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ABSTRACT

South Africa is the second largest exporter ofusitfruit in the world. There has
recently emerged a strong demand for lemons inmbid market due to their nutritional
value, culinary and non-culinary uses. During erqtoon, fruit are subjected to low
temperature (-0.5°C) for varying periods of time @s obligatory quarantine treatment.
However, lemons are sensitive to low temperatuneseasily develop chilling injury during
this obligatory quarantine treatment. This has beea@ major limitation to the expansion of
South Africa’s lemon industry. Postharvest treatteesmith methyl jasmonate (MJ) and / or
salicylic acid (SA) have been successfully useldarticultural crops to reduce chilling injury.
A similar treatment was applied to ‘Eureka’ lemorm3uring the 2008 harvest season,
postharvest fruit were either dipped in 10 or 50 (WM or 2 or 2.5 mM SA solutions. A
control or no dip treatment was also applied. Thieggicates of 15 fruits per treatment were
used. During the 2009 harvest season the followiogtharvest treatments were applied as
dips: 10 puM MJ, 2 mM SA, 10 uM MJ & 2 mM SA, 1 puMIM 0.2 mM SA, or 0.1 pM MJ
& 0.02 mM SA solutions. A control or no dip treatmi@vas also applied. Three replicates of

15 fruits per treatment were used.

Subsequently fruit were stored at -0.5°C for 014, 21, 28, 35, and 42 days, before
being transferred to room temperature (25°C) fdays where after chilling injury was rated.
Treatments with 10 uM MJ and / or 2 mM SA reduchdling injury symptoms in lemons
harvested during the 2009 season. Although no hisyaptoms of chilling injury were
observed during the 2008 harvest season, treatmetits10 uM MJ and / or 2 mM SA
reduced fruit mass loss, delayed the occurrenstre$s symptoms such as lipid peroxidation
and suppressed accumulation of ROS in the rindativents with 10 uM MJ and / or 2 mM
SA were more effective in inducing antioxidant aapaand other defence compounds such
as phenolics, ascorbic acid, carbohydrates antinchihjury responses such as accumulation
of proline in the rind. This may have increased ¢h#ling tolerance of fruit during the cold
storage. Therefore, this study revealed that MJ@#fdave the potential to reduce and delay
symptoms of chilling injury in lemons. This leadttee suggestion that both, MJ and SA dips

should be further tested as treatments to mitigatking injury in lemons. Future studies



should focus more on preventing the injury itselfpoeventing the primary event of chilling

injury. This could probably reduce the chanceseabsdary events to take place.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 Introduction

Lemon Citruslimon L.) belongs to the genus Citrus of the Rutaceaélygiradaniya,

2008). Citrus is the most important fruit consumedhe world (Li et al., 2009). It was
recently reported that lemons constitute the maurce of vitamins such as ascorbic acid (C),
thiamin (B1), niacin (B3), pyroxidal phosphate (E6)d folic acid (B9) (Iglesiaat al., 2007).
In general, consumers prefer fresh rather thangss®ed or canned fruit. Ladaniya (2008)
suggests that consumption of fresh fruit is vi@limproving blood circulation as well as
health-promotion as antioxidants and this playsuzial role in human health. According to
Iglesiaset al. (2007) there is increasing demand for lemon fdriven by World Health

Organization recommendations.

1.2The South African Citrus Industry

South Africa is one of the top countries that praEand export lemons to Europe,
Japan, USA and other countries around the worlccoAting to Ladaniya (2008), South
Africa recently reached a milestone of 100 yearsitfis exports to the U.K. However, the
industry loses fruit during postharvest storage tughysiological disorders (Mukhopadhyay,
2004). Despite the beneficial nutritive value aihtens, there is still a need to improve fruit
quality in order to meet current consumer demaiglsgjaset al., 2007). It remains a major
challenge to the industry to reduce postharvestelavhile maintaining fruit quality until
consumption (Tasneem, 2004). The export of fruit distant markets requires special
postharvest practices to ensure that consumers/eeaehigh quality product and value for
their money (Tasneem, 2004). Cold storage of cifrug is one of the most widely used
technologies for maintaining fruit quality as itused as a quarantine treatment in exporting
countries. It slows down respiration and other inelia processes (Ghasemnezlreidal.,
2007; Biolattoet al., 2005).

South Africa, as a citrus exporter, requires itaitfto be quarantined against
Mediterranean fruit fly (Medfly, Ceratitis capitata); fruit must be certified free of



Mediterranean fruit fly before exportation (Schietaal., 2004). Quarantine treatment is an
obligatory practice which involves exposing frud sub-zero temperature (-0.5°C) for a
specific number of days depending on a countrystqmol. The objective is to control
infestations of Medfly in citrus fruit as per thegulations of most importing countries
(Schirraet al., 2004). When exporting lemons from South Africathe United States of
America, lemons undergo cold sterilization at apptdmperature of -0.6°C for 25-32 days
(Van Wyket al., 2009). However, lemons often do not toleratehgemperatures and develop
chilling injury symptoms, especially when returrtedvarm temperatures; hence, this practice
reduces fruit marketability (Mukhopadhyay, 2004hig@ et al., 2004; Biolattoet al., 2005).
For the citrus industry to remain globally compesf it must minimize physiological
disorders such as chilling injury. However, chilimjury remains one of the major hurdles in
the industry (Mukhopadhyay, 2004).

1.1 Chilling Injury

Chilling injury is a physiological disorder causdxyy exposure of fruit to low
temperatures above the freezing point (Soto-Zanebral., 2005; Jinget al., 2009). The
development of symptoms on the fruit varies witle@es, with most symptoms remaining
invisible until after fruit has been transferredrtmm temperature (25°C); this usually only
happens when the fruit is displayed at the marBata, 1998; Poradt al., 2004). Symptoms
manifest in various forms including: mass lossjnatg or browning of the flavedo and
albedo, necrosis of the flavedo, water soakindingitand pit-like depressions in the flavedo
that extend over time (Sala, 1998; Poeatal., 2004; Lafuenteet al., 2005). Eventually
postharvest losses during storage and at the marketealised (Lafuentet al., 2005). It is

therefore, important to establish techniques thatreduce chilling injury (Tasneem, 2004).

1.2 Postharvest Treatment for Reducing Chilling Injury Symptoms
Salicylic acid and methyl jasmonate are hormoneas &ne naturally occurring in the

plant kingdom and are able to induce physiologratesses in the fruit that offer protection
against chilling injury (Gonzalez-Aguilat al., 2001; Tasneem, 2004). Salicylic acid has been
shown to reduce chilling injury in peaches (Wah@l., 2006) and pomegranates (Saygiri
al., 2009). Treatment with methyl jasmonate signifibareduced the incidence of chilling

injury in mangoes (Gonzalez-Aguilaral., 2001) and guavas (Gonzalez-Agughal., 2004).



However, the mode of action of methyl jasmonateettucing chilling injury has not yet been
fully elucidated (Cacet al., 2007). Similarly, no mechanism by which salicysicid might

control the occurrence of quality-related symptdras been reported yet.

1.3 Problem Statement

The occurrence of chilling injury in lemons duriqgstharvest storage still remains an
unsolved problem and is reducing the expansionoottSAfrican citrus exports. Cold storage
is important and cannot be avoided since it is usedmaintaining fruit quality and as a
guarantine treatment.

1.4Hypothesis
Treating lemon fruit with an effective concentratiof methyl jasmonate or salicylic acid

or a combination of the two prior to cold storage@5°C for 42 days, can reduce chilling

injury during an extended cold storage time.

1.50bjectives
1.5.1. To evaluate the potential of methyl jasmonate aalecydic acid in reducing

chilling injury symptoms in lemons during quarasetiimeatment.

1.5.2. To determine the role of methyl jasmonate and gadi@cid in suppressing the
production of reactive oxygen species and stimgatdefence mechanisms

against chilling injury in lemons during extendexdcstorage time.

1.5.3. To investigate the effect of methyl jasmonate aalicg@ic acid on fruit mass
loss, respiration rate and ethylene evolution as-destructive indicators of

chilling injury.
1.5.4. To investigate physiological responses of lemorhithing stress.

1.5.5. To determine the effect of methyl jasmonate andcyal acid in inducing
antioxidants defence mechanisms or systems assdardth chilling injury in

cold stored lemons.

1.6 Significance of the Study
It is hoped that the results of this study will reak significant contribution to the South

African citrus industry in helping reduce chillimgjury symptoms in lemons. Moreover, the



results of this study will probably aid future raseh to the citrus industry to meet the demand
for fresh fruit in the world citrus market and &duce postharvest losses of citrus fruit during

exportation.
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CHAPTER 2

LITERATURE REVIEW

The ‘eureka’ lemon is commercially the most impotteemon cultivar in the world
(Ladaniya, 2008). It is grown in large parts of therld including South Africa, Australia, and
the United States of America (Ladaniya, 2008). Lerfrait usually range in size, from small
to medium (50-70 mm diameter), with an oval shage Villiars and Joubert, 2006). They
range from seedless to seedy with high juice amd @mntent (Ladaniya, 2008). Botanically,
lemon fruit are classified as hesperidium, a spiseid berry with a leathery rind and the
mesocarp is divided internally into segments (Weuslo et al., 1986; Iglesiast al., 2007). In
addition, lemon fruit are also covered by a mediarthick rind or peel which is ridged
longitudinally (Wardowsket al., 1986). This rind is composed of two major molphaally
distinct regions, which are known as the pericard andocarp (lglesiagt al., 2007). The
pericarp covers and protects the fruit from damege is divided into two layers, the flavedo
and the albedo (de Villiars and Joubert, 2006 sigket al., 2007).

The flavedo is the thin, rough, external, coloupedtion of the peel which consists of
the hypodermis, outer mesocarp and oil glands (Wlesti et al., 1986; de Villiars and
Joubert, 2006, Iglesiagt al., 2007). The albedo is the second outermost wifiiek and
spongy layer of the peel, which consists of a lomsastomosed network of parenchymatous
cells with large air spaces as part of the innesavarp (Wardowsket al., 1986; Iglesiast
al., 2007). The endocarp is the internal part anch$othe pulp which is rich in soluble sugars,
vitamin C, pectin, fibers, organic acids and patasssalt (de Villiars and Joubert, 2006).
According to Iglesiast al. (2007), the pulp contains a high percentage of m@&s-90%),

carbohydrates, minerals, vitamin C and small qtiastof lipids and proteins.

