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Thesis Summary
Chilling-related postharvest rind breakdown of navel oranges is a significant
economic problem worldwide.
Chilling injury (CI) symptoms on navel orange fruit vary, and descriptive
classification is generally ad hoc, making inter-study comparisons difficult. In this
study, external symptoms of CI were related to patterns of cellular collapse in
affected flavedo tissue, and a classification system developed to aid consistent
symptom identification and improve communication within the supply chain.
Potential markers of senescence were evaluated because older fruit were found to be
more susceptible to CI. Electrolyte leakage, moisture content and protein content of
flavedo tissue were ineffective indicators of both senescence and chilling stress. Rind
colour and internal maturity were generally good indicators of fruit age, but lacked
sensitivity over short time periods to be of use.
Although there was a strong seasonal effect on CI incidence, pre-storage treatments,
including hot water and methyl jasmonate, generally reduced the incidence of CI.
Because these treatments elicit defence responses that protect tissue from chilling
stress, the response and efficiency of plant defence systems is probably an important
factor in chilling tolerance.
The concentration of lipid hydroperoxides (LOOH) in flavedo tissue was lower in
fruit that were stored at a chilling temperature (1°C) compared to fruit that were
stored at a non-chilling temperature (12°C) and lipid peroxidation did not increase
during storage at 1°C. There was also a lower concentration of LOOH in the chilling
sensitive variety than in the chilling tolerant variety. Therefore, increased lipid
peroxidation is not related to chilling stress and subsequent injury but the results do
suggest a role for LOOH in stress signalling. Antioxidant activity in the lipophilic
fraction of flavedo tissue extracts increased as fruit senesced and was strongly
correlated with carotenoid content. LOOH concentrations in flavedo tissue also
increased as fruit senesced. The antioxidant activity of both the lipophilic and
hydrophilic fractions of flavedo tissue extracts was higher in fruit stored at 12°C
than in fruit stored at 1°C.
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Chapter 1: Introduction

1. Introduction
1.1 The navel orange
1.1.1 The Australian industry
Australia produces approximately 300,000 tonnes of navel oranges each year,
with an estimated gross value of AUS$300 million. Australian oranges are
exported primarily to south-east Asia and the USA, and are of a premium
quality on the world market (Cirillo, 2002). The majority of Australia’s navel
oranges are grown in north-west Victoria/south-west New South Wales
(Sunraysia and Mid-Murray), southern New South Wales (Riverina) and in
South Australia along the Murray River (Riverland).

1.1.2 Classification
The navel orange (Citrus sinensis (L.) Osbeck) is a sub-tropical, evergreen
tree belonging to the Order Geraniales, Suborder Geraniineae and the Family
Rutaceae. The Rutaceae are further divided into subfamilies, including the
Aurantioideae, to which sweet oranges and the other true citrus belong. This
subfamily is characterised by a fruit called a hesperidium berry, comprised of
a single large ovary of 8-15 fused carpels covered by a leathery rind
containing oil glands. Navel oranges are distinguished from other sweet
oranges by the presence of a ‘navel’, or secondary fruit at the stylar end of the
fruit. Navel orange fruit are virtually seedless due to complete pollen sterility
and partial ovary sterility (Davies and Albrigo, 1994), and are predominately
clonal propagated as a result. However, navel orange trees are prone to
spontaneous genetic mutation, which has resulted in a range of commercial
navel orange selections. These are categorised into early-, mid-, mid-late- and
late-season varieties based on time of maturation, enabling a steady supply
between the months of May and September in the Southern Hemisphere.

1.1.3 Rind anatomy
The navel orange rind, or pericarp, is made up of a number of tissue layers
(Figure 1.1). The flavedo, or exocarp, is the tissue in which the oil glands are
embedded and is comprised of the epicarp, hypoderm and outer mesocarp.
1
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The inner mesocarp, or albedo, is commonly referred to as the pith
(Schneider, 1968). The edible portion of the fruit is the endocarp and each
fruit segment is a carpel. An interesting feature of the rind is the presence of
calcium oxalate idioblasts and hesperidin, a flavanone that crystallises
immediately upon dehydration and may be seen in histological sections (Scott
and Baker, 1947).
The oil contained in the glands of navel orange fruit is a mixture of alcohols,
aldehydes, hydrocarbons and acid esters, all of which contribute to the
organoleptic properties of the fruit (Sinclair, 1961). However, a major
constituent of gland oil, comprising about 83-97%, is d-limonene (Shaw,
1979), a phytotoxic terpene (Soule and Grierson, 1986).
The oil glands are formed by the process of schizogeny (Thomson et al., 1976;
Knight, 2002), meaning that the cells separate, rather than degenerate, to
create the gland cavity. The boundary cells that line the gland cavity are
formed during this process. In mature glands, boundary cells are flattened
and possess thickened cell walls, although lignin and suberin are not
associated with the thickening (Knight, 2002). Innermost to the boundary
cells are the secretory parenchyma or inner gland cells. These cells have thin,
extremely permeable walls, which allow the movement of oil in and out of the
gland and are thought to be the site of oil synthesis (Knight, 2002). Thomson
et al. (1976) observed that the oil contained within the gland cavity of citrus
leaves was different in nature to the oil contained within the lipid bodies of
the surrounding cells, an indication that the gland oil is not directly derived
from lipid bodies present in the plastids or cytoplasm. The boundary cells
forming the cavity are impervious and insensitive to the phytotoxic oils they
contain. The basis for this is unknown, but may be related to the thickening
of cell walls and a more densely stained cytoplasm.
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Flavedo
Albedo
Juice vesicles

Oil
gland
cavity

Flavedo

Albedo

Epidermis
Hypodermis

Boundary cells

Inner gland cells
(secretory parenchyma)

Figure 1.1 Anatomy of the navel orange rind. Histological sections are
stained with 0.05% aqueous toluidine blue O.
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1.1.4 Fruit development
Erickson (1968) described the growth and development of citrus fruits in
three stages:
Stage 1:

Cell division, including flowering and organ formation.

Stage 2:

Cell enlargement. Air spaces between albedo cells develop at the
beginning of this stage, and fruit will begin to float in water. The
end of Stage 2 is marked by colour-break, where the degradation
of chlorophyll and accumulation of red and yellow pigments in the
flavedo causes fruit to change colour from green to orange.

Stage 3:

Maturation and senescence. The rate of cell enlargement is
reduced and the rind softens as pectins become more watersoluble. Soluble solids accumulate and acid levels decline in the
juice. Fruit become orange-red in colour and drop from the tree as
the calyx abscises.

1.1.5 Rind breakdown
‘Rind breakdown’ was the term used to describe the deterioration of
Australian navel orange rinds in overseas markets during the 2000 export
program. Fruit showing symptoms of rind breakdown are not only visually
unappealing to consumers, but the damaged rind provides an entry point for
decay-causing organisms. Subsequently, repacking costs and fruit wastage
due to rind breakdown resulted in significant financial losses during that
particular season.
Many pre-harvest and postharvest rind disorders affect citrus fruits. A brief
description of macroscopic symptoms of citrus rind disorders is presented in
Table 1.1. Because these disorders are categorised based on fruit history,
including pre-harvest factors, postharvest treatments and storage
temperatures (Table 1.2), it can be difficult to recognise a particular disorder
within a box of fruit. Imprecise diagnoses and inconsistent terminology were
major obstacles for the communication of disorders observed during the 2000
export season. In subsequent seasons, surveys of Australian navel orange
fruit arriving at San Diego, USA, concluded that chilling-related injuries were
4
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the primary contributor to ‘rind breakdown’ ensuing repacks (Bevington et al.,
2007). Therefore, the focus of this study has been directed at chilling-related
disorders.

Table 1.1 Reported macroscopic symptoms of rind disorders of citrus fruit.
Disorder

Description

Preharvest

Peel pitting that begins as chlorotic spots on the rind (Medeira et

pitting

al., 1999).

Postharvest

Bronze/brown to black pits that may coalesce to form irregular

pitting

patches (Petracek et al., 1998b).

Peteca

Deep pitting of the rind, where the albedo tissue below the pits is
dry, shrunken and darkens in colour as the disorder progresses.
The flavedo is unaffected at first but eventually dries and
collapses (Klotz, 1973).

Preharvest

White-coloured blemishes on immature fruit, developing into

rindstaining

reddish-brown areas fully or partially covering the exposed
portion of the fruit (Arpaia et al., 1991).

Postharvest

Symptoms range from brownish discolourations on the rind

rindstaining

surface, to the formation of shallow pits that develop 12-24 hours

(1)

after fruit are processed (Reuther et al., 1989).

Postharvest

Collapse and drying of the flavedo and part of the albedo.

rindstaining

Affected areas of the flavedo change from orange to purplish

(2)

before drying brown (Sala et al., 1992b).

Rind

Brownish-yellow to dark brown stains (Klotz, 1973).

breakdown (1)
Rind

Sunken, colourless areas, which develop into reddish-brown dry

breakdown (2)

areas partially covering the exposed portion of the mature fruit
(Agusti et al., 2001).

Kohansho

Small, sunken pits that eventually brown and enlarge (Hasegawa
and Iba, 1981).

Noxan/Nuxan

Symptoms begin as superficial pits, which enlarge and multiply to
form necrotic areas (Ben-Yehoshua et al., 2001).

Storage/Brown Hypoxic disorder. Dark brown, collapsed areas with irregular
spot

boundaries (Nelson, 1933).

Stem-end rind

Collapse and darkening of tissue at the stem end characterised by

breakdown

a 2-5 mm ring of unaffected tissue around the calyx (Grierson,

(SERB)

1986).
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Table 1.2 Factors influencing the development of various rind disorders of citrus fruit.
Effect of
waxing on
incidence

Effect of
ethylene
treatment on
incidence

Disorder

Citrus variety

Pre- or
postharvest

Preharvest
pitting (1) also
called Preharvest
rindstaining (2)

‘Encore’ mandarin

Pre-

N/A

Exposed fruit

Exposed
portion

N/A

N/A

Postharvest
pitting

‘Temple’ orange (3)
Grapefruit (4)
‘Fallglo’ tangerine (5)

Post-

Non-chilling

No effect (6)

General, but
more on stylar
end (6)

Increase

No effect

Preharvest
rindstaining

Valencia orange (7)

Pre-

N/A

South-west
(NH)

Exposed
portion

N/A

N/A

Postharvest
rindstaining (1)

Californian navel

Post-

Non-chilling
(thought to be
mechanical
injury)

North (9) (NH)

General

Brushes may
cause injury

Increase (9)

Postharvest
rindstaining (2)

Navel orange (10)

Pre- and
Post-

Non-chilling

Unreported

General

Occurs on
waxed and
unwaxed fruit

Reduction

Oranges (8)

Storage
temperature

Fruit
orientation
on tree

Affected area
of fruit

N/A: not applicable to pre-harvest disorders; (NH): Northern Hemisphere; (SH): Southern Hemisphere
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Table 1.2 (continued) Factors influencing the development of various rind disorders of citrus fruit.
Storage
temperature

Fruit
orientation
on tree

Effect of
Affected area
waxing on
of fruit
incidence

Effect of
ethylene
treatment on
incidence

Disorder

Citrus variety

Pre- or
postharvest

Peteca also called
Rumple

Lemon (11)

Post-

Chilling

Eastern (SH)

General

Increase

Reduction

Rind breakdown
(1)

Navel orange (12)

Pre-

N/A

Unreported

Unreported

N/A

N/A

Rind breakdown
(2) also called
rind stain and
postharvest
pitting

Navel orange (13,14)

Pre- and
Post-

Non-chilling

Unreported

Exposed
portion

Reduction

Unreported

Kohansho

Hassaku (15)
Navel orange (15)
‘Satsuma’ mandarin

Pre- and
Post-

Transfer from
chilling to nonchilling.
Temperatures
differ between
varieties

Exposed fruit

Primarily
calyx end or
periphery of
fruit

Reduction

Reduction

Pre- and
Post-

Primarily nonchilling

Unreported

Primarily
calyx end

Reduction if
Bonus K added
to wax(18)

Increase (18)

(15)

Noxan/Nuxan

Shamouti orange (17)

(16)

N/A: not applicable to pre-harvest disorders; (NH): Northern Hemisphere; (SH): Southern Hemisphere
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Table 1.2 (continued) Factors influencing the development of various rind disorders of citrus fruit.
Pre- or
postharvest

Storage
temperature

Fruit
orientation
on tree

Affected area
of fruit

Effect of
waxing on
incidence

Effect of
ethylene
treatment on
incidence

Disorder

Citrus variety

Storage/ Brown
spot

Grapefruit (19)
Navel orange (19)

Post-

Chilling

Unreported

Primarily calyx Unreported
end

Possible
increase (20)

Stem-end rind
breakdown
(SERB)

Valencia orange (21)

Post-

More severe at
non-chilling

Unreported

Calyx region

Wax-type
dependent.

Unreported

N/A: not applicable to pre-harvest disorders; (NH): Northern Hemisphere; (SH): Southern Hemisphere

(1)

Medeira et al., 1999

(7)

Arpaia et al., 1991

(12)

Klotz, 1973

(17)

Ben Yehoshua et al., 2001

(2)

Maia et al., 2004

(8)

Reuther et al., 1989

(13)

Agusti et al., 2001

(18)

Tamim et al., 2001

(3)

Petracek et al., 1997

(9)

Eaks, 1964

(14)

Alférez and Zacarías, 2001

(19)

Nelson, 1933

(4)

Petracek et al., 1995

(10)

Lafuente and Sala, 2002

(15)

Hasegawa and Iba, 1981

(20)

Shellie, 2002

(5)

Petracek et al., 1998b

(11)

Wild, 1991

(16)

Chikaizumi, 2002

(21)

Dou et al., 2001

(6)

Petracek and Davis, 1996
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1.2 Chilling injury
1.2.1 Fruit symptoms
Chilling injury (CI) occurs at low, non-freezing temperatures, typically below
10°C. CI severity is directly related to temperature and duration of exposure;
that is, injury generally increases as temperatures decrease and storage
periods are extended (Henriod et al., 2005). Symptoms of CI vary on navel
orange fruit, and include scald (or brown stain), rind pitting (or pox, brown
spot, chilling spot, rind breakdown), watery breakdown (Ruether et al., 1989)
and gooseflesh (Huelin, 1942) or oleocellosis scald (Hall and Scott, 1977). As
the names suggest, classification of these disorders is based mainly upon
visual symptoms, which sometimes may not develop until fruit are moved
from chilling to ambient temperatures (Grierson, 1986). Some of these
chilling-related symptoms are similar to the symptoms of the disorders
described in Section 1.1.5.

1.2.2 Tissue changes associated with CI symptoms
There are few published studies that examine changes to tissue structure in
chilling-injured citrus fruits. Obenland et al. (1997) reported that chillinginjury in lemon flavedo tissue was characterised by the flattening or collapse
of cells between the top of the oil gland and the epidermis, and no obvious
disruption to oil glands or oil bodies was apparent. Likewise, Platt-Aloia and
Thomson (1976) observed that epidermal cells and several layers of epicarpal
cells below were affected during CI symptom development in grapefruit.
These studies suggest that oil gland collapse occurs subsequent to injury,
possibly as a result of damage to the tissue supporting the oil gland structure.
In contrast, Underhill et al. (1995) found that oil gland collapse led to injury
development in lemon fruits, possibly through the release of phytotoxic gland
oil. From all of these studies it may be concluded that the different visual
symptoms of CI arise as a result of different sequences of events. There are
no reports of tissue changes associated with CI symptom development in
navel orange fruit.
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1.3 Physiological factors involved in chilling stress
1.3.1 Membrane lipid phase transition
The Bulk Lipid Phase Transition Theory developed by Lyons (1973) was the
first cohesive model describing the role of cellular membranes in CI
development. This theory argued that CI was a consequence of bulk
membrane lipid phase transitions occurring at or below a critical
temperature, which led to the formation of gel-phase lipids. The phase
transition was considered to change the fluidity of membranes, causing an
increase in membrane permeability and a loss of compartmentalisation and
regulatory controls. Much of the evidence used to support the theory was
based on plant mitochondrial studies and Arrhenius breaks. However,
differential scanning calorimetry showed that only low levels (<5%) (Raison
and Orr, 1986) or no detectable amounts (O’Neill and Leopold, 1982) of
membrane lipids in chilling-sensitive plants actually undergo transition from
the liquid to the gel phase at chilling temperatures.
It is now known that membranes possess heterogeneous lipid domains that
are capable of undergoing liquid to gel-phase transitions (Tocanne et al.,
1994). Heterogenous lipid domains are composed of mixtures of lipids, which
possess different thermal properties, such that lowering the temperature may
induce some lipids to enter the gel phase, forming semi-crystalline patches,
while other lipids will remain in their fluid state (Somerville et al., 2000). A
shift too far towards the fluid phase or the gel phase will result in increased
membrane permeability, so that at low temperatures, domains that have
gelled will be more prone to leakage (Somerville et al., 2000). For some nonlamella forming lipids, transition to the hexagonal-ΙΙ arrangement may occur
at low temperatures (Platt-Aloia and Thomson, 1987). Hexagonal-ΙΙ lipid
structures tend to separate from membranes causing membrane protein
aggregation, loss of membrane continuity and increased permeability. Even if
the tissue is rewarmed to physiological temperatures, the effects of this
transition are irreversible (Parkin et al., 1989). This theory is less
oversimplified than the Bulk Lipid Phase Transition Theory in that it also
10
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encompasses the subsequent effect of membrane transition on the properties
and functioning of membrane-associated proteins.

1.3.2 Fatty acid desaturation and sterols
Fatty acid (FA) desaturation results in enhanced lipid fluidity (Marangoni et
al., 1996) and is correlated with the sustained activity of membrane-bound
proteins at low temperatures (Nishida and Murata, 1996). Schirra (1993)
found that ‘Star Ruby’ grapefruit stored at 4-8°C had a higher degree of FA
desaturation in the flavedo tissue than grapefruit stored at 12°C. Likewise,
Schirra and Cohen (1999) reported that continuous storage of ‘Olinda’ oranges
at 3°C led to significant increases in FA desaturation. However, this response
was not correlated with CI incidence, and fruit subjected to an intermittent
warming routine had a delayed onset of CI symptoms but did not undergo the
same FA desaturation as continuously stored fruits. FA desaturation is
probably a general response to prolonged low temperature exposure.
Because sterols are less flexible than most membrane lipids they are able to
disrupt the gelling of phospholipids at low temperatures and interfere with
the flexing of FA tails at high temperatures (Bach and Benveniste, 1997;
Staehelin and Newcomb, 2000). Therefore, sterols play a significant role in
the maintenance of membrane fluidity. Squalene is a precursor in the sterol
and triterpenoid biosynthetic pathways (Croteau et al., 2000). Nordby and
McDonald (1990) found that levels of squalene in the epicuticular wax of
grapefruit increased as CI susceptibility decreased. Moreover, the
biosynthesis of squalene was more favourable at 15°C, which is also the
optimal temperature for conditioning grapefruit prior to cold storage.
Likewise, Yuen et al. (1995) found that there was an inverse relationship
between CI onset and squalene levels in the epicuticular wax of lime,
mandarin, grapefruit and orange fruits. Nordby and McDonald (1991) also
demonstrated that the synthesis of squalene could be activated and
deactivated by moving the fruit between 5°C and 15°C. Applying squalene to
fruit prior to storage has also proven to reduce the incidence of CI in
grapefruit (McDonald et al., 1993) and ‘Valencia’ oranges (Bertolini et al.,
11
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1992). It is not known if squalene has a direct effect or if it is being used as a
precursor to sterol production.

1.3.3 Reactive oxygen species, lipid peroxidation and
antioxidants
Reactive oxygen species (ROS) are partially reduced forms of atmospheric
oxygen, including singlet oxygen (1O2), superoxide radicals (O2•–), hydrogen
peroxide (H2O2) and hydroxyl radicals (HO•). ROS are produced as byproducts of normal oxidative processes in plant cells including respiration,
photosynthesis and oxidative phosphorylation. However, ROS concentrations
increase during senescence (Borrell et al., 1997), during the hypersensitive
response to microbial attack (Devlin and Gustine, 1992) and herbivory (Bi
and Felton, 1995), and during exposure to abiotic stresses such as ozone
(Langebartels et al., 2002), UV-C irradiation (Barka et al., 2000), hypoxia
(Blokhina et al., 2003), heavy metals (Schutzendubel and Polle, 2002) and salt
(Vaidyanathan et al., 2003). A number of enzymes are probably responsible
for the accumulation of ROS in the stress response, but the process and
control of ROS generation is not fully understood (Bolwell, 1999).
Chilling temperatures are believed to impose oxidative stress on plant tissues
through the accumulation of ROS. While many studies have investigated the
effect of chilling on the activity of antioxidant enzymes (e.g. Malacrida et al.,
2006; Sala, 1998) or antioxidant pools (e.g. Kondo et al., 2005; Serrano et al.,
2006), very few studies have directly measured concentrations of ROS in
response to postharvest chilling stress in fruit and vegetables. Rao et al.
(1998) found a relationship between H2O2 concentration and the incidence of
superficial scald, a chilling-related disorder of apple fruit. Concentrations of
H2O2 increased in scald-susceptible apple selections during chilled storage,
whereas no significant increase was observed in a scald-resistant selection.
The scald-resistant selection also maintained a high level of H2O2-degrading
enzyme activity, suggesting improved defence compared to the scaldsusceptible selections, which had much lower enzyme activities. Therefore,
the accumulation of H2O2 that occurs in both scald-susceptible and scaldresistant selections may be a general consequence of chilling temperatures,
12
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and the efficiency of antioxidant defences determines whether the disorder
manifests during storage.
ROS are potentially damaging to biomolecules, particularly membrane lipids
from which lipid hydroperoxides (LOOH) are formed via initiation,
propagation and termination reactions (Shewfelt and Purvis, 1995). The
formation of lipid hydroperoxides can result in a loss of membrane fluidity
and integrity. Ultimately, this unfavourable cellular environment causes
essential proteins to cease functioning efficiently (Shewfelt and del Rosario,
2000). ROS can also cause direct damage to proteins, although lipids are
kinetically favoured (Shewfelt and Erickson, 1991). Chilling temperatures
result in thylakoid lipid peroxidation in cucumber cotyledons (Hariyadi and
Parkin, 1993) and changes in antioxidant enzyme activities in ‘Fortune’
mandarins (Sala, 1998) and Micro-Tom tomato (Malacrida et al., 2006), and
changes to the ascorbate antioxidant system in squash (Wang, 1996). Rivera
et al. (2004) found that lime fruit stored at chilling temperatures had lower
levels of lipid peroxidation in flavedo tissue than fruit stored at non-chilling
temperatures.
Despite the potentially damaging effects of ROS on cellular integrity and
function, the accumulation of ROS in response to abiotic stress is not always
problematic, because ROS also play a crucial role in plant defence
mechanisms by acting as signalling molecules (reviewed by Laloi et al., 2004;
Mittler et al., 2004; Mahalingam and Federoff, 2003). H2O2 accumulates
under stress conditions and diffuses readily across membranes due to its
unpaired electron (Foyer et al., 1997). H2O2 is neutralised relatively quickly
within the cytoplasm, due to the presence of large antioxidant pools, whereas
outside the plasma membrane there are very few antioxidants and H2O2
accumulates. This accumulation on the apoplastic face of the plasma
membrane can affect integral proteins and ion fluxes (Pastori and Foyer,
2002). These effects induce a number of defence mechanisms, which in many
cases are non-specific, meaning that an increase in cellular defence to one
particular stress may also protect cellular components from other external
stresses. This is known as cross-tolerance and will be discussed further in
13
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Section 1.4 (see also Figure 1.2). The role of ROS in cross-tolerance and
stress signalling has been reviewed elsewhere in detail (Foyer et al., 1997;
Mittler, 2002; Pastori and Foyer, 2002; Foyer and Noctor, 2005). ROS are
also fundamental regulators of programmed cell death (PCD) (Overmyer et
al., 2003; Van Breusegem and Dat, 2006) and a link between chilling stress
and PCD has been demonstrated in some plant tissues (Ning et al., 2002;
Wang et al., 2001; Koukalová et al., 1997), but to date there has not been any
focus on whole fruit affected by CI.

Figure 1.2 An example of probable cross-tolerance. This navel orange fruit
has extensive chilling injury, but rind tissue surrounding scale insects
(arrows) is unaffected. Therefore, defence mechanisms against insect attack
may also serve to protect tissue against chilling stress.

Although the relationship between membrane deterioration, lipid
peroxidation and postharvest chilling-related disorders has not been clearly
demonstrated, it is thought that antioxidants may play an important role in
preventing peroxidation of membrane lipids (Shewfelt and del Rosario, 2000).
There are two lines of antioxidant defence against excessive accumulation of
ROS in plant cells: non-enzymatic and enzymatic. Non-enzymatic defences
14
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include lipid-soluble antioxidants such as β-carotene, lycopene and αtocopherol and water-soluble reducing agents, such as ascorbic acid and
glutathione. Enzymatic defences include superoxide dismutase (SOD),
catalase (CAT), ascorbate peroxidase (APX) and glutathione reductase (GR).
Cellular compartmentation is very important when considering lipid
peroxidation, as it is unlikely that all membranes are equally susceptible to
peroxidative damage, and susceptibility may vary between organs, tissues
and genotypes (Shewfelt and Purvis, 1995). Likewise, antioxidant activity
may not be evenly distributed: enzymatic and non-enzymatic antioxidants are
distributed throughout the cellular compartments and are specific in the ROS
that they are able to neutralise. For example, α-tocopherol is localised in
membranes and primarily scavenges superoxide radicals and LOOH, whereas
catalase is localised in peroxisomes and scavenges hydrogen peroxide
(Mittler, 2002). For this reason, the use of tissue homogenates to measure
lipid peroxidation and antioxidant activities is not ideal. However, these are
difficult processes to measure in situ.
Shewfelt and Purvis (1995) suggested a comprehensive model for the role of
lipid peroxidation in plant tissue disorders. They proposed that the ROS
produced in the cell by normal metabolic processes are easily scavenged or
quenched by primary antioxidant defences, preventing and repairing
damaging levels of lipid peroxidation and resulting in a net defence strategy.
However, cells subjected to stressful conditions produce higher levels of ROS,
which the antioxidant defence systems cannot cope with, resulting in a
transition to net peroxidation. To build this model further, this transition
may be:
1. ROS concentration dependent, where above a given threshold the
concentration of ROS exceeds the maximum capacity of the antioxidant
defence systems, or,
2. time dependent, where antioxidant defence systems can cope with
elevated concentrations of ROS until extended stress conditions deplete
the antioxidant substrate reserves.
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Figure 1.3, based on a diagram by Vaya and Aviram (2001), applies this
model as a peroxidation/antioxidation balance relating to CI development in
navel orange fruit.

Lipid
Peroxidation

Susceptible
to chilling
injury

Antioxidant
Activity

Rind Health

Tolerant to
chilling
injury

Figure 1.3 Model for the development of chilling injury in navel orange fruit.
The health of the rind during chilled storage may be based on a balance of
lipid peroxidation and antioxidant activity. A change in either pool disrupts
the balance and determines whether fruit will develop chilling injury.

1.3.4 Genetic disposition
The development of CI is influenced by genetics; some varieties are more
resistant to chilling temperatures than others. Sala (1998) found that
antioxidant enzyme activities in mandarin fruit were generally higher in
chilling tolerant varieties compared to chilling sensitive varieties, indicating
that these lines have a more effective system for the removal of excessive
ROS. A decline in defensive enzyme activity coinciding with the onset of CI
symptoms in chilling sensitive varieties made a strong case for the
involvement of oxidative stress in cellular damage at chilling temperatures.
Extensive systematic screening for chilling tolerance in navel orange varieties
has not been conducted to date and it was only recently reported that
‘Navelina’ fruit did not develop CI during storage at chilling temperatures
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(Lafuente et al., 2003). A recently completed study has shown that a wide
range of resistance to CI exists among varieties grown in Australia
(Bevington et al., 2007).

1.4 Reducing CI incidence
Although the physiological mechanisms of CI are not fully understood, a
number of postharvest treatments have been shown to reduce the
development of CI symptoms during and following cold storage. This has
allowed researchers to investigate why these treatments are effective in
reducing CI, leading to new knowledge of postharvest responses to chilling
temperatures.

