dehydrogenase (Gonzàlez-Meler et al., 1996). Although it appears here that mitochondrial 

respiration is restricted at 20 C by low O2 and elevated CO2 for both 1-MCP- and non-1-MCP-

treated apples, glycolytic carbon flux may still contribute to amino acid accumulation at 0.03 kPa 

CO2. Interestingly, succinate accumulation in hypoxic pear fruit is linked with increased flux 

through the partial reductive tricarboxylic acid pathway (Nanos et al., 1994). Under fermentative 

metabolism, this pathway is dependent upon phosphoenolpyruvate carboxylation, yielding 

oxaloacetate, and ultimately a build-up of succinate; most notably, aspartate is produced from 

oxaloacetate and glutamate via an aspartate transaminase in the absence of cellular energy 

(Vanlerberghe et al., 1989; Sweetlove et al., 2010). At 20 C, storage at 0.03 kPa CO2 resulted in 

the accumulation of aspartate metabolites, including isoleucine, lysine and methionine (Fig. 3.2). 

Therefore, the accumulation of aromatic and aspartate-derived amino acids at 0.03 kPa CO2 may 
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involve carbon flux through glycolysis and the partial reductive tricarboxcylic acid pathway. 

Overall, the data suggest that in the absence of respiratory metabolism, there may be a metabolic 

switch at either temperature to fermentative metabolism in response to low O2 atmospheres.  

Alanine is an indicator of hypoxia in waterlogged Lotus japonicus, Arabidopsis and 

tobacco (Allan et al., 2008; Rocha et al., 2010), and is positively correlated with the 

accumulation of GABA and its catabolite, GHB. Here, there is a 50% increase in relative alanine 

level in apples stored at 3 C after 1 week of elevated CO2, regardless of the 1-MCP treatment 

(Fig. 3.3), and well in advance of the onset of flesh browning (Fig. 3.1). A similar change in 

alanine was evident for all treatments at 20 C (Figs. 3.2, 3.3). Common to all treatments is the 

exposure of fruit to 2.5 kPa O2, a partial pressure that can induce hypoxia within bulky fruit, as 

O2 diffusion towards the fruit core is confined to cortex intercellular spaces (Ho et al., 2011). In 

the presence of pyruvate, alanine may be produced by either alanine-aminotransferase or GABA-

T under low O2 atmospheres (Fig. 4.1). In either case, their formation in abiotically-stressed 

plants is associated with a shift in glutamate concentrations (Allan et al., 2008).  

An association between temporal changes in glutamate and its decarboxylated derivative, 

GABA, and the visual symptoms of flesh browning was evident during CA storage at both 20 

and 3 
o
C. 1-MCP-treated fruit at elevated CO2 were the first to accumulate GABA and to exhibit 

visual signs of physiological injury; this was followed by non-1-MCP fruit at elevated CO2. 

These trends were more pronounced at 3 
o
C than at 20 

o
C. Overall, it is clear that a rapid increase 

in GABA level of ‘Honeycrisp’ fruit is associated with a decline in glutamate, a result not 

without precedent as glutamate-derived GABA production is a hallmark signature of abiotic 

stress in vegetative plant tissues (Fig. 4.1; Blanch et al., 2012; Shelp et al., 2012b).  
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Figure 4.1. Schematic representation of metabolic changes in 1-MCP-treated ‘Honeycrisp’ 

apples in response to elevated CO2 storage at 3 C and their possible relationship with flesh 

browning. Amino acids that were elevated in both 1-MCP-treated and non-1-MCP-treated fruit at 

5 kPa CO2 are shown as white font within a black filled box. Temporal changes in amino acids 

that preceded flesh browning disorders in 1-MCP-treated fruit are shown as white font in a blue 

filled box. Reaction sequences shown in grey represent those amino acids that were minimally 

affected during this experiment, and are proposed to not be affected under these treatment 

conditions. Metabolite signatures and reactions proposed to precede the onset of these disorders 

are indicated in blue. Reaction sequences shown in brown represent those that appear to coincide 

with flesh browning. Enzymes are shown in italics. Abbreviations include: ACC, 1-

aminocyclopropane 1-carboxylic acid; Acetyl-CoA, acetyl-Coenzyme A; AT, alanine 

aminotransferase; ACO, ACC oxidase; ACS, ACC synthase; CaM, calmodulin; dcSAM, 

decarboxylated SAM; FADH2, flavin adenine dinucleotide; GABA, -aminobutyrate; GABA-T, 

GABA transaminase; GAD, glutamate decarboxylase; GHB, -hydroxybutyrate; 1-MCP, 1-

methylcyclopropene; MTA, 5-methylthioadenosine; NAD, nicotinamide adenine dinucleotide; 

NADP, nicotinamide adenine dinucleotide phosphate; PEP, phosphoenolpyruvate; SAM, S-

adenosylmethionine, SAMDC, SAM decarboxylase; SAMS, SAM synthetase; SSA, succinic 

semialdehyde; SSADH, SSA dehydrogenase; SSAR, SSA reductase (also known as glyoxylate 

reductase). 
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A similar association between disordered fruit and elevated GABA levels has been 

demonstrated for tomato fruit susceptible to surface pitting (Deewatthanawong and Watkins, 

2010). In our study, the GABA levels were 30 to 155 nmol g FW
-1

 in freshly harvested 

‘Honeycrisp’ fruit and approximately 0.6 mol g FW
-1

 during storage under elevated CO2 

(results not shown), suggesting that this increase was a result of the CA storage atmospheres. 

This is not surprising as GABA levels within ‘Empire’ fruit are depleted within 3 h of their 

transfer from CA storage to 0.03 kPa conditions (Trobacher et al., 2013a). This experiment 

demonstrated that elevated GABA levels in high CO2-stored ‘Honeycrisp’ fruit appear to be 

coincident with the onset of flesh browning (Appendix C.1.3). 

To our knowledge, this is the first report profiling changes in whole fruit GABA levels as 

function of storage time in ‘Honeycrisp’ fruit treated with 1-MCP and CA. The short-term 

accumulation of this stress metabolite at elevated CO2 in response to 1-MCP, and the long-term 

accumulation in non-1-MCP fruit in response to elevated CO2 (Fig. 3.1) are consistent with 

previous reports of GABA accumulation in bulky fruits (Merodio et al., 1998; Makino et al., 

2008; Biais et al., 2010; Deewatthanawong et al., 2010b; Mae et al. 2012). Enhanced GABA 

levels occur in 1-MCP-treated ‘Empire’ apples within 15-20 weeks of storage at 3 C, 2 kPa O2, 

2 kPa CO2 and coincide with onset of flesh browning (Lee et al., 2012b). Four to six mo of CA 

storage (1 kPa O2, 10 kPa CO2 , −1 C) induces a significant metabolic difference between sound 

tissue and browning tissue in brown pears, with elevated concentrations of fumarate, threose, 

GABA, pyroglutamate, fucose, gluconate, trehalose and sucrose, and reduced concentrations of 

malate, erythritol and threitol (Pedreschi et al., 2009). These changes can generally reflect the 

disturbed energy metabolism and a defective antioxidant system.  
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The increase in GABA levels as a function of storage time could be attributed to one of 

two biochemical mechanisms or a combination thereof (Shelp et al., 2012a; Fig. 4.1). For 

example, an activation mechanism involving Ca
2+

/CaM could be responsible for the short-term 

response, whereas a second mechanism designed to counter cytosolic acidification could be 

responsible for the long-term response (Fig. 4.1). Notably, recent research has demonstrated that 

strawberry fruit maintained under elevated CO2 (20-40 kPa) at 0 C contain elevated levels of 

GABA and free Ca
2+

 (Blanch et al., 2012). The absence of a GABA response in ‘Honeycrisp’ 

apples under 0.03 kPa CO2 storage (Fig. 3.3) may be due to catabolism of GABA to SSA and 

succinate or GHB by GABA-T, SSADH and succinic semialdehyde reductase activities, 

respectively. GABA catabolism and conversion to GHB has been reported for Arabidopsis, 

tobacco and tea leaves subjected to O2 deficiency (Allan et al., 2003; Allan and Shelp, 2006; 

Allan et al., 2008), but no such information exists for fruit. A recent study reports that a 50% 

increase in GABA concentration of tomato fruit after 7 d of hypoxia and elevated CO2 is 

associated with higher expression of a GAD gene and lower expression of a GABA-T (Mae et al. 

2010). Two GABA transaminases from ‘Empire’ apple fruit have been isolated and 

biochemically characterized (Trobacher et al., 2013a), and their possible importance for GABA 

catabolism in apple fruit during CA storage has been proposed. It is expected that glutamate 

decarboxylase-derived GABA biosynthesis in ‘Honeycrisp’ apples would be both 

transcriptionally and biochemically regulated in response to elevated CO2 (Shelp et al., 2012 a,b). 

To date, three apple fruit GAD have been identified using a query of the apple genome (Velasco 

et al., 2010; http://www.rosaceae.org/) and biochemical characterization revealed differential 

responses to pH and Ca
2+

/CaM (Trobacher et al., 2013b).  

 

http://www.rosaceae.org/
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4.2. GHB accumulates in ‘Empire’ apple fruit during CA storage 

‘Empire’ fruit stored under elevated CO2 are prone to external CO2 injury (Fawbush et 

al., 2008). Furthermore, the incidence of external disorder appears to be associated with the 

accumulation of GABA (Deewatthanawong and Watkins 2010; Liu, 2011; Lee et al., 2012b). It 

was suggested that the initial GABA accumulation is an early response to cold-mediated Ca
2+ 

influx, whereas the sustained GABA levels thereafter are a response to cytosolic acidification 

due to elevated CO2 (Liu, 2011). Reduced GABA levels under low CO2 storage after the initial 

response were attributed to subsequent metabolism via SSA and GHB (Liu, 2011). GABA is 

known to accumulate in cherimoya fruit stored at 20 kPa CO2 (Merodio et al., 1998), and in 

pears stored at 10 kPa CO2 and 1 kPa O2 the accumulation is associated with flesh browning 

(Franck et al., 2007; Pedreschi et al., 2009).  

Previously, it was shown that the GABA accumulating in ‘Empire’ apples after 4 weeks 

of CA storage with elevated CO2 declines to near initial levels by 8 weeks (Deewatthanawong 

and Watkins, 2010). While our current results are consistent with this finding, we also 

demonstrated that GABA levels increased once again across all treatments (Fig. 3.4), albeit at a 

slower rate, suggesting that senescence, as well as cytosolic acidification, is involved. The low 

O2 environment within the storage cabinet and fruit may reduce the rate of H
+
 oxidation via 

cytochrome C oxidase within the fruit (Geigenberger, 2003; Ho et al., 2011), resulting in H
+
 

accumulation and lower cytosolic pH, which in turn stimulates GAD activity and subsequent 

GABA production (Rothan et al., 1997; Makino et al., 2008). Interestingly, glutamate levels 

rapidly increased similar to GABA (expressed as mol %), but this was followed by a decline, 

which could be associated with the accumulation of GABA. Recently, three apple fruit GADs 

were identified, with two being Ca
2+

/CaM-dependent and one Ca
2+

/CaM-independent (Trobacher 
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et al., 2013b), although the expression of the genes responsible may prove to be stress-specific. 