2.1THE IMPORTANCE OF LEMON FRUIT
Lemon fruit are an economically important and am®wgn in developing and

developed countries and are valued as part of atious diet (Economos and Clay, 1999;
Iglesiaset al., 2007). Fruit are a rich source of essentialients such as minerals, vitamins,
glycaemic and non-glycaemic carbohydrates (sugagsfi@ders), potassium, folate, calcium,
thianin, niacin, phosphorus, magnesium, riboflaysantothenic acid and phytochemicals

(Economos and Clay, 1990). This array of chemigalemon fruit may help reduce the risk

6



or retard the progression of many diseases andd#isn including cardiovascular diseases,
stroke, cancer, anaemia, heart diseases and hygierte(Economos and Clay, 1990). In

addition to the nutritional value of lemons theitfralso supply anticancer agents and other
compounds with antioxidant activity (Iglesietsal., 2007).

2.2SCOPE OF THE CITRUS INDUSTRY IN SOUTH AFRICA
The Republic of South Africa is the largest citpu®ducer and exporter within the

Southern African region. The industry is, and alsvhgs been, export oriented (Wardowetki
al., 1986). During the 2008 season alone, the inguskported 61% of the fruit and
distributed only 30% to local markets (Citrus GrosvéAssociation, 2008). Today, the South
African citrus industry is the second largest ex@oof citrus fruit in the world (Figure 2.1).
The industry produces and supplies citrus fruitmany parts of the world, including Japan,
Canada, Europe, the Middle East, South East AlseaUSA and the UK (Figure 2.2). Fruit
exported by the industry include grapefruit, lemosaft citrus, valencia and navels (Citrus

Growers’ Association, 2008).

The South African citrus industry is now rankedtaes fifth largest exporter of lemon
fruit in the world (Figure 2.3). However, the indiys still can increase lemon exports,
especially in accessing a market like Japan. Duilieg2008 season, only 4% of lemon fruit
were approved for the Japanese market compared84ih and 15% for grape fruit and
oranges, respectively (Citrus Growers’ Associatip®08). Iglesiast al. (2007) advise that
there is still a major need to improve fruit qual#nd solve issues affecting global trade of
lemons in order to meet current consumer demands.ddthe major factors hindering trade

in lemons is their susceptibility to chilling injuduring postharvest storage.
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Figure 2.1: Total world exportation of fresh citrfrgit in thousand tons produced in main
citrus producing countries during the 2008/2009véstr season (Citrus Growers’
Association, 2010).
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Figure 2.2: Distribution (local, processed and eRpaf lemon fruit in tons produced in South
Africa from 2000-2009 harvest seasons (Citrus Greivgssociation, 2010).
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Figure 2.3: Total world exportation of lemon fr@ib thousand tons) produced in the lemon
fruit producing countries during the 2008/2009 seafCitrus Growers’ Association,

2010).
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Figure 2.4: Total percentage of South African @tfruit (lemons, oranges and grapefruit)

approved for Japan exportation in 2009.

2.3CHILLING INJURY

Chilling injury is a physiological disorder that@os in most horticultural crops of

tropical and subtropical origin and reduces frudrketability. It is a major obstacle to the

9



expansion of the lemon trade on the world markéipt@anich, 2002; Lurie and Crisosto,
2005). Chilling injury can occur during storagegnsportation, market distribution and even
holding in household refrigerators (Raison and @890). Lafuentest al. (2005) report that
citrus fruit, such as lemons are sensitive to l@mperatures and develop chilling injury
symptoms when exposed to temperatures below 9°@ehte et al. (2005) report that
sensitivity of lemons to chilling injury may be die a low ability to rearrange membrane

lipids in response to chilling stress.

According to Raison and Orr (1990), responses anftplissues to chilling injury may
be separated into ‘primary’ and ‘secondary eve(fgjure 2.5). The primary events depend
on the duration of exposure. Exposing fruit to loigl temperature (-0.5°C) for a short period
(about 16 days) can affect metabolism and causegelsan the proteins and lipids of the fruit
as a primary event (Raison and Orr, 1990). Durhmg ggrimary events, chilling temperature
affects fruit metabolism and results in metabolysfdnction as a primary response to chilling
injury. Metabolic dysfunction in horticultural crepnvolves high or abnormal respiration and
production of ethylene in the fruit, coupled wititieased electrolyte leakage as well as high

amino acid incorporation into proteins (Raison @rd 1990).

Lafuente et al. (2005) suggested thathanges in membrane permeability were
associated with membrane-lipids’ physical phasesiteon, from a ‘flexible liquid-crystalline’
to a ‘solid gel’ structure. However, symptoms résgl from the primary events of chilling
injury are reversible; hence, fruit can recovernfranetabolic dysfunction. Wang (1990)
advised that if the chilling storage was terminaded the temperature rose above the chilling
temperature (-0.5°C), the tissue of the fruit caeilther recover from the metabolic imbalances
or the higher temperature can accelerate the dewaot of visible chilling injury symptoms.
On the other hand, if chilling storage time wasexgted, then the primary event would lead to

a cascade of secondary events (Raison and Orr; L88genteet al., 2005).

During the secondary events, extended chilling &naijpire can cause hydrolysis of
membrane lipids resulting in loss of regulatory teolp an imbalance in metabolism and cell
death leading to the development of the visual ¢gmp of chilling injury (Lyons, 1973;
Raison and Orr, 1990; Lafuenét al., 2005). Unlike the primary event, damages rasylti

from the secondary event are irreversible, everhilling storage is discontinued. However,
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transferring fruit from chilling temperature (-0Gf to room temperature (25°C) after a long
cold exposure, 28 days or more, could increasel¢hrelopment or visibility of chilling injury

symptoms. El-hilali (2003) argued that chilling uny symptoms may already be present
during low temperature storage but become moréleisvhen fruit are transferred to room

temperature.

Symptoms of Chilling Injury
Lafuenteet al. (2005) remarked that chilling injury symptomsiedramong crops due

to different mechanisms involved. Some of the oigllinjury symptoms pointed out by
Raison and Orr (1990) and Lafuerde al. (2005) include increased electrolyte leakage,
abnormal respiration, increased ethylene evolunathe fruit, surface lesions (brown pit like
depressions in the flavedo, pitting, large sunkesas, discolouration of the surface), water-

soaking of the tissue and increased decay.

Primary event Secondary events

TEMPERATURE I
BALANCED . Loss of cellular .
| | METABOLISM | integrity W | Deathofeels
: Burst of activities
— A
i Critical _I__t________________
temperature ETABOLIC | Hydrolvsis of
-0.5°C ABOLIC yarolysis
Chilling { } DYSFUCTION * membranelipids Loss of cellular
‘hilling — | and cytoplasmic integrity
stress *Respirationrate proteins
.| *Ethylene . i
- | production | .
*Amino acid .
*| incorporation .
! Death of cells
[ rewane | | TN

L

Figure 2.5: Modified Schematic representation efrislationship between the ‘primary event’
and ‘secondary events’ of chilling injury (RaisamdaOrr (1990).
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2.4PHYSIOLOGICAL ASPECTS OF CHILLING INJURY

2.4.1. Reactive Oxygen Species

Reactive oxygen species (ROS), like superoxidecadsl(Q "), hydroxyl radicals QH
) and hydrogen peroxide §B,) are the products of dysfunctional oxidative biectcal
reactions within cells (Paliyat#t al., 2008). During the course of normal metaboliccesses
ROS are continuously produced by plant tissue asaoted by-products of various metabolic
pathways (Maxwellet al., 1999; Pitzschkeet al., 2006). Studies have revealed that most
cellular compartments such as chloroplasts, mitodha, peroxisomes and nitrogen-fixing
nodules have the potential to become sources of RiaSeyet al., 2000; Mgller, 2001;
Bhattacharjee, 2005). Furthermore, ROS are forni@anany processes such as dismutation
of superoxide in chloroplasts and oxidation of gidte in the C2 pathway of peroxisomes
(Figure 2.5). Moreover, ROS can also be formed thia mitochondrial electron transport
system and the detoxification reactions catalysedyochrome P450 in the cytoplasm and
endoplasmic reticulum (Asada, 1994; Bhattachag6és).

The production of ROS in plant tissues has beemgestgd to be enhanced by plant
stresses such as chilling temperatures (Davey., 2000; Mittleret al., 2004). Mgller (2001)
warned that if the production of ROS was not cdtgdoor prohibited in plant tissue, cell
damage will result. During chilling stress, ROS atack cell membranes and react with
proteins, DNA and lipids causing extensive damagehsas decreased enzyme activity,
increased membrane permeability and lipid peroldatesulting to chilling injury (Mgller,
2001; Sarkaet al., 2009). Thus, ROS must be effectively inhibitedad least, either removed
or avoided to reduce chilling injury symptoms i tinuit (Mgller, 2001). Therefore, ROS can
be effectively scavenged by a variety of antioxidadefence components that are found in
plant tissue (Alschest al., 1997; Pitzschket al., 2006).
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polygalacturonic acid, LOX = lipoxygenase, ROS acatere oxygen species, FMN =
flavin mononucleotide, UQ = ubiquinone, Fe-S = Hh®8wuifur cluster, NAD =
nicotinamide adenine dinucleotidegsf?LHC Il = low reaction chlorophyll center in
photosystem IlI, RoLHC | =the low reaction chlorophyll center in phsystem |, PC
= plastocyanin, PQkE plastoquinone, P = primary electron donor, Faerrefdoxin,
RuBP = ribulose 1.5-bisphosphate, ER = endoplasgseticulum, Cyt = cytochrome,
Cyt b = cytochrome b, Cyt ¢ = cytochrome c).

Ethylene Production

Ethylene is a gaseous plant hormone that plays prmrale in plant defence

mechanisms (Davies, 2004). It is also known asessthormone, with its levels increasing in

response to stress (Ladaniya, 2008). However, lsnmmoduce relatively low levels of

ethylene (<0.1 pl/kg/h) after harvest (LadaniyaQ&0 This could be because lemons lack an

autocatalytic rise in ethylene production (Fdiial., 2007). However, studies have revealed

that the same small amount of ethylene producetthdyruit may play a role in protecting the

fruit against plant stresses including chilling ji&te and Lafuente, 2007). In addition, it has
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been suggested that the presence of ethylene oniémit stored at chilling temperatures may
be beneficial in promoting chilling tolerance imse fruit (Martinez-Téllezt al., 1995; Lurie
and Crisosto, 2005).