1.4.1 Jasmonic and salicylic acids
Jasmonic acid (JA) is an oxylipin plant growth regulator derived from αlinolenic acid, an unsaturated fatty acid cleaved from cellular membranes by
lipases (Crozier et al., 2000). JA plays a crucial role in wound- and diseasesignalling pathways and is responsible for inducing the expression of genes
encoding proteinase inhibitors and various defence biomolecules. JA is also
involved in the activation of antioxidant reponses, as it has been shown to
induce the accumulation of ascorbate and glutathione and increase the
activity of dehydroascorbate reductase (Sasaki-Sekimoto et al., 2005). JA
promotes fruit ripening and pigment formation (Crozier et al., 2000) through
the induction of 1-aminocyclopropane-1-carboxylic acid (ACC) oxidase and the
ethylene pathway. Methyl jasmonate (MJ) is the volatile methyl ester of JA,
and is possibly involved in interplant signalling (Crozier et al., 2000).
Salicylic acid (SA) is best known for its role in systemic acquired resistance
(SAR) against pathogen attack, but SA can also increase the activity of
alternative oxidase (Rhoads and McIntosh, 1992) and is believed to increase
the tolerance of maize to low temperature stress by affecting the activity of
antioxidant enzymes (Janda et al., 1999). Volatile methyl salicylate (MS),
may act as an airborne signal, activating pathogenesis-related genes in
neighbouring plants and healthy tissues.
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Jasmonates, salicylates and ethylene are known to interact with signalling
molecules such as H2O2 and nitric oxide in processes such as programmed cell
death and plant defence pathways such as SAR and the hypersensitive
response (Overmyer et al., 2003).
Treatment of fruit with MJ has been shown to reduce the incidence of CI in
avocado, grapefruit, red bell pepper (Meir et al., 1996), mango (GonzálezAguilar et al., 2000a) and zucchini squash (Wang and Buta, 1999). Ding et al.
(2002) found that treating tomato fruit with MJ or MS vapour reduced CI
incidence and also induced the transcription of genes encoding specific
defence proteins. The concentration of cat1 (catalase) transcripts in the first
three days of chilled storage was increased by treatment with MJ, but
reduced by MS treatment. While MJ treatment appears to trigger a general
defence strategy directly, the response to the MS treatment may be a
mechanism that allows low concentrations of H2O2 to accumulate, where it
can act as a signalling factor to induce the expression of other defence genes.
A similar mechanism was observed in a protein identified in tobacco plants,
which possesses both SA-binding ability and CAT activity (Chen and Klessig,
1991; Chen et al., 1993). CAT activity was lost when the protein was bound to
SA, which allowed H2O2 accumulation. A later study investigated similar
proteins in a range of plants (Sánchez-Casas and Klessig, 1994).

1.4.2 Heat shock and heat treatments
Cross-tolerance in plants is a concept based on the notion that exposure of
tissue to moderate stress conditions, such as a short burst of heat, induces
resistance to other stresses (reviewed by Sabehat et al., 1998). Heat
treatments in the form of hot water dips, hot water brushing, curing or
conditioning effectively reduce the incidence of CI and confer some resistance
to pathogens (Porat et al., 2000a; Lurie, 1998).
The protective effect of heat treatment involves a number of mechanisms,
including the accumulation of heat shock proteins (HSP), other molecular
chaperones and the induction of defence pathways. Sapitnitskaya et al.
(2007) were able to demonstrate that a hot water rinse and pre-storage
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conditioning activated different chilling tolerance responses in ‘Star Ruby’
grapefruit. Lafuente et al. (1991) reported that HSP accumulate following
heat treatment, coinciding with the onset of chilling tolerance in cucumber
cotyledon discs as measured by ion leakage. Sabehat et al. (1996) also found a
relationship between HSP persistence and chilling tolerance in tomato fruit
and Pavoncello et al. (2001) showed that a hot water brushing treatment
promoted the accumulation of HSP and pathogenesis-related proteins in
flavedo tissue of ‘Star Ruby’ grapefruit. The accumulation of hsp mRNA
transcripts may also be induced by treatment with MJ or MS vapour (Ding et
al., 2001).
Heat-induced tolerance to chilling temperatures can also be attributed to preharvest factors. Woolf et al. (1999) demonstrated that postharvest chilling
tolerance in avocado fruit could be acquired through pre-harvest sun
exposure. This tolerance to CI was comparable to that provided by
postharvest heat treatments and corresponded to the up-regulation of hsp
mRNA transcripts. Moreover, the accumulation of these transcripts followed
the diurnal temperature cycle. Similar observations were made for apple
fruit (Ferguson et al., 1998). The implication of this finding is that the time of
day when fruit is harvested may have some effect on its performance during
subsequent postharvest storage. This may not be the case for citrus fruit
because exterior-canopy grapefruit are more susceptible to CI during
postharvest storage than interior-canopy fruit (Purvis, 1980) and the sunexposed surface of exterior canopy grapefruit was most susceptible to CI
(Purvis, 1984). This suggests that pre-harvest sun-induced heat shock as a
CI protectant may be overridden by other environmental influences, at least
in grapefruit flavedo tissue.
Heat shock can also activate defence pathways. Using suspension-cultured
apple fruit cells and tobacco cells, Allan et al. (2006) demonstrated that heat
treatment induced a burst of H2O2 and protected against cold-induced cell
death. Ma and Cheng (2003) found that sun-exposed apple peel had
increased antioxidant pools and that exposing previously shaded peel to
sunlight up-regulated those antioxidant pools (Ma and Cheng, 2004). In
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studies of rice and cucumber seedlings, Kang and Saltveit (2001, 2002)
demonstrated that heat shock treatments provided greater protection against
damage from ROS during subsequent chilling, which was related to
increasing antioxidant enzyme activities and radical scavenging capacity.
Sala and Lafuente (1999) suggested that CAT might be the key antioxidant
enzyme involved in the heat-induced chilling tolerance of ‘Fortune’ mandarin.
However, no studies have been published reporting measurements of both
LOOH and antioxidant activity in citrus fruits exposed to pre-harvest heat
treatments.
Dehydrins (dehydration induced proteins) are an immunologically distinct
group of plant proteins and constitute the LEA (late embryogenesis
abundant) D11 family (Close, 1996). Dehydrins accumulate in plant tissues
in response to water stress, salt, low temperatures, frost, ABA application
and other conditions that enforce a physiological drought (Close, 1997).
Dehydrins have been isolated and characterised from Citrus paradisi (Porat
et al., 2002), Poncirus trifoliata (Cai et al., 1995) and Citrus unshiu (Hara et
al., 1999). The significance of dehydrins lies in the induction of their
expression through heat treatments (Porat et al., 2002), upon application of
JA and MJ (Richard et al., 2000) and chilling (Lanham et al., 2001). Porat et
al. (2004) isolated a dehydrin cDNA from orange and grapefruit fruits, which
is specifically induced by the combination of heat followed by chilling
temperatures.
Dehydrins have been shown to protect plant cells from damage caused by
chilling in a number of ways. Hara et al. (2002) produced transgenic tobacco
plants overexpressing a dehydrin (CuCOR19) isolated from Citrus unshiu and
found that the protein could be induced by cold stress. Chill-stressed control
plants had greater electrolyte leakage, malondialdehyde (MDA)
concentrations and lipoxygenase (LOX) activity compared to non-stressed
plants. These responses were reduced in transgenic plants and differences in
CI among phenotypes appeared to be correlated with the degree of membrane
peroxidation. It was later shown that CuCOR19 was capable of scavenging
hydroxyl and peroxyl radicals (Hara et al., 2004) via a metal ion-binding site
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(Hara et al., 2005), which is likely to be the mechanism by which it protects
membrane systems against cold damage. The Arabidopsis COR15a protein
reduces the tendency of neighbouring membranes to fuse by lamella-tohexagonal-ΙΙ phase transitions (Steponkus et al., 1998). Likewise, Koag et al.
(2003) found evidence to suggest that a dehydrin from maize (DHN1) also
stabilises membranes. However, dehydrins may also interact with chromatin
and the nucleolus, perhaps stabilising nuclear proteins. Therefore, rather
than being membrane-specific, dehydrins are believed to interact with a
particular type of surface, presumably hydrophobic, rather than a specific
class of macromolecule (Campbell and Close, 1997).

1.4.3 Benzimidazole
The postharvest treatment of fruit with benzimidazole-based fungicides has
been shown to be beneficial in reducing CI incidence. Thiabendazole (TBZ), a
commonly used benzimidazole-based fungicide has been shown to reduce CI
in oranges (Schirra and Mulas, 1995) and grapefruit (Schirra et al, 2000),
particularly when applied as a warm dip. The protective effect of TBZ is
likely to be physiological, since a causal pathogen has never been isolated
from CI lesions. The limited research directed at identifying the mechanism
of chilling resistance conferred by TBZ suggests that the rate of senescence
may be affected. Schiffmann-Nadel et al. (1975) observed reductions in the
incidences of CI as TBZ concentrations were increased. The increase in
efficacy was correlated with a decreased rate of peel senescence as indicated
by peel colour. A reduced rate of senescence was also associated with
benzimidazole treatment of detached wheat leaves (Mishra and Waygood,
1968) and this effect was found to involve the retardation of protein
degradation and a shift towards net protein synthesis, as shown by ratios of
soluble/insoluble nitrogen fractions (Samborski et al., 1958).

1.4.4 Waxing and packaging
The use of plastic films and heat-shrink plastics as packaging helps to
maintain high relative humidity (RH) and modifies the concentrations of O2
and CO2 in the atmosphere surrounding the fruit (Wang, 1993). High RH
acts to reduce CI by reducing water loss (Purvis, 1985), which is considered to
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be a major contributing factor to CI symptom development (Cohen et al.,
1994; Leguizamon et al., 2001). The reduction in water loss achieved through
the use of shrink-wrapping reduces the incidence of CI in some fruits, such as
grapefruits, oranges, lemons, mandarins, tangerines and tomatoes (BenYehoshua, 1978) and allows fruit to be stored at higher temperatures,
avoiding CI, with no adverse effects on quality (Tugwell and Gillespie, 1989).
Citrus fruits have a layer of epidermal wax, the cuticle, which acts to reduce
moisture loss from the fruit. However, the cuticle can form microscopic
cracks during chilling (Cohen et al., 1994) or can become damaged during
processing on the packing line (Tugwell and Gillespie, 1989), allowing
moisture to be lost to the atmosphere. Some debate exists whether heat
treatment of citrus fruit can melt and reseal the cuticle. Following hot water
dipping, epicuticular cracks on the surface of ‘Minneola’ tangerines (Porat et
al., 2000a) and ‘Fortune’ mandarins (Schirra and D’hallewin, 1997) were
found to have resealed. However, heat treatments were found to have little
effect on the structure of epicuticular waxes in ‘Valencia’ oranges (Williams et
al., 1994).
Artificial wax applications are a more conventional way of sealing the fruit
surface. Unwaxed citrus fruits can lose up to 1% moisture daily during
storage, but waxing can reduce this loss by up to 50% (Tugwell and Gillespie,
1989). Waxing fruit restricts gas exchange and transpiration of fresh produce
and has similar effects to film packaging, yet waxing is more cost-effective
and has been proven to reduce the incidence of CI (Wang, 1993; Wild, 1993),
oleocellosis (Wild, 1998) and stem end rind breakdown (Tugwell and Gillespie,
1989). However, waxed fruit have been found to be more susceptible to the
development of postharvest pitting when stored at non-chilling temperatures
(Petracek et al., 1997; 1998a).
Some waxes are more effective at reducing CI and maintaining fruit quality
than others. For example, Hagenmaier (2000) found that ‘Valencia’ oranges
coated with polyethylene-candelilla wax maintained better internal quality
than traditional shellac or wood-resin based formulas. Carnauba-based
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waxes inhibit weight loss as a function of water loss more effectively than
shellac-based waxes in navel oranges, although rindstain injury did occur
with some carnauba waxes (Taverner and Thompson, 2001).

1.5 Objectives
The primary objective of this study was to investigate the physiology of
chilling-related postharvest rind breakdown of navel oranges. As this
disorder was poorly defined in citrus fruit in general, one of the initial aims of
this study was to identify breakdown types and to provide a clear record of
the development of CI symptoms, including examination of affected tissue
using light microscopy.
From a physiological standpoint, CI is a difficult disorder to investigate, as
symptoms cannot be reliably and predictably induced and once symptoms are
apparent, physiological differences cannot be attributed confidently to cause
or effect. Therefore, CI research is often focused on the study of responses to
chilling temperatures, irrespective of injury development. In this study, three
approaches were used to provide populations of fruit with different tolerances
to chilling temperatures, between which responses to chilling stress could be
compared:
1. Pre-storage dips were used to produce populations of fruit with
different susceptibilities to CI,
2. Varieties with different susceptibilities to CI were used, and
3. Fruit were stored at both chilling (1°C) and non-chilling (12°C)
temperatures.
With respect to these fruit populations, the specific aims of this study were:
•

To investigate the effectiveness of pre-storage dip treatments,
including hot water, TBZ and MJ, for the control of CI in three
commercially significant navel orange varieties over three seasons.

•

To determine the effect of harvest date on CI incidence of two navel
orange varieties at two different sites.

•

To identify markers of navel orange fruit senescence and to determine
if processes occurring during chilling stress are similar to processes
occurring during in situ senescence.
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•

To investigate the role of lipid peroxidation and antioxidant activity in
flavedo tissue of fruit during in situ senescence, in response to hot
water and MJ pre-storage dips and in response to storage at chilling
and non-chilling temperatures. This was investigated in a chillingsensitive variety (‘Thomson’) and a chilling-tolerant variety
(‘Navelina’), defined as such by susceptibility to CI.
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2. Symptom Development
2.1 Introduction
There are few documented studies investigating the development of CI at a
tissue or cellular level in citrus fruit. Such studies of other fruit affected by
chilling-related injuries have been published (Brummell et al., 2004; Bauchot
et al., 1999; Marangoni et al., 1995), but CI development is unique in citrus
fruit due to the thickness and heterogeneity of the rind tissue and the
presence of phytotoxic oils. These characteristics result in CI being expressed
as a range of different symptoms, outlined in Section 1.2.1. General
descriptors currently used for symptoms of CI in citrus fruit include pitting,
browning, sunken lesions, scald and staining.
Both Obenland et al. (1997) and Underhill et al. (1995) examined chillinginjured lemon fruits but reported different types of damage to the rind tissue.
Obenland et al. (1997) noted that damage occurred to the epidermal and subepidermal cells, with no obvious disruption to oil glands, whereas Underhill et
al. (1995) reported that injury began with damage to the oil gland, followed by
collapse of the surrounding parenchyma cells. Although both disorders are
classified as ‘chilling injury’, they appear to develop through a different
sequence of events. No detailed study of a range of chilling-related disorders
has ever been published for citrus fruits and no attempt has been made to
clarify the development of rind disorders based on symptomology at a tissue
or cellular level.
Localised browning is usually associated with the development of chilling
injury symptoms in citrus fruit. Browning in plant tissue is often attributed
to the oxidation of phenolic acids (Martinez and Whitaker, 1995).
Phenylalanine ammonia lyase (PAL) is the initial enzyme involved in the
biosynthesis of phenolic compounds (Croteau et al., 2000) and PAL activity in
flavedo tissue increases concomitantly with the development of CI symptoms
in ‘Fortune’ mandarins (Martínez-Téllez and Lafuente, 1997; SanchezBallesta et al., 2000). This suggests that an increase in PAL activity is a
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response to the onset of injury and not a contributing factor to the injury
itself.
The accumulation of polyphenols can be readily identified in tissue sections
by staining with toluidine blue O (O’Brien and McCully, 1981). While
phenolic acids are active antioxidants in higher plants and can delay
peroxidation of membrane lipids (Larson, 1988), they themselves are also
prone to enzymatic oxidation by polyphenol oxidase (PPO) and peroxidase
(POD) (Martinez and Whitaker, 1995). However, no direct relationship
between POD or PPO activity and the onset of CI symptoms in citrus fruit
has been observed (Santana et al., 1981; Martínez-Téllez & Lafuente, 1997).
The anatomy of the citrus rind and the oil gland cavity were discussed in
Section 1.1.2. Following structural damage to the rind, the phytotoxic oil
contained within the oil gland cavities may be liberated into the surrounding
tissue, causing widespread damage and cell death. Symptoms of oleocellosis,
a mechanical injury of citrus fruit, most recently investigated by Knight
(2002), develop in this way. The inability to retain lipids and oils in the rind
tissue via conventional fixation and dehydration protocols is a major
limitation to the investigation of intact oil gland structure (Knight, 2002), and
although the development of new microscope technology and methodology has
broadened our knowledge of oil gland anatomy and physiology in recent
years, limitations still exist. A detailed analysis of these methods can be
found in the work of Knight (2002), who extensively investigated methods for
improving the retention of oil in the glands of navel oranges.
Using confocal laser-scanning microscopy (CLSM), Obenland et al. (1997)
observed discrete oil bodies within both the oil gland cavity and in the cells of
interglandular tissue of lemon fruit flavedo. Knight (2002) did not observe oil
bodies in the interglandular tissue of navel orange fruit, and argues that the
report by Obenland et al. (1997) was based on sampling artefacts and that it
was highly unlikely that oil would be observed in tissue outside the oil gland
due to its phytotoxicity. However, further in vitro investigation of the
previously reported oil bodies using CLSM and the stain FM 4-64, which is
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unable to penetrate intact membranes, showed that oil bodies were contained
within a membrane-like structure (Margosan and Aung, 2002). Scanning
electron microscopy (SEM) also provided preliminary evidence that oil bodies
are enclosed in a boundary layer and that substructures existed within the
larger oil bodies contained within the oil gland cavity (Margosan and Aung,
2003). If these membrane-like structures do occur in situ, they may explain
how phytotoxic oil is kept from contact with cells within the gland cavity and
provide a basis on which oil could be safely contained within interglandular
tissue. Further implications are that chilling temperatures could affect the
integrity of the membrane-like structure containing the phytotoxic oils and
cause leakage into the cells containing them, and subsequently into the
surrounding tissue. Positive internal pressure has also been detected in oil
glands of lemon fruit (Aung et al., 2001) and may contribute to the propensity
of glands to rupture following structural damage. The significance of rind oils
in the development of CI is not to be underestimated; however, based on the
technical difficulties noted by Knight (2002), rind oil visualisation was not a
primary objective in this study.
The aim of the work presented in this chapter was to identify types of
chilling-related injuries in navel orange fruit and to provide a clear record of
the development of CI symptoms, including examination of affected tissue
using light microscopy. A formal classification system was devised based on
these observations.
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2.2 Materials and methods
2.2.1 Identification of macroscopic symptoms
Navel orange fruit were obtained from various storage trials conducted at the
CSIRO Plant Industry’s Merbein Laboratory, and digital photographs were
taken of any chilling-related damage. Attempts were made to select different
developmental stages of similar-looking injuries. Based on the external
appearance of symptoms, ‘Type’ numbers were tentatively assigned to specific
symptoms.

2.2.2 Light microscopy
Samples of damaged tissue approximately 2x4 mm were carefully excised
from the rind using a double-sided razor blade and placed in either formalinpropionic acid (FPA) (Appendix 1) or 3% glutaraldehyde in phosphate buffer,
pH 7.2, vacuum-infiltrated for 15 minutes and fixed overnight at 4°C.
Samples were processed using two different methods:
a) FPA-fixed tissue:
Samples were dehydrated through an alcohol series consisting of 2 hours in
each of methoxyethanol, ethanol, n-propanol and n-butanol (Feder and
O’Brien, 1968), followed by an overnight infiltration in a 1:1 solution of nbutanol:glycol methacrylate (GMA) (Appendix 1) and three overnight
infiltrations in 100% GMA. Samples were then embedded in GMA in gelatine
capsules and polymerised at 60°C.
b) Glutaraldehyde fixed tissue:
Samples were rinsed four times (15 minutes each) in phosphate buffer, pH
7.2, before dehydration in an ethanol series (25, 50, 70 and 95%) for two hours
each, 100% ethanol for one hour, and a change to 100% ethanol for an
additional two hours. A series of overnight infiltrations followed, consisting
of a 2:1 solution of ethanol:LR White (LRW) (London Resin Company,
Berkshire, United Kingdom), 1:2 solution of ethanol:LRW, and two changes of
LRW. Samples were embedded in LRW in gelatine capsules or aluminium
pans and polymerised at 60°C under a nitrogen gas stream.
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LR White-embedded samples (1 μm thickness) were wet-sectioned on a Leica
2040 microtome (Leica, Heidelberg, Germany) using glass knives, affixed to
slides and stained with aqueous 0.05% toluidine blue O. GMA-embedded
tissue was dry sectioned similarly (3 μm thickness). Sections were examined
using an Olympus BX51 microscope (Olympus America Inc., New York, USA)
and images captured using a Spot RT Slider digital camera (Diagnostic
Instruments, Sterling Heights, USA).

2.2.3 Confocal laser-scanning microscopy (CLSM)
Dr Rosemary White from CSIRO Plant Industry Microscopy Unit, Canberra,
Australia, assisted with this procedure. Injured and uninjured areas of
‘Roberts’ navel orange fruit with symptoms of Type 3 CI (see Table 2.1) were
sampled. Fresh sections of rind were carefully excised using a scalpel blade
and immediately mounted in water on glass slides. Observations in the
tangential plane were made with a Leica SP2 CLSM using a 10x objective in
an area away from the cut edge. Following excitation at 405 nm and 488 nm,
fluorescence emission was collected in the 430-470 nm (pseudocolour blue),
500-560 nm (pseudocolour green) and 600-700 nm (pseudocolour red)
wavebands and overlaid in a composite image. For each image shown, a
series of images was collected at 8 μm intervals, as the glands were sunken
relative to the surrounding surface tissue.
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2.3 Results
2.3.1 Identification of macroscopic symptoms
From storage trials conducted during the 2003 and 2004 navel orange harvest
seasons, seven types of chilling-related injuries were identified (Figure 2.1 AH). These fruit had been stored at either 1ºC or 3ºC, depending on the trial
they were collected from. Symptom descriptions of these CI Types are
presented in Table 2.1.

2.3.2 Light microscopy
Uninjured rind tissue (Figure 2.2A and Figure 2.2B) has structurally intact
oil glands, and no damage or unusual staining associated with the epidermal
and hypodermal cells. The albedo tissue is also undamaged, with
characteristic air spaces present between cells.
An early symptom of Type 1 CI (Figure 2.3A) is a positive staining for
polyphenols (arrow) in the epidermal and subepidermal cells, seemingly
associated with the stomata (Figure 2.3B). The hypodermal tissue is affected
subsequent to the initial damage and stains positively for polyphenolics as
symptoms progress (Figure 2.3C). The loss of structure in this tissue may
cause the subsequent collapse of oil glands (Figure 2.3D).
The hypodermal tissue between oil glands is the first site of injury (arrow,
Figure 2.4B) in fruit expressing Type 2 CI (Figure 2.4A). The damage to this
tissue becomes more extensive as symptoms develop; however, the tissues
above and below these affected areas remain undamaged (Figure 2.4C) until
the final stages of injury development (Figure 2.4D).
Macroscopically, Type 3 CI symptoms are unique in the early stages of
development (Figure 2.5A) and the underlying cause becomes apparent
following examination using a microscope. The tissue under the oil gland is
injured first (arrow), which causes the gland and associated upper cell layers
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to sink into the albedo tissue (Figure 2.5B). Extensive damage occurs to the
flavedo tissue as symptoms progress (Fig 2.5C), causing its eventual collapse
(Figure 2.5D). Larger oil glands, particularly those embedded in the albedo
tissue, appear to be more prone to damage than smaller glands closer to the
fruit surface.
Table 2.1 Macroscopic symptoms of chilling-related injuries of navel orange fruit.
CI Type
1

Observed
incidence
Rare

Description
Small, discrete pits that tend not to coalesce as symptoms
develop.

2

Very

Usually quite large lesions, which have an irregular but

common

defined edge. Injury begins as a colourless collapse of the
flavedo tissue, which darkens over time, particularly upon
re-warming. Occurs at a range of temperatures.

3

Moderately Collapse of individual oil glands causing minute sunken
common

pits in the tissue. These pits coalesce, causing an extensive
sub-surface browning as symptoms develop, resulting in a
large, darkened lesion. Some navel varieties are
particularly prone to Type 3 CI.

4

Rare

Pebbly appearance caused by the apparent collapse of
tissue around the large oil glands.

5

Very

Collapse and browning of the tissue around the calyx of the

common

fruit. Develops quickly, particularly upon re-warming of
the fruit.

6

Rare

Affected tissue is extremely sunken and becomes very
brown over a matter of days, particularly when re-warmed.
However, the injury has a defined edge, the tissue remains
soft and a distinctive honey-like odour is produced,
suggesting the evolution of volatiles. Probably associated
with freezing temperatures.