The alanine patterns also corresponded to peaks in GABA and GHB at week 2, suggesting that 

pyruvate is more likely utilized by GABA-T under CA storage conditions than glyoxylate. 

Notably, apple fruit contain two GABA-T isoforms that use both pyruvate and glyoxylate as 

amino acceptors (Trobacher et al., 2013a), but the low O2 and dark conditions during storage 

would preclude photorespiratory glyoxylate production even if some photosynthetic activity 

were possible under suitable conditions (Trobacher et al., 2013a). 

The present study is the first report of GHB in apple fruit (Fig. 3.4). Analysis of identical 

‘Empire’ apple samples collected during a previous study (Liu, 2011) showed that elevated CO2 

caused GHB to accumulate, much like its putative precursor GABA (expressed on concentration 

basis). Metabolism to GHB is more likely with elevated CO2 since this treatment is known to 

inhibit succinate dehydrogenase in the TCA cycle (Knee, 1973), which may lead to the 

accumulation of succinate and feedback inhibition of SSADH. Elevated CO2 also inhibits 

decarboxylating activity in the TCA cycle (Shipway and Bramlage, 1973; Ke et al., 1993), 

further restricting input from the GABA shunt. Hypoxic conditions may also be produced within 

the fruit from a combination of a low O2 environment and diffusion of CO2 into fruit tissue 

(Shipway and Bramlage, 1973; Ke et al., 1994; Kerbel et al., 1998). With Arabidopsis, low O2 

conditions increase the cellular NADPH/NADP
+
 ratios, thereby favouring GHB production via 

NADPH-dependent GLYR (Allan et al., 2008). The limitation of SSADH activity due to high 

CO2, as well as the higher cellular NAD(P)H:NAD(P)
+
 ratios resulting from low O2 (Allan et al., 

2008), would divert GABA metabolism towards the production of GHB, as had been previously 

proposed for Arabidopsis and tobacco subjected to submergence stress (Allan et al., 2008).  
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With GABA, alanine and GHB, the greatest response was evident at 0 °C and 5 kPa CO2. 

This is not surprising given that these conditions favour GAD and GLYR activity (see discussion 

above). However, GHB levels seemed to be more sensitive to this treatment than GABA, 

possibly due to the supply of NADPH or another source of GHB (Shelp et al., 2012a, see also 

section 4.5). It is possible that the hypoxic conditions generated within the fruit result in 

oxidative stress and ROS production (Møller, 2001). As proposed below, ROS production and 

subsequent lipid peroxidation may lead to the production of GHB from a source other than 

GABA. At the same time, tissue browning could be linked to the oxidation of phenolic 

compounds released from deteriorating membranes (Mathew and Parpia, 1971; Mayer, 1987; 

Franck et al., 2007). Hence, it is possible that the appearance of GHB is associated with 

browning disorders as a general stress indicator; however, more research is required to determine 

the origins of GHB under CA conditions. 

 

4.3. SSA and GHB have negative effects on growth and development in Arabidopsis 

 Environmental stresses are known to raise the levels of ROS and various aldehydes in 

plant tissues, which in turn lead to destructive reactions with essential macromolecules and 

subsequent cellular toxicity (Weber et al., 2004; Kotchoni et al., 2006). SSA, the product of 

GABA-T, is an aldehyde that can theoretically accumulate when GABA production is enhanced 

in response to abiotic stress (Allan et al., 2008). In the present study, plants were grown in tissue 

culture under cold temperatures in an attempt to increase GABA production and cellular 

NAD(P)H:NAD(P)
+
, thereby creating conditions that inhibit or strongly restrict NAD

+
-

dependent SSADH activity (Allan et al., 2008). SSA in the medium was detrimental to the 
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overall growth and development of WT Arabidopsis, reducing root and shoot masses, as well as 

inhibiting radicle development (Fig. 3.5); results that are in agreement with those reported earlier 

for plants grown under 20 °C day/15 °C night temperature regimes (Ludewig et al., 2008). More 

importantly, double GLYR knockout/knockdown mutants were affected to a greater degree than 

WT and GLYR1 Ox lines at 1 mM and 2 mM SSA treatments (Fig. 3.5), supporting the current 

view that the two GLYR isoforms function in SSA detoxification when redox conditions do not 

favour SSADH activity (Allan et al., 2012). Development did not proceed beyond some radicle 

growth in the double mutants, whereas the WT and GLYR1 Ox lines were able to develop small 

shoots (Fig. 3.6). This is further supported by the phenotypes observed at 2 mM SSA and 3 mM 

SSA as the single glyr1 and glyr2 mutants were able to reach a marginally greater degree of 

radicle development than the glyr1/gly2 double mutant (Fig. 3.7). Previous studies have shown 

that ssadh mutants possess necrotic lesions and generate GHB and peroxides under high light 

conditions where inhibition of GABA-T reduces these symptoms (Fait et al., 2005; Ludewig et 

al., 2008), thereby implicating SSA or GHB in plant cellular toxicity. Interestingly, our SSA-fed 

plants grown at 6 
o
C displayed a slight purple tinge on the leaves and this phenotype was absent 

from GHB-fed plants (c.f. Figs. 3.5, 3.8). The purple colour could be indicative of anthocyanin 

accumulation (Deguchi et al., 2013; Maligeppagol et al., 2013), which may in turn be a response 

to high oxidative stress (Vanderauwera et al., 2005; Lopez-Martinez et al., 2009). Anthocyanin 

accumulation is also associated with cold stress in several plant species and has been shown to 

increase cold tolerance (reviewed by Chalker-Scott, 1999). To date, few studies have quantified 

SSA levels in plants (Shelp et al., 2012a), which would help to establish whether the phenotypes 

observed here are due to the accumulation of SSA or a degradation product. 
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 Like the study by Ludewig et al. (2008), GHB had a dose-dependent effect on plant 

growth and development, although proving to be less toxic than SSA (Figs. 3.8, 3.9). This is 

supported by the healthier-appearing double mutants compared to GLYR1 Ox at 3 mM GHB, as 

well as widespread chlorosis at 4 mM GHB among the lines. Studies using ssadh mutants also 

reported reduced chlorophyll content and dwarfed plants under ambient conditions (Bouché et 

al., 2003a), although whether that was due to SSA or GHB accumulation is uncertain. Given that 

the GHB-induced chlorosis is very different from the SSA-induced purpling phenotype, this 

would suggest that GHB is not being back converted into SSA, as suggested previously 

(Ludewig et al. 2008). Not only is GLYR activity irreversible at physiological pH (Hoover et al., 

2007a), but backconversion via an oxidoreductase reaction would be a futile cycle with respect 

to NADP(H). Notably, GHB application to gaba-t/ssadh mutants, but not gaba-t mutants, results 

in an increase in both GHB levels and GABA levels (Ludewig et al. 2008), which may indicate 

backconversion from GHB to GABA, or more likely, a stress response to high levels of GHB.  

Mammalian studies suggest that GHB is converted back to SSA through an NAD(P)
+
 

dependent process (Fig. 1.2). To test for these processes, preliminary enzymatic assays were 

conducted with Arabidopsis cell-free extracts using GHB, NAD(P)
+
, alpha-ketoglutarate, and a 

bacterial NADP
+
-dependant SSADH (Trobacher et al., 2013a) to measure any NAD(P)H and/or 

SSA products (Appendix Fig. A.3.1). Production of neither compound could be detected (results 

not shown, see methods in Appendix A.3), suggesting the possibility of a pathway for GHB 

catabolism that is independent of NAD(P)
+
 and does not result in SSA accumulation. These 

results do not offer support for the existence of mechanisms in plants for GHB degradation seen 

in mammalian systems (see section 1.3.2), and suggest that future studies should explore 
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pathways known in yeast and bacteria (see section 1.3.3.) and/or utilize DNA microarray 

technology to determine genes of interest. 

GABA feeding produces symptoms of yellowing in Arabidopsis gaba-t mutants (Renault 

et al., 2011); hence, a similar phenotype observed in our GHB-fed plants may be due to GHB 

backconversion to GABA via an unknown pathway, or perhaps a common function for both 

GHB and GABA in signalling since both compounds are structurally very similar. This is 

supported by a preliminary NaCl experiment with liquid-cultured plants wherein GLYR1 Ox and 

gaba-t lines both exhibited yellowing (Fig. 3.10). In mammals, GHB binds high affinity GHB 

receptors at endogenous levels (Bernasconi et al., 2002; Cash et al., 2002), but is also able to 

interact with GABA receptors at higher concentrations (Bernasconi et al., 2002). Although 

GABA receptors in plants have yet to be identified, GABA-binding areas or putative receptors 

are present on pollen and somatic cell protoplasts (Yu et al., 2006). In addition, GABA 

accumulation is correlated with pollen tube growth defects (Palanivelu et al., 2003), and 

inhibition of primary root growth and hypocotyl development due to cell elongation deficiencies 

(Renault et al., 2011). More research is needed to determine the mechanism by which GHB 

elicits its phenotype. To date, GHB has been linked to cellular redox status (Allan et al., 2012). 

Olive plants grown under salt stress produce elevated ROS levels, as well as enhanced protein 

levels and activity of NADPH-regenerating enzymes, including glucose-6-phosphate 

dehydrogenase (Valderrama et al., 2006). Coincidentally, GHB reportedly increases the activity 

in mice of this rate-limiting enzyme in the pentose phosphate pathway (Taberner et al., 1972), 

further linking GHB to cellular redox status.  
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4.4. GABA pathway genes and metabolites are differentially expressed during the early 

stress response to salinity and cold 

Stress-induced accumulation of plant GABA levels has been associated with the 

decarboxylation of glutamate via GAD (Tuin and Shelp, 1994; Shelp et al., 2012a). The amino 

group of GABA is then donated to pyruvate or glyoxylate via GABA-T, resulting in the 

formation of the aldehyde SSA from the carbon backbone (Van Cauwenberghe and Shelp, 1999; 

Van Cauwenberghe et al., 2002; Clark et al., 2009). Depending on redox conditions of the cell, 

SSA can be reduced by the NADPH-dependent SSA reductase activity that is associated with 

GLYR to form GHB (Breitkreuz et al., 2003; Hoover et al., 2007a; Allan et al., 2012), or reduced 

by the NAD
+
-dependent SSADH to form succinate (Busch and Fromm, 1999). Research has 

shown that the GABA pathway is both biochemically and transcriptionally regulated in response 

to various abiotic stresses, although it is difficult to assess whether these responses are stress-

specific over extended periods of time (Shelp et al., 2012a). To address this question, we 

investigated the early response to salinity and chilling of genes and metabolites associated with 

the GABA pathways in Arabidopsis seedlings. 