In contrast, certain studies have reported thatrathn ethylene in fruit is often a sign
of damage to cellular membranes, which is usuallpded by the development of chilling
injury symptoms (Zhowet al., 2001). Ladaniya (2008) concurred that high potida of
ethylene in citrus fruit may be associated withl celmage due to chilling injury. Murata
(1990), however, argued there was no direct assmcibetween chilling injury and ethylene
production. The author also reported that the oblethylene in preventing chilling injury in
fruit depends on the origin of the commodity. Ithsis important to establish whether ethylene
production in fruit promotes chilling injury or if is involved in defence mechanisms, or if it

is of any significance whatsoever (Raison and ©980).

243. Respiration Rate

Respiration (aerobic) is the oxidative breakdowrtarbohydrates, lipids, proteins and
organic acids into simple products such as carboxideé and water with the production of
energy and other molecules (Kader, 2002; Arafa®@520Fruit require energy from aerobic
respiration to break down organic compounds (caybates) for carrying out metabolic
reactions and to maintain membrane permeabilitydébaya, 2008). Lemons are non-
climacteric fruit characterized by a relatively loespiration rate (Porat, 2004; Fuijii, 2007).
The respiration rate of lemons can be affectedHanges in storage temperature (Ladaniya,
2008). High temperatures accelerated respiratite wenile lower temperatures reduced the
respiration rate of lemon fruit (Ladaniya, 2008)hefefore, storing lemons at lower
temperatures is desirable for extending normal bwdtem of the fruit for a given period.
Chilling temperature (-0.5 °C) may damage membrédeading to exposure of mitochondria
to harmful substances such as ROS (Huang and Rorh@®i). Similarly, Murata (1990)
found that a high respiration rate can be assatiatth increased membrane permeability due

to tissue damage.
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24.4. Lipid Peroxidation

Lipids are biochemical compounds which contain onemore long chains of fatty
acids and are soluble in organic solvents. Lipidslude diacyl-and triacylglycerols,
phospholipids, sterols and waxes that provide dareal barrier to the fruit (Paliyatt al.,
2008). Lemons contain lipids, however, they are aatich source of fats and only low
amounts can be found either in seeds or the riratighiya, 2008). Exposing lemons to
extended cold storage may result in the oxidatiblpads, also known as lipid peroxidation
(Blokhina, 2000).

Lipid peroxidation is thought to be initiated by B@n plant cells and is considered to
be a major cause of cell damage when fruit are seghdo chilling temperatures (Aruorst
al., 1989; Bhattacharjee, 2005). According to Arafi(Q5) as well as Blokhina (2000), lipid
peroxidation can be divided into three distincigst initiation, propagation and termination
(Figure 2.7). In initiation it has been suggesteat lipid peroxidation can be triggered, either
by hydroxyl radicals that are responsible for abxgtng hydrogen atoms from fatty-acid side
chains or by the enzyme lipoxygenase which is depaftbreaking down the lipid component
of membranes (Bhattacharjee, 2005). The initiastage includes activation of oxygen and
involves transition metal complexes, such as irod aopper to form an activated oxygen
complex that can abstract allylic hydrogens oraactatalysts in the decomposition of existing
lipid hydro-peroxides, resulting in the formatiohatkoxy and peroxy radicals (Bhattacharjee,
2005). According to Bhattacharjee (2005) alkoxy petbxy radicals are toxic and could pose

a threat to bio-molecules.
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Figure 2.7: Three stages (initiation, propagatiomd atermination) involved in lipid
peroxidation of plant cells (modified from Bhattacjee, 2005).

245. Antioxidants

Antioxidants are compounds capable of quenching Rwighout undergoing
conversion, themselves, to destructive radicalsiffés, 2003). Antioxidants are also defined
as compounds capable of delaying or inhibiting as@h of molecules, such as lipids, by
inhibiting the initiation or propagation stage afidizing chain reactions (Velioglet al.,
1998; Pennycookest al., 2005). Fruit contain important antioxidants sueh phenolics,
ascorbic acid, and carbohydrates (Chanjirakal., 2006). These antioxidants play a vital role
in protecting fruit against the effects of ROS whare produced in response to stresses such
as chilling (Sala, 1998). Antioxidants are thoughtprotect fruit against chilling stress by
acting as free radical scavengers, peroxide decsenppsinglet and triplet oxygen quenchers,
enzyme inhibitors and synergists in fruit (Chajuiaet al., 2006). Therefore, efficient
antioxidant activity in fruit stored at chillingrtgoeratures is essential in order to maintain the
concentrations of ROS at relatively low levels (igesl and Forney, 2000; Caioal., 2008).
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Ascorbic Acid

Ascorbic acid is one of the potent antioxidantsnib@abundantly in lemon fruit (Koca
et al., 2003; Ladaniya, 2008). The antioxidant is knownramoving ROS in plant tissue and
for protecting plant tissue from oxidative damad#tt{er, 2002; Om-arun and Siriphanich,
2005). In addition, ascorbic acid has the abildyatt as an enzyme co-factor by interacting
enzymatically and non-enzymatically with ROS omawmdical scavenger in fruit tissue stored
at chilling temperatures (Daveyal., 2000). However, ascorbic acid has also been regpoot
decrease with cold storage time in fruit (Tatswnal., 2006). The decrease in ascorbic acid
content during cold storage of horticultural crapsainly due to a reduction in the protective
mechanism of the fruit from temperature damage @um and Siriphanich, 2005). Therefore,
extended cold storage time could result in a declm ascorbic acid in the rind, causing

occurrence of rind storage disorders.

Carbohydrates

Simple carbohydrates are mainly mono- and disaaésm@nd play a significant role
in plant cells by acting as building blocks in glémosynthesis reactions and are also building
blocks for compounds providing protection as antlarts (Couéest al., 2006). Chilling
stress, which causes direct or indirect accumulatROS, is associated with accumulation
of soluble sugars; this is considered an adapggpanse to stress (Roitsch, 1999; Cosiée
al., 2006). The composition and concentration of lselisugars in fruit may influence the
sensitivity of tissue to chilling temperatures gmatect cellular membranes from chilling
injury (Leprinceet al., 1992; Ingram and Bartels, 1996; Hollagichl., 2002). Soluble sugars
can either have a direct or indirect role in proter or influencing chilling tolerance
mechanisms in fruit at chilling temperatures (Raismd Orr, 1990). This role includes the
protection of fruit tissues against oxidative srethe ability to scavenge ROS, induction of
antioxidant defences, reduction of water loss ft@sue and stabilization of cell membranes
(Raison and Orr, 1990; Couéeal., 2006).
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Phenolic compounds

A phenolic compound is characterized by at least amomatic ring (C6) bearing one
or more hydroxyl groups (Paliyati al., 2008). Phenolic compounds are derivatives of the
pentose phosphate, shikimate and phenylpropandtdvps in plants (Balasundramt al.,
2006). They display a variety of physiological ftions including antioxidant activity
(Othmanet al., 2007). Phenolic compounds are often classifiedexndary metabolites
widely distributed in plants and known for theitedn defence against plant stre€etkovic
et al., 2007). In general, the role of phenolics in pdars to adapt the plant to changing
environmental conditions and to act as a signalinadecule (Paliyattet al., 2008). In lemon
fruit, phenolic compounds ambundant in the rind where they play a role asoaitants
(Balasundranet al., 2006). Beneficial effects derived from phenalmmpounds have been
attributed to their antioxidant activity in plar(tdeim et al., 2002; Balasundrar#t al., 2006).
Phenolic compounds, like any other antioxidantigmbcells from ROS, either by scavenging

or by neutralizing free radicals (Pennycoekal., 2005).

Proline
Proline is one of the most abundant amino acidadan citrus fruit (Ladaniya, 2008).

However, proline levels in fruit can be affected fgnt stresses (Yelenosky, 1979). Plant
stress, such as chilling stress, can cause anaserén proline synthesis and proline
accumulation in horticultural crops; it is this rease in proline that is considered to be an
indicator of plant stress (Yelenosky, 1979, Pahyettal., 2008). Plant stress can cause the
concentration of proline in fruit to increase, pably by up to 100 times the normal level,
which makes up to 80% of the total amino acid gfMatysik et al., 2002). The role of proline
in plants varies from an adaptive response toisalmd drought to helping fruit withstand the
effect of stress during cold storage (Chen an@Q02;Matysik et al., 2002).

The involvement of proline in plant stress, suclelafiing stress, includes roles where
proline acts as stabilizer of proteins and memtwairudolphet al., 1986; Chen and Li,
2002), as scavenger of ROS (Saraethal., 1995; Chen and Li, 2002) and as a source of
reduction equivalents during recovery from strésaré and Cress, 1997; Chen and Li, 2002).
Proline protects plant tissues from free radicdluced damage by the quenching of singlet
oxygen (Matysiket al., 2002; Misra and Saxena, 2009). Therefore, proliag not be just a
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by-product of stress defence, but a chemicallyvactompound, involved in plant stress
protection (Matysiket al.,2002). In addition, proline synthesis has been idansd key in
regulating inducible antioxidant responses in feuibjected to stress (Sarlahal., 2009).

Proline-linked pentose phosphate pathway and phenolic synthesis in fruit at chilling
temper atures

The role of proline in regulating antioxidants mit stored at chilling temperature (-
0.5°C) is linked to the pentose-phosphate pathvegyether with phenolic photosynthesis
(Paliyath et al., 2008). Recently, a proline synthesis model mvg) pentose-phosphate
pathway and phenolic synthesis has been proposegdr¢r2.8). In the model, proline’s
response to chilling stress is to induce antioxislaand other defence mechanisms or
molecules (Shetty and Wahlqvist, 2004; Paliyethal., 2008; Sarkaret al., 2009). Shetty
(2004) points out that the model is based on tle @b proline and pyrroline-5-carboxylate
(P5C) in regulating redox and hydride ion-mediastichulation of the pentose phosphate
pathway.