7

Moderately Superficial silvery discolouration in the early stages, which
common

is sometimes barely visible. This discolouration darkens
over time, accompanied by dehydration of the affected rind.
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Type 4 CI symptoms (Figure 2.6A) begin development in a similar manner to
Type 2 CI, in that the hypodermal tissue adjacent to the oil glands (arrow) is
the first to become affected (Figure 2.6B). However, in contrast to Type 2 CI,
the hypodermal and epidermal tissues completely collapse (Figure 2.6C),
subsequently leaving the oil gland intact until the very final stages of
symptom development (Figure 2.6D).
Type 5 CI symptoms (Figure 2.7A) appear quickly, so it is difficult to
determine which tissues are first affected by this injury. However, it is
apparent that the early stages of development (Figure 2.7B) include positive
staining for polyphenolics in the epidermal layer (black arrow), minimal
damage to hypodermal tissue, collapse of tissue below large oil glands
embedded in the albedo tissue (white arrow) and an unevenly distributed
collapse of albedo and vascular tissue (red arrow). The later stages of
symptom development (Figure 2.7C) cause complete collapse of epidermal and
hypodermal tissue, oil glands and the tissue below oil glands. An uneven
distribution of tissue damage is observed in the lower albedo tissue (arrow)
but eventually this tissue is also destroyed.
The margin of injury in fruit exhibiting symptoms of Type 6 CI is very
distinct (Figure 2.8A) and a very clear transition line between affected and
unaffected tissue (arrow) is apparent (Figure 2.8B). The damage is very
extensive and affects all tissue, including the entire albedo layer. Crystalline
deposits were also observed in flavedo tissue (Fig 2.8C) and inside xylem
vessels (Figure 2.8D). There is also extensive damage to albedo and phloem
tissue (Fig 2.8D).
Type 7 CI (Figure 2.9A) begins as a light positive staining for polyphenolics in
the epidermal and subepidermal cell layers (arrow) (Figure 2.9B and Figure
2.9C). However, deeper tissues and the oil glands appear to be structurally
sound. In the later stages of development (Figure 2.9D) epidermal and
subepidermal tissues collapse, but the injury remains somewhat superficial,
as the lower hypodermal layers do not collapse, as is observed in Type 1 CI.
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2.3.3 Confocal laser-scanning microscopy (CLSM)
Surface examination of injured and uninjured areas of ‘Roberts’ navel oranges
exhibiting Type 3 CI showed differences in the autofluorescent properties of
the oil glands and surrounding tissue (Figure 2.10A-C). Oil glands showing
advanced stages of collapse were associated with small cracks in the cuticle
(arrow).
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Figure 2.1 Classification of chilling-related injuries of navel oranges during
2003 and 2004. (A) Type 1 CI; (B) Type 2 CI, (C) Type 3 CI; (D) Type 4 CI;
(E) Type 5 CI; (F) Type 6 CI, and (G) Type 7 CI.
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A

B

Figure 2.2 (A and B) Flavedo tissue of fruit not exhibiting symptoms of
chilling injury. The structural integrity of cells, tissue and oil gland cavities
is uncompromised. Bars = 150 μm.
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Figure 2.3 Developmental stages of Type 1 chilling injury. (A) Macroscopic
symptoms; (B) Type 1 early stage (arrow indicates cells with positive staining
for polyphenols); (C) Type 1 intermediate stage (D) Type 1 advanced stage.
Bars = 150 μm.
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Figure 2.4 Developmental stages of Type 2 chilling injury. (A) Macroscopic
symptoms; (B) Type 2 early stage (arrow indicates cellular collapse adjacent
to oil gland cavity); (C) Type 2 intermediate stage (D) Type 2 advanced stage.
Bars = 150 μm.
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Figure 2.5 Developmental stages of Type 3 chilling injury. (A) Macroscopic symptoms; (B) Type 3 early stage (arrow indicates
collapse of boundary cells of the oil gland cavity and underlying tissue); (C) Type 3 intermediate stage (D) Type 3 advanced stage.
Bars = 150 μm.
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Figure 2.6 Developmental stages of Type 4 chilling injury. (A) Macroscopic symptoms; (B) Type 4 early stage (arrow indicates
collapse of cells above the oil gland cavity); (C) Type 4 intermediate stage (D) Type 4 advanced stage. Bars = 150 μm.
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Figure 2.7 Developmental stages of Type 5 chilling injury. (A) Macroscopic symptoms; (B) Type 5 early stage (black arrow
indicates damage to epidermal cells and positive staining for polyphenols, white arrow indicates collapse of boundary cells of the oil
gland cavity and underlying tissue, red arrow indicates collapse of cells associated with the vascular tissue); (C) Type 5 advanced
stage (arrow indicates cells not completely collapsed). Bars = 150 μm.
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Figure 2.8 Developmental stages of Type 6 chilling injury. (A) Macroscopic
symptoms; (B) Type 6 microscopic symptoms (arrow indicates distinctive
margin of injury); (C) Crystalline material in flavedo tissue affected by Type
6 CI; (D) Crystalline material in xylem vessels affected by Type 6 CI. Bars =
150 μm.
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Figure 2.9 Developmental stages of Type 7 chilling injury. (A) Macroscopic
symptoms; (B) Type 7 early stage (arrow indicates positive staining for
polyphenols); (C) Type 7 early stage (higher magnification, arrow indicates
positive staining for polyphenols); (D) Type 7 advanced stage. Bars = 150 μm.
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B

C
Figure 2.10 Confocal laser-scanning micrographs of oil glands and
surrounding tissue visible through the cuticle. (A) unaffected oil gland
(arrow); (B) early symptoms of Type 3 CI; (C) advanced symptoms of Type 3
CI.
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2.4 Discussion
Seven distinct CI Types have been described (Figure 2.1, Table 2.1),
supporting previous observations of a variety of chilling-related injuries
affecting navel orange fruit. This range of CI Types may be due to a number
of variables, including differences in storage conditions. Temperature can
vary significantly within a coldroom, both spatially and temporally, as the
coldroom cycles around the programmed temperature. It has been previously
suggested that different forms of CI tend to be associated with particular
temperature ranges (Grierson, 1986). For example, at very low temperatures,
disorders such as scald (Type 7) and watery breakdown occur, whereas pitting
is a more common injury at warmer temperatures (Grierson, 1986). Holmes
et al. (1938) state that temperatures below 2°C are considered essential for
the development of gooseflesh (Type 4). However, no studies have been
published establishing a linkage between a certain storage temperature and a
particular expression of CI. The properties of the cold air contacting the fruit
may also contribute to different expressions of injury. It is known that chilled
air with a high relative humidity prevents or reduces CI (Wang, 1993);
however, air movement may also be important, as still air is probably less
dehydrating than a direct blast of fan-forced air. Temperature fluctuations
may also cause moisture to condense on the fruit surface and undergo a
freeze-thaw cycle, which is a possible cause of Type 6 CI, although the fruit
used in this study were from a coldroom programmed to 1°C.
There may be a physiological, seasonal and varietal basis to the expression of
different CI Types. Type 1 CI appears to have some association with the
stomata (Figure 2.3B), which may be a source of the pitting distribution. In
the 2003 storage season, Type 1 was eliminated in ‘Lanes Late’ navel oranges
by a 3 minute, 50°C water dip prior to storage (discussed further in Chapter
3). However, this response was not observed in the 2004 storage season, due
to the very low occurrence of Type 1 CI, which also suggests there is a
seasonal influence to the expression of CI Types. Chapter 4 will demonstrate
that some navel orange varieties are particularly susceptible to certain CI
Types.
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The involvement of rind and gland oils in the development of CI is unclear.
The development of Type 1 and Type 7 CI does not appear to begin with
tissue associated with the oil glands and it can be assumed that the observed
damage is not due to gland oil release. Type 5 and Type 6 CI involve
immediate damage to the majority or all of the rind tissue and although the
release of gland oil probably contributes significantly to the extent of the
damage, they seem to be general injuries. Of interest is the crystalline
material observed in flavedo tissue (Figure 2.8C) and xylem vessels (Figure
2.8D) from fruit affected by Type 6 CI. The substance was not identified, but
may be hesperidin, a flavanone that crystallises immediately upon
dehydration (Scott and Baker, 1947), which may have occurred during
specimen preparation.
The involvement of gland oil in Type 2 CI, one of the most commonly observed
injuries, is not entirely clear from the micrograph (Figure 2.4B). It is possible
that oil seeping laterally from the oil glands into the surrounding supportive
collenchyma cells causes the gland to collapse, although damage to the
supportive tissue could also lead to gland collapse, releasing oil as a
secondary event. The similar symptoms observed in the early stages of Type
4 CI (Figure 2.6B) complicates the issue, as oil gland collapse does not
proceed immediately as it does in Type 2, suggesting that the gland oil is not
involved. The difference between these two CI Types may involve the
physical strength of the gland structure itself, in that loss of the supporting
tissue structure occurs in both Types, but does not cause damage to the
boundary cells and hence the cavity structure in Type 4 CI until the later
stages of injury development.
Type 3 CI does appear to involve gland oil release as a primary event, as the
tissue below the oil glands collapses early in symptom development (Figure
2.5B). This would suggest that the phytotoxic oils from the gland are
infiltrating the tissue causing extensive damage over time. Alternatively,
damage to the tissue structure under the oil gland may be caused by some
other mechanism, in turn distorting the gland structure and causing the
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liberation of gland oil in the later stages of symptom development. However,
if rind oil is present in the interglandular tissue as membrane-bound bodies,
as described by Margosan et al. (2001), it is possible that the occurrence of
Type 1 and Type 7 CI could also involve rind oil toxicity.
CLSM examination of the surface of ‘Roberts’ navel oranges affected by Type
3 CI showed differences in the autofluorescent properties of the oil gland and
surrounding tissue. While uninjured tissue exhibited bright fluorescence in
the oil gland and surrounding tissue (Figure 2.10A), the fluorescence of the
surrounding tissue disappeared as injuries developed (Figure 2.10B-C),
possibly due to cell death. The emission spectrum of the oil glands also
changed as symptoms developed, but unfortunately scan-depth was
insufficient to allow further investigation. Knight (2002) also reported
similar constraints, citing sample opacity and inhomogeneity as the cause.
Small cracks in the cuticle were observed in advanced stages of pit
development in Type 3 CI (Figure 2.10C), but these are most likely caused by
the physical collapse of the oil gland and associated upper cell layers into the
deeper tissues of the rind. However, these cracks may contribute to water
loss, which is considered to be a major contributing factor to CI symptom
development (Cohen et al., 1994).
Seven distinct forms of CI were observed in the two harvest seasons in which
these specimens were collected and examined. These injuries were assigned
Type numbers and microscopic examination demonstrated that these were
distinctly different, based on differences in the primary site of injury and
sequences of secondary events. While microscopic examination is not a
practical diagnostic tool for identifying CI Types in industry, the macroscopic
symptoms are distinct and identification based on these alone should be
sufficient. By developing a new Type number classification system, the use of
common names for disorders can be eliminated, minimising confusion and
simplifying communication for industry and researchers.
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3. Pre-storage Dip Treatments
3.1 Introduction
The inability to reliably and predictably induce CI is a major obstacle in the
investigation of chilling-related rind disorders of citrus. As a result, CI
research often focuses on comparisons of fruit populations differing in CI
susceptibility due to variety, fruit age, storage temperature or pre-storage
treatments.
The treatment of citrus fruit with TBZ, hot water or wax prior to chilled
storage has been shown to reduce the incidence and severity of CI symptoms
(Schirra and Mulas, 1995; Porat et al., 2000b; Wild, 1993). Pre-storage MJ
treatment effectively reduces CI symptoms in a range of fruit (Meir et al.,
1996), but has not been trialed on navel orange fruit. A detailed review of
these pre-storage treatments was presented in Section 1.4.
As was first discussed in Section 1.4.2, it is thought that some pre-storage
treatments, such as heat or MJ, induce an oxidative stress response, resulting
in a cross-tolerance that protects fruit from chilling stress. For example, heat
conditioning and hot water dipping treatments are effective means of
reducing the incidence and severity of CI in ‘Fortune’ mandarins. Three days
at 37°C (90-95% RH) reduced CI, and increased CAT, SOD and APX activities
compared to untreated fruit (Sala and Lafuente, 1999). A later study showed
that elevated CAT activity was maintained throughout the cold storage period
(Sala and Lafuente, 2000). These results suggest a role for oxidative stress in
the susceptibility of citrus fruit to chilling temperatures. However, a hot
water dipping treatment (53°C for 3 minutes) also increased CAT activity, but
this effect was not maintained throughout the storage period. Although this
treatment was less effective at reducing CI compared to the 37°C treatment,
it still resulted in less CI than untreated fruit, despite CAT activity being
similar during storage. The role of oxidative stress in CI development is
therefore still somewhat unclear.
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The objective of this study was to evaluate the effectiveness of pre-storage
treatments in reducing the symptoms of CI, as determined by CI Type,
incidence and severity. Trials were run over three seasons and three navel
orange varieties were evaluated.
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3.2 Materials and methods
3.2.1 Dipping treatments
Dips were applied for three minutes in a 200 L water bath (Figure 3.1), which
was fitted with a custom-built, digitally-controlled heating element
(Thermoline Scientific Equipment, Australia) and an electric pump (Model
413, Onga, Australia), to ensure adequate water circulation. Fruit were fully
immersed during treatment by enclosing in plastic baskets and were allowed
to air dry between treatments. Basic treatment protocols are described
below:
Control
200 L tap water at ambient temperature.
Control + adjuvants
200 L tap water at ambient temperature + 0.01% Tween 20 (Sigma, St. Louis,
USA) + 1 mL absolute ethanol.
Heat treatment
200 L tap water heated to 50°C and maintained within 0.3°C.
Thiabendazole (TBZ) treatment
200 L ambient temperature tap water + 1000 p.p.m. TBZ as Tecto® Flowable
SC (Syngenta, Basel, Switzerland) + 0.01% Tween 20.
Methyl jasmonate (MJ) treatment
200 L ambient temperature tap water + 0.01% Tween 20 + 458.5 μL MJ
(Sigma, St. Louis, USA) dissolved in 1 mL absolute ethanol. The final
concentration of MJ in the dip tank was 10 μM. This concentration was
chosen as it was found to be optimal for reducing CI in the pre-storage
treatment of grapefruit (Meir et al., 1996; Droby et al., 1999).
Wax treatment
Following the dip treatments, wax (Decco Citrus Lustre 402A, Cerexagri,
King of Prussia, Pennsylvania, USA) was applied by hand using latex gloves
at a rate of approximately 100-150 μl per 100 g fruit.
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C

P

H

A

B
Figure 3.1 Application of dip treatments. (A) Dip tank fitted with a heating
element (H), digital controller (C) and pump (P); (B) Fruit being dipped in
baskets to ensure full submersion.
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3.2.2 Fruit harvesting and treatment
A number of trials were run over three consecutive seasons using three navel
orange selections: ‘Lanes Late’, ‘Thomson’ and ‘Navelina’, all grafted onto
Carrizo citrange rootstock. Fruit were harvested from two separate sites; a
commercial orchard located at Iraak, north-west Victoria, Australia, and a
research orchard located at NSW DPI’s Agricultural Research and Advisory
Station, Dareton, NSW, Australia * . All fruit were transported to CSIRO
Plant Industry, Merbein, Victoria, Australia, after harvest and sorted to
discard any inferior fruit, including those with albedo breakdown, rind
damage, green colouration, disease or excessive wind scarring. Treatments
and treatment combinations varied between seasons. All fruit were stored in
cardboard citrus cartons at 1°C for eight weeks and then moved to a 21ºC
temperature-controlled room for an additional week as a simulated marketing
period (SMP) prior to assessment for CI. With the exception of the 2005
‘Lanes Late’ trial, all cartons were stored in standard cold rooms and
temperatures monitored using Thermocron loggers (OnSolution, Australia).

2003: ‘Lanes Late’
‘Lanes Late’ navel orange fruit were harvested from the Iraak site on two
occasions: August 25 and September 1, 2003. The fruit received factorial
combinations of the following treatments:
+/– wax
+/– TBZ and
+/– 50°C water dip
Ambient water temperature ranged between 19°C and 23°C. The control +
adjuvants treatment (+/– wax) was applied separately to the factorial
combinations. Treatments consisted of five cardboard citrus cartons
containing 50 fruit each.

Refer to Appendix 2 for a map detailing the location of the trial sites and CSIRO Plant

*

Industry, Merbein.
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2004: ‘Navelina’ and ‘Thomson’
‘Navelina’ and ‘Thomson’ navel orange fruit were harvested from the Dareton
site on May 24, 2004. Fruit received factorial combinations of the following
treatments:
+/– TBZ and
+/– 50°C water dip
Ambient water temperature ranged between 19°C and 23°C. There were four
cardboard citrus cartons each containing 25 fruit of each variety for each
treatment combination.

2004: ‘Lanes Late’
‘Lanes Late’ navel orange fruit were harvested from the Iraak site on
September 13, 2004. Fruit received factorial combinations of the following
treatments:
+/– MJ
+/– 50°C water dip
Ambient water temperature ranged between 19°C and 23°C. There were ten
cardboard citrus cartons each containing 25 fruit for each treatment
combination. Due to the volatile nature of MJ, fruit that had received this
treatment were stored in a separate coldroom to eliminate the possibility of
vapour affecting fruit from the other treatments.

2005: ‘Navelina’ and ‘Thomson’
‘Navelina’ and ‘Thomson’ navel orange fruit were harvested from the Iraak
site on June 7, 2005. Fruit received factorial combinations of the following
treatments.
+/– MJ
+/– 50°C water dip
Ambient water temperature was around 16°C. There were four cardboard
citrus cartons each containing 25 fruit of each variety for each treatment
combination. MJ-treated fruit were stored separately as before.
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2005: ‘Lanes Late’
‘Lanes Late’ navel oranges were harvested from the Dareton site on
September 15, 2005. Fruit received either a control treatment, with ambient
water temperature around 19°C or a MJ treatment. The fruit were stored on
racks in temperature-controlled cabinets at 1ºC±0.02ºC for eight weeks before
the cabinets were reset to 21ºC for an additional week of SMP. Each
treatment was allocated two cabinets, containing five racks each holding
approximately 50 fruit, providing 500 fruit for each treatment.

3.2.3 CI assessment
Fruit were assessed for CI based on incidence (whether fruit had symptoms,
regardless of severity) and a CI Index based on the method of Wild (1993):
1. Fruit from each carton were divided into severity classes based on the
area of rind affected: 0, no CI (0 cm2); 1, trace CI (0.5-1 cm2); 2, mild CI
(2-4 cm2); 3, moderate CI (5-10 cm2); 4, severe CI (>11 cm2).
2. The number of fruit in each severity class was multiplied by the
severity score (i.e. 0-4).
3. The sum of the products was divided by the total number of fruit
assessed.
The CI Index is a useful measure because it incorporates both incidence and
severity data. Fruit exhibiting symptoms of CI were classified according to
the CI Types described in Chapter 2. Because some fruit had symptoms of
more than one CI Type, the sum of the incidences for the different CI Types
exceeded 100% in some cases.

3.2.4 Rind and juice maturity
At harvest, a sub-sample of fruit was collected for analysis of internal
maturity. Juice samples were stored at –20°C and thawed before analysis for
total soluble solids (TSS) with a temperature-adjusted digital refractometer
(Model SR400, Erma, Tokyo, Japan) and titratable acidity (TA), using a 5 mL
sub-sample, with an automatic titrator (Metrohm 702SM Titrino, Herisau,
Switzerland or a VIT90 video titrator, Radiometer, Copenhagen, Denmark)
interfaced with a PC. The Maturity Index was calculated as the ratio of TSS
to TA. Where rind colour measurements were taken, L*a*b* were collected at
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four points around the equatorial plane of the fruit using a chroma meter
(Minolta, CR300 Chroma Meter, Osaka, Japan) § . The Colour Index (JimenezCuesta et al., 1982) was calculated from these values and the mean used for
analysis.

3.2.5 Scanning electron microscopy (SEM)
In 2005, freshly harvested ‘Lanes Late’ fruit were dipped in water at either
ambient temperature or 50°C for three minutes in a laboratory water bath.
Fruit were allowed to air-dry before SEM examination. Rind sections were
excised from a number of fruit and from various areas of the fruit surface to
determine variation in epicuticular wax morphology.
Ms Celia Miller from CSIRO Plant Industry Microscopy Unit, Canberra,
Australia, prepared the specimens according to the method of Craig and
Beaton (1996). Briefly, carefully excised portions of rind were attached to
copper specimen blocks, frozen in an Oxford CT 1500 cryotransfer system,
gold coated and observed at –140°C to –170°C with a JEOL 6400 scanning
electron microscope at 15 kV.

3.2.6 Statistical analyses
All data were analysed using Genstat Release 6.2 or Genstat Release 8.2
(Lawes Agricultural Trust, Rothamsted Experimental Station). Percentage
data were arcsine transformed to reduce variance heterogeneity, and other
data were checked for normality and variance homogeneity, and transformed
where necessary. Significant sources of variation were identified using
ANOVA, and significant differences between means identified using LSD at
P = 0.05. Because the sample groups in the ‘Lanes Late’ 2005 trial were
unbalanced, these data were analysed using REML, with treatments assigned
as the fixed components of variance and the fruit per rack and cabinet
comprising the random component of variance. Comparisons between fruit
treated with the control treatment and those treated with the control +

§

Refer to Appendix 3 for a description of colour measurements
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adjuvants were tested using an unpaired t-test at P = 0.05. Figures were
produced using SigmaPlot 8.0 (SSI, California, USA).

55

3.3 Results
The maturity data of fruit at harvest for all trials conducted between 2003
and 2005 are presented in Table 3.1.

Table 3.1 Total soluble solids (TSS), titratable acidity (TA), and Maturity and
Colour Indices at harvest of navel orange fruit used in dipping trials. Values
represent the mean of five fruit ± standard deviation. A dash indicates that no
measurements were taken.
Variety

Site

Season

TSS

TA

Maturity
Index

Colour
Index

‘Lanes Late’

Iraak

2003*

10.1 ± 1.0

0.98 ± 0.04

10.3 ± 0.9

—

‘Navelina’

Dareton

2004

10.9 ± 0.9

1.37 ± 0.20

8.1 ± 0.8

—

‘Thomson’

Dareton

2004

9.7 ± 0.5

1.01 ± 0.18

9.9 ± 1.9

—

‘Lanes Late’

Iraak

2004

10.4 ± 1.0

0.78 ± 0.04

13.3 ± 0.6

—

‘Navelina’

Iraak

2005

10.4 ± 0.7

0.83 ± 0.12

12.7 ± 2.0

5.3 ± 1.6

‘Thomson’

Iraak

2005

9.7 ± 1.2

1.12 ± 0.14

8.7 ± 1.0

2.4 ± 1.8

2005
12.9 ± 0.7
‘Lanes Late’ Dareton
*Mean of 10 fruit ± standard deviation

0.75 ± 0.10

17.3 ± 1.7

6.0 ± 0.6

3.3.1 ‘Lanes Late’ 2003
An unpaired t-test showed no significant (P = 0.05) differences in CI incidence
or CI Index between fruit receiving the control treatment and the control +
adjuvants treatment. Data from these fruit were not considered further in
any analysis.
Pre-storage treatments affected CI incidence of ‘Lanes Late’ navel oranges
stored at 1°C during the 2003 season. Significant interactive effects of heat
and TBZ, heat and wax, and TBZ and wax treatments on CI incidence were
evident (Figure 3.2A-C). With reference to the CI Index, significant
interactive effects were apparent for the heat and wax, and the TBZ and wax
treatment combinations (Figure 3.3A-B). Table 3.2 shows the percentage
incidence of each CI Type in fruit from all pre-storage treatments.
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CI incidence
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Figure 3.2 Interactive effects of (A) TBZ and heat, (B) heat and wax and
(C) TBZ and wax on chilling injury (CI) incidence of ‘Lanes Late’ navel orange
fruit harvested from Iraak during 2003 and stored at 1°C for eight weeks,
followed by one week storage at 21°C. Bars labelled with the same letter
within each graph are not significantly different (P = 0.05).
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Figure 3.3 Interactive effects of (A) heat and wax; and (B) TBZ and wax on
the chilling injury (CI) Index of ‘Lanes Late’ navel orange fruit harvested
from Iraak during 2003 and stored at 1°C for eight weeks, followed by one
week storage at 21°C. Bars labelled with the same letter within each graph
are not significantly different (P = 0.05).

Some treatments affected the type of injury observed on fruit following the
storage and SMP period. Incidence of Type 1 CI was affected by a significant
interaction of heat and wax effects (Table 3.3), whereas incidence of Type 2 CI
was significantly affected by waxing only; with 74% of unwaxed fruit having
Type 2 CI compared to 17% of waxed fruit expressing Type 2 CI. Incidence of
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Type 6 CI was too low to analyse statistically, but only occurred in fruit
subjected to treatment with both TBZ and wax (Table 3.2).

Table 3.2 Incidence of chilling injury (CI) Types in ‘Lanes Late’ navel orange fruit
harvested from Iraak in 2003 and stored at 1°C for eight weeks, followed by one
week storage at 21°C.
CI Type (%)
Treatment

%Uninjured

Type 1

Type 2

Type 6

Ambient

13.2

14.8

79.2

―

Ambient + TBZ

22.8

2.4

76.4

―

50°C

29.6

―

70.4

―

50°C + TBZ

31.6

―

68.4

―

Ambient + Wax

81.6

0.4

18.0

―

Ambient + TBZ + Wax

83.6

―

16.0

0.4

50°C + Wax

86.4

―

13.6

―

50°C + TBZ + Wax

79.6

―

18.4

2.0

Table 3.3 Effect of water dip temperature and waxing on the incidence (% fruit
affected) of Type 1 chilling injury in ‘Lanes Late’ navel orange fruit harvested from
Iraak in 2003 and stored at 1°C for eight weeks, followed by one week storage at
21°C. Means followed by the same superscripted letter are not significantly different
(P = 0.05).
Water dip temperature

Unwaxed

Waxed

Ambient

8.6b

0.2a

50°C

0.0a

0.0a

3.3.2 ‘Navelina’ and ‘Thomson’ 2004
‘Navelina’ fruit did not develop any chilling-related injuries regardless of prestorage treatment (data not shown), demonstrating a high tolerance to
chilling temperatures. The results for ‘Navelina’ were omitted from the
ANOVA and ‘Thomson’ fruit were analysed independently. No significant
main or interactive effects of heat and TBZ were found for CI incidence and
the CI Index. The majority of injury was due to Type 2 CI, and low levels of
Types 1, 4 and 5 CI were also present (Table 3.4).
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Table 3.4 Incidence of chilling injury (CI) Types in ‘Thomson’ navel orange fruit
harvested from Dareton in 2004 and stored at 1°C for eight weeks, followed by one
week storage at 21°C.

CI Type (%)
Treatment

% Uninjured

Type 1

Type 2

Type 4

Type 5

Ambient

20.0

1.0

80.0

0.0

0.0

50°C

34.0

0.0

65.0

1.0

1.0

Ambient + TBZ

11.0

0.0

86.0

1.0

1.0

50°C + TBZ

25.7

2.0

68.3

2.0

4.0

3.3.3 ‘Lanes Late’ 2004
There were no significant main or interactive effects of heat and MJ on the
incidence of CI or the CI Index in ‘Lanes Late’ navel oranges harvested during
the 2004 season. Type 2 CI contributed to the majority of CI observed, and
low levels of Type 1 and Type 5 CI were also present (Table 3.5). Incidence of
Type 7 CI was more common, and had a major visual impact on injury levels
in affected cartons due to the physical appearance of this injury (see Figure
2.1G).

Table 3.5 Incidence of chilling injury (CI) Types in ‘Lanes Late’ navel orange fruit
harvested from Iraak in 2004 and stored at 1°C for eight weeks, followed by one
week storage at 21°C.

CI Type (%)
Treatment

% Uninjured

Type 1

Type 2

Type 5

Type 7

Ambient

46.2

0.8

49.0

0.4

7.6

50°C

58.2

0.4

32.5

0.0

9.2

Ambient + MJ

54.3

0.8

38.9

0.0

6.1

50°C + MJ

55.6

0.8

39.9

0.0

4.4

3.3.4 ‘Navelina’ and ‘Thomson’ 2005
Navelina’ fruit did not develop any chilling-related injuries regardless of prestorage treatment (data not shown), again demonstrating a high tolerance to
chilling temperatures and confirming results obtained in the 2004 season.
The results for ‘Navelina’ were omitted from the ANOVA and ‘Thomson’ fruit
were analysed independently. A significant main effect of heat was found for
both CI incidence and the CI Index (Table 3.6). There was no significant
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main effect of the MJ treatment, nor any significant interaction with heat
treatment. All chilling-related injuries were Type 2.

Table 3.6 Effect of pre-storage water dip temperature on chilling injury (CI)
incidence (% fruit affected) and CI Index of ‘Thomson’ navel orange fruit harvested
from Iraak in 2005 and stored at 1°C for eight weeks, followed by one week storage
at 21°C. An asterisk indicates a significant difference within rows (P = 0.05).
Water dip temperature
Ambient

50°C

CI incidence (%)

52.5

29.5*

CI Index

1.20

0.57*

3.3.5 ‘Lanes Late’ 2005
Treatment of fruit with MJ was found to significantly reduce CI incidence and
CI Index in ‘Lanes Late’ navel orange fruit harvested from Dareton during
2005 (Table 3.7). CI Type was not assessed for this trial.

Table 3.7 Effect of a three minute pre-storage methyl jasmonate (MJ) dip on chilling
injury (CI) incidence (% fruit affected) and CI Index of ‘Lanes Late’ navel orange
fruit harvested from Dareton in 2005 and stored at 1°C for eight weeks, followed by
one week storage at 21°C. An asterisk indicates a significant difference within rows
(P = 0.05).
Water

MJ

CI incidence (%)

66.8

59.3*

CI Index

2.30

2.01*

3.3.6 Epicuticular wax morphology
In fruit dipped at ambient temperatures, epicuticular wax morphology was
highly variable between fruit and areas of the rind. Figure 3.4A illustrates
representative morphologies from these fruit.
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A

B
Figure 3.4 Scanning electron micrographs of epicuticular wax of ‘Lanes Late’
navel orange fruit dipped in (A) ambient temperature water, and (B) 50°C
water, for three minutes. Bars = 10μM.
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Fruit dipped at 50°C also demonstrated a wide of range of morphologies
(Figure 3.4B), but exposure to the hot water appeared to cause some changes.
Of particular interest is the appearance of small ‘beads’ of wax (Figure 3.5B)
on some areas of heat-treated fruit, which are possibly produced from the
small, flaky wax platelets observed in fruit dipped at ambient temperatures
(Figure 3.5A).