Liquid cultures maintained on a rotational shaker were selected for the growth of 

Arabidopsis seedlings based on a method by Hetu et al. (2005). Given that the GABA pathway 

responds to mechanical handling (Shelp et al., 2012a), this system precludes the need for 

unnecessary mechanical stress caused by plant removal from soil (Kilian et al., 2007). In 

addition, administering any type of stress in solution form to potted plants (e.g. salt, acid) is 

difficult since soil density may vary, thereby affecting the uniformity of the stress imposed 

(Kilian et al., 2007), as well as the reproducibility of the experiment among replicates. Salt-

infused solid agar medium plates were used in a previous experiment, but resulted in Arabidopsis 
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roots growing along the agar surface for moisture rather than being immersed in the concentrated 

agar medium (data not shown). With liquid cultures, we were able to administer salinity and 

chilling stresses over short time courses to large numbers of Arabidopsis seedlings to 

characterize the whole-plant early stress response of the GABA pathway.  

Increased cytosolic Ca
2+ 

levels are a known response to chilling and salinity stress, while 

lowered pH is well-documented in response to the former stress and less well-characterized in 

the latter (Knight et al., 1991, 1997; Cholewa et al., 1997; Kader, and Lindberg, 2010). Both lead 

to the stimulation of GAD activity and subsequent GABA generation (Kinnersley and Turano, 

2000; Shelp et al., 2012a). There are five known isoforms of GAD in Arabidopsis that exhibit 

tissue-specific expression patterns (Shelp et al., 2012b). In the absence of stress, GAD2 is the 

most abundant transcript and ubiquitous throughout the plant, whereas GAD1 is the second most 

abundant and mainly occurs in the roots. GAD3/4 tends to occur in lower quantities and are 

present in young leaves, sepals, carpels and immature siliques, whereas GAD5 is present at 

moderate levels in stamens and mature pollen. The relative abundances of the GAD isoforms 

measured in our study are consistent with these findings (Figs. 3.11, 3.13).  

Shelp et al. (2012b) summarized key responses of the GABA pathway genes to abiotic 

stress. Anabolic genes (GADs) were found to be more responsive than catabolic ones (GABA-T, 

SSADH, GLYRs). Specifically, the GADs are differentially expressed depending on the type of 

stress applied. The usually negligible GAD3/4 produces the greatest stress responses in shoots 

and roots, where GAD4 levels increase under hypoxic conditions in roots (Miyashita and Good, 

2008), as well as with exposure to other stresses including drought (Urano et al., 2009), cold 

(Kaplan et al., 2007), and salinity (Renault et al., 2010). Unlike GAD4, which seems to be 

generally upregulated by stress, GABA-T expression remains unchanged under hypoxic 
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conditions (Miyashita and Good, 2008), but is upregulated by osmotic and salt stress (Kilian et 

al., 2007; Renault et al., 2010). As for SSA-metabolizing enzymes, SSADH expression is 

elevated by salt (Renault et al., 2010) and cold (Kaplan et al., 2007), whereas GLYR1 expression 

is elevated by salt, drought, and submergence (Allan et al., 2008). The expression of both GLYR1 

and GLYR2 has been shown to respond to low and high temperatures (Allan et al., 2008). 

As in previous research, GAD4 displayed the most consistent response to salinity across 

all Arabidopsis mutants tested in the present study (Fig. 3.11). Peak GABA levels under salinity 

stress corresponded with GAD4 expression, while glutamate levels did not exhibit much change 

(Figs. 3.11, 3.12), suggesting that the transient increase in GABA within the first 12 h may be 

regulated by the GAD4 response to salinity in the WT. Previously, Renault et al. (2010) reported 

reduced GAD activity in agar-grown plants over the first day in response to salinity, while 

GABA levels increased continuously during this time and thereafter for several days. Allan et al. 

(2008) observed a doubling of GABA in potted Arabidopsis within 4 h of 250 mM NaCl 

application, followed by a further increase of a greater magnitude between 8 and 12 h. Thus, our 

current experimental strategy seemed to capture an early stress response that was not observed 

when large time intervals are used, and that coincide with the first increase observed by Allan et 

al. (2008). 

Chilling also induced a response in anabolic rather than catabolic GABA genes. Here, the 

expression of GAD3 and GAD5, rather than GAD4, responded transiently to the stress (Fig. 

3.13). This was accompanied by a small transient increase in GABA level (0.5-fold), although 

the peak level occurred prior to maximal GAD3 expression, suggesting the involvement of 

biochemical regulation (Fig. 3.14). In a previous study of chilling stress, GAD3 and GAD4 were 

not distinguishable from each other (Kilian et al., 2007), whereas in another, the expression of 
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GAD4 increased by about 2-fold in a linear fashion over a 24-h period, but the GABA levels 

increased slowly, and then much more rapidly over the 12 to 24 h period (Kaplan et al., 2004, 

2007). Allan et al. (2008) found an approximately one-fold increase in GABA over the first 6 h. 

In the present study, the expression of GABA-T, SSADH, GLYR1, and GLYR2 expression 

in WT and various mutants was essentially unchanged in response to both salinity and chilling 

treatments, although metabolites associated with GABA metabolism displayed highly co-

ordinated fluctuations (Figs. 3.11-3.14). These results suggest that the responses of alanine and 

GHB to stress are biochemically regulated through the GABA pathway, and the different 

response of glycine suggests that GABA-T prefers pyruvate over glyoxylate as an amino 

acceptor during this early stress period. Furthermore, GABA levels differed between GABA-T 

Ox and WT only after the chilling stress was applied, which supports a previous suggestion that 

GABA-T activity limits GABA catabolism during chilling stress (Simpson et al., 2010). It is 

known that GLYR activity is influenced by cellular NADPH/NADP
+
 ratios (Allan et al., 2008), 

which are in turn dependent upon the Ca
2+

/CaM-activated NAD kinase (Harding et al., 1997; 

Hunt et al., 2004; Allan et al., 2012) and thus responsive to stress. In another study, 

NADPH/NADP
+
 ratios were found to increase at 4 °C (Allan et al., 2008), thereby leading to 

cellular redox conditions that may limit NAD
+
-dependent SSADH activity and divert SSA to 

GHB production via GLYR (Allan et al., 2003; Fait et al., 2005). Previously, Kaplan et al. 

(2007) reported that GHB accumulates after 24 h, but this is not accompanied by elevated GLYR 

expression (Shelp et al., 2012b), whereas Allan et al. (2008) found evidence for both 

transcriptional and biochemical regulation of GHB production, as suggested from the elevated 

levels of GLYR1 and GLYR2 transcripts, as well as GHB and NADPH/NADP
+
, over a 6 h time 

course at 4 °C.   
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Bieniawska et al. (2008) attributed variations in findings among different studies to the 

timing of cold treatments, use of inappropriate controls, and the use of different growth media 

(i.e., soil, solid agar, or hydroponics). Differences between our metabolite and transcript results 

and those reported in the literature could also be attributed to the age of the plants used, as well 

as the time course chosen. Notably, GHB levels were two orders of magnitude lower in this 

study than previously reported, although the authors noted that differences in starting metabolite 

levels may be due to the age of plants (Allan et al., 2008). Interestingly, the GHB level in root 

exudate of Arabidopsis increases with age (Chaparro et al., 2013), suggesting that GHB may be 

eliminated from the plant during this particular stage of development, although whether this is 

GHB is derived in roots or transported from the shoot is unknown.  

 

4.5. GHB is produced via multiple pathways 

GHB is a short-chain fatty acid that can accumulate in planta during exposure to abiotic 

stress (Allan et al., 2003, 2008). This accumulation may be a response to elevated 

NAD(P)H/NAD(P)
+
 ratios, which restrict the oxidation of SSA to succinate via SSADH activity 

and favour the reduction of SSA to GHB via GLYR activity (Busch and Fromm, 1999; Shelp et 

al., 1999; Breitkreuz et al., 2003; Hoover et al., 2007a, 2007b). The use of ssadh mutants of 

Arabidopsis, in conjunction with vigabatrin, a GABA-T inhibitor, and gaba-t/ssadh mutants of 

Arabidopsis, confirm that GHB can be derived from the catabolism of SSA and GABA under 

high light conditions (Fait et al., 2005; Ludewig et al., 2008). Subsequently, Allan et al. (2012) 

found that glyr1 and glyr2 single mutants produce markedly less GHB than their respective WT 

counterparts in response to submergence stress, suggesting that both isoforms are involved in 
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overall GHB production. In the present study, GHB was still found in the glyr1/glyr2 double 

mutant even though both GLYR isoforms were convincingly knocked out (see section 3.3). 

Notably, initial GHB levels in GLYR1 Ox were lowest among all of the genotypes prior to 

exposure to both chilling and salinity stresses, and the degree of increase in response to the stress 

was also the greatest (Figs. 3.12, 3.14). Theoretically, if GHB was solely produced via the two 

GLYR isoforms, GHB levels should be absent in glyr1/glyr2 and greatly elevated in GLYR1 Ox, 

although the large fold increases experienced by GLYR1 Ox under stress support GHB 

generation from the GABA pathway. The presence of GHB levels in gaba-t and GABA-T Ox 

mutants further suggest that there is an additional non-GABA pathway contributing to basal 

GHB levels.  

NADPH/NADP
+
 ratios reportedly increase over a 6-h period in Arabidopsis under cold 

stress and this is accompanied by a 1-fold increase in GHB levels (Allan et al., 2008). This 

suggests that redox conditions were ideal for GHB production via GLYR under cold conditions. 

Given that both GLYRs have a relatively low affinity for SSA (Hoover et al., 2007b, Simpson et 

al., 2008), and that the specific activity of GLYR1 is higher in the leaves than in the roots 

(Hoover et al., 2007) where GABA concentrations are highest (Renault et al., 2010), it is 

reasonable to speculate that another mechanism contributes to GHB production. Allan et al. 

(2008) found that GHB accumulation occurred within a timeframe of 2 to 4 h, and that this 

increase occurred prior to GABA accumulation. These findings suggest that a GABA-

independent pathway is involved in the production of GHB.   