Together, P5C and proline function as a redox aapld are known to be metabolic
regulators (Shetty, 2004). Proline is synthesizés the reduction of glutamate to P5C
(Paliyathet al., 2008). During fruit respiration, oxidation react®produce hydride ions, to
accelerate the reduction of P5C to proline in thiesol (Sarkaret al., 2009). Paliyatlet al.
(2008) remarked that since the process of P5C teduequired NADPH as a reductant, then
an increase in proline synthesis would result ieduced NADPH/NADPratio. Moreover,
Shetty (2004) advised that the reduction of P5Q thién provide NADP, which is the co-
factor for glucose-6-phosphate dehydrogenase (GGPDkRe enzyme plays a crucial role

catalysing the first rate limiting steps of the {wm® phosphate pathway (Sarkbgal., 2009).

It has been suggested that during cold storageodichltural crops, different stress
factors may induce proline synthesis, which in tstimulates the pentose phosphate pathway
(Shetty, 2004; Shetty and Wahlqvist, 2004; Paliyattal., 2008). The stimulation of the
pentose phosphate pathway is essential for indungfficient antioxidant response and for
acting along with NDAPH to support pathways for ghathesis of antioxidants, phenolics
and other protective compounds (Shetty, 2004; $laattl Wahlqvist, 2004; Paliyat# al.,
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2008). Sarkart al. (2009) recommended that the model could furthenudate both, the

shikimate and phenylpropanoid pathways.
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2.5ALLEVIATION OF CHILLING INJURY SYMPTOMS IN FRUIT
Raison and Orr (1990) advised that, if chillingfafit cannot be avoided, then treatments

should be developed to either increase the tolerafdtissue before chilling or to reduce the
development of chilling injury symptoms. Differeigichniques such as pre-storage hardening
and non-lethal high temperature conditioning treatta which include benzimidazole have
been used to increase chilling tolerance in cifrug (Lafuenteet al., 2005). However, the
efficacy of these treatments in reducing chillimjury may be largely influenced by pre-
harvest factors and also by the type of heat treatrselected, which may also affect fruit
guality (Schirra and Mulas, 1995).

2.5.1. Jasmonates

Jasmonic acid and methyl jasmonate are groupedhtges jasmonates and are
widely distributed in plants as stress hormonegé®nan and Mullet, 1997). Jasmonates are
fatty acids that play a role in plant developmend also act as signalling molecules increasing
plant defence mechanisms during environmental stri@greelman and Mullet, 1997;
Nilpraprucket al., 2008). The hormones are known for their stroctgyly when exogenously
applied postharvest particularly methyl jasmoné&teland, 1999). Methyl jasmonate has been
studied for its effectiveness in maintaining fraiality in horticultural crops during the
postharvest period (Ghasemnezhad and Javaherd&¥d@i). The compound has the ability to
increase the resistance decay by enhancing fraibxadant systems (Ghasemnezhad and
Javaherdashti, 2008). Recently, methyl jasmonasebkan used to reduce chilling injury in a
variety of horticultural crops such as guava (Gtezd@guilar, 2004), pineapple (Nilprapruck
et al., 2008) and peach (Jet al., 2009). Application of methyl jasmonate reducédliaog
injury in zucchini squash (Wang and Buta, 1994ppegfruit (Meir et al., 1996), mango
(Gonzélez-Aguilaret al., 2000) tomato (Dingt al., 2002), guava (Gonzalez-Aguilar, 2004)
and peppers (Wang al., 2005). However, methyl jasmonate’s mode of actio reducing

chilling injury has not yet been clearly elucida{€hoet al., 2007%.

25.2. Salicylic acid

Salicylic acid belongs to a group of plant pheroland is widespread in plants and

now considered as a naturally occurring plant horen@Raskin, 1992; Kane al., 2003). It
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can act as a potential non-enzymatic antioxidawt glays an important role in regulating
several plant physiological processes such as stbrol@sure (Rakt al., 1986), increasing
plant tolerance to abiotic stress @tial., 1998), regulating activities of antioxidant emms
(Arfan et al., 2007; Noreeret al., 2009). Salicylic acid plays a role in plant deypenent,
growth and pathogen tolerance by inducing the priolio of ‘pathogenesis-related proteins’
(Li et al., 1998; Zheng and Zhang, 2004). Salicylic acid leagived attention for its action in
signalling pathways that are induced by cold st(¥ssdanova and Popova, 2007). Recently,
salicylic acid has been used to reduce chillingryjin horticultural crops. Treatment with
salicylic acid has been repeated to increase ithlerance in maize (Jandaal., 2000) and
peaches (Wangt al., 2006). Moreover, postharvest treatment with shticgcid reduced
chilling injury in tomato fruit (Dinget al., 2002) and pomegranates (Sayyl., 2009). The
mode of action of salicylic acid in increasing &hig tolerance in crops is related to its
influence on antioxidative enzyme activities, oxida stress responses and hydrogen peroxide
metabolism (Wangt al., 2006; Yordanova and Popova, 2007).

2.6 CONCLUSION

The South African citrus industry still loses larggiantities of lemons during
postharvest storage, transit and at the market tduehilling injury. Chilling injury, a
physiological disorder that occurs in fruit exposedlow but not freezing temperatures.
Storing lemons at low temperature (-0.5°C) canmetabvoided, since it is an obligatory
guarantine treatment for the control of Mediteraméruit fly. The physiological disorder is
an unsolved problem in the citrus industry, whietluces fruit quality and marketability of the
fruit. Postharvest treatment with either methyl masate or salicylic acid has been
successfully used to reduce chilling injury in sev@ther horticultural crops. In this study, it
was hypothesised that postharvest treatment withrr@ct concentration of methyl jasmonate
and/or salicylic acid could reduce chilling injusymptoms in lemons during extended cold
storage.
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CHAPTER 3

THE ROLE OF METHYL JASMONATE AND SALICYLIC ACID IN
SUPPRESSING REACTIVE OXYGEN SPECIES AND STIMULATING
DEFENSE MECHANISMS TOWARDS CHILLING INJURY OF
EUREKA LEMONS

By X.I. SIBOZA*, J.P. BOWER and I. BERTLING
Horticultural Science, School of Agricultural Scoems and Agribusiness, University of

KwaZulu-Natal, Private Bag X01, Scottsville, 3269etermaritzburg, South Africa

(Chapter formatted to be submitted to the Jourhklasticultural Science and Biotechnology)

SUMMARY

Certain markets have phytosanitary requirementshvinvolve exposing lemons to
chilling temperature (-0.5°C) during exportatiori§ exposure can result in the development
of chilling injury (Cl) symptoms. Accumulation oéactive oxygen species (ROS) is thought
to be a primary cause of Cl. Therefore, the rofesethyl jasmonate (MJ) and salicylic acid
(SA) in delaying accumulation of ROS and oxidatideamage during cold storage were
investigated. During 2008, fruit were sterilized;@ied and dipped in 10 or 50 uM MJ or 2
or 2.5 mM SA solution for 30 seconds. Fruit wergoadlipped into 10 pM MJ, 2 mM SA, 10
UM MJ & 2 mM SA, 1 pM MJ & 0.2 mM SA or 0.1 uM MJ &.02 mM SA for 30 seconds
(during 2009 season). Fruit were thereafter, wanitidl Avoshine® and stored at -0.5°C for 0,
7, 14, 21, 28, 35, or 42 days, before being trarefeto room temperature for 7 days.
Measurements of ROS, membrane lipid peroxidatioth @h in the fruit rind were taken.
During 2008, no fruit developed CI. Treatment withpM MJ, 2 mM SA, or 10 pM MJ & 2
mM SA significantly (R0.05) reduced the production of ROS and supprasssdbrane lipid
peroxidation and thus reduced the CI index durixtgreded cold storage in 2009. Treatment
with MJ or SA probably triggered defence mechanisush as antioxidants in order to
enhance cell membrane stability and protect cedisifpossible ROS damage. Therefore, MJ
and / or SA could be used to reduce Cl in lemons.

*Author for correspondence
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Cold storage of lemons has been widely practisedlmwing down respiration, delaying
senescence, reducing water loss and maintainingduoality (Menget al., 2009). It is
considered an obligatory quarantine treatment fopmng South African fruit to distant
markets such as Europe, Japan and the USA. Howtherpractice results in postharvest
losses due to chilling injury of susceptible fr@anchez-Ballestet al. (2006) defined chilling
injury as a physiological disorder induced by Idowf not freezing, temperatures, which affect
fruit quality due to loss of cellular integrity csed by membrane lipid degradation. Chilling
injury is still one of the major obstacles to thgpansion of the world lemon trade
(Siriphanich, 2002). In lemons, chilling injury 18sibly manifested by pitting of the peel
(Sala, 1998). The condition is characterised bk da&own varying to black blemishes with
increasing damage, thereby affecting fruit qualapd reducing fruit shelf life and
marketability (Sala, 1998; Tasneem, 2004; Lurie @ndosto, 2005).

Shewfelt and del Rosario (2000) developed a hypwh#describing the mechanism of
chilling injury (Figure 3.1). They suggested thapesing lemons to chilling temperature (-
0.5°) may cause oxygen to act primarily as an edacacceptor leading to the formation of
ROS (Asada, 1993; Sarkerral., 2009). These ROS, if not rapidly removed frora tells or
controlled, can attack cell membranes resultingxtensive damage to membrane lipids and
other cellular structures (Maxwaedt al., 1999; Mgller, 2001; Sarkat al., 2009). In addition,
if cold storage time is extended, membrane breakdmay cause further cell damage leading
to visible symptoms of chilling injury (SiriphanicR002). Nonetheless, fruit have defensive
systems to mitigate chilling injury either by caitling or detoxifying ROS and delaying
oxidative damage (membrane lipid peroxidation) wiegposed to chilling stress (Shewfeft
and del Rosario, 2000; Siriphanich, 2002).