A

B

Figure 3.5 Scanning electron micrographs of epicuticular wax of ‘Lanes Late’
navel orange fruit dipped in (A) ambient temperature water, and (B) 50°C
water, for three minutes. Bars = 10μM
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3.4 Discussion
All of the treatments trialed in these experiments reduced CI incidence to
some extent. In the 2003 ‘Lanes Late’ trial, CI incidence was significantly
reduced by heat, TBZ and wax treatments. A TBZ dip applied in addition to
an ambient temperature dip reduced CI incidence compared to fruit receiving
an ambient temperature dip only. Dipping fruit in 50°C water had a
comparable effect on CI incidence, but additional treatment with TBZ did not
reduce incidence any further (Figure 3.2A). Treating fruit with a 50°C dip or
a TBZ dip prior to storage significantly reduced CI incidence in unwaxed fruit
(Figures 3.2B-C). However, waxing was the most effective treatment for
reducing the incidence of CI and obscured the effect of the heat and TBZ
treatments. Unlike CI incidence, there was no significant interaction of heat
and TBZ in relation to the CI Index. However, the trend for significant
interactions of heat and wax, and TBZ and wax on CI Index (Figures 3.3A-B)
was the same as that found for CI incidence.
Because waxing had such a strong effect on reducing CI incidence and CI
Index, it was omitted from future trials, as it obscured the significant effects
of the other treatments. The efficacy of wax treatments is mostly attributable
to limiting water loss from the fruit (Tugwell and Gillespie, 1989) as was
discussed in Section 1.4.5. This suggests that waxing has a physical effect
(i.e. a barrier to water loss) rather than a physiological effect.
The ‘Navelina’ and ‘Thomson’ trial conducted in 2004 served to demonstrate
the tolerance of ’Navelina’ fruit to chilling temperatures. However,
treatments imposed on ‘Thomson’ fruit from that same trial did not
significantly reduce CI incidence. Moreover, CI incidence and CI Index were
not affected by treatments given to ‘Lanes Late’ navel orange fruit in 2004
either. The mean percent CI incidence for fruit treated with an ambient dip
averaged 80%, only 6.8% down from the mean CI incidence observed in ‘Lanes
Late’ fruit given the same treatment in the 2003 trial. So, while mean
incidence was not much lower, heat and TBZ treatments were not effective, as
they had been in the 2003 experiment. The incidence of CI in ‘Lanes Late’
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fruit treated with an ambient dip in 2004 averaged approximately 54%,
considerably lower than the 87% of ‘Lanes Late’ fruit affected by CI when
given the same treatment in 2003. These results demonstrate that CI
incidence varies considerably between seasons, as has been previously
observed in other crops, such as peaches (Campos-Vargas et al., 2006). This
seasonal effect may have also obscured the effectiveness of pre-storage dip
treatments at reducing CI.
The ‘Navelina’ and ‘Thomson’ trial conducted in 2005 confirmed the tolerance
to chilling temperatures that ‘Navelina’ fruit had demonstrated in the
previous year’s trial. The 50°C dip treatment significantly reduced CI
incidence and CI Index in ‘Thomson’ fruit from this trial (Table 3.5), but the
MJ treatment did not have a significant effect. To determine if MJ had any
potential to reduce CI incidence in navel oranges at a 10μM concentration, a
large trial was conducted on ‘Lanes Late’ fruit in 2005. This trial was
different to those conducted previously, in that fruit were not stored in
cardboard cartons, but on racks in temperature controlled cabinets, and only
control or MJ treatments were used. The results from this trial demonstrated
that there was a small but statistically significant reduction in CI incidence
and CI Index in fruit receiving the MJ treatment (Table 3.6). It is possible
that a higher concentration of MJ is needed to drastically reduce CI incidence,
but care does need to be taken as chemical injury may occur at higher
concentrations (Ding et al., 2002).
Apart from the wax treatment, the 50°C dip was the most effective prestorage treatment to reduce CI incidence and CI Index. Some of the possible
physiological mechanisms of this effect, such as heat shock proteins and
dehydrins providing cross-tolerance were discussed in Section 1.4.2.
The cuticle of citrus fruit has been shown to possess small cracks formed
during fruit development and these may provide the means by which
moisture is lost from the fruit. Moisture loss has been previously been
implicated in the development of CI (Cohen et al., 1994). Hot water dipping
has been shown to partially melt the epicuticular wax of ‘Minneola’
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tangerines (Porat et al., 2000a) and ‘Fortune’ mandarins (Schirra and
D’hallewin, 1997), resealing cuticular cracks. However, hot water dipping has
also been shown to increase water loss from ‘Fortune’ mandarins (Schirra and
D’hallewin, 1997) and there did not appear to be any resealing of the cuticle
in the ‘Lanes Late’ navel oranges investigated in this study, despite hot water
dipping successfully reducing CI incidence. These results indicate that the
effectiveness of hot water dipping at reducing the incidence of CI is not
related to the reduction of moisture loss from the fruit.
Overall, fruit were found to have variable epicuticular wax morphologies
(Figure 3.4A), ranging from smooth, amorphous platelets to large areas of
crystalline platelets. This variation in wax morphology has been observed
previously in orange fruit and it was demonstrated that sun-exposure was
largely responsible for the formation of amorphous wax structure through
melting and sealing of crystalline platelets (Storey and Treeby, 1994). The
results presented here show that dipping of mature ‘Lanes Late’ fruit in 50°C
water for three minutes was insufficient to reseal the cuticle, although some
changes in wax morphology were apparent (Figure 3.4B) in that the fruit
surface became more amorphous, but small cracks were still evident.
Interestingly, crystalline platelets (Figure 3.5A) appeared to have melted to
form small beads of wax (Figure 3.5B). This is in contrast to the results of
Schirra and D’hallewin (1997), who performed the same dip treatment on
‘Fortune’ mandarin and observed sealing of cracks in the epicuticular wax.
Conversely, Williams et al. (1994) observed no modification in the surface wax
structure of ‘Valencia’ oranges exposed to surface temperatures of 45°C45.5°C over 74 minutes, suggesting that epicuticular wax morphology is not
affected by exposure to hot water in oranges in general. It is unclear whether
these differences are due to the thickness or composition of the epicuticular
wax in mandarins, which may have a lower melting point. For example, Sala
et al. (1992b) found that ‘Satsuma’ mandarin had less epicuticular wax than
‘Navelina’ oranges’.
It is logistically difficult to use hot water dipping in a commercial
packingshed due to the substantial amount of heat-transfer occurring when
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large numbers of fruit are processed in packing runs. However, hot water
brushing treatments are also effective at reducing CI (Porat et al., 2000b) and
the smaller volumes of water needed make it possible for water to be recirculated and re-heated. Hot water brushing is also highly effective at
reducing decay (Porat et al., 2000b). The application of MJ in a commercial
situation would be more likely to involve using the volatile form in a similar
manner to ethylene, or by incorporation into the wax. However, none of the
treatments trialed here were more effective than a simple wax application
already used by industry and no additive effect of these treatments and the
wax application were observed. Therefore, it is unclear how useful these
treatments are as commercial applications to reduce the incidence of CI.
The biological significance of these treatments lies in the association
they have with stress defense mechanisms.
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4. Site, Variety, Fruit Age and Storage Temperature
4.1 Introduction
The age of citrus fruit at harvest has previously been associated with
susceptibility to CI during postharvest storage. Storage trials based on serial
sequential harvests have been carried out on a range of citrus varieties
including ‘Fortune’ mandarin (Gonzalez-Aguilar et al., 2000b), ‘Tarocco’
orange (Schirra et al., 1997), ‘Bellamy’ navel orange (Bevington et al., 2007)
and ‘Marsh’ grapefruit (Ismail and Grierson, 1977). Seasonal variation in CI
incidence followed a bell-shaped curve, where early- and late-harvested fruit
had lower incidences of CI than mid-season fruit. This trend was correlated
with a number of physiological markers, including reducing sugars (Purvis et
al., 1979), carbohydrate, proline and polyamine concentrations (Holland et al.
2002; Purvis, 1981; Gonzalez-Aguilar et al., 2000b) and tree growth cycles
(Ismail and Grierson, 1977), as well as environmental factors, such as
minimum winter temperatures (Purvis and Grierson, 1982). However,
harvest date effects on antioxidant activity and LOOH concentrations have
not been investigated in relation to CI susceptibility and development.
Fruit age is currently defined in three ways:
1. Days since anthesis
•

A scaled measure of age from a fixed point in time.

•

Usually applied to populations of fruit as “days after full bloom”
or “days since peak flowering” to approximate the average age of
fruit in an orchard or region.

•

Is rarely used to describe the age of individual fruit.

2. Physiological/phenological age
•

Variable measures partially correlated with days after fruit set,
but markedly influenced by environmental factors such as
climate, canopy position and management.

•

Physiological age is based on biochemical changes occurring
during fruit development and subsequent senescence. Some
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changes can be determined analytically to calculate a
physiological age based on those parameters.
•

Phenological stages are based on major physiological events,
such as fruit set or colour break. A description of citrus fruit
phenology is presented in Section 1.1.4.

3. Maturity
•

A component of physiological age, but based exclusively on
organoleptic properties contributing to consumer acceptance.

•

Used in commercial situations to time harvesting.

Variation between the ages of individual fruit on a “days since anthesis” basis
has received little attention experimentally, most probably because of the
logistical difficulties involved in tracking a large number of individual flowers
through to a much smaller number of mature fruit. Haas (1949) reported
that the blossoming and fruit set period in ‘Washington’ navel oranges in
southern California spanned a period of at least five weeks, although the
majority of fruit remaining on the tree until harvest were set at the end of
this blossoming period. The significance of these observations is that while
some fruit may be up to a month older than the majority of fruit on a given
tree, the variation in fruit age on a “days since anthesis” basis is relatively
low. However, it is not known if these results are common to all growing
regions and navel orange varieties.
Compared to “days since anthesis”, the physiological age of fruit is likely to
have a greater influence on CI susceptibility of navel oranges. This is
demonstrated by the bell-shaped curve obtained from serial harvests.
Environmental factors also contribute to the wide spread of physiological
ages. For example, Bevington et al. (2007) found that fruit on the eastern
side of the tree tended to have advanced rind colour development compared to
fruit on the western side. Similarly, sun-exposed fruit surfaces had higher
colour indices than the shaded fruit surfaces. Management methods, such as
the application of gibberellic acid to delay colour development, also affect the
rate of physiological aging. Variations in fruit physiological age present
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problems when harvesting commercial orchards. Due to the high cost of
labour, entire management units are usually strip-picked, meaning that all
fruit are harvested at the same time, regardless of physiological maturity. If
fruit age and CI are directly linked, packing cartons with a mix of fruit
differing in physiological age could markedly influence CI incidence.
Generally, grapefruit, lemons and limes are believed to be more sensitive to
low storage temperatures than mandarins or oranges (Davies and Albrigo,
1994), and it has been reported that ‘blood’ oranges are more susceptible to CI
than ‘blonde’ oranges (Pratella et al., 1969). However, limited information is
available regarding differences in the CI susceptibility of navel orange
varieties. Apart from Lafuente et al. (2003), who reported that ‘Navelina’
navel orange fruit did not develop chilling-related injuries, no published data
existed at the time of this study to demonstrate varied tolerance to chilling
temperatures between navel orange varieties. More recently, however, a
report has been published demonstrating a wide range of CI tolerances in
navel orange varieties grown in Australia (Bevington et al., 2007). Biale
(1961) states that early and midseason varieties were more susceptible to CI
than late-maturing varieties, although the results of Bevington et al. (2007)
suggest that CI susceptibility is not correlated with seasonality. Varietal
differences in CI susceptibility may be related to the timing of anthesis.
While it would be expected that navel orange varieties undergo anthesis in
the same order as they mature, Pitt (2002) found that this was not the case.
Based on calendar days, some mid-late varieties reached anthesis before
early- or mid-season varieties, meaning that the fruit of those early flowering
varieties hang on the tree for longer before reaching commercial maturity.
However, no studies have been conducted to connect seasonality, timing of
anthesis and CI susceptibility. Moreover, any number of biochemical
differences between navel orange varieties could contribute to storage
performance at chilling temperatures.
The dipping experiments conducted in 2004 confirmed the tolerance of
‘Navelina’ fruit and sensitivity of ‘Thomson’ fruit to chilling temperatures
(Section 3.3.2). These two varieties are harvested early in the season and,
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among other varieties, are exported in the first shipments of navels from
Australia to the USA. The aim of this section was to assess the impact of
fruit age by assessing CI incidence and CI Indices from fruit of both these
varieties as a function of harvest date. Fruit were stored at chilling (1°C) and
non-chilling (12°C) temperatures. Fruit were harvested on three occasions at
three-week intervals from two separate orchards to determine if tolerance to
chilling temperatures during storage is affected by harvest date. In addition,
‘Roberts’ and ‘Navelate’ fruit were also stored at chilling (1°C) and nonchilling (12°C) temperatures to determine differences in storability of midseason varieties. To reduce external influences and gauge actual response to
storage temperature, fruit were not washed, sanitised or waxed prior to
packing. These storage trials also provided tissue for biochemical analyses,
the results of which are presented in later sections.
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4.2 Materials and methods
4.2.1 ‘Navelina’ and ‘Thomson’: Iraak site
‘Navelina’ and ‘Thomson’ navel orange fruit were harvested on three
occasions, June 7, June 29 and July 18 2005, from a commercial orchard
located at Iraak, Victoria, Australia * . Trees were grafted onto Carrizo
citrange rootstock. The fruit were transported immediately to CSIRO Plant
Industry, Merbein, Victoria, Australia. Fruit with albedo breakdown, rind
damage, green colouration, disease or excessive wind scarring were discarded.
The remaining fruit of each variety were packed into cardboard citrus cartons
and stored at either 1°C or 12°C for eight weeks, before being moved to a 21ºC
temperature-controlled room for an additional week as a simulated marketing
period (SMP) prior to assessment for CI. Each treatment consisted of four
cartons each containing 25 fruit. Thus, there were 48 cartons of fruit in total.

4.2.2 ‘Navelina’ and ‘Thomson’: Dareton site
‘Navelina’ and ‘Thomson’ navel orange fruit were harvested from the NSW
DPI’s Agricultural Research and Advisory Station, Dareton, NSW, Australia,
on June 10, June 29 and July 25, 2005. Trees were grafted onto Carrizo
citrange rootstock. Inferior fruit were discarded as described previously and
four cartons of 50 fruit from each variety for each harvest date were stored at
1°C for eight weeks + 1 week SMP before being assessed for CI.

4.2.3 ‘Roberts’ and ‘Navelate’: Dareton site
‘Roberts’ and ‘Navelate’ navel orange fruit were harvested on August 12,
2005, from NSW DPI’s Agricultural Research and Advisory Station, Dareton,
NSW, Australia. Trees were grafted onto Carrizo citrange rootstock. Inferior
fruit were discarded and four cartons of 25 fruit from each variety were
packed and stored at either 1°C or 12°C for eight weeks + 1 week SMP, before
assessment for CI.

*

Refer to Appendix 2 for a map detailing the location of the trial sites and CSIRO Plant Industry, Merbein.
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4.2.4 CI assessment
Assessment was conducted as described in Section 3.2.3. Briefly, CI incidence
is whether fruit had symptoms, regardless of severity, and a CI Index was
calculated based on the method of Wild (1993). The types of injury on each
fruit were classified according to CI Types, as described in Chapter 2.
Because some fruit had symptoms of more than one CI Type the sum of the
incidences for the different CI Types exceeded 100% in some cases.

4.2.5 Rind and juice maturity
At harvest, five fruit were sampled for analysis of rind and internal maturity.
These fruit were washed with a soft paintbrush in de-ionised water to remove
any dust that may interfere with measurements and carefully pat-dried with
paper towel. Rind colour measurements (L*a*b*) were collected at four
points around the equatorial plane of the fruit using a chroma meter (Minolta
CR300 Chroma Meter, Osaka, Japan) § . A Colour Index was calculated from
these values and the mean used for analysis. Juice samples from these same
fruit were stored at –20°C and thawed before analysis for TSS with a
temperature-adjusted digital refractometer (Model SR400, Erma, Tokyo,
Japan) and TA using a 5 mL sub-sample with an automatic titrator (Metrohm
702SM Titrino, Herisau, Switzerland) interfaced with a PC. The Maturity
Index was calculated as the ratio of TSS to TA.

4.2.6 Statistical analyses
All data were analysed using Genstat Release 6.2 or Genstat Release 8.2
(Lawes Agricultural Trust, Rothamsted Experimental Station). Percentage
data were arcsine transformed to reduce variance heterogeneity, and other
data were checked for normality and variance homogeneity, and transformed
where necessary. Significant sources of variation were identified using
ANOVA, and significant differences between means identified using LSD at
P = 0.05. Figures were produced using SigmaPlot 8.0 (SSI, California, USA).

§

Refer to Appendix 3 for a description of colour measurements
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4.3 Results
4.3.1 ‘Navelina’ and ‘Thomson’: Iraak site
CI incidence data for ‘Navelina’ and ‘Thomson’ fruit harvested on three dates
from the Iraak site are presented in Table 4.1. A highly significant
interaction of storage temperature, variety and harvest date was evident. No
CI was observed in fruit of either variety stored at 12ºC, and harvest date did
not influence CI incidence in ‘Thomson’ fruit stored at 1ºC. ‘Navelina’ fruit
from the first two harvests did not develop CI symptoms, but 20% of
‘Navelina’ fruit from the final harvest did develop CI symptoms.

Table 4.1 Chilling injury incidence (% fruit affected) in ‘Navelina’ or ‘Thomson’ navel
orange fruit harvested on three dates from Iraak during 2005 and stored at either
1°C or 12°C for eight weeks, followed by one week storage at 21°C. Means followed
by the same superscripted letter are not significantly different (P = 0.05).
‘Navelina’

‘Thomson’

Harvest date

1°C

12°C

1°C

12°C

June 7

0.0a

0.0a

69.0c

0.0a

June 29

0.0a

0.0a

69.0c

0.0a

July 18

20.0b

0.0a

68.0c

0.0a

A significant storage temperature, variety and harvest date interaction was
also found for the CI Index (Table 4.2). Overall trends were similar to CI
incidence, except that for ‘Thomson’ fruit harvested on June 7 and stored at
1ºC, fruit from the first harvest had a significantly lower CI Index than fruit
from the later harvests. This was due to an increase in CI symptom severity.

Table 4.2 Chilling injury Index of ‘Navelina’ or ‘Thomson’ navel orange fruit
harvested on three dates from Iraak during 2005 and stored at either 1°C or 12°C for
eight weeks, followed by one week storage at 21°C. Superscripts denote significant
differences (P = 0.05) between means.
‘Navelina’

‘Thomson’

Harvest date

1°C

12°C

1°C

12°C

June 7

0.00a

0.00a

1.83c

0.00a

June 29

0.00a

0.00a

1.95d

0.00a

July 18

0.53b

0.00a

2.01d

0.00a
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4.3.2 ‘Navelina’ and ‘Thomson’: comparison of Iraak and
Dareton sites
Data collected from fruit from Iraak stored at 1°C were compared with data
from fruit from Dareton stored at the 1°C. The harvest dates between the two
sites were not identical and have been designated as Harvest 1 (early-June),
Harvest 2 (late-June) and Harvest 3 (mid-July).
At harvest, fruit from both sites were assessed for internal maturity and rind
colour. TSS and TA of juice from ‘Navelina’ and ‘Thomson’ fruit harvested
from the Iraak and Dareton sites are presented in Table 4.3. TSS was
significantly higher in fruit from the Dareton site (12.3°Brix) compared to
fruit from the Iraak site (10.8°Brix). TA was significantly higher in juice from
‘Thomson’ fruit (0.97 g L-1) compared to ‘Navelina’ fruit (0.88 g L-1). A
significant linear effect of harvest date was evident for both TSS and TA
concentrations (Table 4.3).

Table 4.3 Effect of harvest period on total soluble solids (TSS) and titratable acidity
(TA) of ‘Navelina’ and ‘Thomson’ navel orange fruit harvested from Iraak and
Dareton during 2005. Means in each column followed by the same superscripted
letter are not significantly different (P = 0.05).
Site
Iraak
Harvest
1
2
3

Dareton

Harvest main effects

Variety

TSS
(ºBrix)

TA
(g L–1)

TSS
(ºBrix)

TA
(g L-1)

TSS
(ºBrix)

TA
(g L-1)

‘Navelina’

10.4

0.83

12.1

0.92

11.2a

0.96a

‘Thomson’

9.7

1.13

12.4

0.94

‘Navelina’

10.9

0.95

12.2

0.88

11.6ab

0.96a

‘Thomson’

10.9

1.01

12.4

1.01

‘Navelina’

11.5

0.89

12.5

0.79

11.9b

0.85b

‘Thomson’

11.3

0.89

12.4

0.85

Variety, harvest date and site significantly affected Maturity Index, but there
were no significant interactions of these effects. The Maturity Index was
higher in Dareton fruit (14.1) compared to Iraak fruit (11.7), and higher in
‘Navelina’ fruit (13.6) compared to ‘Thomson’ fruit (12.3). The harvest date
effect, which had a significant linear component, is shown in Table 4.4. The
Colour Index was significantly higher in ‘Navelina’ fruit (8.3) compared to
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‘Thomson’ fruit (6.3) and a significant interaction of growing site and harvest
date was evident (Table 4.5).

Table 4.4 Effect of harvest period on Maturity and Colour Indices of ‘Navelina’ and
‘Thomson’ navel orange fruit harvested from Iraak and Dareton during 2005. Means
in each column followed by the same superscripted letter are not significantly
different (P = 0.05).
Site
Iraak
Harvest
1
2
3

Variety

Maturity
Index

‘Navelina’

12.7

‘Thomson’

Dareton

Colour
Index

Harvest main
effects

Maturity
Index

Colour
Index

Maturity Index

5.3

13.3

8.2

12.1a

8.7

2.4

13.7

5.8

‘Navelina’

11.9

8.7

14.0

7.4

‘Thomson’

10.9

6.7

12.4

7.5

‘Navelina’

13.3

10.7

16.1

9.5

‘Thomson’

12.8

7.6

15.1

7.5

12.3a
14.3b

Table 4.5 Effect of harvest period on Colour Index of fruit harvested from Iraak and
Dareton during 2005. Means followed by the same superscripted letter are not
significantly different (P = 0.05).
Site
Harvest

Iraak

Dareton

1

3.84a

7.02b

2

7.69bc

7.45bc

3

9.13d

8.51cd

The CI Types observed in fruit harvested from Iraak (Table 4.6) were the
same as those observed in fruit harvested from Dareton (Table 4.7). Type 5
CI was present in the earlier harvests of ‘Thomson’ fruit from the Dareton
site but was only observed in ‘Thomson’ fruit from the final harvest from the
Iraak site. ‘Thomson’ fruit primarily developed Type 2 CI, but low levels of
Type 4 and Type 5 CI were also observed. When injuries did develop,
‘Navelina’ fruit were only affected by Type 7 CI.
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Table 4.6 Incidence of chilling injury (CI) Types affecting ‘Navelina’ or ‘Thomson’
navel orange fruit harvested on three dates from Iraak during 2005 and stored at
1°C for eight weeks, followed by one week storage at 21°C.
Harvest Date
CI Type

Variety

June 7

June 29

July 18

Uninjured %

‘Navelina’
‘Thomson’

100.0
31.0

100.0
31.0

80.0
32.0

Type 2 %

‘Navelina’
‘Thomson’

—
69.0

—
69.0

—
67.5

Type 4 %

‘Navelina’
‘Thomson’

—
—

—
—

—
1.0

Type 5 %

‘Navelina’
‘Thomson’

—
—

—
—

—
3.0

Type 7 %

‘Navelina’
‘Thomson’

—
—

—
—

20.0
—

Table 4.7 Incidence of chilling injury (CI) Types affecting ‘Navelina’ or ‘Thomson’
navel orange fruit harvested on three dates from Dareton during 2005 and stored at
1°C for eight weeks, followed by one week storage at 21°C.
CI Type

Variety

June 10

June 29

July 25

Uninjured %

‘Navelina’
‘Thomson’

100.0
17.7

100.0
7.0

87.6
2.3

Type 2 %

‘Navelina’
‘Thomson’

─
80.8

─
93.0

─
97.2

Type 4 %

‘Navelina’
‘Thomson’

─
─

─
0.5

─
─

Type 5 %

‘Navelina’
‘Thomson’

─
3.0

─
2.6

─
0.5

Type 7 %

‘Navelina’
‘Thomson’

─
─

─
─

12.4
─

In a comparison between the two sites, CI incidence (Figure 4.1) and CI Index
(Figure 4.2) showed the same trends. ‘Thomson’ fruit from Dareton had
consistently higher CI incidence and CI Index than ‘Thomson’ fruit from the
Iraak site. There were no significant differences in CI incidence or CI Index
over the three harvests in ‘Thomson’ fruit from the Iraak site, however, both
responses increased significantly for ‘Thomson’ fruit from the Dareton site.
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Harvest 1

CI incidence

100

Harvest 2

Harvest 3

e

f

d

80

c

c

c

60
40

b

20
0

a

a

'Navelina'

a

b

a

'Thomson' 'Navelina'

'Thomson' 'Navelina'

'Thomson'

Variety
Figure 4.1 Interactive effects of variety, site and harvest period on chilling
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Iraak (red bars) and Dareton (blue bars) during 2005 and stored at 1°C for
eight weeks, followed by one week storage at 21°C. Bars labelled with the
same letter are not significantly different (P = 0.05).

4.3.3 ‘Roberts’ and ‘Navelate’: Dareton site
Maturity and Colour Indices for ‘Roberts’ and ‘Navelate’ fruit at harvest are
presented in Table 4.8. Fruit of these varieties were similar in internal
maturity at harvest, but ‘Navelate’ fruit had more advanced rind colour.
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‘Roberts’ and ‘Navelate’ navel orange fruit did not develop CI when stored at
12ºC (data not presented) and storage temperature was the only significant
source of variation for both CI incidence and CI Index. There was no
significant effect of variety on CI incidence or CI Index of fruit stored at 1°C;
however, ‘Navelate’ fruit exclusively expressed Type 2 CI, whereas ‘Roberts’
fruit developed primarily Type 3 CI (Table 4.9).