While there is little information in the plant literature regarding GHB, there is evidence 

from studies with mammals suggesting that GHB may be produced via stress-induced ROS 

peroxidation of phospholipids containing 4-hydroxybutyryl chains (Tokumura et al., 1991; 
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Tanaka et al., 1993; Mamelak and Kuksis, 2006; Mamelak, 2007). Interestingly, Wise and 

Naylor (1987) found that chilling-enhanced photooxidation leads to ROS generation in 

chloroplasts and subsequent disruption of its membranes. Furthermore, lipid peroxidation and 

H2O2 levels in maize seedlings increase transiently within 6 h of chilling (Prasad, 1996), which is 

in agreement with the timeframe used in the present study. Salinity is also a known cause of lipid 

peroxidation, elevated ROS levels and disruption of chloroplast integrity in the leaves of pea 

plants (Hernández et al., 1995), and lipid peroxidation has been shown to peak 8 h after NaCl 

addition (Hernández and Almansa, 2002). Following lipid peroxidation, the GHB side chain may 

be removed via the action of phospholipase. Members of this enzyme family are reportedly 

upregulated in response to various abiotic stresses, including low temperature and salinity (Wang 

et al., 2000), and there is evidence of phospholipid degradation under osmotic and freezing stress 

(Welti et al., 2002; Avelange-Macherel et al., 2006). Phospholipase D activity increases by 3- to 

4-fold in chloroplast and mitochondrial membranes in maize seedlings during chilling (Pinhero 

et al., 1998) and is regulated by Ca
2+ 

in plant tissues (Wang, 2002). Furthermore, one study 

showed that the Arabidopsis phospholipase C2 gene is expressed constitutively, whereas the 

expression of the Arabidopsis phospholipase C1S gene is increased by low temperature and 

salinity (Hirayama et al., 1995). Thus, a constitutively expressed phospholipase could be 

responsible for basal levels of GHB, while an inducible form is responsible for levels under 

stress. Furthermore, there is evidence that suggests phospholipase C-activated release of 

intracellular Ca
2+

 (Lecourieux et al., 2006), thus possibly providing further stimulation to the 

GABA pathway. Mamelak and Kuksis (2006) speculated that GHB generated from lipid 

peroxidation serves to inhibit the very mechanism by which it was created. While this does not 

account for differences in the GHB stress response observed between chilling and salinity, we 
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provided evidence for an alternative pathway for GHB production in plants (Fig. 4.2). Additional 

studies are required to determine the relative importance of the multiple sources of GHB in  

response to various abiotic stresses.  
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Figure 4.2. A possible alternative pathway for GHB production from phospholipids. The blue 

and orange arrows represent the impact of chilling and salinity, respectively (Tokumura et al., 

1991; Tanaka et al., 1993; Hernández et al., 1995; Prasad, 1996; Wang et al., 2000; Lecourieux 

et al., 2006; Mamelak and Kuksis, 2006; Mamelak, 2007). Abbreviations: GAD, glutamate 

decarboxylase; GABA-T, GABA transaminase; SSADH, succinic semialdehyde dehydrogenase; 

GLYR, glyoxylate reductase; P-LIPID, phospholipid; ROS, reactive oxygen species.  
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Chapter 5 

Conclusions 

 

Although the ripening inhibitor, 1-MCP, displayed no significant effect on CA-related 

disorders at 20 °C, it exacerbated CA-related injuries in fruit maintained at 3 °C. Notably, the 

relative GABA levels were rapidly increased in 1-MCP-treated fruit during elevated CO2 storage 

at 3 °C, but these levels did not precede visual symptoms of internal disorders. These results 

suggest that altered GABA metabolism was associated with the disruption of cellular integrity 

that would accompany the onset of physiological injury in ‘Honeycrisp’ apples. Alternatively, it 

is possible that an early GABA signature was masked due to its catabolism to SSA or GHB, 

which contributed to the accumulation of alanine prior to the appearance of disorders. GHB and 

alanine accumulation were observed in ‘Empire’ apple fruit, where GHB increased more quickly 

and to a greater degree than GABA accumulation, but largely followed the same trends and 

responses to different CO2 and temperature regimes. The high CO2 and low O2 atmosphere 

would have reduced SSADH activity and directed GABA metabolism towards GHB production. 

Thus, the possibility that GABA and GHB may serve as components of the signaling pathways 

responsible for the injury cannot be excluded. Perhaps alanine has a signaling role in response to 

abiotic stress, but no evidence yet exists to support this contention.  

It is also possible that the response of GHB in apples during CA storage was complicated 

by multiple sources of GHB. The presence of GHB in the gaba-t and glyr1/glyr2 mutant of 

Arabidopsis in the absence or presence of added stress suggests that GABA-derived SSA is not 

the sole source of GHB in plants. Lipid peroxidation is induced by the generation of ROS during 

both chilling and salinity; however, few studies have determined ROS levels and redox 
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conditions of the cell over the rapid timeframes used in the present study. Thus, it is not easy to 

reconcile the different GHB response to salinity and chilling in the glyr1/glyr2 mutant. However, 

there was clear evidence that the anabolic genes responsible for GABA production are 

differentially expressed in response to the two stresses, and that the early stress response differed 

from the later stress response generally reported in the literature. Notably, the expression of both 

GLYR1 and GLYR2 was not upregulated during application of either stress, suggesting that the 

GHB levels are controlled at least in part, by biochemical mechanisms, possible cellular redox 

balance, and an unidentified pathway that does not involve GABA. 

The fate and role of GHB remain elusive. Negative results for GHB-dependent SSA and 

NAD(P)H production in cell-free leaf extracts from Arabidopsis, in combination with the 

differential phenotypes produced by GHB and SSA feeding, suggest that there is a novel enzyme 

or pathway responsible for GHB catabolism. Here, it was not possible to exclude the possibility 

that GABA and GHB serve as signals in apple fruit, but it was shown that the exogenous 

application of GHB results in a chlorotic phenotype similar to that seen previously by supplying 

GABA. The structural similarity of these two compounds could allow for interactions with 

receptors, leading to similar downstream effects.  

Future studies of the importance of alternative pathways for GHB production in 

Arabidopsis could involve lipid peroxidation. Analysis of NAD(P)H/NAD(P)
+
 and SSA 

concentrations would provide additional information about the cellular environment favourable 

for GHB production, given its apparent links to redox conditions and SSA diversion from 

SSADH. Use of GHB feeding in combination with high throughput screening of gene expression 

in the various mutants might provide clues to the identification of genes involved in GHB 

catabolism and signalling in future. 
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APPENDICES 
 

Appendix A. Materials and Methods 

 

A.1. Analysis of gene expression in Arabidopsis 

 

 

Table A.1.1. Primers for qPCR. 

Gene (locus) Forward primer Reverse primer 

GAD1 (AT5G17330) 5′-cgctgagagacttgtgatcg-3′ 5′-ttcttcaccgtgaccatcaa-3′ 

GAD2 (AT1G65960) 5′-acactcgcggagagacttgt-3′ 5′-ccatcagaatctccttctcca-3′ 

GAD3 (AT2G02000) 5′-gccaagatggctagtggaaa-3′ 5′-ggtaatacttgctactaacggaacg-3′ 

GAD4 (AT2G02010) 5′-gttcacgccaagatggctaa-3′ 5′-gcaaattgtgttcttgttggtc-3′ 

GAD5 (AT3G17760) 5′-cgaggccttgcagatagact-3′ 5′-ggacatcttggcagtcttcac-3′ 

GABA-T (AT3G22200) 5′-caataaatctccgaacgaaccat-3′ 5′-tccaaagaatgcgccaaca-3′ 

GLYR1 (AT3G25530) 5′-gcatggtgcatcagtatgtg-3′ 5′-aaagagcagcacaaggatca-3′ 

GLYR2 (AT1G17650) 5′-gagcaaatgtgatcctctcg-3′ 5′-caagcattgcaaatgtgaga-3′ 

SSADH (AT1G79440) 5′-aaaaccgaggaggacgctat-3′ 5′-tcgttcacccctacaagtcc-3′ 

Elongation factor-1 (AT5G60390) 5′-tgacaggcgttctggtaagga-3′ 5′-ccagcgtcaccattcttcaa-3′ 

 

 

  
  

http://www.arabidopsis.org/servlets/TairObject?id=133708&type=locus
http://www.arabidopsis.org/servlets/TairObject?id=27101&type=locus
http://www.arabidopsis.org/servlets/TairObject?id=31675&type=locus
http://www.arabidopsis.org/servlets/TairObject?id=31677&type=locus
http://www.arabidopsis.org/servlets/TairObject?id=38319&type=locus
http://www.arabidopsis.org/servlets/TairObject?id=38432&type=locus
http://www.arabidopsis.org/servlets/TairObject?id=39139&type=locus
http://www.arabidopsis.org/servlets/TairObject?id=26793&type=locus
http://www.arabidopsis.org/servlets/TairObject?id=137871&type=locus
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A.2. Creating standards and standard curves for GHB analysis 

 

 1 g L
-1

 stock solutions of GHB (Sigma) and GHB-d6 (C/D/N Isotopes) were each 

generated by dissolving the appropriate compound in HPLC-grade water. 25 µL of the stock 

solution was mixed with 975 µL of HPLC-grade water, followed by a number of 500 µL serial 

dilutions in HPLC-grade water to produce a set of GHB solutions in the µg L
-1

 range (~6 to 195 

pg µL
-1 

range used here). 50 µL of each GHB solution was pipetted into glass inserts (Fisher) 

accompanied by 15 µL of a 195 pg µL
-1 

GHB-d6 solution. To account for matrix effects, 120 µL 

of Arabidopsis or apple extracts was added to each glass insert. These were dried down, 

derivatized, and injected onto the GC-MS-MS alongside Arabidopsis and apples samples as 

described in section 2.4.  

To create the calibration curve, the ratio of the peak area of GHB to the peak area of 

GHB-d6 was plotted against the amount of GHB injected for each standard. To determine the 

amount of GHB present in the tissue, the ratio of the peak area of GHB to the peak area of GHB-

d6 was determined and substituted in the equation of the calibration curve to calculate the 

amount of GHB injected. For apple samples, 0.19 pmol of GHB was subtracted from this value 

to account for the exogenous GHB added during extraction. One standard and one blank are run 

every 5 to 6 samples. Use of an isotopic internal standard allows for corrections stemming from 

extraction efficiency, degree of derivatization, and any small changes in chromatography or 

detection due to its structural resemblance and small difference in mass (Skoog et al., 1998). 
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Figure A.2.1. Calibration curves used for ‘Empire’ apple GHB analyses. A) 3 °C, 5 kPa CO2 

(y=5.10x, R
2
=0.997). B) 0 °C, 5 kPa CO2 (y=4.66x R

2
=0.997). C) 0 °C, 0.03 kPa CO2 and 3 °C 

and 0.03 kPa CO2 (y=5.22x, R
2
=0.992).  
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Figure A.2.2. Calibration curves used for GHB analysis in salinity stress experiment with 

Arabidopsis for A) WT, glyr1/glyr2, GLYR1 Ox (y=2.34x, R
2
=0.994) and B) gaba-t, GABA-T 

Ox (y=2.22x, R
2
=0.999).  
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Figure A.2.3. Calibration curve used for GHB analysis in chilling experiment with Arabidopsis 

(y=2.55x, R
2
=0.991).  
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A.3. GHB enzymatic assay in Arabidopsis 

 

 WT Col plants were surface-sterilized by vapour phase as described by Clough and Bent 

(1998) for 4 h and grown in solid half-strength MS medium for one week at 22/18 °C day/night 

under a 12-h photoperiod in a controlled environment growth chamber (Econair TC-19, 

Winnipeg, Manitoba, Canada) illuminated by fluorescent lighting (Sylvania, Mississauaga, 