Salicylic acid is a hormonal substance belonging toroup of phenolic compounds
known to increase tolerance to chilling injury omatoes (Dinget al., 2002), sweet peppers
(Funget al., 2004), peach fruit (Wang al., 2006) and pomegranates (Say\giral., 2009).
According to Wanget al. (2006), salicylic acid is linked to oxidative eds responses.
Similarly, methyl jasmonate is known for its abhjlib increase tolerance to chilling injury by
enhancing both the antioxidant system, and scamgnoapacity of fruit (Ghasemnezhad and

Javaherdashti, 2008). Methyl jasmonate signifigangduces chilling injury symptoms in

31



mango (Gonzalez-Aguilaat al., 2000) and zucchini (Wang and Buta, 1994). Is #tudy, the
roles of methyl jasmonate and salicylic acid in megsing the production of ROS and
stimulating defence mechanisms to chilling injunylemons during extended cold storage

were investigated.

MATERIALS AND METHODS

Plant material and treatments

During the 2008 harvest season, ‘Eureka’ lemongh wio visible damage, were
harvested from the Ukulinga Research Farm (29°$4@0° 24' E, 806 m elevation) in
Pietermaritzburg, KwaZulu-Natal, South Africa. Thecation is characterized by a mean
annual rainfall and temperature of 738 mm and 1&%€pectively, with a light to moderate
frost in winter. Fruit were surface sterilized wiporekill® (Hygrotech Pty Ltd.), air-dried
for 5 minutes and randomly divided into treatmehts. each postharvest treatment, fruit were
either dipped into 10 or 50 uM methyl jasmonate §Rrobyet al., 1999) for 30 sec or into 2
or 2.5 mM salicylic acid (SA) solutions for the sartime period (Xu and Tian, 2008). A
control or no dip treatment was also adopted. Thepécates of 15 fruits per treatment were
used. After dipping, fruit were waxed with Citrashi wax® (Citrashine Pty Ltd,
Johannesburg, South Africa) and stored at -0.5¢@f@, 14, 21, 28, 35, or 42 days before
being transferred to room temperature (25°C) férday shelf life period.

During the 2009 harvest season, ‘Eureka’ lemonsewebtained from a local
commercial farm called Ithala (29° 52" S 30° 16approximately 700 m above sea level) in
Pietermaritzburg, KwaZulu-Natal, South Africa. Erwf uniform colour and size were
transported to the laboratory and randomly divided five treatments. For each treatment,
fruit were either dipped into the following hormoselutions for 30 sec: 10 uM MJ; 2 mM
SA; 10 pM MJ & 2 mM SA; 1 uM MJ & 0.2 mM SA; or 0AM MJ & 0.02 mM SA. A
control or no dip treatment was also applied. Thieg®icates of 15 fruits per treatment were
used. After dipping, fruit were waxed with Citras@iwax and stored at -0.5°C for 0, 7, 14, 21,
28, 35, or 42 days before being transferred to reemperature (25°C) for a 7 day shelf life

period.
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Detection of reactive oxygen species (ROS)

The formation of ROS in the rind of lemons was dateed according to the method
of Maxwell et al. (1999) using 2', 7’-dichlorofluorescein diacetdi&sDCF-DA) which is
converted to the membrane-impermeable polar derev&, 7’-dichlorofluorescein (3DCF)
when taken up by the cells; within the celD{CF is rapidly oxidized to the highly fluorescent
DCF (dichlorofluorescein) by intracellular hydrogeeroxide (HO,) and other peroxides. A5
mM H,DCF-DA solution was prepared in ethanol and stametie dark at -80°C under argon
pending use. Freeze-dried flavedo tissue (0.1 @) wiaed with 5 ml of HDCF-DA solution
and incubated for 30 min at room temperature bdfereg centrifuged at 3000 x g for 10 min.
The supernatant was removed and diluted 50-foldorEscence was measured using fully
automated micro-plate based multi detection refldetOstar OPTIMA, BMG LABTECH,

Germany) with excitation and emission waveleng#tsas 485 nm and 520 nm, respectively.

Determination of lipid peroxidation

The level of lipid peroxidation was measured usangodified method of Gileet al.
(2008), as the amount of malondialdehyde (MDA)cted with thiobarbituric acid (TBA)
(Sigma Chemical Co., St. Louis, MO 63178 USA) torioa TBA-MDA complex. Lemon
flavedo tissue (0.1 g DW) was homogenized in 4 rP® (w/v) trichloroacetic acid (TCA)
and centrifuged at 3000 x g for 10 min. A 1 ml smag¢ant from the crude extract was added
to a test tube containing 1 ml 20% (w/v) TCA, 0.01%4v) butylated hydroxytoluene and
0.65% (w/v) TBA solution. Samples were then mixégbwously, heated to 96 and kept at
that temperature for 30 min. Subsequently sample® wooled in ice, before centrifuged at
3000 xg for 10 min. Absorbance was read at 532 nm and 6@0using a UV-Visible
Spectrophotometer (DU800, Beckman Coulter, CA, USA). Total MDA equivaie were
calculated according to Heath and Packer (1968)l@asving:

Total MDA (nmol g* DW) = (Amount of extraction buffer (ml) x amourftsupernatant (ml)
x [(Abs 532, — Abs 60Q) / 155] x 18) x Amount of sample (g)

Assessment of chilling injury
Chilling injury symptoms were evaluated according the method previously

described by Sala (1998). The method involves iagaicale based on surface necrosis and
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intensity of browning (0 = no; 1 = slight; 2 = madi; 3 = severe). Chilling injury index (ClI)
was calculated according to El-hilatial. (2003):

Cl=> (number of fruit with chilling injury x score o&serity) + total number of fruit

Satistical analysis

A randomized complete block design (RCBD) was fe#d. Data were subjected to
analysis of variance (ANOVA) using GenStaVersion 12 (VSN International, Hemel
Hempstead, UK). Means were separated using legsifisant differences (LSD) at the 5%

level of significance.

RESULTS

Effect of salicylic acid and /or methyl jasmonate treatment on reactive oxygen species (ROS)
in lemon fruit during cold storage

During the 2008 harvest season, rind ROS werefgignily (P<0.05) affected by cold
storage time, treatment and the interaction betweewo factors (Figure 3.2). Production of
ROS increased 14 days after treatment (DAT) andedsed slowly at 28 DAT for both
treated and untreated fruit (control). Rind of eated fruit had lower levels of ROS compared
with treated fruit. The production of ROS was highe fruit treated with SA as compared
with fruit treated with MJ (Figure 3.2). In additp fruit treated with the higher MJ
concentration (50 uM) had higher levels of ROS WTas compared with fruit treated with
the lower concentration (10 uM). The productiorR®S increased rapidly from 28 DAT for
untreated fruit and for fruit treated with the laowilJ concentration (10 uM). However,
treatments with higher concentrations of either (80 uM) or SA (2.5 mM) significantly
suppressed the production of ROS even after thendgtl cold storage time (Appendix 1).

During the 2009 harvest season, rind ROS were ailyilsignificantly (R0.05)
affected by cold storage time, treatment and ttexactions between these two factors (Figure
3.3). Production of ROS increased with an extensiotie cold storage time reaching a peak
at 42 DAT. Postharvest treatments with MJ and Sénicantly (P<0.05) reduced the
production of ROS (Figure 3.3). Fruit treated with uM MJ had lower levels of ROS as
compared with other treatments (Figure 3.3). Treatrmvith SA (2 mM) was the second most
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effective in reducing ROS in the rind (Figure 3 Bxtending the cold storage time from 28 to
42 days resulted in an increase in rind ROS praglucHowever, MJ and SA treatment were
effective in reducing and / or delaying the produttof ROS in fruit during extended cold
storage time (Appendix 2). Total production of R@S3he rind of fruit treated with 0.1 uM
MJ & 0.02 mM SA was lower than total productionR®S in the rind of fruit treated with 1
UM MJ & 0.2 mM SA. The rind of fruit treated witlDjuM MJ & 2 mM SA had a lower total
production of ROS than the rind of untreated f(Eigure 3.3). The rind of untreated fruit had
higher total production of ROS compared with thmelrof treated fruit (Figure 3.3).

Effect of salicylic acid and /or methyl jasmonate treatment on lipid peroxidation in lemon fruit

during cold storage

Lipid peroxidation was significantly §9.05) affected by both, treatment and cold
storage time; the interaction between the two facturing the 2008 season was also
significant (<0.05) (Figure 3.4). During 2008, lipid peroxidatimereased in the rind of fruit
treated with higher concentrations of MJ (50 uMBéx (2.5 mM). Treatment with 10 uM MJ
or 2 mM SA significantly (R0.05) reduced lipid peroxidation during cold staagrigure
3.4). During the 2009 season, lipid peroxidationswsagnificantly (R0.05) affected by
treatment, cold storage time and the interactiotwéen treatment and cold storage time
(Figure 3.5). Lipid peroxidation increased with @¢@torage time, reaching a peak at 14, 35
and 42 DAT. Untreated fruit had high levels of rilgid peroxidation during cold storage.
Postharvest treatment with MJ and SA significarfi¢0.05) suppressed lipid peroxidation
during cold storage.

Treatment with 10 pM MJ & 2 mM SA was more effeetin reducing the levels of
rind lipid peroxidation as compared with other tneants (Figure 3.5). Fruit treated with 10
MM MJ & 2 mM SA had lower levels of lipid peroxidam than other treatments. Treatment
with SA at 2 mM was the second most effective trestt in reducing rind lipid peroxidation
which 10 uM MJ was the third most effective treatingFigure 3.5). The treatment
combinations of MJ with SA were effective in supm®i@g rind lipid peroxidation. The
effectiveness of treatments in suppressing lipidoxidation in the rind of the fruit was

decreasing with the level of treatment concentrgtid reatment combination of 1 uM MJ &
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0.2 mM SA was more effective than 0.1 uM MJ & 0.08M SA in suppressing lipid
peroxidation, while the treatment combination witi pM MJ & 0.02 mM SA was less
effective (Figure 3.5).

Effect of salicylic acid and /or methyl jasmonate treatment on chilling injury in lemon fruit
during cold storage

For the 2008 harvest season, fruit did not develsepal symptoms of chilling injury
and there were no significant differences (P>0.663erved among treatments and cold
storage period. There was no significant interac(i®>0.05) between the two factors, with
respect to the chilling injury (Cl) index (see ap@i 1). During the 2009 harvest season,
however, ClI symptoms were significantly<@P05) affected by treatment, cold storage period
and the interaction of the two factors (Figure 3B)e CI symptoms were first visible as
pitting and water-soaking after 14 days of coldrage, developing rapidly thereafter in
untreated fruit (see appendix 3). However, posemstntreatment with MJ and / or SA
significantly (<0.05) delayed and reduced Cl symptoms. Treatmeht1i@ pM MJ & 2 mM
SA was more effective in protecting fruit from dimg damage by delaying and reducing CI
symptoms than other treatments with a total clgljpercentage of only 0.076% (Figure 3.6).