Table 4.8 Total soluble solids (TSS), titratable acidity (TA), Maturity and Colour
Indices of ‘Roberts’ and ‘Navelate’ navel orange fruit harvested from Dareton in
2005. Values represent the mean of five fruit ± standard deviation.
Variety

TSS

TA

Maturity Index

Colour Index

‘Roberts’

11.5 ± 0.6

0.77 ± 0.08

15.2 ± 1.6

3.8 ± 0.6

‘Navelate’

12.9 ± 1.0

0.80 ± 0.04

16.2 ± 1.6

5.8 ± 0.7

Table 4.9 Percent incidence of chilling injury (CI) Types and total CI incidence,
and CI Index of ‘Roberts’ and ‘Navelate’ navel orange fruit stored at 1ºC for eight
weeks, followed by one week storage at 21ºC.
Variety
Chilling Injury

‘Roberts’

‘Navelate’

Type 2 CI (%)

5.3

83.8

Type 3 CI (%)

77.3

0.0

Type 5 CI (%)

1.0

0.0

Type 7 CI (%)

1.1

0.0

84.7
3.0

83.8
3.1

Total CI incidence (%)
CI Index
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4.4 Discussion
These studies investigated the effects of navel orange variety, storage
temperature, fruit age and site on the incidence of CI. As expected, storage
temperature had the greatest effect on the incidence of CI in these trials. No
rind injury developed in navel orange fruit stored at 12°C, demonstrating that
chilling temperatures were responsible for all injuries observed in fruit stored
at 1°C. Navel oranges are not stored commercially at 12°C because fruit
soften, wastage due to mould is greatly enhanced and the risk of developing
postharvest pitting, as described by Petracek et al. (1997), is similarly
increased. Susceptibility to CI also varied considerably between navel orange
varieties. ‘Navelina’ fruit demonstrated strong tolerance to chilling
temperatures, whereas ‘Thomson’ was moderately sensitive, and ‘Navelate’
and ‘Roberts’ fruit were highly sensitive to chilling temperatures.
The purpose of the serial harvests in this experiment was to separate groups
of fruit known to be of different ages on a “days since anthesis” basis and
determine the effect of fruit age on CI susceptibility. Although the age of
individual fruit was unknown, fruit populations were three weeks older at
each successive harvest date. CI incidence has followed a bell-shaped trend
in response to harvest date in similar studies (Schirra et al., 1997; Bevington
et al., 2007), but that trend was not evident for ‘Thomson’ fruit from Iraak
stored at 1°C. The incidence of CI amongst ‘Thomson’ fruit from the Iraak
site was not significantly influenced by harvest date, but fruit from the
Dareton site developed increasing levels of CI at each successive harvest date
(Figure 4.1). Similar trends were apparent for CI Index (Figure 4.2). If data
for the fruit harvested from the Iraak site (both 1°C and 12°C storage) are
analysed independently, no difference in CI incidence between harvests is
observed (Table 4.1), but the CI Index is higher in the two later harvests
compared to the first (Table 4.2), indicating an increase in CI severity. While
only three harvests were conducted and further differences may have been
observed with continued harvesting, this trial spanned six weeks, which was
comparable to the ‘Bellamy’ navel orange trial reported by Bevington et al.
79

Chapter 4: Site, Variety, Fruit Age and Storage Temperature

(2007). Moreover, by the third harvest of this trial, fruit were well beyond
commercial maturity.
The internal maturity of fruit at harvest does not appear to be related to the
development of CI in navel orange fruit. TSS and the Maturity Index
increased and TA decreased between successive harvests for both sites (Table
4.3 and Table 4.4), but CI incidence only increased significantly in fruit
harvested from the Dareton site (Figure 4.1). While Dareton fruit had a
higher Maturity Index than Iraak fruit overall, which may suggest that
advanced maturity contributes to CI susceptibility, ‘Navelina’ fruit were more
internally mature than ‘Thomson’ fruit and were less sensitive to storage at a
chilling temperature. Based on the Colour Index, rind maturity at harvest is
also unrelated to CI development. A wider range of colour development was
observed between successive harvests in fruit from the Iraak site compared to
the Dareton site (Table 4.5), despite CI incidence remaining constant between
harvests at the Iraak site (Figure 4.1). Moreover, Dareton fruit only had a
significantly higher Colour Index than Iraak fruit from the first harvest date.
Additionally, ‘Navelina’ fruit had a higher overall Colour Index than
‘Thomson’ fruit, but were much more tolerant of chilling temperatures.
Purvis et al. (1979) also found peel colour to be a poor indicator of CI
susceptibility in grapefruit. While other aspects of fruit maturity may
directly contribute to CI incidence, based on the data collected during the
trials described herein, the Maturity and Colour Indices do not.
The observed variation in CI susceptibility and maturity between the two
sites is also highly significant. These sites are located within the Sunraysia
district on the New South Wales/Victorian border and, generally, peak
flowering occurs reasonably uniformly throughout the district and any
differences in timing are usually not more than 4 – 5 days (K. Bevington
[NSW DPI], 2006, pers. comm., 28 July). This suggests that the observed
differences in Maturity and Colour Indices were related to environmental
factors post-flowering. Therefore, while Iraak and Dareton fruit of the same
variety are the same age in terms of “days after anthesis”, the Dareton fruit
were possibly physiologically older and more prone to CI.
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‘Navelina’ fruit from both sites were tolerant of storage at chilling
temperatures. No CI occurred in fruit from the first two harvests despite
fruit being unwaxed and stored at 1°C for eight weeks. However, fruit from
the final harvest at both sites did develop CI (Figure 4.1 and Figure 4.2).
These results provide strong evidence that more mature fruit are more prone
to injury from storage at chilling temperatures than less mature fruit.
Variety seems to have a strong influence on the type of CI expressed by
affected fruit. In these trials, ‘Navelina’ fruit developed only Type 7 CI (Table
4.6 and Table 4.7), ‘Navelate’ fruit developed only Type 2 CI and ‘Roberts’
fruit expressed mostly Type 3 CI (Table 4.8). Type 7 CI, which is also known
as cold scald, is reportedly associated with storage at very low temperatures
and mature fruit are more susceptible to its development (Hall and Scott,
1977), which may be why ‘Navelina’ fruit from Harvest 3 developed only this
injury. The reason for this differential susceptibility is unknown, but may be
related to structural or physiological factors. Because other studies do not
differentiate between types of CI symptoms, it is difficult to ascertain if these
observations have been made before in other navel orange varieties. It is
possible that most varieties typically express Type 2 CI symptoms, with low
incidence of some other symptoms, as was observed in ‘Thomson’ fruit.
This section has demonstrated the strong effect of site and navel orange
variety on CI susceptibility. The significance of these findings lies in the fact
that export consignments are typically a mixture of fruit from a wide range of
sources. Upon arrival at overseas ports, consignments are sampled to
determine if there are acceptable levels of fruit wastage. If fruit wastage in
sampled cartons exceeds acceptable levels, the entire consignment is repacked
at the cost of the packer and hence the growers contributing to that
consignment. In addition to the timing of harvest and postharvest handling,
varietal and site differences also need to be considered further in order to
overcome such repack events caused by high incidence of CI.
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5. Indicators of Fruit Age and Chilling Injury
5.1 Introduction
As discussed in Chapter 4, fruit age is an important factor in the
susceptibility of navel orange rinds to CI. Commercially, rind colour and
firmness are used as qualitative indicators when determining fruit suitability
for cold storage. However, there are no means to enable selection of fruit that
are more or less susceptible to CI, and there are no standard methods for
determining the physiological age of flavedo tissue.
Chlorophyll degradation is commonly used as an indicator of the onset of
senescence in green tissues, for example broccoli florets (Costa et al., 2005;
Page et al. 2001). In navel oranges, chlorophyll degradation indicates the
onset of the final phase of fruit development, and is accompanied by the
synthesis and accumulation of carotenoids. The disappearance of
chlorophylls and the accumulation of carotenoids may therefore be useful
indicators of fruit age. Carotenoids can be measured quantitatively by
chromatography, but this is a destructive measurement, requires specialised
equipment and doesn’t allow high sample throughput. Spectrophotometry of
tissue extracts allows quantification of the intensity of colour at a chosen
wavelength, but is also a destructive measurement, although some
spectrophotometers may be used on whole fruit to collect reflectance
measurements (e.g. Merzlyak et al., 1999). A rapid, non-destructive method
of measuring fruit colour is through the use of a chroma meter, which
measures light reflected from the fruit surface, but not at specific
wavelengths. Although the chroma meter is often used to measure the colour
of citrus fruit, it is unclear how the chroma meter’s measurements relate to
actual carotenoid content in navel orange flavedo tissue.
Electrolyte leakage from tissue incubated in solution is widely used as a
measure of cellular membrane permeability (Kocheva et al., 2005). The assay
is based on the assumption that tissue containing membranes with a high
permeability, caused perhaps by senescence or stress conditions such as
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chilling, will increase the conductivity of the incubation solution to a greater
degree than tissue containing membranes with a low permeability.
Electrolyte leakage from the flavedo tissue of citrus fruit has been measured
by a number of investigators. McCollum and McDonald (1991) initially
reported that flavedo tissue from unchilled fruit had low electrolyte leakage,
uninjured tissue from chilled fruit an intermediate level of electrolyte leakage
and injured tissue from chilled fruit had a high level of electrolyte leakage.
However, further experiments showed no influence of storage temperature on
electrolyte leakage. In fact, electrolyte leakage was consistently between 10
and 14% of the total electrolyte content of flavedo tissue for the entire storage
duration. Water loss from citrus fruit during storage is widely reported,
although this is generally measured as weight loss from whole fruit, not
specific tissues. Moisture loss either during storage or following rewarming is
generally considered to be a consequence of, or contributor to, CI in citrus
fruit (Henriod et al., 2005; Leguizamon et al., 2001; Cohen et al., 1994). Since
CI symptoms primarily affect the flavedo tissue (Chapter 2), moisture content
and electrolyte leakage was measured in this tissue. Flavedo moisture
content and electrolyte leakage from flavedo tissue of navel orange fruit
senescing in situ has not been measured previously.
Cellular constituents, such as proteins, are broken down as tissues senesce.
Total protein content of broccoli florets was found to significantly decrease
during storage at both chilling and non-chilling temperatures, although the
decrease was more marked in florets stored at room temperature (Page et al.,
2001). A similar result was obtained by Zhuang et al. (1997), demonstrating
that senescence-related protein degradation is reduced by storage at chilling
temperatures. It is not known whether protein is broken down in citrus fruit
flavedo as fruit senesce.
The aim of the work described in this chapter was to evaluate a number of
markers of fruit age and/or susceptibility to CI, such as rind colour,
electrolyte leakage, moisture loss, protein content and internal fruit
characteristics. This objective was pursued by studying the changes
occurring in flavedo tissue during in situ and ex planta senescence. For this
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purpose, data were collected from ‘Navelina’ and ‘Thomson’ fruit harvested on
three occasions at three-weekly intervals in 2005 and stored at either chilling
(1°C) or non-chilling (12°C) temperatures. Measurements were collected
weekly from fruit from the field or from fruit in storage.

5.2 Materials and methods
5.2.1 Fruit sampling
The fruit used in this section were from experiments conducted during 2005;
specifically, the ‘Navelina’ and ‘Thomson’ dipping study (Chapter 3) and the
Iraak serial harvest study (Chapter 4). In this section, Harvest 1 will refer to
fruit harvested on June 7, Harvest 2 to fruit harvested on June 29, and
Harvest 3 to fruit harvested on July 18, 2005. Fruit were sampled at weekly
intervals from storage and from the field for the duration of the trials. The
purpose of the field sampling was to provide an understanding of how specific
physiological markers may change as fruit senesce on the tree, while the
purpose of sampling from storage was to determine the effect of harvest and
storage conditions on those markers. Fruit samples consisted of ten fruit
collected from each treatment or field plot. The fruit were washed in deionised water with a soft paintbrush to remove dust and other adhering
particulate matter. Five fruit were used for colour and internal maturity
measurements and flavedo sampling. Flavedo tissue was removed using a
vegetable peeler, cut into small pieces with a razor blade and a sub-sample
was frozen in liquid nitrogen and stored at –80°C. These samples were used
for measurement of protein content, and LOOH concentration and total
antioxidant activity (Chapter 6). The remaining five fruit were used for
flavedo moisture content and electrolyte leakage.

5.2.2 Rind and juice maturity
Rind colour measurements (L*a*b*) were collected at four points around the
equatorial plane of the fruit using a colour meter (Minolta CR300 Chroma
Meter, Osaka, Japan) § . The mean values for each fruit were used to calculate
a Colour Index for each fruit. Outlier analysis using Grubb’s statistic (Rohlf
§

Refer to Appendix 3 for an description of colour measurements
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and Sokal, 1981) was conducted on the five fruit comprising each sample
group and data points failing the test were excluded from further analysis.
Juice samples were stored at –20°C and thawed before analysis of TSS with a
temperature-adjusted digital refractometer (Model SR400, Erma, Tokyo,
Japan) and TA using a 5 mL sub-sample with an automatic titrator (Metrohm
702SM Titrino, Herisau, Switzerland) interfaced with a PC. The Maturity
Index was calculated as the ratio of TSS to TA.

5.2.3 Carotenoid content
Ethyl acetate extracts from samples used in the lipophilic ABTS
decolourisation assay (Chapter 6) were also used to determine total
carotenoid content. The extraction method is detailed in Section 6.2.4.1.
100 μL of the ethyl acetate extract was diluted in absolute ethanol and an
absorbance scan conducted between 400 and 700 nm using a GBC UV/VIS
918 spectrophotometer (GBC Scientific Equipment, Dandenong, Australia).
Absolute ethanol was used as a baseline for the collection of data and
absorbances were corrected to a g–1 FW basis. Figure 5.1 illustrates typical
absorbance spectra of ethyl acetate extracts of navel orange flavedo. The
strongest peak at 436 nm was used for analysis on a relative absorbance
basis. Chlorophyll was not detected in these scans.
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Figure 5.1 Typical absorbance spectra of ethyl acetate-extracted navel
orange flavedo pigments from three separate fruit diluted in ethanol, with
ethanol used as a baseline. Peaks occur at 415, 436 and 466 nm.
The absorbance of flavedo extracts is related to both carotenoid concentration
and the types of carotenoids present. The number of conjugated bonds
(Sinclair, 1961) and the structure of the end rings (Meléndez-Martínez et al.,
2007) affect the colour intensity of carotenoids. Citrus fruit have complex
mixtures of carotenoids (Curl and Bailey, 1954) and these cannot be
quantified (even as total carotenoids) in crude extracts using
spectrophotometric methods. The absorbance values reported here are
therefore not measures of carotenoid concentration, but a comparison of
colour intensity at particular wavelengths.

5.2.4 Flavedo protein content
Frozen flavedo tissue (1±0.04 g) was ground in 10 mL of 50 mM sodium
phosphate buffer (pH 6.8) using an Ultraturrax T25 (IKA, Germany)
operating at 22 000 r.p.m. The extracts were centrifuged at 27 000 g for 20
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minutes at 4°C, yielding a solid pellet, an aqueous supernatant and a layer
containing a suspension of insoluble solids. Aliquots of the aqueous
supernatant were collected for total protein determination using a
“Coomassie Plus- The Better BradfordTM Assay” kit (Pierce, Rockford, Illinois,
USA). The 10 μL microplate method was used according to the
manufacturer’s instructions and A595 was recorded using a microplate reader
(Model 450, Bio-Rad, California, USA). All standards and samples were
measured in triplicate and the means used for analysis. Outlier analysis
using Grubb’s statistic (Rohlf and Sokal, 1981) was conducted on the data for
the five fruit included at each sample time and values failing the test were
excluded from further analysis.

5.2.5 Flavedo moisture content and electrolyte leakage
Thirty discs of rind were punched from the equatorial region of each fruit
using a 6 mm biopsy punch and the flavedo separated from the albedo with a
razor blade. Fifteen flavedo discs were immediately weighed on a 4-decimal
place balance (Mettler AE240, Mettler-Toledo GmbH, Greifensee,
Switzerland), placed in paper envelopes, dried at 40°C for two days and reweighed. The fresh weight to dry weight ratio was expressed as percent
moisture content of the flavedo tissue. The remaining 15 flavedo discs were
rinsed in deionised water and placed in 100 mL Millipore-filtered water in
nitric acid-washed plastic centrifuge bottles, which were wrapped with
aluminium foil to exclude light. The bottles were then shaken at 150 r.p.m.
for three hours at 20°C (Orbital Mixer Incubator, Ratek, Boronia, Australia).
Electrical conductivity (EC) (μS cm-1) of the solutions was measured against a
KCl standard using a digital conductivity meter (Model 301, Activon
Scientific Products, New South Wales, Australia) at 20°C. The solutions were
then frozen, thawed, autoclaved at 120°C for 20 minutes, allowed to cool and
EC measured as before. The EC of these solutions represented the total
electrolyte content, from which the initial EC measurements were expressed
as a percentage. When fruit were assessed for chilling injury at the end of
storage and the SMP, samples were taken from injured and uninjured fruit
(from the equatorial region) and also from injured and uninjured tissue of the
same fruit. These latter samples were taken from affected areas, not
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necessarily in the equatorial region, but every effort was made to take
uninjured tissue samples from areas directly adjacent to the site of injury.
Data were collated and outlier analysis for each set of five replicates was
conducted using critical values for testing outliers (according to Grubbs)
(Rohlf and Sokal, 1981).

5.2.6 Statistical analyses
All data were analysed using Genstat Release 8.2 (Lawes Agricultural Trust,
Rothamsted Experimental Station). Data were checked for normality and
variance homogeneity, and transformed where necessary to satisfy the
assumptions of ANOVA. Significant treatment main effects and interactive
effects were identified using ANOVA, and significant differences between
means identified using LSD at P = 0.05. Figures were produced using
SigmaPlot 8.0 (SSI, California, USA).
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5.3 Results
5.3.1 In situ senescence
Based on freshly-harvested fruit, a* and A436 were closely related. Due to the
strong weighting of a* in the calculation of the Colour Index, it too was closely
related to A436 (Figure 5.2). L* and b* weren’t related to A436. Although the
relationships between a* and A436 and the Colour Index and A436 were good
overall, the chroma meter wasn’t as effective at distinguishing differences
between very deeply coloured fruit as the spectrophotometric method.
Despite this, the Colour Index was still used routinely to describe rind colour,
due to the ease of measurement.
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Figure 5.2 Relationships between Colour Index, L*, a* and b* of fruit, and
A436 of ethyl acetate-extracted flavedo pigments of ‘Navelina’ and ‘Thomson’
navel orange fruit harvested during 2005.
Overall, rinds of ‘Navelina’ fruit had lower L* and b* than ‘Thomson’ fruit,
although a* was similar for both varieties from about 180 Julian days onward
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(Figure 5.3). ‘Navelina’ fruit were more orange-coloured than ‘Thomson’ fruit
and this was reflected in a higher Colour Index. Interestingly, the Colour
Index did not change after 210-215 Julian days for ‘Thomson’ rinds, but
continued to increase, and then decrease, in ‘Navelina’ rinds. Because these
changes in ‘Navelina’ rinds were due to a decrease in b* rather than an
increase in a*, the differences in the overall Colour Index are more likely
related to differences in yellow pigments than to differences in red pigments.
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Figure 5.3 Rind colour development of ‘Navelina’ (red) and ‘Thomson’ (blue)
navel orange fruit during 2005. Data points represent the mean of five fruit.
Vertical bars represent the Julian days by variety interaction LSD at
P = 0.05. All regression relationships are significant at P = 0.01. Regression
relationships are as follows: A. exponential decay; B. quadratic;
C. 3-parameter sigmoidal; D. cubic.
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Figure 5.4 Moisture content of the flavedo tissue of ‘Navelina’ (red) and
‘Thomson’ (blue) navel orange fruit harvested weekly during 2005. Vertical
bar represents the Julian days by variety LSD at P = 0.05.
There was a significant interactive effect of variety and fruit age (Julian days)
on flavedo moisture content during 2005 (Figure 5.4), but flavedo moisture
content was almost identical in both varieties over time and there were no
clear trends for either variety during the sampling period.
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0

Variety

Figure 5.5 Fruit age (Julian days) and variety main effects on electrolyte
leakage of flavedo tissue from fruit harvested weekly during 2005. Vertical
bar represents Julian day LSD at P = 0.05 and the asterisk indicates a
significant difference between ‘Navelina’ and ‘Thomson’ electrolyte leakage
means at P = 0.05.
Variety and fruit age (Julian days) significantly affected electrolyte leakage
from excised flavedo rind discs of ‘Navelina’ and ‘Thomson’ fruit (Figure 5.5).
However, the effect of fruit age was variable and no clear trend was apparent.
Moreover, the range of electrolyte leakage as a percent of total electrolytes
over time was within 10%. Electrolyte leakage was significantly greater in
flavedo tissue from ‘Navelina’ fruit compared to electrolyte leakage from
flavedo tissue of ‘Thomson’ fruit, although the difference between the two was
small and not outside the range of electrolyte leakage over time.
No significant differences in protein content over time were observed in either
‘Navelina’ or ‘Thomson’ fruit in the 2005 season, but overall, ‘Navelina’
flavedo tissue had higher protein levels compared to ‘Thomson’ flavedo tissue
(389 μg g–1 FW c.f. 357 μg g–1 FW, respectively).
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relationships are significant at P = 0.01.
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Internal fruit characteristics changed significantly with time and were, in
general, significantly different between varieties (Figure 5.6). TSS had a
much weaker influence on the Maturity Index than TA, and there was no
significant difference in TSS between the two varieties.
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Figure 5.7 Relationship between Maturity and Colour Indices of ‘Navelina’
(red) and ‘Thomson’ (blue) navel orange fruit harvested during 2005. Data
points represent the means of five fruit. Both regression relationships are
significant at P = 0.01.

Regression analysis showed significant quadratic relationships between
Maturity and Colour Indices of ‘Navelina’ and ‘Thomson’ fruit (Figure 5.7).
However, as the Maturity Index increased above ca. 12 for ‘Thomson’ and ca.
15 for ‘Navelina’, the Colour Index did not change. Therefore, the ability of
the Colour Index to non-destructively predict the Maturity Index is limited to
the period before fruit obtain full colour.
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5.3.2 Serial harvesting and storage temperature effects
The Colour Index during storage of ‘Navelina’ and ‘Thomson’ fruit harvested
on three occasions in 2005 and stored at chilling (1°C) or non-chilling (12°C)
temperatures was significantly affected by a number of variables. Overall,
‘Navelina’ fruit had a significantly higher Colour Index than ‘Thomson’ fruit
(9.2 c.f. 7.0, respectively). Significant interactions between storage
temperature and days in storage, and harvest date and days in storage
(Figure 5.8) were apparent. Irrespective of harvest date, the colour of fruit
stored at 12°C continued to develop during storage, whereas the colour of
fruit stored at 1°C did not (Figure 5.8A). The Colour Index of fruit from
Harvest 1 was generally lower than the Colour Index of fruit from Harvest 2
or 3. Colour development continued during storage for fruit from Harvest 1,
but did not markedly change in fruit from Harvests 2 and 3 (Figure 5.8B).
A comparison of the Colour Index of fruit after 59 days in storage and fruit
removed from storage at 59 days and subjected to an additional week at 21°C,
indicated a significant interactive effect of rewarming and harvest date
(Figure 5.9). The Colour Index of fruit from Harvest 1 increased when fruit
were rewarmed, whereas the Colour Indices of fruit from Harvests 2 and 3
did not change significantly upon removal from storage (Figure 5.9).
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Figure 5.8 Interactive effects of (A) storage temperature [1°C (blue) and
12°C (red)] and days in storage and (B) harvest date [Harvest 1 (green),
Harvest 2 (yellow) and Harvest 3 (purple)] and days in storage on the Colour
Index of ‘Navelina’ and ‘Thomson’ fruit during 2005. Vertical bars represent
LSD at P = 0.05.
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Figure 5.9 Effect of rewarming fruit at 21°C for one week after storage on
the Colour Index of fruit from three harvests (Harvest 1 (green), Harvest 2
(yellow) Harvest 3 (purple)) during 2005. Bars labelled with the same letter
are not significantly different (P = 0.05).
Moisture content (% w/w) of flavedo tissue was significantly affected by a
number of variables and their interactions. The main effects of variety,
storage temperature, harvest date and days in storage are presented in Table
5.1, and demonstrate the small range of moisture contents in flavedo tissue as
influenced by experimental variable. This casts doubt on the physiological
significance of the statistically significant differences detected and for this
reason the following interactive effects have not been presented, despite
returning significant results:
•

storage temperature and days in storage,

•

harvest date and days in storage,

•

storage temperature and harvest date, and

•

storage temperature and harvest date and days in storage.
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Table 5.1 Main effects of variety, days in storage, storage temperature and harvest
date on flavedo moisture content. An asterisk indicates a significant difference
between means (P = 0.05) for each effect and means labelled with different letters
are significantly different (P = 0.05) for each effect.
Main Effect

Flavedo moisture content (%w/w)

Variety

‘Navelina’

‘Thomson’

76.1

76.5*

1°C

12°C

76.0

76.7*

Storage temperature
Harvest date
Days in storage

Harvest 1

Harvest 2

Harvest 3

75.8a

76.7b

76.6b

7

14

21

28

35

42

49

56

75.7a

75.9ab

76.3bc

76.5c

76.6c

76.5c

76.7c

76.6c

Differences in flavedo moisture content of fruit not showing visible symptoms
of CI before and after one week at 21°C were variable, but there was
generally less moisture in flavedo tissue after the week at 21°C (75.7 c.f.
76.6). There was also a significant interactive effect of storage temperature
and rewarming fruit on flavedo moisture content (Table 5.2), as fruit which
had been stored at 12°C lost moisture from the flavedo when rewarmed, but
fruit which had been stored at 1°C did not. Any increases or decreases in
flavedo moisture content were inconsistent. Flavedo tissue with visible
symptoms of CI had lower moisture content than uninjured tissue from the
same fruit (72.4 c.f. 75.6).

Table 5.2 Interactive effect of storage temperature and rewarming on flavedo
moisture content. An asterisk indicates a mean significantly different from the
others (P = 0.05).
Flavedo moisture content (%w/w)
Storage Temperature

Pre-rewarming

Post-rewarming

1°C

75.7

75.6

12°C

77.5*

75.9

Electrolyte leakage from excised flavedo discs was affected by a number of
variables and their interactions. The main effects of variety, storage
temperature, harvest date and days in storage are presented in Table 5.3. As
with moisture content, the range of electrolyte leakage was very small, again
calling into question the physiological significance of the observations.
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Therefore, the following interactive effects have not been presented, despite
returning significant results:
•

variety and storage temperature,

•

storage temperature and days in storage,

•

harvest date and days in storage,

•

variety and storage temperature and harvest date,

•

variety and harvest date and days in storage, and

•

storage temperature and harvest date and days in storage.

Table 5.3 Main effects of variety, days in storage, storage temperature and harvest
date on electrolyte leakage from excised flavedo discs. An asterisk indicates a
significant difference between means (P = 0.05) for each effect and means labelled
with different letters are significantly different (P = 0.05) for each effect.
Main Effect

Electrolyte leakage (% of total)

Variety

‘Navelina’

‘Thomson’

47.8

45.1*

1°C

12°C

47.3

45.7*

Storage temperature
Harvest date
Days in storage

Harvest 1

Harvest 2

Harvest 3

43.8a

47.5b

48.1b

7

14

21

28

35

42

49

56

47.5a

49.1a

48.1a

45.7b

45.8b

44.8b

45.6b

45.1b

Electrolyte leakage from flavedo tissue was not significantly different before
and after one week at 21°C following storage. There was a significant
interactive effect of variety and storage temperature and harvest date and
rewarming, but electrolyte leakage from flavedo of fruit from most treatments
were comparable before and after one week at 21°C. Those that did show an
increase or a decrease in flavedo moisture content were inconsistent. There
was no significant difference in electrolyte leakage from flavedo tissue
showing visible symptoms of CI and uninjured flavedo from the same fruit.
The moisture content and electrolyte leakage of flavedo tissue from stored
fruit was not outside the range of that found for fruit in situ (Figures 5.4 and
5.5). Despite statistically significant differences attributable to the
experimental variables, the magnitude of the effects were very small (Tables
5.1 and 5.3). That said, flavedo tissue of ‘Navelina’ fruit generally had a
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lower moisture content and higher rate of electrolyte leakage than flavedo
tissue of ‘Thomson’ fruit, despite being more tolerant to chilling temperatures.
The flavedo tissue of fruit stored at 1°C had a lower moisture content and
higher rate of electrolyte leakage than fruit stored at 12°C. The moisture
content of flavedo tissue tended to increase at the onset of storage before
levelling out, as did the rate of electrolyte leakage.
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5.4 Discussion
5.4.1 Rind colour
The a* value and the Colour Index calculated from all the chroma meter
parameters were closely related to the absorbance of ethyl acetate flavedo
extract at 436nm, although this relationship weakened as the fruit became
deeply coloured (Figure 5.2). L* and b* weren’t closely related to A436,
suggesting that navel orange colour development is based more on the loss of
chlorophyll and accumulation of red pigments (within the a* spectrum) than
on the accumulation of yellow pigments (within the b* spectrum).
Significant differences in the trends of the colour measurements over time
were apparent between the two varieties (Figure 5.3). The relationships
between A436 and the Colour Index and A436 and a* (Figure 5.2) suggested
that a* and the Colour Index cannot provide information about colour
development in senescing fruit as effectively as A436. This was true for a*,
which remained constant after about 180 Julian days. However, the Colour
Index of ‘Navelina’ rinds began a downward trend towards the end of the
sampling period, due to L* and b* trending upwards. It’s unclear why this
occurred, but similar observations have been reported for other navel orange
varieties, including ‘Leng’, ‘Houghton’ and ‘Lanes Late’ (Bevington et al.
2007). This indicates that the accumulation and/or degradation of yellow
pigments is important for rind colour development in senescing navel orange
fruit. It is not clear why this trend was not observed in ‘Thomson’ rinds in
2005.
There was a significant interactive effect of storage temperature and days in
storage on the Colour Index of navel orange rinds (Figure 5.8A), irrespective
of harvest date. Storing fruit at 1°C maintained rind colour at a constant
Colour Index, whereas, when fruit were stored at 12°C, the Colour Index
continued to increase up to 40 days in storage, before beginning to decrease.
This is somewhat similar to the trend observed in ‘Navelina’ fruit in situ. The
continued development of rind colour at higher storage temperatures is well
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known and used by industry: export fruit are sometimes shipped at 8°C,
instead of the standard 3°C, if further rind colour development is required.
Although ‘Navelina’ fruit generally had more deeply-coloured rinds than
‘Thomson’ fruit, as a variable, variety did not interact with any other
experimental variable to affect the Colour Index, demonstrating that both
varieties responded similarly to storage conditions in terms of colour
development.
A significant interactive effect of harvest date and days in storage,
irrespective of storage temperature, on the Colour Index of navel orange rinds
was also observed (Figure 5.8B). The main effect of harvest date on Colour
Index was significant, reflecting differences in rind colour at harvest.
However, the data shown in Figure 5.8B suggest that fruit from the first
harvest tended to develop more colour during storage than fruit from the
second and third harvests. This is possibly due to the Colour Index of fruit
from Harvest 1 initially being lower, providing more potential for colour
development than fruit from later harvests.