Canada) at a photosynthetic photon flux density (PPFD) of 150 µmol m
-2

 s
-1 

and 65% relative 

humidity for 3 weeks in another growth chamber (Econair GC8-2H, Winnipeg, Manitoba, 

Canada). Seedlings were then transferred to Sunshine LC1 potting mix and grown under the 

same conditions for another two weeks, then transferred to 4 °C in a Kelvinator refrigerated 

cabinet for 6 h to 18 h overnight. 4 g of fresh Arabidopsis leaves was collected and homogenized 

with a chilled mortar and pestle in 10 mL of 50 mM Hepes buffer (Fisher) (pH 7.5, containing 

10% (w/v) glycerol (Fisher), 5 mM DTT, and 2 mM GSH designated as the reaction buffer), one 

half of a cOmplete protease inhibitor cocktail tablet (Roche), and 1% (w/v) 

polyvinylpyrrolidone. The homogenate was centrifuged at 15 000 g for 10 min at 4 °C and put 

through a 0.45 µm filter. Protein was precipitated by adding 4.36 g of (NH4)2SO4 (Fisher) to the 

supernantant on ice over a 30 min period of stirring to give 70% saturation, followed by 

centrifugation at 16 000 g for 20 min at 4 °C. The resulting pellet was resuspended in 3 mL of 

extraction buffer and desalted in small volumes using 0.5 mL Amicon Ultra Centrifugal Filters 

(EMD Millipore, USA) as per the manufacturer’s instructions. Recovered protein was 

resuspended in reaction buffer to make 1 mL of extract. Each 1 mL reaction contained 2 to 100 

µL of plant extract (~8.9 μg protein/μL as determined by the Bradford assay (Bradford, 1976), 

500 µL of reaction buffer, 1 mM α-ketoglutarate, 0.5 mM NAD(P)
+
, 1 U of bacterial NADP

+
-

dependent SSADH (Trobacher et al., 2013a), 1 mM glucuronic acid, 1 to 10 mM GHB (Fig. 
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A.3.1) and Milli-Q water as appropriate. The production of NAD(P)H was monitored via 

spectrophotometer (SPECTRAmax PLUS 384, Molecular Devices) at 340 nm and 30 °C. 

Alternatively, all components were also placed in microfuge tubes and the assays were allowed 

to proceed for 5, 10, or 15 min. 25 or 100 uL of concentrated HCl were used to stop the reaction, 

followed by incubation with 0.5 mL of 0.1 M phenyhydrazine-HCl (Kodak) solution for 10 min. 

This method was modified from Streeter and Thompson (1972b). SSA production was monitored 

as the formation of the hydrazone derivative using a spectrophotometer at 324 nm. All chemicals 

were obtained from Sigma-Aldrich unless otherwise specified. 
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NAD(P)
+
-Linked GHB Oxidation 

 

 

 

 

 

 

 

SSADH-Coupled Assay 

 

 

 

 

 

 

 

 

Figure A.3.1. NAD(P)
+
 linked GHB oxidation and SSADH coupled assays tested. 

Succinate TCA Cycle GHB SSA 

α-KG D-2-HG 
SSADH 

NADP+
 NADPH 

NADPH 

Glucuronate Gulonate 

GHB SSA 

NADP+ NADPH 

NAD(P)+ NAD(P)H 
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Appendix B. Supplementary Results 

 

 

Table B.1. Maturity indices of ‘Honeycrisp’ apples harvested on September 7, 2010. All values 

are the mean of ten fruit ± SE, with the exception of soluble solids and titratable acidity which 

were generated from a pooled sample of ten fruit. 

 

Internal ethylene  

(L L
-1

) 

Firmness (lbs 

force) 

Starch index 

(1-8) 

Soluble solids  

(%) 

Titratable Acidity 

(mg/100 mL juice) 

     

12.7 ± 0.4 14.3 ± 3.2 7.3 ± 0.2 11.8 503 
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Appendix C. ANOVA Tables 

 

C.1. 2010 ‘Honeycrisp’ Experiment 

C.1.1. ANOVA tables for treatments at 20 °C 

 

Table C.1.1.1. ANOVA for the effects of storage time, 1-MCP, and CO2 on incidence of internal 

disorders in ‘Honeycrisp’ apple fruit stored at 20 °C. 

 

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   0.004583 0.007645 0.60 0.2744 

Storage Time MCP × Rm 0.001116 0.003067 0.36 0.7160 

Residual  0.021690 0.005113 4.24 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  3 36 6.80 0.0009 

MCP  1 11 3.35 0.0945 

CO2  1 11 6.61 0.0260 

Storage Time × MCP  3 36 1.73 0.1774 

Storage Time × CO2  3 36 2.87 0.0498 

MCP × CO2   1 11 0.27 0.6158 

Storage Time × MCP × CO2  3 36 0.29 0.8333 

 

 

Table C.1.1.2. ANOVA for the effects of storage time, 1-MCP, and CO2 on TAA (nmol g
-1

 FW) 

in ‘Honeycrisp’ apple fruit stored at 20 °C. 

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   200235 374699 0.53 0.2965 

Storage Time MCP × Rm 164760 233206 0.71 0.4799 

Residual  1389383 327481 4.24 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  3 36 39.77 0.0001 

MCP  1 11 2.01 0.1844 

CO2  1 11 1.02 0.3348 

Storage Time × MCP  3 36 1.74 0.1755 

Storage Time × CO2  3 36 4.64 0.0076 

MCP × CO2   1 11 3.55 0.0861 

Storage Time × MCP × CO2  3 36 1.63 0.2002 
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Table C.1.1.3. ANOVA for the effects of storage time, 1-MCP, and CO2 on GABA (mol % 

TAA) in ‘Honeycrisp’ apple fruit stored at 20 °C. 

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   0.000020 0.000044 0.44 0.3283 

Storage Time MCP × Rm 0.000041 0.000041 1.00 0.3178 

Residual  0.000202 0.000048 4.24 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  3 36 575.89 <.0001 

MCP  1 11 26.96 0.0003 

CO2  1 11 4.68 0.0534 

Storage Time × MCP  3 36 10.80 <.0001 

Storage Time × CO2  3 36 1.62 0.2019 

MCP × CO2   1 11 1.60 0.2325 

Storage Time × MCP × CO2  3 36 0.35 0.7913 

 

 

 

 

Table C.1.1.4. ANOVA for the effects of storage time, 1-MCP, and CO2 on glutamate (mol % 

TAA) in ‘Honeycrisp’ apple fruit stored at 20 °C. 

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   0.000056 0.000156 0.36 0.3585 

Storage Time MCP × Rm 0.000199 0.000187 1.06 0.2874 

Residual  0.000886 0.000209 4.24 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  3 36 588.35 <.0001 

MCP  1 11 26.19 0.0003 

CO2  1 11 0.05 0.8347 

Storage Time × MCP  3 36 8.35 0.0002 

Storage Time × CO2  3 36 3.33 0.0302 

MCP × CO2   1 11 1.06 0.3261 

Storage Time × MCP × CO2  3 36 1.35 0.2723 
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Table C.1.1.5. ANOVA for the effects of storage time, 1-MCP, and CO2 on aspartate (mol % 

TAA) in ‘Honeycrisp’ apple fruit stored at 20 °C. 

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   0.000123 0.000306 0.40 0.3443 

Storage Time MCP × Rm 0.000426 0.000322 1.32 0.1859 

Residual  0.001239 0.000292 4.24 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  3 36 800.99 <.0001 

MCP  1 11 9.42 0.0107 

CO2  1 11 0.08 0.7873 

Storage Time × MCP  3 36 7.37 0.0006 

Storage Time × CO2  3 36 3.53 0.0244 

MCP × CO2   1 11 3.61 0.0841 

Storage Time × MCP × CO2  3 36 2.12 0.1150 

 

 

 

 

Table C.1.1.6. ANOVA for the effects of storage time, 1-MCP, and CO2 on asparagine (mol % 

TAA) in ‘Honeycrisp’ apple fruit stored at 20 °C. 

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   0.000869 0.001724 0.50 0.3070 

Storage Time MCP × Rm 0.001469 0.001216 1.21 0.2269 

Residual  0.005166 0.001218 4.24 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  3 36 349.18 <.0001 

MCP  1 11 13.46 0.0037 

CO2  1 11 0.81 0.3883 

Storage Time × MCP  3 36 3.98 0.0151 

Storage Time × CO2  3 36 5.81 0.0024 

MCP × CO2   1 11 3.80 0.0773 

Storage Time × MCP × CO2  3 36 2.19 0.1056 
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Table C.1.1.7. ANOVA for the effects of storage time, 1-MCP, and CO2 on glutamine (mol % 

TAA) in ‘Honeycrisp’ apple fruit stored at 20 °C.. 

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   4.229E-6 0.000013 0.32 0.3755 

Storage Time MCP × Rm 0.000016 0.000018 0.90 0.3660 

Residual  0.000096 0.000023 4.24 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  3 36 576.03 <.0001 

MCP  1 11 5.54 0.0383 

CO2  1 11 5.69 0.0361 

Storage Time × MCP  3 36 5.88 0.0023 

Storage Time × CO2  3 36 4.09 0.0135 

MCP × CO2   1 11 2.02 0.1826 

Storage Time × MCP × CO2  3 36 0.91 0.4450 

 

 

 

 

Table C.1.1.8. ANOVA for the effects of storage time, 1-MCP, and CO2 on alanine (mol % 

TAA) in ‘Honeycrisp’ apple fruit stored at 20 °C. 

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   0.000029 0.000045 0.64 0.2595 

Storage Time MCP × Rm -0.00001 0.000012 -0.91 0.3611 

Residual  0.000134 0.000032 4.24 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  3 36 1084.66 <.0001 

MCP  1 11 43.13 <.0001 

CO2  1 11 7.80 0.0175 

Storage Time × MCP  3 36 21.16 <.0001 

Storage Time × CO2  3 36 1.94 0.1402 

MCP × CO2   1 11 0.82 0.3852 

Storage Time × MCP × CO2  3 36 2.54 0.0715 
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Table C.1.1.9. ANOVA for the effects of storage time, 1-MCP, and CO2 on glycine (mol % 

TAA) in ‘Honeycrisp’ apple fruit stored at 20 °C. 

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   0.000059 0.000090 0.66 0.2559 

Storage Time MCP × Rm -4.16E-6 0.000018 -0.23 0.8205 

Residual  0.000163 0.000038 4.24 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  3 36 388.54 <.0001 

MCP  1 11 10.03 0.0090 

CO2  1 11 10.26 0.0084 

Storage Time × MCP  3 36 1.70 0.1849 

Storage Time × CO2  3 36 3.32 0.0306 

MCP × CO2   1 11 9.92 0.0092 

Storage Time × MCP × CO2  3 36 1.35 0.2741 

 

 

 

 

Table C.1.1.10. ANOVA for the effects of storage time, 1-MCP, and CO2 on serine (mol % 

TAA) in ‘Honeycrisp’ apple fruit stored at 20 °C. 