The 2 mM SA treatment was the second most effedtieatment in delaying and
reducing CI with a total of 0.133% of CI symptonfi@jowed by 10 uM MJ with a total of
0.243% of CI symptoms. Overall, the ability of SAdaVJ to reduce Cl was dependent on the
levels of the treatment concentration. Fruit trdateith high concentrations were more
effective in reducing CI than the low concentrasioRruit treated with 1 pM MJ & 0.2 mM
SA had low CI compared with fruit treated with @4 MJ & 0.02 mM SA. Fruit treated with
1 uM MJ & 0.2 mM SA had a total of 0.36% CI commhweith fruit treated with 0.1 uM MJ
& 0.02 mM SA which had 0.91% CI. Nonetheless, reait with 0.1 pM MJ & 0.02 mM SA
reduced CI than the untreated fruit, which hadgh hotal of 0.93% CI symptoms.
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DISCUSSION

Effect of salicylic acid and / or methyl jasmonate on the accumulation of reactive oxygen
species during cold storage of lemons

Exposing lemons to chilling temperature (-0.5°Q) dasinfestation of Mediterranean
fruit fly can cause accumulation of ROS resultimgaxidative damage (membrane lipid
peroxidation) (Figure 3.4). Cell death will resdttllowed by the development of CI in
response to extended exposure to cold temperaftmestment with either MJ (10 uM) and /
or SA (2 mM) was effective in suppressing the pidaun of ROS in lemon rind during
extended cold storage (Figure 3.5). Untreated feignificantly showed reduced ROS
production up to the end of 28 day storage petitmvever, the compensatory abilities of the
fruit to withstand cold storage were exceeded dedproduction of ROS increased rapidly
after 28 days. It has been reported that fruit withstand chilling stress for a short period
through biochemical changes that involve productdmntioxidants and alterations in lipid
composition (Guleret al., 2008). However, if the cold exposure period xerded, the
compensatory abilities of the fruit will be exceddend damages due to ROS accumulation
and oxidation will occur (Lichtenthaler, 1996; Leir2003).

Treating fruit with low concentrations of MJ (10 1Mr SA (2 mM) or a combination
of the two treatments (10 pM MJ & 2 mM SA) was effee in slowing down the production
of ROS during the extended cold storage. Treatwéhthigher MJ (50 uM) or SA (2.5 mM)
concentration suppressed ROS production. Howelvesettreatments had a negative effect on
fruit quality, with respect to appearance. Frugiated with moderate concentrations (10 pM
MJ or 2 mM SA) or a combination (10 pM MJ & 2 mM Biad a better appearance than fruit
treated with higher concentrations during the cadl shelf life storage. This is similar to
results reported in a previous study on grapefidibby et al., 1999), where treatment with
MJ at moderate concentration (10 uM) was founddamlpotential postharvest treatment to
enhance natural resistance and to reduce chilipgyi in citrus fruit. Moreover, treatment
with SA at moderate concentration (2 mM), signifitp reduced decay in harvested sweet
cheery fruit (Xu and Tian, 2008). Furthermore, isimilar manner, Dinget al. (2002) and
Caoet al. (2009) reported that when MJ or SA are appliechatlerate concentrations, they
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can provide protection against ROS rind and celnalge in fruit; however, when the

compounds are applied at higher concentrationgatie effect on fruit quality can result.

Effect of salicylic acid and / or methyl jasmonate on membrane lipid peroxidation during cold
storage

Lipid peroxidation is one of the damages causedd stress on cell membranes of
lemons and can be used as a direct indicator ofbreame injury (Hodgest al., 1999; Caat
al., 2009). In the present study, treatment with M MJ or 2 mM SA or a combination of
these treatments (10 uM MJ & 2 mM SA) significardigcreased or delayed the incidence of
lipid peroxidation in the rind of lemons cold-stdreResults agree with those of Wagtcal.
(2006) where SA treatment significantly delayed rbeane lipid peroxidation in peach fruit
during cold storage. Similarly, MJ treatment sigrahtly decreased membrane lipid
peroxidation in strawberries by maintaining antdaat activity of the fruit (Kondat al.,
2005). However, treatment with 50 uM MJ or 2.5 m& ®as ineffective in reducing lipid
peroxidation. In addition, lipid peroxidation legelvere higher in fruit treated with higher
concentrations of both chemicals as compared wétdiam concentration of either SA or MJ.

Effect of salicylic acid and / or methyl jasmonate treatment on chilling injury in lemon fruit
during cold storage

Despite the extended cold storage time, lemon franvested from Ukulinga Research
Farm in 2008 season did not develop chilling injut#pwever, fruit were stressed during cold
storage as indicated by the production of highlkewé ROS and increased lipid peroxidation
in the rind. Several reasons could have caused rinti develop Cl. Cl was at the primary
event stage, where accumulation of ROS and oxielalamage such as lipid peroxidation
were observed as a metabolic dysfunction. In amlditt may also be that the damage caused
by cold stress was probably reversed due to theepoe of antioxidants which were able to
stimulate recovery from CI. Christiet al. (1994) and Sarkaget al. (2009) proposed that
recovery from CI is possibly due to antioxidanttpation. A further reason for the recovery
from CI is that symptom development is not only elggent on the conditions during cold
storage but also on other factors such as temperand water status of the fruit prior to
chilling (Smeets and Wehner, 1997; Szadhial., 1996; Bafeel and Ibrahim, 2008). Van
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Rooyen and Bower (2003) reported that preharvasditions, such as crop management also
play a role in the final fruit quality. It could biat fruit did not develop Cl symptoms
probably because fruit were already stressed irfithé and were resistant to stress due to
stress levels that fruit were exposed to preharvest

During the 2009 season, postharvest treatment Midhand / or SA significantly
(P<0.05) delayed and reduced Cl symptoms in lemon. fiweatment with (10 uM MJ & 2
mM SA) was more effective in protecting fruit frachilling damage by delaying and reducing
Cl symptoms as compared with other treatments. fdseilts showed that a treatment
combination of MJ and SA at low to medium concetidgres could be used to reduce and
delay CI symptoms. However, lower concentrationstretment combinations were least
effective in alleviating CI in lemon fruit as compd with medium concentrations. Fruit
treated with (1 pM MJ & 0.2 mM SA) had low CI syropts compared with when treated
with (0.1 uM MJ & 0.02 mM SA). Treatment with (OIM MJ & 0.02 mM SA) was less
effective in reducing Cl symptoms in lemons duroadd storage.

However, fruit treated with (0.1 pM MJ & 0.02 mM PpAad low ClI symptoms
compared with untreated fruit. High ClI symptoms evexbserved in untreated fruit. ClI
symptoms were initially observed after 14 daysathluntreated (control) and (0.1 pM MJ &
0.02 mM SA) treated fruit followed by fruit treatadth (1 pM MJ & 2 mM SA) after 21 days
in cold storage. Fruit treated with a combinatidrfl® uM MJ & 2 mM SA) showed delayed
Cl symptoms at 42 days and therefore showed goatitgjuin terms of colour and shape,
when compared with fruit in other treatments. Thaee treatment with a combination of 10
MM MJ & 2 mM SA was more effective in alleviatingl @ lemon fruit (Figure 3.8) as
compared with other treatments. It was also regdftat when a combination of 1 mM of MJ
and SA was applied on sweet peppers, it inducedxpeession of a set of defence genes, thus
enhancing tolerance to Cl (Fuegal., 2004; Caat al., 2009).

This study agrees with previous findings reportegd Ding et al. (2002),
Zolfagharinasab and Hadian, (2007) and @aal. (2009). They found that treatment with MJ
or SA or the combination of the two at moderatecemtrations could induce some defence
mechanisms that indirectly provided protection agachilling damage. They further reported

that treatment with higher concentrations causeginee effects on fruit quality.
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CONCLUSION
Treatment with MJ or SA at medium concentration@ (MM MJ or 2 mM SA) or

combined (10 uM MJ & 2 mM SA) suppressed the acdatimn of ROS, delayed membrane
lipid peroxidation and reduced the chilling injundex in lemon fruit subjected to extended
cold storage. Treatment with MJ or SA probably dobéve triggered defence mechanisms
such as antioxidants in order to enhance cell mangbrstability and protect cells from
damage caused by ROS. The role of antioxidantsiihduring cold storage should be further
evaluated. Preharvest conditions such as crop reamagf, temperature and water status of
the fruit prior to chilling stress for the disinfaion of Mediterranean fruit fly should also be

considered.
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Figure 3.1: Mechanism of chilling injury (Shewfeftd del Rosario, 2000).
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Figure 3.2: Formation of reactive oxygen specieghenrind of lemons treated with MJ (10
UM; 50 uM) or SA (2 mM; 2.5 mM) and stored at -@5for 42 days before being
transferred to room temperature for 7 days (20068@®). LSD.05y= 4155.1.
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(2009 season).