5.4.2 Flavedo moisture content
It had been hypothesised that the moisture content of flavedo tissue
decreased as fruit aged, as a loss of firmness or turgor of the rind is readily
perceivable by gently squeezing the fruit. A significant interactive effect of
fruit age and variety on flavedo moisture content (% w/w) was observed
(Figure 5.7). This effect was, for the most part, due to differences between
Julian days 242 to 256, where ‘Navelina’ flavedo tissue contained slightly less
moisture than ‘Thomson’ flavedo tissue. This may be due to environmental or
management factors in the field, such as irrigation events, and may not
necessarily represent physiological differences. It could then be said that the
loss of firmness is probably not due to loss of moisture from the flavedo tissue,
and is more likely the result of moisture loss from other tissues, such as the
albedo, or changes to the cell wall polysaccarides in the albedo tissue (Rouse
et al., 1962).
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In this study, moisture content of flavedo tissue during storage did not vary
greatly, but statistically significant effects were noted. Variety, storage
temperature, harvest date and days in storage main effects on flavedo
moisture content are presented in Table 5.1. There were also a number of
interactive effects, but the range in data values was small, with no clear
trends obvious. Confidence in these data is somewhat reduced by these
effects, and further by the observation of Bower et al. (1997), who could detect
no change in the rind water content of ‘Marsh’ grapefruit, ‘Star Ruby’
grapefruit, navel oranges, clementines and ‘Nova’ mandarins during low
temperature storage.
However, some general conclusions may be drawn from Table 5.1. ‘Thomson’
flavedo tissue contains more moisture than ‘Navelina’ flavedo tissue despite
being more susceptible to CI, a result which is incompatible with the idea
that moisture loss and hence tissue moisture is linked to CI. Fruit stored at
12°C have more flavedo moisture than fruit stored at 1°C, which supports
previous findings of the relationship between water loss and CI, but fruit
stored at 12°C look and feel less firm than fruit stored at 1°C, which implies
that this loss of firmness is not related to flavedo moisture content. Overall,
fruit from Harvest 1 had less flavedo moisture than fruit from the later
harvests, despite being younger. At the onset of storage, flavedo moisture
content increased consistently and was then maintained at a higher level
than when the fruit were initially placed in storage. This is inconsistent with
the generally held paradigm that moisture is lost from flavedo tissue during
storage.

5.4.3 Electrolyte leakage from flavedo tissue
It had been hypothesised that as fruit senesced in situ and cellular
membranes deteriorated, electrolyte leakage from flavedo tissue would
increase. Fruit age main effects suggested that electrolyte leakage from
flavedo tissue was lower in fruit from the first harvest compared to fruit from
later harvests (Table 5.2), supporting the idea that membrane deterioration is
linked to fruit age. However, a significant fruit age (Julian days) by variety
interaction term highlighted the fact that there was no apparent trend to the
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changes in electrolyte leakage over time (Figure 5.5). Although the levels of
electrolyte leakage found were comparable to those previously reported for
various citrus fruit (Schirra et al., 1997, 1998), the range was small (within
10%), and electrolyte leakage appears to be a poor measure of fruit age.
It is thought that highly permeable or “leaky” membranes could be a possible
cause of CI because higher rates of electrolyte leakage have been measured in
fruit with CI compared to fruit without CI (Cohen et al., 1994). For example,
McCollum and McDonald (1991) found that electrolyte leakage in grapefruit
was greatest in chilled injured tissue, intermediate in chilled uninjured tissue
and lowest in unchilled tissue. In agreement with this, flavedo tissue of
‘Navelina’ and ‘Thomson’ fruit stored at 1°C had a higher rate of electrolyte
leakage than flavedo tissue from fruit stored at 12°C. However, despite being
more susceptible to CI, ‘Thomson’ flavedo tissue had a lower percent
electrolyte leakage than ‘Navelina’ flavedo tissue. Moreover, the
measurements collected here found no significant difference in the amount of
electrolyte leakage from tissue showing visible symptoms of CI and uninjured
tissue. It may be concluded that measuring electrolyte leakage from flavedo
tissue using a diffusive method does not provide consistent results and does
not serve to measure fruit age with any sensitivity, or serve as a predictor of
susceptibility to CI.

5.4.4 Protein concentration in flavedo tissue
In postharvest senescence of broccoli, protein concentration has been observed
to decline prior to the onset of visible symptoms of senescence, and an
increase in the expression of various protease genes has also been observed
(Page et al., 2001). Moreover, storage at 4°C reduced the onset of senescence
and associated protein decline. Data published by Collado et al. (1996) and
Sala et al. (1992a) suggested a relationship between flavedo protein
concentration and rind colour in ‘Navelina’, mostly during the colour-break
phase, implying that protein concentrations may be related to the onset of the
final phase of fruit development. It was hypothesised that protein
concentrations in flavedo tissue of navel oranges decline during senescence
and are possibly affected by storage at chilling temperatures.
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However, no changes in protein concentration were observed in either
senescing ‘Navelina’ or ‘Thomson’ fruit in situ. Lewis et al. (1967) also found
no consistent change in flavedo protein levels as navel orange fruit aged, and
application of gibberellic acid did not affect total flavedo nitrogen, measured
as nitrogen in the alcohol-insoluble fraction of flavedo extracts, despite
delaying senescence. Flavedo protein concentration is therefore not a useful
measure of rind age, and protein turnover appears to be relatively constant as
navel orange fruit senesce.

5.4.5 Conclusion
The senescent period of navel orange fruit in situ, spanning from maturation
(marked by colour-break) to fruit drop over a period of several months, is
relatively long compared with many other horticultural crops. Some navel
orange fruit remain on the tree well into the following season. This suggests
that physiological changes associated with senescence occur very slowly in the
flavedo tissue of navel oranges. Thomson and Platt-Aloia (1976) observed
ultrastructural changes, including membrane degradation, slowly occurring
in the epidermis of navel orange fruit over a period of up to 11 months. This
may explain why none of the measurements investigated in this study were
able to indicate fruit age with any sensitivity. There were good relationships
found between fruit colour and fruit age, and internal maturity and fruit age,
but natural variability of the fruit population reduced the sensitivity of these
markers.
It has been suggested that CI may be an accelerated senescence process in
cucumber fruit (Karakaş and Yıldız, 2007). Indications from the present
study suggest that processes leading to the development of CI may not be
similar to those occurring during senescence in navel orange fruit. Generally,
storing fruit at 12°C, a non-chilling temperature, sustained senescent
processes in navel orange fruit rinds, whereas storage at 1°C suspended these
processes. None of the measurements investigated in this study were useful
indicators of CI susceptibility, and were not conclusively different in tissue
showing physical symptoms of injury.
105

Chapter 6: Lipid Peroxidation and Antioxidant Activity

6. Lipid Peroxidation and Antioxidant Activity
6.1 Introduction
Lipid peroxidation and antioxidant activity in relation to CI were first
introduced in Section 1.3.3, where the model of Shewfelt and Purvis (1995)
was discussed. This model represents a wholistic approach to the roles of
lipid peroxidation and antioxidant activity in plant tissues exposed to stress
conditions. Antioxidant enzyme activity, antioxidant activity, lipid
peroxidation or the accumulation of ROS are often measured in isolation and
used to demonstrate “oxidative stress” in plant tissues. However, quantifying
changes in either ROS or antioxidant activity alone cannot allow inferences to
be drawn regarding the “stress” status of the plant or plant tissue, as no
cause or effect can be unequivocably attributed. Ideally, oxidative stress
would be defined as the balance between oxidants and antioxidants.
Lipid peroxidation provides an attractive explanation of the physiology of the
development of CI, and has been suggested as such previously (e.g. Erickson
et al., 1996). Chilling temperatures are associated with increased
desaturation of fatty acids in flavedo tissue of citrus fruit during storage
(Schirra and Cohen, 1999; Schirra, 1993). A high concentration of
polyunsaturated fatty acids (PUFA) in cellular membranes is believed to
contribute to increased membrane fluidity at low temperatures (discussed in
Section 1.3.2), but PUFA, such as linoleic acid, are also more prone to
oxidation by lipoxygenase (LOX) (Alferez et al., 2005). Non-enzymatic
peroxidation may also be caused by the accumulation of ROS under stress
conditions. Possibly, the peroxidation of membrane lipids causes irreversible
injury to occur to those membranes, ultimately resulting in cell death.
However, many defence signalling compounds are also derived from oxidised
fatty acids, including salicylic acid and jasmonic acid (Spiteller, 2003), which
suggests that lipid peroxidation may be the first step in stress signalling in
plant tissues. LOOH have never been measured in citrus flavedo tissue, in
response to stress or otherwise, and doing so may provide more insight into
the role of lipid peroxidation in CI development.
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The beneficial role of antioxidants in the human diet currently receives a lot
of media attention. Because of this increased public awareness, the amount
of research into antioxidant sources has increased and the high antioxidant
activity of citrus fruit flavedo tissue extracts is now well known (Yoo et al.,
2004; Koca et al., 2003). However, the role that these antioxidants play in the
physiology of the fruit has not been investigated, but it is reported that
antioxidant activity generally increases as fruit mature (Yoo et al., 2004), or
after harvest (Kondo et al., 2002). The response of non-enzymatic antioxidant
systems to storage at chilling temperatures has not been investigated in
flavedo tissue of navel orange fruit. The effect of chilling temperatures on the
activities of antioxidant enzymes in citrus fruit flavedo tissue has been
studied. Positive correlations between antioxidant enzyme activities
(particularly CAT) and tolerance to chilling temperatures suggest that
antioxidant enzymes are involved in protecting citrus fruit from CI (Sala and
Lafuente, 1999; Sala 1998). This infers that ROS are the underlying cause of
CI in flavedo tissue. Antioxidant enzyme activities have never been directly
compared with concentrations of ROS or LOOH in citrus fruit flavedo tissue,
and therefore antioxidant enzyme activity cannot entirely account for
tolerance to chilling temperatures or the occurrence of CI. Rather, an
increase in antioxidant enzyme activity in CI-tolerant flavedo tissue may
occur as a response to:
a) increased concentrations of ROS or LOOH (putative products of
chilling stress), or
b) exposure to chilling temperatures, occurring independently of an
increase in LOOH or ROS.

6.1.1 Lipid peroxidation and its measurement
The enzymatic and non-enzymatic formation of LOOH has been reviewed by
Spiteller (2003) and is depicted in Figure 6.1.

107

Chapter 6: Lipid Peroxidation and Antioxidant Activity

Enzymatic lipid peroxidation
1) Enzyme activation
Fe2+

Non-enzymatic lipid peroxidation
1) Radical generation e.g.

Fe3+

LOOH + Fe2+
LO• + OH– + Fe3+

2) Hydrogen abstraction from PUFA,

2) Hydrogen abstraction from PUFA,

generation of lipid radicals (L•)
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L• + H•
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5) End of reaction

PUFA, generation of more L•.
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5) Start of chain reaction
L• + O2

LOO•

Figure 6.1 Enzymatic and non-enzymatic lipid peroxidation. Adapted from
Spiteller (2003).
Lipid peroxidation may be measured directly by quantifying LOOH, or
indirectly, by quantifying decomposition products of LOOH (Figure 6.2).
Dobarganes and Velasco (2002), Dotan et al. (2004) and Södergren (2000)
reviewed current methods for the measurement of LOOH and associated
products, most of which were originally developed for use in non-plant
systems. Many methods involve high-performance liquid chromatography
(HPLC) or gas chromatography/mass spectroscopy (GC/MS) and are sensitive
to ambient oxygen concentrations, are time consuming and often expensive to
conduct, resulting in a lower throughput of samples. Spectrophotometric
assays generally do not have these limitations and will be discussed further.
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The thiobarbituric acid-reactive substances (TBARS) assay, which measures
malondialehyde (MDA), a decomposition product of LOOH, (see Figure 6.2),
was modified by Du and Bramlage (1992) for use on plant tissue extracts high
in sugar, and by Hodges et al. (1999) to account for the presence of
anthocyanins. These modifications have eliminated interfering absorbance
readings caused by these compounds and made the assay more suitable for
use on plant extracts. However, there is still some conjecture over the use of
this assay on plant material. For example, Griffiths et al. (2000) pointed out
that MDA is formed from fatty acids with three or more double bonds, while
most plant tissues contain high levels of linoleic acid, which has two double
bonds. Linoleic acid is the most abundant fatty acid in flavedo tissue of
‘Fortune’ mandarins (Mulas et al., 1996). Therefore, because MDA cannot be
formed from linoleic acid, the assay may underestimate the extent of
peroxidation.
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Figure 6.2 Formation and decomposition of lipid hydroperoxides (LOOH).
LOOH may be quantified using the FOX2 (ferrous oxidation-xylenol orange,
version 2) assay and malondialdehyde (MDA) may be quanitifed using the
TBARS (thiobarbituric acid-reactive substances) assay, both of which are
spectrophotometric methods. Adapted from Dotan et al. (2004).
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The FOX2 (ferrous oxidation-xylenol orange, version 2) assay allows
quantification of low concentrations of LOOH in the presence of high
background levels of non-peroxidised fatty acids (DeLong et al., 2002). The
basis of the assay lies in the oxidation of ferrous ions (present in the FOX
reagent as ferrous ammonium sulfate) by LOOH under acidic conditions. The
resulting ferric ions are able to bind to the indicator dye xylenol orange (XO):
(1) LOOH + Fe2+ → LOO• + Fe3+
(2) Fe3+ + XO → Fe3+XO complex (colour change from orange to purple)
The magnitude of colour change is relative to the concentration of LOOH and
may be measured spectrophotometrically. Endogenous Fe3+ may also bind to
XO, causing overestimates, and plant tissue extracts may contain other
compounds that absorb light in the 500-600nm range (DeLong et al., 2002).
To overcome these potential interferences, the FOX2 assay is based on paired
sets of samples, where one of the pair is treated with a LOOH reductant,
triphenylphosphine (TPP) (Nourooz-Zadeh et al., 1994). The difference
between the absorbance value of the −TPP sample and the absorbance value
of the +TPP sample is attributable to LOOH in the sample extract.
Initially developed for medical research, the FOX2 assay has only been used
on plant tissue extracts in a limited number of studies. Apart from DeLong et
al. (2002) and Griffiths et al. (2000), the only other studies (identified by
online literature database searches) to use the FOX2 assay on plant material
are that of Boscolo et al. (2003), who used the method of Hermes-Lima et al.
(1995) to investigate aluminium-induced oxidative stress in maize root tips,
Sattler et al. (2004), who used the method of Griffiths et al. (2000) to quantify
LOOH in tocopherol-deficient Arabidopsis mutants and Karakaş and Yıldız
(2007), who used the method of DeLong et al. (2002) to measure LOOH in
minimally-processed cucumbers. The FOX2 assay has not been used on citrus
flavedo tissue.

6.1.2 Antioxidant activity
The role of non-enzymatic or low-molecular weight antioxidants in the
response of citrus flavedo to chilling temperatures is largely unknown.
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Antioxidant activity can be quantified using a number of methods, many of
which have been modified for different plant extracts. Among the most
commonly used are the ORAC (oxygen-radical absorbance capacity), TRAP
(total radical-trapping antioxidant parameter), FRAP (ferric reducing ability
of plasma), DPPH (2,2-diphenyl-1-picrylhydrazyl reducing), DMPD (N,Ndimethyl-p-phenylendiamine reducing) and TEAC (Trolox equivalent
antioxidant capacity) assays. The TEAC assay is also known as the ABTS
(2,2'-azino-bis-(3-ethylbenzthiazoline-6-sulfonic acid )) assay or ABTS•+
radical cation scavenging assay. These assays vary in their suitability to
various applications and have been reviewed and/or compared experimentally
previously (Prior et al., 2005; Huang et al., 2005; Schlesier et al., 2002;
Sánchez-Moreno, 2002; Arnao et al., 1999).
Increasingly, hydrophilic and lipophilic antioxidant activities are being
measured separately in plant tissue extracts, generally using variants of the
ABTS assay because ABTS is soluble in both lipophilic and hydrophilic
extracts. Antioxidant activities of a range of fruit and vegetable extracts,
including capsicum (Navarro et al., 2006), lettuce (Cano and Arnao, 2005),
strawberries (Olsson et al., 2004) and tomatoes (Cano et al., 2003) have been
evaluated using this method. This approach provides more information as to
what low molecular weight antioxidants are contributing to total antioxidant
activity. The polar fraction of the extract contains hydrophilic antioxidants
such as ascorbic acid and glutathione, whereas the non-polar fraction
contains lipophilic antioxidants such as α-tocopherol and carotenoids.
The chemical basis of the ABTS assay is relatively simple: chemical or
enzymatic oxidation is used to convert colourless ABTS (2,2’-azinobis-(3ethylbenzothiazoline-6-sulfonic acid)) molecules to blue-green ABTS•+ (2,2’azinobis-(3-ethylbenzothiazoline-6-sulfonate)) radical cations in the assay
reagent. Sample extracts or purified antioxidants are then added to the
equilibriated ABTS•+ radical solution and the loss of colour of the reaction
mix is measured at one of four absoption maxima: 415, 660, 734, or 820 nm.
Antioxidant activity is estimated based on a standard of known concentration,
usually Trolox, a synthetic analogue of α-tocopherol.
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6.1.3 Objectives
There were a number of objectives to the work presented in this chapter:
a) To determine the suitability of the FOX2, TBARS and ABTS assays for
use on flavedo tissue extracts and the subsequent optimisation of these
assays if necessary.
b) To determine the role of lipid peroxidation and antioxidant activity
during senescence of navel orange fruit in situ.
c) To determine the oxidative response to storage at chilling (1°C) and
non-chilling (12°C) temperatures in chilling-sensitive and chillingtolerant navel orange varieties.
d) To ascertain if the protection against CI provided by pre-storage dip
treatments is related to lipid peroxidation.

113

Chapter 6: Lipid Peroxidation and Antioxidant Activity

6.2 Materials and methods
6.2.1 Fruit sampling
The flavedo tissue samples used in this section were those described in
Section 5.2.1. In addition, LOOH was determined in flavedo samples from
the 2004 ‘Navelina’ and 2004 ‘Lanes Late’ dipping studies (Chapter 3) using
the FOX2 assay. At the conclusion of the storage period (eight weeks at 1°C +
one week at 21°C) injured and uninjured flavedo tissue samples were
collected from fruit with symptoms of CI. Sample groups consisted of five
fruit.

6.2.2 Measurement of malondialdehyde (MDA) in flavedo tissue
The TBARS method used to measure the concentration of MDA in flavedo
extracts was that described by Hodges et al. (1999) for use on plant material.
As mentioned in Section 6.1.1, this method builds upon the procedure
described by Du and Bramlage (1992) for measuring MDA in sugar-rich plant
tissue extracts, by also accounting for anthocyanins and other interfering
compounds.

6.2.2.1 Reagents
Grinding solution:
0.01% (w/v) butylated hydroxytoluene (BHT) in 80% ethanol.
TBARS reagent 1:
20% (w/v) trichloroacetic acid (TCA) + 0.65% (w/v) thiobarbituric acid (TBA) +
0.01% (w/v) BHT in Millipore-filtered water.
TBARS reagent 2:
20% (w/v) TCA + 0.01% (w/v) BHT in Millipore-filtered water.

6.2.2.2 Tissue extraction
Frozen flavedo tissue (1±0.04 g) was ground with a pestle in a mortar
containing 0.5–1 g inert sand and around 10 mL grinding solution. The
slurry was poured into a centrifuge tube and the volume corrected to 10 mL
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with grinding solution. The homogenate was centrifuged at 4000 r.p.m.
(Rotanta 3500, Hettich, Germany) for 10 minutes and the resulting
supernatant used for the assay.

6.2.2.3 TBARS assay procedure
200 μL of each supernatant was added to either 1000 μL TBARS reagent 1 or
1000 μL TBARS reagent 2 in 2 mL tubes. Solutions were thoroughly mixed,
incubated at 95°C for 25 minutes and rapidly cooled on ice. The solutions
were then centrifuged at 3000 g for 10 minutes and absorbances at 440 nm,
532 nm and 600 nm measured on a GBC UV/VIS 918 spectrophotometer
(GBC Scientific Equipment, Dandenong, Australia). MDA concentration was
determined using the following calculations:
A = (+TBAA532 – +TBAA600) – (–TBAA532 – –TBAA600)
B = (+TBAA440 – +TBAA600) x 0.0571
nmol MDA equivalent mL–1 =

A− B
x 106 ,
157000

where 0.0571 = molar absorbance of sucrose at 532 nm/molar absorbance of
sucrose at 440 nm (for sucrose concentrations of 1-10 mM), and
157 000 = molar extinction coefficient of MDA.
Grinding solution was used as a blank and the results were corrected for
sample weight.

6.2.2.4 Optimisation of TBARS assay
Initial measurements of MDA in flavedo tissue samples produced highly
variable values. Flavedo tissue contains a number of interfering compounds
in high concentrations, in particular, sugars. Therefore, a test was conducted
to determine if these compounds could be accounted for by using the described
assay methodology. Standard sucrose solutions (5 mM, 10 mM and 15 mM)
were prepared in grinding solution. An absorbance scan between 400-600 nm
was conducted on each standard and on two sample extracts reacted with
TBARS reagent 1, using a GBC UV/VIS 918 spectrophotometer (GBC,
Scientific Equipment, Dandenong, Australia).
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Figure 6.3 Absorption spectra of sucrose standards and flavedo extracts
reacted with thiobarbituric acid (TBA). Grinding solution reacted with TBA
was used as a baseline.

A number of problems were encountered with the use of the TBARS assay on
flavedo tissue extracts, and these can readily identified from Figure 6.3.
Generally, A532 was very low in TBA-reacted flavedo extracts and the sucroseTBA chromogen did cause some interference at this wavelength, as shown by
the absorbance spectra of the TBA-reacted sucrose standards. Therefore, A440
needed to be considered in the estimation of MDA concentrations, but it was
clear that sucrose concentrations in flavedo tissue extracts varied
considerably. Moreover, some extracts (e.g. Extract B in Figure 6.3) had
sucrose concentrations greater than 15 mM and the method described by
Hodges et al. (1999) only corrects for extracts with sucrose concentrations
between 1-10 mM. New correction factors could be derived for tissue
containing higher concentrations of sucrose, but the variability in sucrose
concentration between flavedo extracts means that correction factors would
need to be applied to each sample individually. This is not only impractical,
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but may have larger impacts on comparisons between samples. Moreover,
absorbances greater than 1.0 are generally avoided because the sensitivity of
absorbance readings is reduced at these levels and sucrose concentrations
greater than 10 mM cause peaks at 440 nm which are well above 1.0. This is
the same reason why the low absorbances at 532nm cannot be enhanced by
increasing the amount of tissue in the extract, as it will also increase A440.
Based on these findings, the TBARS assay is not suitable for use on navel
orange flavedo extracts using the method described here. Therefore, no
further TBARS assays were conducted on flavedo samples.

6.2.3 Measurement of LOOH in flavedo tissue
The method utilised for analysis of LOOH in flavedo tissue extracts was
based on the FOX2 assay method described by DeLong et al. (2002). This
assay compensates for any interfering compounds with absorbance maxima in
the 500-600 nm range. A review of published methodology and optimisation
of the assay procedures described in this section appears in Appendix 4.

6.2.3.1 Tissue extraction
Frozen flavedo tissue (1±0.04 g) was ground in 10 mL of grinding solution (see
Section 6.2.2.1) using an Ultraturrax T25 (IKA, Germany) operating at
22 000 r.p.m. for one minute. The homogenates were centrifuged at 4000
r.p.m. (Rotanta 3500, Hettich, Germany) for 10 minutes. Aliquots of
supernatant were then frozen in liquid nitrogen and stored at –80°C until
analysis.

6.2.3.2 FOX reagent and hydrogen peroxide standards
Analysis of flavedo extracts using the FOX2 assay was conducted on samples
collected in 2004 and 2005. The volume of tissue extract used for the assay
was 100 µL in 2004, but was increased to 500 µL in 2005 in order to raise the
absorbance values of the reaction mixes. Because different volumes of extract
were assayed between seasons, the FOX reagent was prepared differently in
each season so that the final concentrations of all components in the reaction
mix were the same across the seasons (Table 6.1). A 250 mM sulfuric acid
stock reagent was prepared in Millipore-filtered water. When preparing the
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FOX reagent, all components were combined in sulfuric acid prior to adding
methanol to ensure the ferrous ammonium sulfate hexahydrate was not
oxidised by non-acidic conditions. All glassware used was washed in 1% nitric
acid to remove exogenous ferric ions and rinsed in Millipore-filtered water,
and disposable acrylic cuvettes were used for the assay. All chemicals and
reagents were analytical grade. Hydrogen peroxide (H2O2) standards were
prepared in grinding solution using analytical grade H2O2. In 2004, a
standard with a concentration of 20 µM in the final reaction mix was used,
and a standard with a concentration of 10 µM in the final reaction mix was
used in 2005. A standard was assayed with every assay run.

Table 6.1 Concentration of FOX reagent components in methanolic solution for 2004
and 2005 and the final concentration of all components in the final reaction mix.
Component

2004

2005

Final reaction mix

25

41.7

22.7

4

6.7

3.6

(NH4)2Fe(SO4)2.6H2O (μM)

250

416.7

227.3

XO (μM)

100

166.7

90.9

H2SO4 (mM)
BHT (mM)

6.2.3.3 FOX2 Method A – 2004
Stored supernatants were thawed just prior to use. Two 100 μL aliquots of
each supernatant or standard were combined with either 100 μL of 10 mM
methanolic TPP or 100 μL of methanol. Grinding solution was used as a
blank. Solutions were thoroughly mixed and incubated for 30 minutes.
2000 μL of FOX reagent was added at the end of the incubation and the
solutions were incubated for a further 10 minutes. Absorbances of the two
reaction mixes (+/-TPP) for each sample or standard were measured at
590 nm using a GBC UV/VIS 918 spectrophotometer (GBC Scientific
Equipment, Dandenong, Australia). LOOH concentration was estimated from
the 20 µM H2O2 standard and corrected to nmol H2O2 equivalents g─1 FW of
flavedo tissue. The assay was carried out at 23°C±0.5°C under ambient
oxygen conditions. Samples were selected and run through the assay
procedure at random to reduce the likelihood of systematic error. Outlier
analysis using Grubb’s statistic (Rohlf and Sokal, 1981) was conducted on the
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results from the five flavedo extracts comprising each treatment group and
replicates failing the test were excluded from further statistical analysis.

6.2.3.4 FOX2 Method B – 2005
Stored supernatants were thawed just prior to use. Two 500 μL aliquots of
each supernatant or standard were combined with either 500 μL of 10 mM
methanolic TPP or 500 μL of methanol. Grinding solution was used as a
blank. Solutions were thoroughly mixed and incubated at room temperature
(~23°C) for 30 minutes. A 1200 μL aliquot of FOX reagent was then added
and the solutions were incubated for a further 10 minutes. Absorbances of
the two reaction mixes (+/-TPP) were measured at 590 nm using a GBC
UV/VIS 918 spectrophotometer (GBC Scientific Equipment, Dandenong,
Australia). LOOH concentration was estimated from the 10 µM H2O2
standard and corrected to nmol H2O2 equivalents g─1 FW of flavedo tissue.
The assay was carried out at 23°C±0.5°C under ambient oxygen conditions.
Samples were selected and run through the assay procedure at random to
reduce the likelihood of systematic error. Outlier analysis using Grubb’s
statistic (Rohlf and Sokal, 1981) was conducted on the results from the five
flavedo extracts comprising each treatment group and replicates failing the
test were excluded from further statistical analysis.

6.2.4 Antioxidant activity
6.2.4.1 Tissue extraction
Samples were extracted in a similar manner to the method described by
Arnao et al. (2001). Briefly, flavedo tissue (1±0.05 g) was ground in 5 mL of
ethyl acetate and 5 mL of 50 mM sodium phosphate buffer (pH 7.4) using an
Ultraturrax T25 (IKA, Germany) operating at 22 000 r.p.m. for one minute.
The homogenates were centrifuged at 4000 r.p.m. (Rotanta 3500, Hettich,
Germany) for 5-10 minutes. The supernatants were decanted into separating
funnels and the pellets resuspended in 5 mL of ethyl acetate and 5 mL of
buffer and ground for another minute. Following another centrifugation, the
supernatant was added to the separating funnel, the mixture shaken and
allowed to separate in the dark at 4°C. Aliquots of the hydrophilic and
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lipophilic fractions were collected and centrifuged at 13 000 g for 2 minutes to
separate any particulate matter and ensure purity of the fraction. Extracts
were stored in the dark at 4°C and analysed within 24 hours of extraction.