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   0.000058 0.000095 0.61 0.2705 

Storage Time MCP × Rm 0.000014 0.000034 0.40 0.6870 

Residual  0.000234 0.000055 4.24 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  3 36 857.13 <.0001 

MCP  1 11 7.17 0.0215 

CO2  1 11 18.49 0.0013 

Storage Time × MCP  3 36 1.44 0.2481 

Storage Time × CO2  3 36 9.81 <.0001 

MCP × CO2   1 11 3.69 0.0810 

Storage Time × MCP × CO2  3 36 1.20 0.3230 
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Table C.1.1.11. ANOVA for the effects of storage time, 1-MCP, and CO2 on histidine (mol % 

TAA) in ‘Honeycrisp’ apple fruit stored at 20 °C. 

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   0.000010 0.000020 0.51 0.3058 

Storage Time MCP × Rm 0.000014 0.000014 1.01 0.3127 

Residual  0.000069 0.000016 4.24 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  3 36 563.19 <.0001 

MCP  1 11 1.00 0.3396 

CO2  1 11 4.85 0.0498 

Storage Time × MCP  3 36 3.59 0.0228 

Storage Time × CO2  3 36 5.57 0.0030 

MCP × CO2   1 11 1.69 0.2206 

Storage Time × MCP × CO2  3 36 0.35 0.7899 

 

 

 

 

Table C.1.1.12. ANOVA for the effects of storage time, 1-MCP, and CO2 on threonine (mol % 

TAA) in ‘Honeycrisp’ apple fruit stored at 20 °C. 

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   0.000017 0.000031 0.56 0.2861 

Storage Time MCP × Rm 0.000018 0.000015 1.21 0.2274 

Residual  0.000065 0.000015 4.24 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  3 36 1149.91 <.0001 

MCP  1 11 18.15 0.0013 

CO2  1 11 1.71 0.2176 

Storage Time × MCP  3 36 4.87 0.0061 

Storage Time × CO2  3 36 5.54 0.0031 

MCP × CO2   1 11 2.03 0.1820 

Storage Time × MCP × CO2  3 36 0.72 0.5447 
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Table C.1.1.13. ANOVA for the effects of storage time, 1-MCP, and CO2 on tyrosine (mol % 

TAA) in ‘Honeycrisp’ apple fruit stored at 20 °C. 

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   9.372E-6 0.000015 0.63 0.2649 

Storage Time MCP × Rm 4.461E-6 4.16E-6 1.07 0.2836 

Residual  0.000020 4.63E-6 4.24 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  3 36 470.65 <.0001 

MCP  1 11 2.94 0.1147 

CO2  1 11 3.64 0.0830 

Storage Time × MCP  3 36 6.70 0.0010 

Storage Time × CO2  3 36 4.70 0.0072 

MCP × CO2   1 11 4.07 0.0687 

Storage Time × MCP × CO2  3 36 1.07 0.3739 

 

 

 

 

Table C.1.1.14. ANOVA for the effects of storage time, 1-MCP, and CO2 on cysteine (mol % 

TAA) in ‘Honeycrisp’ apple fruit stored at 20 °C. 

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   0.000022 0.000035 0.64 0.2600 

Storage Time MCP × Rm -1.63E-6 8.845E-6 -0.18 0.8535 

Residual  0.000078 0.000018 4.24 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  3 36 412.65 <.0001 

MCP  1 11 11.61 0.0059 

CO2  1 11 9.13 0.0116 

Storage Time × MCP  3 36 1.71 0.1815 

Storage Time × CO2  3 36 3.13 0.0377 

MCP × CO2   1 11 8.50 0.0141 

Storage Time × MCP × CO2  3 36 1.16 0.3381 
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Table C.1.1.15. ANOVA for the effects of storage time, 1-MCP, and CO2 on valine (mol % 

TAA) in ‘Honeycrisp’ apple fruit stored at 20 °C. 

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   0.000022 0.000052 0.42 0.3372 

Storage Time MCP × Rm 0.000071 0.000051 1.39 0.1646 

Residual  0.000185 0.000044 4.24 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  3 36 462.94 <.0001 

MCP  1 11 3.53 0.0871 

CO2  1 11 9.54 0.0103 

Storage Time × MCP  3 36 5.41 0.0035 

Storage Time × CO2  3 36 12.58 <.0001 

MCP × CO2   1 11 3.86 0.0753 

Storage Time × MCP × CO2  3 36 1.30 0.2896 

 

 

 

 

Table C.1.1.16. ANOVA for the effects of storage time, 1-MCP, and CO2 on methionine (mol % 

TAA) in ‘Honeycrisp’ apple fruit stored at 20 °C. 

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   3.07E-6 8.01E-6 0.38 0.3508 

Storage Time MCP × Rm 0.000011 8.957E-6 1.21 0.2281 

Residual  0.000038 8.992E-6 4.24 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  3 36 538.64 <.0001 

MCP  1 11 6.29 0.0291 

CO2  1 11 9.84 0.0095 

Storage Time × MCP  3 36 4.99 0.0054 

Storage Time × CO2  3 36 10.29 <.0001 

MCP × CO2   1 11 4.43 0.0591 

Storage Time × MCP × CO2  3 36 1.43 0.2502 
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Table C.1.1.17. ANOVA for the effects of storage time, 1-MCP, and CO2 on phenylalanine (mol 

% TAA) in ‘Honeycrisp’ apple fruit stored at 20 °C. 

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   0 . . . 

Storage Time MCP × Rm 0.000022 0.000016 1.34 0.1818 

Residual  0.000067 0.000016 4.24 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  3 36 182.03 <.0001 

MCP  1 12 0.00 0.9873 

CO2  1 12 4.11 0.0656 

Storage Time × MCP  3 36 26.91 <.0001 

Storage Time × CO2  3 36 7.09 0.0007 

MCP × CO2   1 12 4.50 0.0553 

Storage Time × MCP × CO2  3 36 1.64 0.1973 

 

 

 

 

Table C.1.1.18. ANOVA for the effects of storage time, 1-MCP, and CO2 on isoleucine (mol % 

TAA) in ‘Honeycrisp’ apple fruit stored at 20 °C. 

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   1.422E-6 0.000019 0.07 0.4705 

Storage Time MCP × Rm 0.000033 0.000042 0.78 0.4372 

Residual  0.000243 0.000057 4.24 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  3 36 333.39 <.0001 

MCP  1 11 4.09 0.0683 

CO2  1 11 4.90 0.0490 

Storage Time × MCP  3 36 1.12 0.3556 

Storage Time × CO2  3 36 5.47 0.0033 

MCP × CO2   1 11 3.55 0.0864 

Storage Time × MCP × CO2  3 36 1.22 0.3178 
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Table C.1.1.19. ANOVA for the effects of storage time, 1-MCP, and CO2 on leucine (mol % 

TAA) in ‘Honeycrisp’ apple fruit stored at 20 °C. 

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   2.197E-6 0.000013 0.16 0.4345 

Storage Time MCP × Rm 0.000033 0.000024 1.37 0.1716 

Residual  0.000090 0.000021 4.24 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  3 36 440.45 <.0001 

MCP  1 11 4.58 0.0556 

CO2  1 11 5.10 0.0453 

Storage Time × MCP  3 36 10.59 <.0001 

Storage Time × CO2  3 36 5.19 0.0044 

MCP × CO2   1 11 3.24 0.0995 

Storage Time × MCP × CO2  3 36 1.13 0.3491 

 

 

 

 

Table C.1.1.20. ANOVA for the effects of storage time, 1-MCP, and CO2 on lysine (mol % 

TAA) in ‘Honeycrisp’ apple fruit stored at 20 °C. 

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   4.706E-6 0.000018 0.26 0.3992 

Storage Time MCP × Rm 0.000035 0.000028 1.25 0.2122 

Residual  0.000117 0.000028 4.24 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  3 36 368.31 <.0001 

MCP  1 11 18.68 0.0012 

CO2  1 11 2.95 0.1136 

Storage Time × MCP  3 36 15.42 <.0001 

Storage Time × CO2  3 36 5.20 0.0044 

MCP × CO2   1 11 5.26 0.0426 

Storage Time × MCP × CO2  3 36 2.07 0.1220 
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Table C.1.1.21. ANOVA for the effects of storage time, 1-MCP, and CO2 on arginine (mol % 

TAA) in ‘Honeycrisp’ apple fruit stored at 20 °C. 

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   1.342E-6 5.210E-6 0.26 0.3984 

Storage Time MCP × Rm 5.992E-6 8.287E-6 0.72 0.4697 

Residual  0.000049 0.000012 4.24 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  3 36 532.71 <.0001 

MCP  1 11 0.33 0.5763 

CO2  1 11 6.95 0.0231 

Storage Time × MCP  3 36 3.96 0.0154 

Storage Time × CO2  3 36 4.61 0.0078 

MCP × CO2   1 11 1.29 0.2794 

Storage Time × MCP × CO2  3 36 0.82 0.4922 

 

 

 

Appendix C.1.2. ANOVA tables for treatments at 3 °C 

 

Table C.1.2.1. ANOVA for the effects of storage time, 1-MCP, and CO2 on incidence of internal 

disorders in ‘Honeycrisp’ apple fruit stored at 3 °C. 

 

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   0 . . . 

Storage Time MCP × Rm 0.007839 0.005474 1.43 0.1521 

Residual  0.037730 0.006289 6.00 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  6 72 4.85 0.0003 

MCP  1 12 2.06 0.1766 

CO2  1 12 7.99 0.0153 

Storage Time × MCP  6 72 0.96 0.4566 

Storage Time × CO2  6 72 1.90 0.0917 

MCP × CO2   1 12 2.72 0.1250 

Storage Time × MCP × CO2  6 72 0.58 0.7416 
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Table C.1.2.2. ANOVA for the effects of storage time, 1-MCP, and CO2 on incidence of 

external disorders in ‘Honeycrisp’ apple fruit stored at 3 °C. 

 

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   0.000082 0.000243 0.34 0.3674 

Storage Time MCP × Rm 0.000297 0.000305 0.97 0.3310 

Residual  0.002812 0.000469 6.00 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  6 72 0.75 0.6114 

MCP  1 11 0.22 0.6514 

CO2  1 11 1.94 0.1911 

Storage Time × MCP  6 72 1.25 0.2915 

Storage Time × CO2  6 72 0.75 0.6114 

MCP × CO2   1 11 0.22 0.6514 

Storage Time × MCP × CO2  6 72 1.25 0.2915 

 

 

 

Table C.1.2.3. ANOVA for the effects of storage time, 1-MCP, and CO2 on TAA (nmol g
-1

 FW) 

in ‘Honeycrisp’ apple fruit stored at 3 °C.  

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   0 . . . 