48



CHAPTER 4

EFFECT OF METHYL JASMONATE AND SALICYLIC ACID ON
PROLINE AND OTHER PHYSIOLOGICAL ASPECTS (ETHYLENE,
RESPIRATION RATE, AND FRUIT MASS LOSS) IN EUREKA LEMONS

X.l. SIBOZA*, J.P. BOWER and I. BERTLING

Horticultural Science, School of Agricultural Sciences and Agribusiness, University of
KwaZulu-Natal, Private Bag X01, Scottsville, 3209, Pieter maritzburg, South Africa

(Chapter formatted to be submitted to the Postlsa®®logy and Technology Journal)

ABSTRACT
Exposing lemons to chilling temperature disruptvesal metabolic processes such as

respiration rate, amino acid incorporation and lette production resulting in physiological
dysfunction- a primary event of chilling injury. &heffect of methyl jasmonate (MJ) and
salicylic acid (SA) on physiological factors, suak fruit mass loss, respiration rate and
ethylene evolution, during cold storage of lemonaswevaluated as well as proline
accumulation, a common physiological response td stress. During the 2008 harvest
season, ‘Eureka’ lemons were dipped in 10 or 50MMor 2 or 2.5 mM SA solutions for 30
s. A control or no dip treatment was also appliBdkee replicates of 15 fruits per treatment
were used. During the 2009 harvest season, ‘Eurekadns were sterilized, air-dried and
dipped in (10 pM MJ), (2 mM SA), (10 pM MJ & 2 mMAj (1 uM MJ & 0.2 mM SA), or
(0.1 pM MJ & 0.02 mM SA) for 30 s. A control or miip treatment was also applied. Three
replicates of 15 fruits per treatment were usecerétore fruit were waxed with Avoshine®
and stored at -0.5°C for 0, 7, 14, 21, 28, 35, 2rddys, before being transferred to room
temperature (25°C) for 7 days. Fruit mass, ethylewelution, respiration rate electrolyte
leakage as well as proline metabolism in the rirdendetermined. Reduction in fruit mass
was probably due to stomatal closure induced bytrigstments in the fruit. Excessive fruit
mass loss during the 2009 harvest season was ategbevith fruit susceptibility to chilling
injury. Membrane electrolyte leakage was not asgediwith chilling injury in fruit harvested

during the 2008 harvest season. However, treatmvghtMJ and SA significantly (£0.05)
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reduced membrane electrolyte leakage of the fruiing cold storage during the 2009 harvest
season. Ethylene production was not associated ehiliing injury. Nonetheless, high
respiration rate, excess mass loss and accumulafigeroline confirmed that fruit were

stressed by the cold treatment.

Keywords: methyl jasmonate, salicylic acid, respiration rateoline, electrolyte leakage,

ethylene evolution.

*Author for correspondence

1. Introduction

The demand for fresh fruit has increased overdbetwo decades due to their high
nutritional value (Pérez-Tellet al., 2009). LemonsGitrus limon L.), belonging to the citrus
family, are also in demand in many countries. Asda fruit are non-climacteric and can
normally be stored for long periods of time (6-8eks) (Kader, 2002; Porat al., 2004).
However, the postharvest storage life of lemontfisilimited by ultra-low temperature
exposure which results ahilling injury (Pérez-Tellcet al., 2009), an economically important
postharvest disorder (Arafat, 2005). This disordas been found to be the most important
obstacle to the expansion of the world lemon t(@&iephanich, 2002; Arafat, 2005). Some of
the symptoms of chilling injury in lemons includgcessive mass loss, dehydrated-looking
depressions, increased decay and enhanced ettajidnespiration rates (Leguizametral.,
2001; El-hilaliet al., 2003; Pora¢t al., 2004; Lafuentet al., 2005).

Kluge et al. (2003) established that the primary cause ofiogilinjury in lemons is
cell membrane damage. This damage initiates a dasifasecondary reactions, which include
accelerated or high respiration and ethylene proolu@s physiological dysfunctions (Biolatto
et al., 2005; Murata, 1990). This excessive productibrethylene in lemons during cold
storage is often a sign of damage to cellular mamds, which is usually followed by the
development of chilling injury symptoms (Zhogt al., 2001). Changes in respiratory
responses of fruit have been related to chillimygeratures (Pérez-Tele al., 2009).

Chilling stress also results in an accumulatioolipe in fruit (Chen and Li, 2002);

proline accumulation is often considered to be rasst tolerance mechanism (Misra and
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Saxena, 2009) and varies in its role occurring msadaptive response, helping fruit to
withstand the effect of cold stress (Matysikal., 2002), acting as a membrane stabilizer
(Rudolphet al., 1986), a scavenger of reactive oxygen specia@adBiet al., 1995) and / or a
source of reduction equivalents during recoverynfretress (Hare and Cress, 1997). Several
studies have demonstrated that fruit which areatd¢ to produce proline when exposed to
low temperatures have a significantly lower coltess$ tolerance (Xin and Browse, 1998;
Matysik et al., 2002). Matysiket al. (2002) concluded that proline may not be justya b
product of cold stress defence, but a chemicaltiv@acompound involved in the physiology
of cold stress protection in fruit. High prolinevéds in the rind of grapefruit during cold
storage were associated with increased chillingstaasce (Purvis, 1981). However,
information on the effect of MJ and SA on prolirseim scarce. The objectives of this study
were to investigate the effect of MJ and SA ontfraass loss, respiration rate and ethylene
evolution as non destructive indicators of chillimgury and to investigate physiological

responses (proline) of lemons to chilling stress.

2. Materials and methods
2.1 Chemicals

All chemicals were obtained either from Fluka®, Glfeam GmbH, Sigma-Aldrich®,
or Saarchem®,

2.2 Plant material

During the 2008 harvest season, ‘Eureka’ lemon®wwarvested from the Ukulinga
Research Farm (29° 40' S 30° 24' E, 806 m elevatioRietermaritzburg, KwaZulu-Natal,
South Africa. The location has a mean annual rliafad temperature of 738 mm and 18°C
respectively, with a light to moderate frost in t&in During the 2009 harvest season, the same
cultivars were obtained from a local commerciahfatalled Ithala (29° 52" S 30° 16' E,
approximately 700 m above sea level) near Pietetzbarg, KwaZulu-Natal, South Africa.

Fruit of uniform colour and size were selected aadsported to the laboratory for analysis.

2.3 Treatments and storage conditions
During the 2008 harvest season, fruit were treatiéidl Sporekill® (Hygrotech

Pty Ltd.), air-dried for 5 min and randomly dividado treatments. As postharvest treatments,
fruit were dipped into 10 or 50 pM methyl jasmon@i]) (Drobyet al., 1999) or 2 or 2.5

51



mM salicylic acid (SA) solutions for 30 sec (Xu afaan, 2008). A control or no dip
treatment was also included. Three replicates drdit per treatment were used. During the
2009 harvest season, fruit were randomly divided treatments and dipped into 10 uM MJ
or2mMSAor10 yMMJ &2 mM SAorl1puM MJ & 0.2MnhSA; or 0.1 puM MJ & 0.02 mM
SA solutions for 30 sec. A control or no dip treatthwas also applied. Three replicates of 15
fruits per treatment were used. After dipping, tfuere waxed with Citrashine (Citrashine Pty
Ltd, Johannesburg, South Africa) and stored aPfbr 0, 7, 14, 21, 28, 35 or 42 days before
being transferred to room temperature (25°C) férday shelf life period.

2.4 Fruit massloss
In order to calculate percentage fresh mass losalloindividual fruit, fruit were

weighed before and after the storage intervals. jdreentage mass loss was then calculated

according to Gomezt al. (2005) as follows:

Fruit mass loss (%) = [{initial fruit mass (g)-fin&uit mass (g)} / initial fruit mass (g)]
x100%

2.5 Respiration rate measurement
Fruit respiration rate was measured before aret difte storage intervals using an

infrared gas analyser (EGM-1, PP Systems, HitcHertfordshire, UK). Respiration rate of

the fruit was measured by incubating fruit irt Jars for 15 min as previously described by
Van Rooyen and Bower (2003). The net respiratite o&the atmosphere in the jars per gram
fruit was calculated by adjusting ambient carbooxiie in the jar, fruit volume, head space

and fruit mass.

2.6 Determination of cell membrane electrolyte leakage
Electrolyte leakage was used to evaluate membraneage following cold storage

using a multi-range conductivity meter (HI 9033,nda Instruments, Johannesburg, R.S.A.).
The procedure used was based on the method oeZélu (2004). Three discs (1.8 mm in
diameter) were excised from the flavedo using & dmrer and rinsed in distilled water.
Following this, the discs were placed in test tubastaining 10 ml distilled water. Test tubes
were incubated at 25°C in a shaker for 3 h. Eleatconductivity of the water bath (Initial

EC) was measured after incubation. Samples weregdlazed in (thermostatic) water bath at
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100°Cfor 1 h and the second reading (Final EC) was deterd after cooling the solution to
room temperature. The percentage electrolyte leakes calculated as follows:
EC% = [(Initial EC) / (Final EC)] x 100%

where (EC%) the percentage electrolyte leakagéjallieC) the initial reading of electrolyte
leakage of the disc solution and (Final EC) thalfieading of the electrolyte leakage of the

disc solution.

2.7 Proline Determination
Proline was determined according to Claussen (208B)g acidic ninhydrin reagent

(2.5 g ninhydrin / 100 ml of a solution containigigcial acetic acid, distilled water and 85%
ortho-phosphoric acid at a ratio of 6:3:1). Flaveéidsue (0.1 g DW) was extracted in 10 ml
3% (w/v) aqueous sulfosalicylic acid solution. Themogenate was filtered through two
layers of glass-fiber filter and the filtrate wdeeh used in the assay. Glacial acetic acid and
ninhydrin reagent (1 ml each) were added to 1 itiafe. The closed test tubes, with the
reaction mixture, were kept in a boiling water bfthl h, and the reaction was terminated by
holding samples in a water bath at room temperg2téC) for 5 min. Sample absorbance
was immediately determined at a wavelength of 546 iihe proline concentration was
determined by comparison with a standard curve. fléamedo proline concentration was

calculated on a dry weight basis as mmol prolinB\g) ™.

2.8 Ethylene measur ement
Ethylene production of the fruit was measured atiogrto Blakeyet al. (2009)using

a gas chromatograph (DANI 1000, DANI Instrumenis.A., Monzese, Italy) equipped with a
flame ionization detector (FID), and a stainlessektpacked column with an alumina-F1
stationary phase. The injector, column and deteetoperatures were set at $608CFC and
180°C, respectively. Measurements were taken bedoigk after the storage intervals by
incubating the fruit in a sealedtljar containing a 20 ml glass vial for 30 min (VRooyen
and Bower, 2003). Thereafter, the glass vial waalese and transferred to the gas
chromatograph autosampler (HT250D, HTA S.r.L., Bi@sltaly).
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2.9 Satigtical analysis
Experiments were performed using a complete ranzieanblock design. Data was
subjected to analysis of variance (ANOVA) using S&t® Version 11 (VSN International,
Hemel Hempstead, UK). Least significant differen¢eSD) at the 5% level were used to

separate treatment means

3. Results

3.1 Effect of MJ and / or SA on fruit mass loss during cold storage
During the 2008 harvest season, fruit mass losssgaficantly (<0.05) affected by
treatment, cold storage time and the interactiotwéen treatment and cold storage time
(Figure 4.1). Fruit lost mass during and after celdrage. Treatment with 10 uM MJ was
more effective in reducing fruit mass loss thamatimeent with 50 uM MJ. Treatment with 2
mM SA was the second most effective in reducingt fmass loss. Greatest fruit mass losses
were observed in fruit treated with 2.5 mM SA. M and SA treatment suppressed fruit
mass loss compared with control fruit. Excessiwé fnass loss was observed after fruit were
transferred to room temperature (Figure 4.1). U@ fruit lost 4.7% of initial mass, this

increased to 8.6 after 42 days of cold storage Vitwginwere transferred to room temperature.