6.2.4.2 ABTS reagent
The ABTS reagent used was similar to that described by Re et al. (1999). Due
to the large number of samples analysed in this study, it was more efficient to
use a reagent that was pre-oxidised, rather than generate the radical
independently for each sample using the enzymatic method described by
Arnao et al. (2001). It was also more efficient to use the one ABTS reagent for
both the lipophilic and hydrophilic determinations and, therefore, the reagent
was diluted in absolute ethanol, ensuring solubility in both fractions. A
solution of 7 mM ABTS and 2.45 mM potassium persulfate was prepared
using Millipore-filtered water and allowed to oxidise overnight in the dark at
room temperature. Prior to conducting assays, the ABTS stock solution was
diluted in absolute ethanol to an absorbance of 0.700 ± 0.020 at 752 nm when
equilibriated. This wavelength was chosen because preliminary testing had
shown that rind extracts caused interference at shorter wavelengths (Figure
6.4).
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Figure 6.4 Absorbance spectra of the oxidised ABTS reagent, and diluted
hydrophilic and lipophilic rind extracts. Millipore-filtered water was used as
a baseline.

6.2.4.3 Standards
Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) is a
synthetic analogue of α-tocopherol and is often used as a standard for the
ABTS assay, hence the synonym TEAC (Trolox equivalent antioxidant
capacity) assay. Standards were prepared as described by Arnao et al. (2001).
A hydrophilic 4.02 mM Trolox stock solution was produced by sonicating 5 mg
of Trolox in 5 mL of 50 mM sodium phosphate buffer (pH 7.4). A lipophilic
2.02 mM Trolox stock solution was produced by dissolving 2.5 mg of Trolox in
5 mL of ethyl acetate. A two-fold dilution series was prepared from the stock
solutions to provide standards with concentrations of 2.5, 5, 10 and 20 μM in
the final reaction mix. Standard stock solutions were stored in the dark at
4°C, and discarded after 48 hours.
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6.2.4.4 ABTS assay procedure
Preliminary tests had shown that the hydrophilic extracts had greater
antioxidant activity than the lipophilic extracts. A 5 μL sample was therefore
used for the hydrophilic assays and a 10 μL sample for the lipophilic assays.
Assays were conducted using optical glass microcuvettes (Hellma, Germany),
which were rinsed in distilled water and absolute ethanol between samples.
Millipore-filtered water was used a blank. 1 mL of the appropriately diluted
ABTS reagent was added to the cuvettes and the absorbance at 734 nm
recorded using a GBC UV/VIS 918 spectrophotometer (GBC Scientific
Equipment, Dandenong, Australia). Appropriate volumes of either standard
or sample were added to the ABTS reagent and the cuvettes inverted to mix
the solution. Absorbance of the solutions at 734 nm was recorded 6 minutes
after the addition of the standard or sample. This final absorbance was
subtracted from the absorbance of the reagent prior to the addition of sample
or standard. Standards and samples were measured in triplicate, unless the
difference in absorbance of the first two measurements was less than 0.005.
The assay was carried out at 23°C±0.5°C under ambient oxygen conditions.
Outlier analysis on the triplicate readings using Grubb’s statistic (Rohlf and
Sokal, 1981) was conducted and readings failing the test were excluded. The
mean of the remaining readings was used to obtain a TEAC value from the
standard curve, which was then corrected to TEAC g─1 FW of flavedo tissue.
Outlier analysis using Grubb’s statistic was conducted on the five replicates
comprising each treatment group and replicates failing the test were excluded
from further statistical analysis.

6.2.5 Statistical analyses
All data were analysed using Genstat Release 8.2 (Lawes Agricultural Trust,
Rothamsted Experimental Station). Data were checked for normality and
variance homogeneity, and transformed where necessary. Significant sources
of variation were identified using ANOVA, and significant differences
between means identified using LSD at P = 0.05. Comparisons between
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injured and uninjured flavedo tissue were made using an unpaired t-test at
P = 0.05. Figures were produced using SigmaPlot 8.0 (SSI, California, USA).
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6.3 Results
6.3.1 LOOH in flavedo tissue
6.3.1.1 Effect of senescence and storage on lipid peroxidation
The concentration of LOOH in flavedo tissue of navel orange fruit generally
increased as fruit senesced (Figure 6.5). LOOH concentrations were similar
in the two varieties at the commencement of the sampling period but were
significantly higher in ‘Thomson’ flavedo tissue at the end of the sampling
period. Concentrations of LOOH were more variable over time in flavedo
tissue of ‘Navelina’ fruit compared to ‘Thomson’ fruit but LOOH concentration
increased significantly after 220 Julian days in both varieties.
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Figure 6.5 Concentration of lipid hydroperoxides (LOOH) in flavedo tissue of
‘Navelina’ (red) and ‘Thomson’ (blue) navel orange fruit harvested at threeweekly intervals during 2005. Data points labelled with the same letter are
not significantly different (P = 0.05).
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LOOH concentrations in flavedo tissue of ‘Navelina’ and ‘Thomson’ fruit from
Harvest 1 responded differently to storage, irrespective of storage
temperature (Figure 6.6). Generally, in fruit from Harvest 1 in 2005, LOOH
concentrations were higher in flavedo tissue of ‘Navelina’ fruit compared to
‘Thomson’ fruit, and higher in flavedo tissue of fruit stored at 12ºC compared
to fruit stored at 1ºC. The concentration of LOOH in flavedo tissue of both
varieties was comparable during the first four weeks of storage, and whereas
LOOH in ‘Navelina’ tissue remained at the same level, LOOH concentrations
in ‘Thomson’ tissue declined after four weeks in storage, and remained lower
through to the end of the storage period.
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Figure 6.6 Interactive effects of variety and days in storage on
concentrations of lipid hydroperoxides (LOOH) in flavedo tissue of ‘Navelina
(red) and ‘Thomson’ (blue) navel orange fruit from Harvest 1 in 2005. Data
points labelled with the same letter are not significantly different (P = 0.05).
Data points marked with an asterisk are mean LOOH concentrations in
flavedo tissue of ‘Navelina’ and ‘Thomson’ fruit at harvest.
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LOOH concentrations in flavedo tissue of fruit from Harvest 1 responded
differently to storage temperature, regardless of variety (Figure 6.7). LOOH
concentrations in flavedo tissue of fruit stored at 1°C and 12°C were
comparable during the first two and last two weeks of storage, but LOOH
concentrations were higher in tissue from fruit stored at 12°C than in tissue
from fruit stored at 1°C during the middle four weeks of storage. LOOH
concentrations in flavedo tissue from fruit stored at 12°C increased between
the second and third weeks in storage, and with the exception of the samples
collected on day 49, remained more or less constant, declining marginally
towards the end of storage. In flavedo tissue from fruit stored at 1°C, LOOH
concentrations declined between 28 and 35 days in storage before increasing
again.
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Figure 6.7 Interactive effects of storage temperature and days in storage on
concentrations of lipid hydroperoxides (LOOH) in flavedo tissue of navel
orange fruit from Harvest 1 in 2005 during storage at 1°C (blue) or 12°C (red).
Data points labelled with the same letter are not significantly different
(P = 0.05). The datum point marked with an asterisk is the mean LOOH
concentration in flavedo tissue at harvest.
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There was a significant interactive effect of variety and storage temperature
on the concentration of LOOH in flavedo tissue of fruit from Harvest 3 in
2005 (Figure 6.6). Throughout the storage period, LOOH concentrations in
flavedo tissue of ‘Navelina’ and ‘Thomson’ fruit stored at 12ºC were higher
than tissue from fruit stored at 1ºC. LOOH concentrations in flavedo tissue of
the two varieties were comparable when stored at 12ºC, but LOOH
concentrations were significantly lower in ‘Thomson’ flavedo tissue compared
to ‘Navelina’ tissue when stored at 1°C.
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Figure 6.8 Interactive effects of variety and storage temperature on
concentrations of lipid hydroperoxides (LOOH) in flavedo tissue of ‘Navelina’
(red) or ‘Thomson’ (blue) fruit from Harvest 3 in 2005, stored at either 1ºC or
12°C. Bars labelled with the same letter are not significantly different
(P = 0.05).
Regardless of variety, LOOH concentrations in flavedo tissue of fruit from
Harvest 3 in 2005 responded differently to storage temperature (Figure 6.9).
Generally, LOOH concentrations in flavedo tissue of fruit stored at 1°C were
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lower than concentrations in tissue from fruit stored at 12°C, due to an
increase in flavedo LOOH concentration soon after placement in storage at
12°C. There was a dramatic drop in LOOH concentrations in tissue of fruit
stored at 12°C during the second week of storage and the reason for this is
unclear, although the effect was common for both varieties stored at this
temperature. If this datum point is omitted from consideration, LOOH
concentration would be seen to remain mostly constant in flavedo tissue of
fruit from both varieties stored at 12ºC. LOOH concentrations remained
constant during storage at 1ºC and similar to the LOOH concentration in
flavedo tissue at harvest.
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Figure 6.9 Interactive effects of storage temperature and days in storage on
concentrations of lipid hydroperoxides (LOOH) in flavedo tissue of navel
orange fruit from Harvest 3 in 2005 during storage at 1°C (blue) or 12°C (red).
Data points labelled with the same letter are not significantly different
(P = 0.05). The datum point marked with an asterisk is the mean LOOH
concentration in flavedo tissue of fruit at harvest.
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6.3.1.2 Effects of dip treatments and storage on lipid
peroxidation
Significant main effects and and significant interactive effects on LOOH
concentrations in flavedo tissue of navel orange fruit subjected to pre-storage
dip treatments over two seasons are presented in the next four figures
(Figures 6.10 to 6.13). Fruit were stored at 1°C.
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Figure 6.10 Effects of pre-storage water dip temperature, storage and
rewarming on concentrations of lipid hydroperoxides (LOOH) in flavedo
tissue of ‘Navelina’ navel orange fruit in 2004.
(A) Mean concentrations of LOOH during storage at 1°C for all treatments
combined, and the structure of the statistical analysis conducted. The numbered
boxes represent: 1, at harvest; 2, after initial treatment and initiation of chilling; 3,
during storage at 1°C; 4, just prior to the removal from storage and following
rewarming;
(B) Interactive effect of pre-storage water dipping temperature and placement in
chilled storage on LOOH concentration in flavedo tissue (Box 2). Blue bars are fruit
treated with an ambient temperature dip and red bars are fruit treated with a 50°C
water dip. Bars labelled with the same letter are not significantly different
(P = 0.05);
(C) LOOH concentrations in flavedo tissue of fruit before (grey) and after (black)
rewarming (Box 4). An asterisk indicates that the means are significantly different
(P = 0.05);
(D) Pre-storage water dipping temperature main effect on LOOH concentrations of
fruit at the end of storage and after rewarming (Box 4). An asterisk indicates that
the means are significantly different (P = 0.05).
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Figure 6.11 Effects of pre-storage dipping in MJ and storage on
concentrations of lipid hydroperoxides (LOOH) in flavedo tissue of ‘Lanes
Late’ navel orange fruit in 2004.
(A) Mean concentrations of LOOH during storage at 1°C for all treatments
combined, and the structure of the statistical analysis conducted. The numbered
boxes represent: 1, at harvest; 2, after initial treatment and initiation of chilling; 3,
during storage at 1°C; 4, just prior to the removal from storage and following
rewarming;
(B) Main effect of dipping fruit in MJ on LOOH concentrations in flavedo tissue
(Box 2). An asterisk indicates that the means are significantly different (P = 0.05);
(C) Main effect of placement of fruit into chilled storage on LOOH concentrations in
flavedo tissue (Box 2). An asterisk indicates that the means are significantly
different (P = 0.05);
(D) Main effect of days after harvest on LOOH concentration of flavedo tissue during
storage at 1°C (Box 3). Vertical bar represents the LSD at P = 0.05;
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Figure 6.12 Effects of pre-storage water dip temperature and MJ, storage
and rewarming on concentrations of lipid hydroperoxides (LOOH) in flavedo
tissue of ‘Navelina’ navel orange fruit in 2005.
(A) Mean concentrations of LOOH during storage at 1°C for all treatments
combined, and the structure of the statistical analysis conducted. The numbered
boxes represent: 1, at harvest; 2, after initial treatment and initiation of chilling; 3,
during storage at 1°C; 4, just prior to the removal from storage and following
rewarming;
(B(i)) Interactive effects of pre-storage water dipping temperature and MJ dip
treatments on LOOH concentrations in flavedo tissue (Box 2): ambient temperature
water dip (blue), 50°C water dip (red), MJ dip (green) and 50°C water dip + MJ dip
(yellow). Bars labelled with the same letter are not significantly different (P = 0.05);
(B(ii)) Interactive effects of pre-storage water dipping temperature and placement in
chilled storage on LOOH concentrations in flavedo tissue (Box 2): ambient
temperature water dips (grey) and 50°C water dips (black). Bars labelled with the
same letter are not significantly different (P = 0.05);
(C) Interactive effects of pre-storage water dipping temperature and MJ dip
treatments, and days after harvest on LOOH concentrations in flavedo tissue (Box
3): ambient temperature water dip (blue), 50°C water dip (red), MJ dip (green), and
50°C water dip + MJ dip (yellow). Vertical bar represents the LSD at P = 0.05;
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(D) Interactive effects of pre-storage water dipping temperature and MJ dip
treatments, and rewarming fruit on LOOH concentrations in flavedo tissue (Box 4):
ambient temperature water dip (blue), 50°C water dip (red), MJ dip (green) and 50°C
water dip + MJ dip (yellow). Bars labelled with the same letter are not significantly
different (P = 0.05).
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Figure 6.13 Effects of pre-storage water and MJ dipping and storage on
concentrations of lipid hydroperoxides (LOOH) in flavedo tissue of ‘Thomson’
navel orange fruit in 2005.
(A) Mean concentrations of LOOH during storage at 1°C for all treatments
combined, and the structure of the statistical analysis conducted. The numbered
boxes represent: 1, at harvest; 2, after initial treatment and initiation of chilling; 3,
during storage at 1°C; 4, just prior to the removal from storage and following
rewarming;
(B) Main effect of pre-storage water dipping temperature on LOOH concentrations
in flavedo tissue during storage at 1°C (Box 3): ambient temperature water dip
(blue) or 50°C water dip (red). An asterisk indicates that means are significantly
different (P = 0.05).
(C) Main effect of days after harvest on LOOH concentrations in flavedo tissue
during storage at 1°C (Box 3). Data points labelled with the same letter are not
significantly different (P = 0.05).
(D) Interactive effects of pre-storage water dipping temperature and a MJ dip on
flavedo LOOH concentrations at the end of storage and following rewarming (Box 4):
ambient temperature water dip (blue), 50°C water dip (red), MJ dip (green), and
50°C water dip + MJ dip (yellow). Bars labelled with the same letter are not
significantly different (P = 0.05).
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Many of the interactive effects illustrated in Figures 6.10 – 6.13 were
inconsistent between the four storage experiments but will be summarised
here.
Figure 6.10 illustrates LOOH concentrations in flavedo tissue from the
‘Navelina’ dipping and storage trials conducted in 2004, when ambient and
50ºC water dips were used. LOOH concentrations in flavedo tissue generally
decreased after harvest and remained at low levels during storage at 1ºC,
followed by a slight increase when fruit were rewarmed (Figure 6.10A).
Dipping fruit in 50°C water decreased flavedo LOOH concentrations
compared to an ambient temperature dip before the commencement of storage
at 1°C, but LOOH concentrations decreased in the flavedo of fruit dipped at
ambient temperatures after the commencement of chilling (Figure 6.10B).
There were no significant changes in LOOH concentrations in flavedo tissue
during storage at 1ºC. LOOH increased when fruit was rewarmed (Figure
6.10C) and, at the end of the storage period, fruit treated with an ambient
temperature dip prior to storage had higher LOOH concentrations in flavedo
tissue than fruit treated with a 50ºC water dip (Figure 6.10D).
Figure 6.11 illustrates LOOH concentrations in flavedo tissue from ‘Lanes
Late’ fruit from dipping and storage trials conducted in 2004, when ambient,
50ºC, MJ and 50ºC+MJ dips were used. LOOH concentrations in flavedo
tissue generally decreased after harvest, remained low for the first half of the
storage period at 1ºC, began to increase toward the end of storage and
increased again when the fruit were rewarmed (Figure 6.11A). After dip
treatments were applied, fruit treated with MJ dips had higher LOOH
concentrations in flavedo tissue than fruit that weren’t treated with MJ
(Figure 6.11B). Flavedo LOOH concentration generally decreased when fruit
were chilled (Figure 6.11C) and LOOH tended to increase in flavedo tissue
during storage at 1°C (Figure 6.11D). There were no significant effects of
rewarming the fruit on LOOH concentration in flavedo tissue of ‘Lanes Late’
navel orange fruit.
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Figure 6.12 illustrates LOOH concentrations in flavedo tissue from the
‘Navelina’ dipping and storage trials conducted in 2005, when ambient, 50ºC,
MJ and 50ºC+MJ pre-storage dips were used. LOOH concentration in flavedo
tissue increased between harvest and treatment application, decreased upon
chilling, fluctuated throughout the storage period, and increased when fruit
were rewarmed (Figure 6.12A). Following treatment and the onset of chilling,
fruit treated with a MJ dip had higher levels of LOOH in flavedo tissue than
fruit receiving the other three treatments (Figure 6.12B(i)). LOOH
concentrations were higher in flavedo tissue of fruit dipped in ambient
temperature water compared to fruit dipped in 50°C water before the
commencement of chilled storage, and LOOH concentration decreased after
the commencement of chilling in the flavedo of fruit dipped at an ambient
temperature (Figure 6.12B(ii)). Fruit treated with the various dips responded
differently to storage at 1ºC, but there were no consistent trends as LOOH
levels in flavedo tissue tended to fluctuate throughout storage (Figure 6.12C).
When fruit were rewarmed at the end of the storage period, LOOH levels
increased in flavedo tissue of all fruit, except those which received the
ambient temperature water dip prior to storage (Figure 6.12D). LOOH
concentrations in flavedo tissue of these fruit were already elevated at the
end of cold storage.
Figure 6.13 illustrates LOOH concentrations in flavedo tissue from ‘Thomson’
dipping and storage trials conducted in 2005, when ambient, 50ºC, MJ and
50ºC+MJ dips were used. LOOH concentration in flavedo tissue increased
between harvest and treatment application, decreased upon chilling,
remaining at a low level throughout the storage period, before increasing very
slightly when fruit were rewarmed (Figure 6.13A). There were no significant
effects of treatment application or the chilling of fruit on flavedo LOOH
levels. During the storage period, LOOH was generally lower in flavedo tissue
fruit treated with a 50ºC dip prior to storage compared to those treated with
an ambient temperature dip (Figure 6.13B). Flavedo LOOH levels decreased
dramatically when fruit were chilled and remained low throughout storage
(Figure 6.13C). At the end of the storage period, fruit which had received an
ambient temperature water dip prior to storage had significantly higher
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LOOH concentrations in flavedo tissue than fruit which had received any of
the three other treatments (Figure 6.13D).
There were some consistently significant sources of variation in LOOH
concentrations in flavedo tissue of navel orange fruit (Table 6.2 and Table
6.3). Because of the different FOX2 methods used between seasons,
quantitative comparisons cannot be made, but general qualitative trends can
be compared. Responses to the placement of fruit into storage at 1°C, and
removal of fruit from storage and rewarming are presented in Table 6.2.
Chilling fruit decreased LOOH concentrations in all experiments with the
exception of ‘Thomson’ fruit in 2005, where no significant change was
observed, and removing fruit from storage at 1°C and rewarming increased
LOOH concentrations in ‘Navelina’ fruit from both seasons, but did not
significantly affect LOOH concentration in either ‘Lanes Late’ or ‘Thomson’
flavedo tissue.

Table 6.2 Effects of chilling and rewarming fruit on lipid hydroperoxide (LOOH)
concentrations (nmol H2O2 equivalents g─1 FW) between dipping trials conducted
over two seasons. An asterisk indicates a significant difference between means in
rows for each effect (P = 0.05). Concentrations were determined by either FOX2
Method A (#) or FOX2 Method B (§).
Placement in 1°C

Removal from 1°C

Pre-

Post-

Pre-

Post-

149.8

103.7*

69.5

102.2*

53.5

43.7*

56.3

68.5

‘Navelina’ 2005§

213.8

167.1*

152.0

228.0*

‘Thomson’ 2005§

207.0

250.0

80.5

94.8

‘Navelina’ 2004#
‘Lanes Late’

2004#

Table 6.3 Effect of pre-storage water dip temperature on lipid hydroperoxide
(LOOH) concentrations (nmol H2O2 equivalents g─1 FW) in flavedo tissue of fruit at
the end of storage at 1°C. An asterisk indicates a significant difference between
means in each row (P = 0.05). Concentrations were determined by either FOX2
Method A (#) or FOX2 Method B (§).
Pre-storage water dip
‘Navelina’ 2004#

Ambient

50°C

98.5

73.1*

65.6

59.2

2005§

224.0

156.0*

‘Thomson’ 2005§

99.6

75.7*

‘Lanes Late’
‘Navelina’

2004#
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A significant effect of a pre-storage 50°C water dip on LOOH concentration at
the end of storage was also observed (Table 6.3). Fruit that had been treated
with a 50°C water dip prior to storage at 1°C had lower concentrations of
LOOH at the end of the storage period than fruit that had been subjected to
an ambient temperature water dip, with the exception of ‘Lanes Late’ fruit in
2004, which did not show any significant difference in LOOH concentration in
the flavedo of fruit in response to water dipping temperature.

6.3.1.3 Relationship between lipid peroxidation and CI
Flavedo LOOH concentrations were not related to the presence or absence of
CI in a consistent manner (Table 6.4 and Table 6.5). Injured and uninjured
tissue of ‘Lanes Late’ fruit from the dipping trial in 2004 had similar LOOH
concentrations, but LOOH concentrations were significantly higher in
uninjured compared to injured flavedo tissue of ‘Thomson’ fruit from the
dipping trial in 2005 (Table 6.4). LOOH concentrations in injured and
uninjured flavedo from ‘Thomson’ fruit from Harvests 1 and 3 in 2005 were
also not significantly different (Table 6.5). Injured tissue from fruit from
Harvest 3 had a significantly higher LOOH concentration than injured tissue
from fruit from Harvest 1. Therefore, with the exception of ‘Thomson’ fruit
from the dipping trial in 2005, the presence or absence of CI symptoms was
not related to the concentration of LOOH in the flavedo tissue.

Table 6.4 Lipid hydroperoxide (LOOH) concentrations in flavedo tissue of two navel
orange varieties with and without symptoms of chilling injury. Flavedo tissue was
sampled from ‘Lanes Late’ navel orange fruit from dipping experiments conducted
during 2004 (FOX2 Method A) or ‘Thomson’ navel orange fruit from dipping
experiments conducted during 2005 (FOX2 Method B). Means are combined values
from four dip treatments (i.e. +/- 50°C and +/- MJ). An asterisk indicates a
significant difference between means in a column (P = 0.05).
LOOH (nmol H2O2 equivalents g─1 FW)
Tissue

‘Lanes Late’

‘Thomson’

Uninjured

79.2

213.0

Injured

87.3

125.2*
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Table 6.5 Interactive effect of harvest date and chilling injury on the lipid
hydroperoxide (LOOH) concentration in flavedo tissue of ‘Thomson’ navel orange
fruit harvested six weeks apart in 2005 (FOX2 Method B). Means followed by the
same superscripted letter are not significantly different (P = 0.05).
LOOH (nmol H2O2 equivalents g─1 FW)
Harvest

Uninjured

Injured

1

213ab

130a

3

161ab

221b

6.3.2 Antioxidant activity in flavedo tissue
6.3.2.1 Effect of senescence and storage on antioxidant activity
To gain an understanding of how antioxidant activity changes in senescing
fruit in situ, flavedo samples were analysed using the ABTS assay on a threeweekly basis (Figure 6.14). There was no significant difference between the
antioxidant activities of the lipophilic fractions (lipophilic antioxidant
activity, LAA) of the two varieties between 160-220 Julian days. After 220
Julian days, LAA in ‘Thomson’ flavedo tissue increased dramatically, but did
not increase in ‘Navelina’ flavedo tissue. Antioxidant activity in the
hydrophilic fraction (hydrophilic antioxidant activity, HAA) did not alter
significantly over time in either variety.
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Figure 6.14 Lipophilic antioxidant activity (LAA) of flavedo tissue extracts
of ‘Navelina’ (red) and ‘Thomson’ (blue) fruit harvested on a three-weekly
basis during 2005. Data points labelled with the same letter are not
significantly different (P = 0.05).

LAA and HAA of flavedo tissue extracts from ‘Thomson’ fruit from Harvest 1
in 2005 were measured throughout the eight week storage period. Flavedo
tissue from fruit stored at 12ºC had significantly higher LAA and HAA than
flavedo tissue from fruit stored at 1ºC (Table 6.6), but neither LAA nor HAA
changed significantly during storage.

Table 6.6 Effect of storage temperature on hydrophilic (HAA) and lipophilic
(LAA) antioxidant activity (µmol Trolox equivalents g─1 FW) of flavedo tissue
from ‘Thomson’ navel orange fruit from Harvest 1 in 2005. Asterisks represent
significant differences between means in each column (P = 0.05).
Storage temperature

HAA

LAA

1ºC

19.2

1.2

12ºC

22.2*

1.5*
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Table 6.7 Interactive effect of storage temperature and rewarming fruit on
hydrophilic (HAA) antioxidant activity (µmol Trolox equivalents g─1 FW) of
flavedo tissue from ‘Thomson’ navel orange fruit from Harvests 1, 2 and 3 in
2005. Means followed by the same letter are not significantly different (P = 0.05).
1°C

12°C

Pre-warming

20.1a

21.8a

Post-warming

19.5a

25.3b

HAA of flavedo extracts from fruit stored at 12°C increased when fruit were
rewarmed, but no change in HAA was observed in extracts from fruit stored
at 1°C (Table 6.7). Rewarming fruit at the end of the eight week storage
period caused an increase in LAA of flavedo extracts of ‘Thomson’ fruit stored
at 12°C, but not those of ‘Thomson’ stored at 1°C, nor of extracts from
‘Navelina’ fruit stored at either temperature (Figure 6.15).

-1

LAA (μmol Trolox equivalents g FW)

2.5

c
2.0

b
1.5

b

b

b

ab

ab

a

1.0

0.5

0.0

Navelina

Thomson

Pre-warming

Navelina

Thomson

Post-warming

Figure 6.15 Interactive effects of variety, storage temperature (1°C (blue)
and 12°C (red)) and rewarming on lipophilic antioxidant activity (LAA) of
flavedo tissue extract of fruit from Harvests 1, 2 and 3 in 2005. Bars labelled
with the same letter are not significantly different (P = 0.05).
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6.3.2.2 Relationship between antioxidant activity and CI
Generally, over the three harvests, LAA was significantly higher in ‘Thomson’
flavedo tissue with symptoms of chilling injury than in uninjured flavedo
tissue from the same fruit (Figure 6.16). Irrespective of visible symptoms of
CI, LAA was significantly higher in flavedo tissue of fruit from Harvest 3
compared to fruit from the first two harvests (Figure 6.16). HAA of ‘Thomson’
flavedo tissue extracts was not related to the presence or absence of CI
symptoms.

2.0

2.5

2.0

a

a

1.5

1.5

1.0

1.0

0.5

0.5

0.0

Uninjured
tissue

Injured
tissue

1

2

3

-1

*

b

LAA (μmol Trolox equivalents g FW)

-1

LAA (μmol Trolox equivalents g FW)

2.5

0.0

Harvest

Figure 6.16 Lipophilic antioxidant activity (LAA) in uninjured and chillinginjured flavedo tissue of ‘Thomson’ navel orange fruit from Harvests 1, 2 and
3 in 2005. An asterisk indicates a significant difference between means of
chilling-injured and uninjured tissue (P = 0.05) and bars labelled with the
same letter are not significantly different for the harvest effect (P = 0.05).