Storage Time MCP × Rm 111389 125855 0.89 0.3761 

Residual  1311136 218523 6.00 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  6 72 17.53 <.0001 

MCP  1 12 3.81 0.0747 

CO2  1 12 3.13 0.1022 

Storage Time × MCP  6 72 0.37 0.8942 

Storage Time × CO2  6 72 0.67 0.6715 

MCP × CO2   1 12 0.58 0.4610 

Storage Time × MCP × CO2  6 72 0.28 0.9427 
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Table C.1.2.4. ANOVA for the effects of storage time, 1-MCP, and CO2 on GABA (mol % 

TAA) in ‘Honeycrisp’ apple fruit stored at 3 °C. 

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   0 . . . 

Storage Time MCP × Rm 0.000086 0.000071 1.22 0.2232 

Residual  0.000585 0.000098 6.00 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  6 72 108.02 <.0001 

MCP  1 12 6.10 0.0295 

CO2  1 12 35.40 <.0001 

Storage Time × MCP  6 72 1.02 0.4219 

Storage Time × CO2  6 72 8.77 <.0001 

MCP × CO2   1 12 1.02 0.3331 

Storage Time × MCP × CO2  6 72 1.43 0.2167 

 

 

 

 

Table C.1.2.5. ANOVA for the effects of storage time, 1-MCP, and CO2 on glutamate (mol % 

TAA) in ‘Honeycrisp’ apple fruit stored at 3 °C. 

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   0.000014 0.000061 0.22 0.4125 

Storage Time MCP × Rm 0.000023 0.000104 0.22 0.8252 

Residual  0.001451 0.000242 6.00 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  6 72 190.34 <.0001 

MCP  1 11 4.84 0.0501 

CO2  1 11 6.66 0.0255 

Storage Time × MCP  6 72 1.59 0.1630 

Storage Time × CO2  6 72 2.73 0.0190 

MCP × CO2   1 11 1.91 0.1941 

Storage Time × MCP × CO2  6 72 0.26 0.9517 
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Table C.1.2.6. ANOVA for the effects of storage time, 1-MCP, and CO2 on aspartate (mol % 

TAA) in ‘Honeycrisp’ apple fruit stored at 3 °C. 

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   0 . . . 

Storage Time MCP × Rm 0.000078 0.000132 0.59 0.5531 

Residual  0.001614 0.000269 6.00 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  6 72 450.75 <.0001 

MCP  1 12 0.52 0.4839 

CO2  1 12 25.87 0.0003 

Storage Time × MCP  6 72 4.38 0.0008 

Storage Time × CO2  6 72 1.06 0.3970 

MCP × CO2   1 12 3.22 0.0979 

Storage Time × MCP × CO2  6 72 2.17 0.0559 

 

 

 

 

Table C.1.2.7. ANOVA for the effects of storage time, 1-MCP, and CO2 on asparagine (mol % 

TAA) in ‘Honeycrisp’ apple fruit stored at 3 °C. 

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   0 . . . 

Storage Time MCP × Rm 0.000810 0.000854 0.95 0.3427 

Residual  0.008553 0.001426 6.00 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  6 72 96.33 <.0001 

MCP  1 12 0.33 0.5780 

CO2  1 12 0.12 0.7311 

Storage Time × MCP  6 72 0.96 0.4582 

Storage Time × CO2  6 72 0.44 0.8486 

MCP × CO2   1 12 0.20 0.6645 

Storage Time × MCP × CO2  6 72 0.90 0.4973 
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Table C.1.2.8. ANOVA for the effects of storage time, 1-MCP, and CO2 on glutamine (mol % 

TAA) in ‘Honeycrisp’ apple fruit stored at 3 °C. 

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   0 . . . 

Storage Time MCP × Rm 0.000013 0.000014 0.93 0.3527 

Residual  0.000138 0.000023 6.00 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  6 72 367.02 <.0001 

MCP  1 12 12.43 0.0042 

CO2  1 12 0.09 0.7702 

Storage Time × MCP  6 72 2.52 0.0288 

Storage Time × CO2  6 72 3.55 0.0039 

MCP × CO2   1 12 0.55 0.4739 

Storage Time × MCP × CO2  6 72 0.80 0.5764 

 

 

 

 

Table C.1.2.9. ANOVA for the effects of storage time, 1-MCP, and CO2 on alanine (mol % 

TAA) at in ‘Honeycrisp’ apple fruit stored at 3 °C. 

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   0.000046 0.000077 0.60 0.2748 

Storage Time MCP × Rm 0.000019 0.000030 0.64 0.5244 

Residual  0.000336 0.000056 6.00 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  6 72 263.27 <.0001 

MCP  1 11 3.81 0.0769 

CO2  1 11 30.07 0.0002 

Storage Time × MCP  6 72 0.79 0.5784 

Storage Time × CO2  6 72 1.76 0.1191 

MCP × CO2   1 11 0.74 0.4074 

Storage Time × MCP × CO2  6 72 1.00 0.4350 
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Table C.1.2.10. ANOVA for the effects of storage time, 1-MCP, and CO2 on glycine (mol % 

TAA) in ‘Honeycrisp’ apple fruit stored at 3 °C. 

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   0 . . . 

Storage Time MCP × Rm 0.000032 0.000028 1.15 0.2519 

Residual  0.000246 0.000041 6.00 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  6 72 160.12 <.0001 

MCP  1 12 1.76 0.2092 

CO2  1 12 15.81 0.0018 

Storage Time × MCP  6 72 0.52 0.7920 

Storage Time × CO2  6 72 4.54 0.0006 

MCP × CO2   1 12 0.97 0.3448 

Storage Time × MCP × CO2  6 72 0.25 0.9584 

 

 

 

 

Table C.1.2.11. ANOVA for the effects of storage time, 1-MCP, and CO2 on serine (mol % 

TAA) in ‘Honeycrisp’ apple fruit stored at 3 °C. 

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   0 . . . 

Storage Time MCP × Rm 0.000034 0.000032 1.08 0.2802 

Residual  0.000290 0.000048 6.00 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  6 72 551.03 <.0001 

MCP  1 12 6.46 0.0258 

CO2  1 12 0.00 0.9554 

Storage Time × MCP  6 72 2.67 0.0213 

Storage Time × CO2  6 72 3.70 0.0029 

MCP × CO2   1 12 1.13 0.3090 

Storage Time × MCP × CO2  6 72 1.14 0.3487 
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Table C.1.2.12. ANOVA for the effects of storage time, 1-MCP, and CO2 on histidine (mol % 

TAA) in ‘Honeycrisp’ apple fruit stored at 3 °C. 

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   0 . . . 

Storage Time MCP × Rm 6.053E-6 5.784E-6 1.05 0.2954 

Residual  0.000054 9.050E-6 6.00 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  6 72 349.16 <.0001 

MCP  1 12 1.78 0.2071 

CO2  1 12 2.19 0.1651 

Storage Time × MCP  6 72 0.53 0.7829 

Storage Time × CO2  6 72 2.01 0.0753 

MCP × CO2   1 12 2.68 0.1273 

Storage Time × MCP × CO2  6 72 0.93 0.4777 

 

 

 

 

Table C.1.2.13. ANOVA for the effects of storage time, 1-MCP, and CO2 on threonine (mol % 

TAA) in ‘Honeycrisp’ apple fruit stored at 3 °C. 

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   0 . . . 

Storage Time MCP × Rm 0.000013 9.447E-6 1.43 0.1537 

Residual  0.000065 0.000011 6.00 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  6 72 627.08 <.0001 

MCP  1 12 15.17 0.0021 

CO2  1 12 14.44 0.0025 

Storage Time × MCP  6 72 1.31 0.2631 

Storage Time × CO2  6 72 1.32 0.2599 

MCP × CO2   1 12 0.39 0.5442 

Storage Time × MCP × CO2  6 72 0.11 0.9949 
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Table C.1.2.14. ANOVA for the effects of storage time, 1-MCP, and CO2 on tyrosine (mol % 

TAA) in ‘Honeycrisp’ apple fruit stored at 3 °C. 

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   0 . . . 

Storage Time MCP × Rm 3.168E-6 3.054E-6 1.04 0.2995 

Residual  0.000029 4.808E-6 6.00 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  6 72 179.26 <.0001 

MCP  1 12 0.54 0.4775 

CO2  1 12 5.88 0.0321 

Storage Time × MCP  6 72 0.38 0.8875 

Storage Time × CO2  6 72 10.08 <.0001 

MCP × CO2   1 12 1.22 0.2917 

Storage Time × MCP × CO2  6 72 0.32 0.9264 

 

 

 

 

Table C.1.2.15. ANOVA for the effects of storage time, 1-MCP, and CO2 on cysteine (mol % 

TAA) in ‘Honeycrisp’ apple fruit stored at 3 °C. 

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   0 . . . 

Storage Time MCP × Rm 0.000011 0.000010 1.08 0.2781 

Residual  0.000095 0.000016 6.00 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  6 72 200.28 <.0001 

MCP  1 12 5.98 0.0308 

CO2  1 12 9.87 0.0085 

Storage Time × MCP  6 72 0.48 0.8201 

Storage Time × CO2  6 72 5.68 <.0001 

MCP × CO2   1 12 0.94 0.3510 

Storage Time × MCP × CO2  6 72 0.19 0.9799 
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Table C.1.2.16. ANOVA for the effects of storage time, 1-MCP, and CO2 on valine (mol % 

TAA) in ‘Honeycrisp’ apple fruit stored at 3 °C. 

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   0 . . . 

Storage Time MCP × Rm 0.000016 0.000016 1.03 0.3041 

Residual  0.000150 0.000025 6.00 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  6 72 334.86 <.0001 

MCP  1 12 2.29 0.1565 

CO2  1 12 2.21 0.1632 

Storage Time × MCP  6 72 0.29 0.9383 

Storage Time × CO2  6 72 1.29 0.2727 

MCP × CO2   1 12 1.79 0.2059 

Storage Time × MCP × CO2  6 72 2.13 0.0597 

 

 

 

 

Table C.1.2.17. ANOVA for the effects of storage time, 1-MCP, and CO2 on methionine (mol % 

TAA) in ‘Honeycrisp’ apple fruit stored at 3 °C. 

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   2.807E-6 5.064E-6 0.55 0.2897 

Storage Time MCP × Rm 1.739E-6 2.716E-6 0.64 0.5220 

Residual  0.000031 5.128E-6 6.00 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  6 72 288.48 <.0001 

MCP  1 11 24.93 0.0004 

CO2  1 11 11.16 0.0066 

Storage Time × MCP  6 72 1.61 0.1576 

Storage Time × CO2  6 72 4.84 0.0003 

MCP × CO2   1 11 0.21 0.6535 

Storage Time × MCP × CO2  6 72 1.76 0.1203 
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Table C.1.2.18. ANOVA for the effects of storage time, 1-MCP, and CO2 on phenylalanine (mol 

% TAA) in ‘Honeycrisp’ apple fruit stored at 3 °C. 

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   3.121E-6 7.173E-6 0.44 0.3318 

Storage Time MCP × Rm 6.861E-6 6.695E-6 1.02 0.3055 

Residual  0.000059 9.901E-6 6.00 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  6 72 279.31 <.0001 

MCP  1 11 43.91 <.0001 

CO2  1 11 4.12 0.0673 

Storage Time × MCP  6 72 7.28 <.0001 

Storage Time × CO2  6 72 3.24 0.0071 

MCP × CO2   1 11 12.34 0.0049 

Storage Time × MCP × CO2  6 72 7.66 <.0001 

 

 

 

 

Table C.1.2.19. ANOVA for the effects of storage time, 1-MCP, and CO2 on isoleucine (mol % 

TAA) in ‘Honeycrisp’ apple fruit stored at 3 °C. 

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   0.000011 0.000027 0.39 0.3484 

Storage Time MCP × Rm 0.000029 0.000030 0.96 0.3367 

Residual  0.000276 0.000046 6.00 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  6 72 221.43 <.0001 

MCP  1 11 19.87 0.0010 

CO2  1 11 26.06 0.0003 

Storage Time × MCP  6 72 1.82 0.1062 

Storage Time × CO2  6 72 5.60 <.0001 

MCP × CO2   1 11 1.71 0.2183 

Storage Time × MCP × CO2  6 72 2.55 0.0267 
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Table C.1.2.20. ANOVA for the effects of storage time, 1-MCP, and CO2 on leucine (mo l% 

TAA) in ‘Honeycrisp’ apple fruit stored at 3 °C. 

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   0 . . . 

Storage Time MCP × Rm 0.000021 0.000013 1.63 0.1025 

Residual  0.000071 0.000012 6.00 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  6 72 368.55 <.0001 

MCP  1 12 0.80 0.3882 

CO2  1 12 0.12 0.7340 

Storage Time × MCP  6 72 1.06 0.3928 

Storage Time × CO2  6 72 4.21 0.0011 

MCP × CO2   1 12 1.02 0.3325 

Storage Time × MCP × CO2  6 72 3.02 0.0109 

 

 

 

 

Table C.1.2.21. ANOVA for the effects of storage time, 1-MCP, and CO2 on lysine (mol % 

TAA) in ‘Honeycrisp’ apple fruit stored at 3 °C. 

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   7.695E-6 0.000012 0.62 0.2688 

Storage Time MCP × Rm 1.458E-6 4.046E-6 0.36 0.7185 

Residual  0.000053 8.818E-6 6.00 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  6 72 269.59 <.0001 

MCP  1 11 58.71 <.0001 

CO2  1 11 0.24 0.6313 

Storage Time × MCP  6 72 3.81 0.0024 

Storage Time × CO2  6 72 4.54 0.0006 

MCP × CO2   1 11 11.04 0.0068 

Storage Time × MCP × CO2  6 72 6.28 <.0001 

 

 

  



154 
 

Table C.1.2.22. ANOVA for the effects of storage time, 1-MCP, and CO2 on arginine (mol % 

TAA) in ‘Honeycrisp’ apple fruit stored at 3 °C. 

Cov Parm 

 

Subject Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr   0 . . . 

Storage Time MCP × Rm 4.967E-6 3.514E-6 1.41 0.1576 

Residual  0.000025 4.108E-6 6.00 <.0001 

Effect  Num df Den df    F-value Pr>F 

Storage Time  6 72 482.23 <.0001 

MCP  1 12 2.07 0.1758 

CO2  1 12 16.49 0.0016 

Storage Time × MCP  6 72 0.67 0.6772 

Storage Time × CO2  6 72 5.32 0.0001 

MCP × CO2   1 12 0.04 0.8402 

Storage Time × MCP × CO2  6 72 0.62 0.7134 
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C.1.3. Correlation tables for treatments at 3 °C 

 

Table C.1.3.1. Correlation analysis between GABA levels (x) and the incidence of flesh 

disorders (y) as a function of CO2 and 1-MCP treatment for ‘Honeycrisp’ apple fruit stored at 3 

°C. 

 

 

Table C.1.3.2. Correlation analysis between GABA levels (x) and the incidence of flesh 

disorders (y) as a function of CO2 treatment for ‘Honeycrisp’ apple fruit stored at 3 °C 

 

 

Table C.1.3.3.  Correlation analysis between GABA levels (x) and the incidence of flesh 

disorders (y) as function of storage time for ‘Honeycrisp’ apple fruit stored at 3 °C.  

  

CO2 

(kPa) 

1-MCP Equation R
2
 P-value (linear 

correlation) 

Pearson Correlation 

Coefficient 

0.03 +   0.8175  

0.03 -   0.3322  

5.00 +   0.0769  

5.00 - y=3.21x-0.31 0.420 0.0005 0.6482 

CO2 

(kPa) 

Equation R
2
 P-value (linear 

correlation) 

Pearson Correlation 

Coefficient 

0.03   0.6369  

5.00 y=2.47x-0.12 0.229 0.0005 0.4785 

Storage time 

(weeks) 

Equation R
2
 P Value (linear 

correlation) 

Pearson Correlation 

Coefficient 

1   0.6862  

3   0.3198  

6 y=3.34x-0.27 0.399 0.0087 0.6317 

9   0.6237  

18 y=4.49x-0.59 0.325 0.0211 0.5702 

24 y=3.27x-0.28 0.373 0.0120 0.6107 

All y=2.66x-0.94 0.241 0.0001 0.4907 



156 
 

Appendix C.2. 2009 ‘Empire’ Experiment 

 

Table C.2.1. ANOVA for the effects of storage time, temperature, and CO2 on TAA (nmol g
-1

 

FW) in ‘Empire’ apple fruit. 

Cov Parm Estimate 

Standard 

error   Z-value Pr>Z 

Chmbr (temp) 0 . . . 

Storage Time    449084 91667 4.90 0.0001 

Effect Num df Den df    F-value Pr>F 

Storage Time 3 48 28.11 0.0001 

CO2 1 48 14.79 0.0004 

Temperature 1 48 2.15 0.1489 

Storage Time × CO2 3 48 0.48 0.7010 

Storage Time × Temperature 3 48 0.97 0.4159 

CO2 × Temperature 1 48 0.11 0.7362 

Storage Time × CO2 × Temperature 3 48 0.67 0.5717 

 

 

 

 

Table C.2.2. ANOVA for the effects of storage time, temperature, and CO2 on GABA (nmol g
-1 

FW) in ‘Empire’ apple fruit. 

Cov Parm Estimate 

Standard 

error  Z-value Pr>Z 

Chmbr (temp) 0 . . . 

Storage Time    0.05756 0.01187 4.85 0.0001 

Effect Num df Den df  F-value Pr>F 

Storage Time 3 47 25.79 0.0001 

CO2 1 47 14.61 0.0004 

Temperature 1 47 2.65 0.1100 

Storage Time × CO2 3 47 6.24 0.0012 

Storage Time × Temperature 3 47 0.06 0.9823 

CO2 × Temperature 1 47 5.07 0.0291 

Storage Time × CO2 × Temperature 3 47 0.44 0.7260 
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Table C.2.3.  ANOVA for the effects of storage time, temperature and CO2 on GHB (nmol g
-1 

FW) in ‘Empire’ apple fruit. 

Cov Parm Estimate 

Standard 

error  Z-value Pr>Z 

Chmbr (temp) 204.29 1567.96. 0.13 0.4482 

Storage Time  21418.00 4465.96 4.80 0.0001 

Effect Num df Den df  F-value Pr>F 

Storage Time 3 46 1.56 0.2129 

CO2 1 46 8.94 0.0045 

Temperature 1 2 4.23 0.1760 

Storage Time × CO2 3 46 1.91 0.1411 

Storage Time × Temperature 3 46 0.73 0.5372 

CO2 × Temperature 1 46 4.52 0.0388 

Storage Time × CO2 × Temperature 3 46 1.50 0.2275 

 

 

 

 

Table C.2.4.  ANOVA for the effects of storage time, temperature and CO2 on GABA (mol %  

TAA) in ‘Empire’ apple fruit. 

Cov Parm Estimate 

Standard 

error  Z-value Pr>Z 

Chmbr (temp) 0 . . . 

Storage Time    0.000338 0.000069 4.90 0.0001 

Effect Num df Den df  F-value Pr>F 

Storage Time 3 48 17.91 0.0001 

CO2 1 48 89.10 0.0001 

Temperature 1 48 0.02 0.8815 

Storage Time × CO2 3 48 8.47 0.0001 

Storage Time × Temperature 3 48 1.83 0.1540 

CO2 × Temperature 1 48 8.12 0.0064 

Storage Time × CO2 × Temperature 3 48 1.34 0.2714 
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Table C.2.5.  ANOVA for the effects of storage time, temperature and CO2 on glutamate (mol % 

TAA) in ‘Empire’ apple fruit. 

Cov Parm Estimate 

Standard 

error  Z-value Pr>Z 

Chmbr (temp) 0.000073 0.000150 0.48 0.3146 

Storage Time    0.001231 0.000257 4.80 0.0001 

Effect Num df Den df  F-value Pr>F 

Storage Time 3 46 21.58 0.0001 

CO2 1 46 0.56 0.4581 

Temperature 1 2 0.13 0.7545 

Storage Time × CO2 3 46 1.09 0.3635 

Storage Time × Temperature 3 46 7.14 0.0005 

CO2 × Temperature 1 46 1.22 0.2752 

Storage Time × CO2 × Temperature 3 46 0.76 0.5223 

 

 

 

 

Table C.2.6.  ANOVA for the effects of temperature and CO2 on alanine (mol % TAA) in 

‘Empire’ apple fruit. 

Cov Parm Estimate 

Standard 

error  Z-value Pr>Z 

Chmbr (temp) 0 . . . 

Storage Time    0.000244 0.000050 4.85 0.0001 

Effect Num df Den df  F-value Pr>F 

Storage Time 3 47 78.34 0.0001 

CO2 1 47 142.52 0.0001 

Temperature 1 47 5.50 0.0233 

Storage Time × CO2 3 47 9.49 0.0001 

Storage Time × Temperature 3 47 6.46 0.0009 

CO2 × Temperature 1 47 23.90 0.0001 

Storage Time × CO2 × Temperature 3 47 4.37 0.0086 
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Table C.2.7.  ANOVA for the effects of storage time, temperature and CO2 on glycine (mol % 

TAA) in ‘Empire’ apple fruit. 

Cov Parm Estimate 

Standard 

error  Z-value Pr>Z 

Chmbr (temp) 0 . . . 

Storage Time    0.000320 0.000065 4.90 0.0001 

Effect Num df Den df  F-value Pr>F 

Storage Time 3 48 32.59 0.0001 

CO2 1 48 10.09 0.0026 

Temperature 1 48 2.10 0.1535 

Storage Time × CO2 3 48 0.14 0.9344 

Storage Time × Temperature 3 48 0.07 0.9763 

CO2 × Temperature 1 48 0.01 0.9137 

Storage Time × CO2 × Temperature 3 48 0.59 0.6226 

 

 

 

 

 