6.3.2.3 Relationships between LOOH and antioxidant activity
Similar trends were apparent in LOOH and LAA over time as fruit senesced
in situ, particularly in ‘Thomson’ flavedo tissue (Figure 6.17). However, it
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was not evident which increased first, although LAA seemed to be slowly
increasing prior to the increase in LOOH after 220 Julian days. This
relationship and the relationships between HAA and LOOH, and LAA and
HAA were investigated further using regression analysis (Figure 6.18 and
Figure 6.19). There was a strong positive relationship (P = 0.01) between
LAA and LOOH in the flavedo of ‘Thomson ‘fruit, but not in the flavedo tissue
of ‘Navelina’ fruit. LOOH was not related to HAA in flavedo tissue of either
variety. A significant relationship (P = 0.01) existed between LAA and HAA
in flavedo tissue of ‘Navelina’ fruit, but this relationship was not significant
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Figure 6.17 Comparison of lipid hydroperoxide (LOOH) concentrations
(triangles) and lipophilic antioxidant activities (LAA) (circles) in flavedo
tissue of ‘Navelina’ (red) and ‘Thomson’ (blue) fruit harvested at three-weekly
intervals throughout 2005.
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Figure 6.18 Relationships between concentrations of lipid hydroperoxides
(LOOH) and lipophilic antioxidant activity (LAA) and LOOH and hydrophilic
antioxidant activity (HAA) in flavedo tissue of ‘Navelina’ (red) and ‘Thomson’
(blue) navel orange fruit in 2005. An asterisk indicates a significant linear
relationship at P = 0.01, ns indicates a non-significant relationship.
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Figure 6.19 Relationship between lipophilic antioxidant activity (LAA) and
hydrophilic antioxidant activity (HAA) in flavedo tissue of ‘Navelina’ (red)
and ‘Thomson’ (blue) navel orange fruit in 2005. An asterisk indicates a
significant linear relationship at P = 0.01, ns indicates a non-significant
relationship.

LAA was closely related to A436 (Figure 6.20), indicating that carotenoids were
a major contributor to LAA in flavedo tissue extracts.
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Figure 6.20 Relationship between lipophilic antioxidant activity (LAA) and
absorbance of diluted extract at 436nm (A436) from ‘Navelina’ and ‘Thomson’
fruit harvested at three-weekly intervals during 2005. The quadratic
relationship is significant at P = 0.01.
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6.4 Discussion
The data presented in this section have shown the following:
a) The FOX2 assay for the measurement of lipid peroxidation and the
ABTS assay for the measurement of antioxidant activity are suitable
for use on navel orange flavedo tissue extracts using the methodology
described here. The TBARS assay is generally unsuitable for use on
navel orange flavedo tissue extracts.
b) An increase in lipid peroxidation probably marks the onset of
degenerative senescence in navel orange fruit in situ. Lipid
peroxidation and LAA both generally increase as fruit senesce but are
only significantly related in ‘Thomson’ fruit. Carotenoids accounted for
a large proportion of the increase in LAA. HAA is not related to fruit
senescence, although a strong relationship between LAA and HAA in
‘Navelina’ flavedo tissue suggested that co-ordination of the two
antioxidant pools may contribute to lower levels of lipid peroxidation.
c) Increased lipid peroxidation is not related to increased susceptibility to
chilling temperatures. Lipid peroxidation was higher in flavedo tissue
of fruit stored at 12°C compared to fruit stored at 1°C and ‘Navelina’, a
chilling-tolerant variety had higher levels of lipid peroxidation in
flavedo tissue than ‘Thomson’, a chilling-sensitive variety. Lipid
peroxidation also did not increase with time in storage in flavedo tissue
of fruit stored at 1°C. In fruit from Harvest 1, HAA and LAA did not
change significantly throughout storage but were generally higher in
flavedo tissue of fruit stored at 12°C compared to fruit stored at 1°C.
Lipid peroxidation generally decreased when fruit were placed in
storage at 1°C and increased when fruit were removed from storage.
Chilling-injured tissue did not have significantly different levels of lipid
peroxidation compared to uninjured tissue.
d) Pre-storage treatments, generally, did not have consistent effects on
lipid peroxidation in flavedo tissue of navel orange fruit. However,
treating fruit with a 50°C pre-storage water dip resulted in
significantly lower levels of lipid peroxidation at the end of the storage
period than treating fruit with an ambient temperature water dip.
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At the outset of these experiments it was hypothesised that the development
of CI in navel orange fruit was related to increased lipid peroxidation in
flavedo tissue and that chilling exacerbated senescence. This hypothesis was
based on the “oxidative stress paradigm” as it is referred to by Foyer and
Noctor (2005), which considers ROS to be damaging molecules produced as
unwanted by-products of normal oxidative processes.
Although lipid peroxidation was observed to increase substantially as fruit
senesced (Figure 6.5), the data did not support the hypothesis that CI is
related to increased lipid peroxidation:
a) lipid peroxidation was higher in flavedo tissue of fruit stored at
12°C than in flavedo tissue of fruit stored at 1°C (Figure 6.7,
Figure 6.8 and Figure 6.9);
b) lipid peroxidation did not increase with time in storage at 1°C in
either variety (Figure 6.7 and Figure 6.9);
c) lipid peroxidation was higher in ‘Navelina’, a chilling tolerant
variety, than in ‘Thomson’, a chilling-sensitive variety (Figure
6.4 and Figure 6.8).
This evidence that lipid peroxidation occurs more readily at non-chilling
temperatures, and that levels of lipid hydroperoxides are higher in the
chilling-tolerant variety, suggests that a lack of lipid peroxidation, rather
than an excess, is related to susceptibility of navel orange fruit to chilling
temperatures. One possible explanation for these results may lie in the
hypothesised role of lipid peroxidation in stress signalling in plants, as
reviewed by Spiteller (2003). A model of the processes described in this
review is summarised in Figure 6.21, and suggests that LOOH are involved in
processes ultimately leading to necrosis and PCD.
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This material has been removed due to copyright.

Figure 6.21 Proposed involvement of lipid hydroperoxides in signalling
pathways of plant tissues in reponse to stress. Adapted from Spiteller (2003).

The “oxidative stress paradigm” is gradually being replaced with the idea that
ROS and associated oxidative products are valuable signalling molecules
(Foyer and Noctor, 2005; Kacperska, 2004; van Leeuwen et al., 2004; Mittler,
2002), particularly since these signalling processes generally require no
specific receptors or gene activation and are rapid, non-specific responses to
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environmental stimuli. Many plant growth regulators involved in stress
responses are also synthesised via lipid peroxidation pathways. For example,
jasmonic acid (JA) and ethylene are formed by oxidation of linolenic acid, and
salicylic acid (SA) is formed by oxidation of benzoic acid. JA and SA have also
been implicated in the tolerance of fruit and vegetables to chilling
temperatures (discussed in Section 1.4.1).
Lipid peroxidation in flavedo tissue generally increased as navel orange fruit
senesced in situ (Figure 6.5). Although concentrations of LOOH have not
previously been quantified in relation to in situ senescence of any fruit crop,
this response was expected, because membrane deterioration is part of the
senescence process in navel orange fruit (Thomson and Platt-Aloia, 1976).
‘Thomson’ fruit had higher levels of lipid peroxidation than ‘Navelina’ fruit at
the end of the sampling period, but lipid peroxidation tended to increase at
about 230 Julian days (mid August) for both varieties, although the increase
was more rapid for ‘Thomson’ fruit. These results imply that the flavedo did
not become physiologically senescent until at least two months after the
optimal harvest date for marketing.
LAA in flavedo tissue of navel orange fruit generally increased during
senescence, particularly in ‘Thomson’ flavedo tissue (Figure 6.14), but HAA
was unaffected by senescence. This may indicate that the lipophilic
components (i.e. membranes and associated lipids) of flavedo cells are more
vulnerable to ROS during senscence than hydrophilic components. LAA was
positively correlated with A436 (Figure 6.20), demonstrating that carotenoid
pigments, which are known antioxidants, are a major contributor to LAA in
navel orange flavedo tissue. Carotenoids are photo-protective compounds
that quench triplet chlorophyll and singlet oxygen, thereby limiting
membrane damage under conditions of very high light exposure (Howitt and
Pogson, 2006) However, carotenoids also accumulate in the flavedo tissue of
navel orange fruit during maturity and senescence (Figure 5.1). Therefore, as
fruit senesce, LAA probably increases as an indirect result of rind colour
development and not necessarily as a result of altered oxidative conditions.
There were, however, similar trends in LAA and LOOH concentration over
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time (Figure 6.16), which suggested that carotenoids may be related to lipid
peroxidation. Regression analysis demonstrated that this was the case in
‘Thomson’ flavedo tissue, but not in ‘Navelina’ flavedo tissue (Figure 6.18).
For ‘Thomson’ fruit, LAA was generally higher in fruit with higher LOOH,
but whether these processes are interrelated is not clear. Direct
measurement of specific lipophilic antioxidants (e.g. α-tocopherol by HPLC)
may be more useful than general antioxidant activity in tissues with high
levels of carotenoids. HAA was not related to LOOH in either variety (Figure
6.18) and did not change significantly during senescence.
Hydrophilic antioxidants, such as ascorbic acid and glutathione, are actively
involved in regenerating lipophilic antioxidants such as α-tocopherol at the
membrane surface (Woitsch and Römer, 2005; Buettner, 1993). Therefore,
the effectiveness of the lipophilic antioxidant system relies on the activity of
hydrophilic antioxidants. There was a significant linear relationship between
HAA and LAA in ‘Navelina’ flavedo tissue as fruit senesced, but not in
‘Thomson’ flavedo tissue (Figure 6.19). Therefore, the antioxidant system in
‘Navelina’ flavedo tissue probably functions more effectively than the
antioxidant system in ‘Thomson’ flavedo tissue and may be related to the
lower levels of lipid peroxidation observed in senescent ‘Navelina’ fruit.
Based on this assumption, the coupling of LAA and HAA pools in ‘Navelina’
flavedo tissue may also contribute to tolerance to chilling temperatures
during postharvest storage.
HAA and LAA in flavedo tissue of ‘Thomson’ fruit from Harvest 1 did not
change during storage, but were generally higher in fruit stored at 12°C
compared to fruit stored at 1°C (Table 6.3). Similar to what was observed in
senescing fruit, increased LAA may be related to the more advanced rind
colour development observed in fruit stored at 12°C compared to fruit stored
at 1°C (Figure 5.8A). However, reduced HAA in flavedo tissue of ‘Thomson’
navel orange fruit stored at chilling temperatures is indicative of a lessefficient stress-defense system, but it is important to note that lipid
peroxidation did not increase during storage in these fruit (Figure 6.6 and
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Figrue 6.7). Therefore, if oxidative damage was the cause of CI, the target of
oxidation is not membrane lipids.
The effects of pre-storage dip treatments, which are generally effective at
reducing the incidence of visible symptoms of CI in navel orange fruit
(Chapter 3), were investigated for their effect on lipid peroxidation. A range
of responses were found over the two seasons and the three navel orange
varieties investigated (Figures 6.10-6.13). However, not all of these occurred
consistently and some were related to storage and not to the actual dip
treatments. Having said that, fruit treated with a 50°C pre-storage water dip
generally had significantly lower levels of lipid peroxidation at the end of the
storage period than fruit that had received an ambient temperature water dip
(Table 6.3). The only exception to this was ‘Lanes Late’ fruit from the 2004
trial, but hot water dipping did not affect the incidence of CI symptoms in
that year (Chapter 3). These results could be interpreted as meaning that the
increased tolerance to chilling temperatures exhibited by fruit treated with a
50°C water dip prior to storage is perhaps due to a decrease in lipid
peroxidation. However, the results from the storage experiments conducted
in 2005 all indicated that lipid peroxidation was not increased in response to
chilling temperatures. Therefore, the effect of the hot water dip on lipid
peroxidation is probably not related to the reduced susceptibility to CI in that
fruit.
Placing fruit in storage at 1°C following the application of dip treatments
reduced lipid peroxidation in almost every case, irrespective of the
susceptibility of the navel orange variety to chilling temperatures, or the
treatment applied (Table 6.2). Similarly, removing fruit from storage at 1°C
and subjecting it to a week-long SMP at 21°C significantly increased lipid
peroxidation in most cases (Table 6.2). This was the opposite of what had
been expected if lipid peroxidation caused CI.
In navel orange fruit with CI, comparisons of lipid peroxidation and
antioxidant activity were made between injured and uninjured flavedo tissue
from the same fruit. Lipid peroxidation was somewhat variable in the tissues
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that were analysed. Although injured flavedo tissue from ‘Thomson’ fruit
from the ambient dip treatment in the 2005 trial had significantly higher
LOOH concentrations than uninjured tissue, this was not the case for flavedo
tissue from the 2004 ‘Lanes Late’ dipping trial (Table 6.4), nor tissue from
‘Thomson’ fruit from Harvests 1 and 3 (Table 6.5). Therefore, lipid
peroxidation is generally not significantly different between tissue showing
visible symptoms of CI, and uninjured tissue. This result suggests very
strongly that lipid peroxidation is not related to CI in navel orange fruit.
LAA was generally higher in injured flavedo tissue than in uninjured tissue
(Figure 6.15), but this could be related to the presence of phenolic substances
that are produced during injury development and also have antioxidant
activity (Larson, 1988).
In conclusion, the data presented in this section do not support the hypothesis
that an excess of lipid peroxidation in flavedo tissue causes or contributes to
the development of CI in navel orange fruit. Rather, the data suggest that a
lack of lipid peroxidation in flavedo tissue contributes to CI because of the
possible role of LOOH stress signalling. Further investigation into this
putative role would contribute to the understanding of ROS and LOOH in
abiotic stress responses.
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7. General Discussion
The initial aim of this thesis was to investigate the physiology of postharvest
rind breakdown affecting navel orange fruit. However, a number of obstacles
were encountered early in the project. The most substantial was the
definition of postharvest rind breakdown. A review of the literature dealing
with rind disorders of citrus fruit uncovered some inadequacies in the current
system for reporting disorders, particularly the fact that the same words and
terms are used to describe very different disorders (demonstrated in Table 1.1
and 1.2). A more focused review of chilling-related injuries still included
descriptions of very different looking symptoms, although CI is generally
described in its most common form as discrete, brown, sunken pits. Although
chilling-related injuries were found to be the main contributors to
“postharvest rind breakdown” of navel oranges observed on export markets
(Bevington et al., 2007), a wide range of symptoms were observed. Therefore,
a primary aim of the project was to identify the types of CI affecting
Australian navel orange fruit and to create a classification system that could
be used by industry to improve communication within the supply chain.
Referencing injuries from such a classification system would eliminate the
use of generalised descriptors such as pitting, browning, staining and
breakdown, which may also refer to other, non-chilling-related disorders, such
as oleocellosis, age-related breakdowns that occur on fruit with soft rinds and
mechanical injuries. Such a classification system would also be beneficial to
researchers, aiding in the consistent use of terms for chilling-related
disorders.
Seven distinct forms of CI were identified on navel orange fruit based on
external symptoms and patterns of cellular collapse. Some types of CI, such
as Type 2 and Type 5 were extremely common, while others, such as Type 1
and Type 6 were very rare. The reason why CI manifests as different
symptoms was not clear, but there did appear to be some seasonal and
varietal variation. Type 1 CI, for example, was more common in 2003 than in
any other season and Type 3 CI was prevalent in ‘Roberts’ navel orange fruit
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but very rare in the other varieties examined in this study and ‘Navelina’
fruit developed Type 7 CI exclusively.
Although the involvement of rind oil in the development of symptoms could
not be observed directly, patterns of cellular collapse indicated the
involvement of the oil gland cavities and, by association, the phytotoxic oils
they contain. Where oil gland cavities were implicated in injury development,
different symptoms were associated with different tissues surrounding the
cavity being affected. The general heterogeneity of navel orange rind tissue is
probably a significant factor in the wide range of symptoms observed as a
result of chilling-related injuries.
The next obstacle was an inability to reliably and predictively induce CI on
navel orange fruit. Therefore, large storage trials involving large populations
of fruit were required to monitor general responses to chilling temperatures.
Hence the majority of data presented in this thesis relate to the physiological
responses of fruit to chilling stress and not CI directly, since measurements
could not be taken from flavedo tissue knowing that it would develop CI at a
later stage. In order to make comparisons between fruit populations, three
approaches were taken:
a) Treating fruit with pre-storage dips known to reduce the incidence of
CI in other fruit and vegetables and compare these populations of fruit
with fruit that received a control treatment. This approach was to
allow comparisons between fruit of the same variety produced under
uniform management conditions, stored at the same temperature but
with, potentially, different CI susceptibilities. However, CI incidence
was not affected to the extent that comparisons of this nature could be
made entirely confidently, although responses to the actual treatments
were also investigated.
b) Storage of fruit at a chilling temperature (1°C) and a non-chilling
temperature (12°C) allowed comparisons between fruit of the same
variety but with different temperature stress loads.
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c) Storage of chilling-tolerant and chilling-sensitive navel orange
varieties allowed comparisons between fruit with very different
responses to storage at the same temperature.
Drawing together the comparisons made using these three approaches,
allowed more confidence to be attached to results obtained from analyses of
physiological processes. However, this thorough approach also meant that
very large numbers of fruit were sampled for physiological measurements.
Pre-storage dips had variable effects on CI of ‘Thomson’ and ‘Lanes Late’
navel orange fruit. Waxing fruit was by far the most effective means of
reducing CI incidence and masked the effects that TBZ and 50°C water dips
had on reducing CI incidence in 2003. Subsequent dipping studies were
conducted on unwaxed fruit only, and seasonal variation in the incidence of
CI appeared to affect the efficacy of dip treatments. For example, CI
incidence was low in 2004, and MJ or 50°C water dips did not reduce CI
incidence in ‘Lanes Late’ fruit in that season. Dipping fruit at 50°C for three
minutes was not sufficient to melt and reseal cracks in the cuticular wax of
‘Lanes Late’ navel orange fruit, suggesting that the effect of this treatment at
reducing CI is physiological rather than physical. MJ significantly reduced
symptoms of CI in ‘Lanes Late’ fruit in 2005, but the reduction was not
substantial. Further optimisation of concentration and/or application method
may improve the efficacy of MJ for reducing CI in navel orange fruit.
Fruit age was found to be an important factor in the susceptibility of navel
orange fruit to CI, but where the fruit was sourced affected the result.
‘Thomson’ fruit from later harvests at Dareton developed more CI symptoms
than fruit from earlier harvests. This was not the case for ‘Thomson’ fruit
from Iraak, but fruit from the Dareton site were generally more advanced in
maturity compared to fruit from the Iraak site. The most compelling evidence
that CI susceptibility is influenced by fruit age was demonstrated using the
chilling tolerant variety, ‘Navelina’. When harvested early in the season,
‘Navelina’ failed to develop CI symptoms when stored at 1°C for eight weeks,
but fruit harvested later in the season did develop symptoms during storage.
CI symptoms occurred in boxes of ‘Navelina’ fruit from both the Dareton and
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Iraak sites, indicating a general response of over-mature fruit to exposure to
chilling temperatures for extended periods of time.
Because of this demonstrated connection between advanced maturity and CI
susceptibility, a number of physiological markers were evaluated in relation
to their effectiveness as indicators of fruit age and as responses to postharvest
storage. In terms of indicating fruit age, flavedo moisture content, electrolyte
leakage and protein content were largely ineffective. Rind colour
development and the development of internal maturity were significantly
correlated with fruit age, but natural population variability and the length of
time over which these relationships developed, rendered those physiological
processes ineffective at predicting fruit age with any real accuracy.
Essentially, the longevity of navel orange fruit is so great that senescence
processes tend to occur very slowly. In terms of flavedo moisture content and
electrolyte leakage during storage, the range of the measurements were very
narrow, so statistically significant differences were not substantial and the
results were interpreted with caution. Generally, these markers did not
relate usefully to chilling stress or the development of CI. Rind colour tended
to develop more in fruit stored at 12°C than in fruit stored at 1°C, suggesting
that storage at chilling temperatures reduces the rate of developmental and
metabolic processes substantially.
The physiological longevity of navel orange fruit was also demonstrated by
the time required for lipid peroxidation to increase in flavedo tissue. Fruit
were well past their optimal harvest date for marketing before lipid
peroxidation increased, marking the onset of senescence-related cellular
deterioration. LAA also increased as fruit senesced, and this was related to
an increase in A436, an estimate of carotenoid content in flavedo tissue. LAA
was also positively correlated with lipid peroxidation in ‘Thomson’ fruit, but
not in ‘Navelina’ fruit. This relationship may be consequential, as carotenoids
accumulate as rind colour develops during maturity and senescence.
Oxidative stress, particularly relating to lipid peroxidation and antioxidant
activity, is considered to be the modern paradigm for the universal stress
157

Chapter 7: General Discussion

response in plant tissues. Increased activity of antioxidant enzymes in citrus
fruit flavedo tissue has been associated with tolerance to chilling stress
previously (Sala, 1998; Sala and Lafuente, 2000), which inferred that ROS
are responsible for the development of CI. If this is the case, the results
presented within this thesis demonstrate that membrane lipids are not the
site of injury. Lipid peroxidation did not increase in response to chilling
temperatures, was lower in fruit stored at 1°C than in fruit stored at 12°C
and was lower in ‘Thomson’, a chilling-susceptible variety than in ‘Navelina’,
a chilling-tolerant variety. Moreover, lipid peroxidation generally wasn’t
different between injured and uninjured flavedo tissue. These results suggest
that controlled production of LOOH may confer resistance to chilling
temperatures, and hence support a case for the involvement of lipid
peroxidation in stress signalling.
Dipping fruit for three minutes at 50°C prior to storage at 1°C resulted in
lower levels of lipid peroxidation at the end of storage compared to fruit that
were dipped in ambient temperature water in all but one of the dipping
experiments conducted in 2004 and 2005, the exception being the experiment
where hot water dipping did not affect CI incidence. This result alone could
be considered as strong evidence that increased levels of lipid peroxidation is
a causal mechanism for the development of CI in navel orange fruit.
However, because the storage experiments conducted in 2005 clearly
demonstrated that increased lipid peroxidation was not associated with
chilling temperatures it is quite probable that the effect of hot water dipping
on reducing CI incidence is not related to reduced lipid peroxidation, but to
other mechanisms, some of which were discussed in Chapter 1.
In conclusion, the structural basis of the development of chilling-related rind
disorders of navel oranges was investigated and a classification system for
these disorders was developed. Physiological aspects of CI development were
also explored, particularly in relation to the involvement of oxidative stress.
Increased lipid peroxidation was found to be unrelated to the development of
CI, but the data indicated that controlled levels of lipid peroxidation could be
involved in stress signalling.
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Appendix 1. Formulations
Formalin-propionic acid (FPA) fixative
•

5 mL formalin

•

5 mL propionic acid

•

90 mL 50% ethanol

Glycol methacrylate (GMA) resin
•

93 mL 2-hydroxyethyl methacrylate

•

7 mL polyethylene glycol 400

•

0.6 g benzoyl peroxide

Combine in fume hood, seal and stir for 2 hours to dissolve benzoyl peroxide.
Store away from light at 4°C.
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Appendix 2. Location of trial sites
This material has been removed due to copyright.
20km

CSIRO

Adapted from Anon (1998)

N
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Appendix 3. CIE L*a*b* colour measurements
The chroma meter is based on the CIE tristimulus L*a*b* system for
describing the colour of surfaces, and this system was recommended as the
most suitable for measuring the colour of curved fruit surfaces (Mendoza et
al., 2006):

•

L* indicates the brightness of the colour by measuring the light
reflected in the green part of the spectrum

•

a* measures light reflected in the green (negative a* values) to red
(positive a* values ) part of the spectrum

•

b* measures light reflected in the blue (negative b* values) to yellow
(positive b* values) part of the spectrum

These values can be used to calculate a Colour Index:

Colour Index =

1000 x a *
L*x b*

The Colour Index was found to be an effective means of measuring the
degreening process in citrus fruit, as well as determining the suitability of
citrus fruit for degreening (Jimenez-Cuesta et al., 1981). The suitability of
fruit for ethylene degreening is related to the physiological age of the rind,
raising the possibility that the Colour Index may also be used to indicate or
predict rind age in relation to fruit susceptibility to CI. However, it is
somewhat unclear how the Colour Index changes as fruit mature towards
senescence.
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Appendix 4. Review of FOX2 assay methodology
Standards
Hydrogen peroxide (H2O2) is commonly used as a standard in the FOX2
assay, due to its high reactivity with the FOX reagent, similar extinction
coefficient to linoleic acid-OOH and the simplicity with which standard curves
can be established. In addition, the stoichiometry of the H2O2/Fe3+ yield is
similar to that of more complex biological LOOH (DeLong et al., 2002).
Hydrogen peroxide standards were made from analytical grade H2O2 in
grinding solution to final concentrations in the reaction mix of 0, 5, 10, 15 and
20 μM. The linearity of the curve was highly reproducible (Figure A4.1) and a
single standard was used rather than a series of standards, allowing a higher
throughput of samples. In 2004, this standard was 20 μM H2O2 and in 2005,
10 μM H2O2.
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Figure A4.1 Standard curve of hydrogen peroxide standards reacted with the
FOX reagent in 2004.
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Because H2O2 has the ability to oxidise Fe2+ and is reduced by TPP,
endogenous H2O2 also has the potential to cause overestimates of LOOH.
DeLong et al. (2002) recommended that the interference potential of H2O2 in
tissue extracts be measured by incubating samples with 500-1000 units of
catalase mL-1 for 15-30 minutes prior to addition of the FOX reagent. Testing
of flavedo tissue extract with catalase indicated that endogenous H2O2
concentrations were low (data not presented), and therefore catalase
treatment was not used as a routine step in the determination of LOOH
concentrations.

Butylated hydroxytoluene
Butylated hydroxytoluene (BHT) is an antioxidant commonly added to the
extraction solution and FOX reagent to prevent or limit LOOH formation
from non-oxidised lipids during extraction and incubation (Jiang et al., 1992).
There has been debate whether this leads to underestimation of LOOH
concentrations. For example, Hermes-Lima et al. (1995) and Grau et al.
(2000), who optimised the use of the FOX2 assay on animal tissue extracts,
recommend BHT be excluded from the assay, on the grounds it can stabilise
alkoxyl radicals formed from LOOH and diminish Fe3+ generation. However,
for FOX2 assays conducted on plant tissue extracts, BHT is included
routinely.
Photosynthesis is a normal oxidative process in plant cells, and the
subsequent formation of LOOH may cause overestimates. Griffiths et al.
(2000) found absorbance values of potato leaf lipid extracts decreased when
BHT was added to the reagents. Tests conducted on mature navel orange
flavedo in this study showed that the inclusion of BHT in either the
extraction solution or the FOX2 reagent did not have any significant effect on
the estimated LOOH concentration in this tissue (data not presented). This
may possibly be due to the very low concentration of chlorophyll in the flavedo
tissue of mature fruit. However, since BHT has been included in the assay
for studies conducted on plant tissue extracts (Griffiths et al., 2000; DeLong et
al., 2002), it was included routinely to allow confident comparisons.
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Xylenol orange
Grau et al. (2000) demonstrated that absorption spectra of xylenol orange
differed between batches, and that λmax of the fnal product may occur at
different wavelengths. Generally, absorbance of the reacted FOX reagent is
measured at either 580 nm (Hermes-Lima et al., 1995) or 560 nm (DeLong et
al., 2002). To determine which wavelength was optimal for measurement of
λmax using the xylenol orange obtained for these experiments, a series of H2O2
standards were reacted with the FOX reagent according to FOX2 Method A
(see Section 6.2.3.3). A spectral scan was conducted on the reacted standards
and the results illustrated in Figure A4.2. Under the conditions of the assay
used here, λmax occurred at 590 nm, with a shouldering peak at 545 nm.
Absorbances of samples and standards were subsequently measured at 590
nm. The one source of xylenol orange was used for all assays conducted
during 2004 and 2005.
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Figure A4.2 Absorption spectra of hydrogen peroxide standards reacted with
the FOX reagent after 10 minutes (FOX2 Method A). A 0 μM standard
reacted with the FOX reagent was used as a baseline
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