On the other hand, fruit treated with 10 uM MJ laadinitial mass loss of 3.2%, and
after 42 days of cold storage this increased t&o6at room temperature (Figure 4.1). Initial
fruit mass loss for fruit treated with 50 uM MJ wé&2% during cold storage increasing to
8.6% when fruits were transferred to room tempeeakigure 4.1). At 42 days, fruit treated
with 2 mM SA lost 3.8% of initial mass during cofiorage and a further 7.7% at room
temperature (Figure 4.1). Fruit treated with 2.5 18K lost 4.4% of mass during cold storage
and 9.2% after being transferred to room tempegatbigure 4.1). During the 2009 harvest
season, fruit mass loss was significantlg@{R5) affected by cold storage time and treatment
(Figure 4.2a). Fruit mass loss increased with stiotage time (Figure 4.2 a). However, MJ
and SA treatments were effective in reducing fra#ss loss during cold storage. Treatment
with 10 uM MJ & 2 mM SA was more effective in redug initial fruit mass loss than other
treatments (Figure 4.2). Greatest fruit mass losss observed in untreated fruit (Figure 4.2

a). Higher mass loss was observed when fruit waresterred to room temperature for 7 days
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(shelf life). Fruit mass loss was significantly<(P05) reduced by 10 uM MJ & 2 mM SA
treatment (Figure 4.2 b). Excessive fruit mass leas observed at 42 days in untreated fruit
(Figure 4.2 b). No significant significance diffaces (P.>0.05) were found between the other
treatment combinations with respect to fruit mass lafter shelf life (Figure 4.2 b).

3.2 Effect of MJ and /or SA on respiration rate during cold storage
During the 2008 harvest season, respiration ratieflemon fruit was significantly

(P<0.05) affected by cold storage time (Figure 4.33sptration rate of the fruit was high
when fruit were exposed to chilling temperatureswidver, fruit initially showed a decrease
in respiration rate with increasing cold storageetiuntil 28 days; after this, a trend increased
respiration rate occurred with increasing cold ager time (Figure 4.3). Untreated fruit
showed a higher respiration rate at 35 days condpaité treated fruit (Figure 4.3). Treatment
with MJ and SA effectively slowed down the respoatrate at 35 days (Figure 4.3 a & ¢), as
well as after the 7 days shelf life period (Figdrg b & c). These figures suggest a trend in the
ability of the treatments to slow down the resparatrate although no significant significance
differences (P>0.05) were found between treatmentsetween treatments and cold storage

time with respect to fruit respiration rate.

During the 2009 harvest season, respiration ratieffruit during cold storage was
significantly (0.05) affected by treatment, cold storage time tedinteraction of the two
factors (Figure 4.4 a & b). Increasing cold storages reduced the respiration rate of the fruit
(Figure 4.4 b). Respiration rate of the fruit waghlest at O days before exposure to cold
storage (Figure 4.4 a). Exposing fruit to cold at@ (-0.5°C) slowed down the respiration rate
from O to 14 days. An increase of respiration rabserved 21 days into the cold storage
followed by a slight decrease one further week tht® cold storage. The results showed a
gradual increase in respiration rate during cotaagje at 35 days (Figure 4.4). However MJ
and SA treatments significantly €B.05) slowed down fruit respiration rate after shié

period (Figure 4.4).

An increase in fruit respiration rate was obserwedontrol fruit after these were
transferred to room temperature. Treatment with\2 A was the most effective in slowing
down the respiration rate (Figure 4.4). Treatmeirth 0 uM MJ was the second best in
slowing down the respiration rate. The respiratiae of fruit treated with 0.1 pM MJ & 0.02
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mM SA was higher than when treated with other cotre¢ions of MJ and / or SA. However,

higher fruit respiration rates were observed inrested fruit with (Figure 4.4).

3.3 Effect of MJ and / or SA on cell membrane el ectrolyte leakage
During the 2008 harvest season, the average etibrane electrolyte leakage for all

treatments was 29.3% (Figure 4.5). A noticeablesia®e in electrolyte leakage in the rind was
observed after 7 days of cold storage. There werelear statistical differences between
electrolyte leakage percentages during the 2008osealowever, obvious differences were
observed on fruit treated with MJ at 14, 28 or 49dand on fruit treated with SA at 7, 14, 21
or 28 days. Percentage electrolyte leakage of firedtted with 10 uM MJ was lower than for
fruit treated with 50 puM MJ. During the 2009 hartvegason, cell membrane electrolyte
leakage was significant £0.05) affected by treatments, cold storage timetardnteraction

between the two factors (Figure 4.6). Membranetelbdte leakage was increasing with cold

storage time.

A noticeable increase in percentage cell membréewtrelyte leakage was observed at
14 days. Higher percentage cell membrane elecerddytkage was observed in untreated fruit
with 88% at 42 days (Figure 4.6). However, treathwath MJ and SA significantly (£0.05)
reduced membrane electrolyte leakage of the frurind cold storage (Figure 4.6). Fruit
treated with (10 uM MJ & 2 mM SA) had lower cell mierane electrolyte leakage at 42 days
than fruit treated with 10 pM MJ. Treatment withm@M SA was the third best treatment in
reducing cell membrane electrolyte leakage wheteasuM MJ & 0.02 mM SA was the
fourth best treatment. Treatment with 1 uM MJ & t®1 SA was less effective in reducing
cell membrane electrolyte leakage during cold g@narobably due to its low concentration

level.

3.4 Effect of MJ and /or SA on proline metabolism during cold storage
Proline was significantly (£0.05) affected by treatments, cold storage time thed

interaction between the two factors during the 2668son (Figure 4.7). The highest proline
accumulation was observed in fruit treated withhleig concentration of SA (2.5 mM)
followed by fruit treated with 10 uM MJ at 7 and @8ys of cold storage (Figure 4.7). Fruit
treated with 2.5 mM SA showed a highest total pekccumulation followed by MJ (10 uM)
treated fruit. Treatment with 2 mM SA was the thlydst treatment in inducing proline.
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Treatment with MJ at 50 uM was less effective iducing proline in the rind compared with

the control with a slight different.

Proline was significantly (£0.05) affected by treatments, cold storage time thed
interaction between the two factors during the 2688son (Figure 4.8). Untreated fruit had
low proline levels in the rind. However, treatmewnth MJ and SA significantly (£0.05)
induced proline levels in the rind during cold sige (Figure 4.8). The results showed that
treatment with 10 uM MJ gave the highest signiftdacrease in rind proline levels followed
by the 2 mM SA treatment (Figure 4.8). The levepadline accumulation in the rind of fruit
treated with MJ and SA decreased with the levelcoficentration. Fruit treated with a
combination of 0.1 uM MJ & 0.02 mM SA had the lowkssel of proline as compared with
other treatments. Proline was also significantlxQiP5) affected by cold storage time,
increasing with cold storage time till reachingemb at 28 days. A slight decrease in proline
accumulation was observed in fruit from 35 to 49sdduring cold storage.

3.5 Effect of MJ and SA on ethylene evolution of lemons during cold storage
No ethylene production was detected in the fruitirdpthe 2008 and 2009 harvest

seasons. Therefore, no significance difference®.0%> were observed between treatments,

cold storage time and the interaction betweenrreats and cold storage time.

4. Discussion
Results obtained in the present study are comsistith information in the literature

stating that storing lemons near freezing tempeeaf.5°C) for extended periods can result
in primary events of chilling injury which involvghysiological dysfunction (Raison and Orr,
1990). The study showed that fruit lost mass dutirey42 days of cold storage. Mass loss
increased after fruit were transferred to room terafure for a week (shelf life). In this study,
fruit mass loss was associated with water loss @amd Jackson, 2003), which means that
fruit were losing more water when transferred tomaotemperature than when stored at lower
temperatures. According to (Pérez-Tello et al.,90@ is expected of fruit stored at higher
temperatures to have higher weight loss than whemd at lower temperatures. This may
explain why fruit are stored at low temperaturesstparvest, in order to slow down water

loss. Results of this study agree with previouglist (Zolfagharinasab and Hadian, 2007;
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Gonzalez-Aguilaet al., 2001) where fruit mass loss increased when frureviensferred to
room temperatures.

During the 2008 harvest season, the reductiorruit mass loss when fruit were
treated with 10 uM MJ or 2 mM SA led to the sugmmsthat it may be as a result of stomatal
closure being induced by the treatments thus redutcanspiration of the fruit. According to
Gonzalez-Aguilaret al. (2001), the reduction of mass loss in mangoeseddeafth MJ was
associated with stomatal closure induced by MJclwieduced transpiration of fruit. Fruit
mass loss was generally higher during the 2009esaiseason for most treatments compared
with 2008 figures. Excessive fruit mass loss dutimg 2009 harvest season compared with
2008 harvest season was probably related to fouitce and location.

The study revealed that storing lemons at low teatpees resulted in an increased
respiration rate probably as a chilling stress spmp During the 2008 harvest season, fruit
had high respiration rate during cold storage (@&js) as compared with when transferred to
room temperature. Conversely, during the 2009 margeason, fruit showed a normal
respiration rate at 0-14 days of cold storage dreteqfter the respiration rate increase
significantly. Highest fruit respiration rates weobserved in untreated fruit. However,
postharvest treatment with MJ and SA significar{fig0.05) reduced fruit respiration rate
during cold storage. Treatment with 2 mM SA was thest effective in slowing down
respiration rate of the fruit. Fruit had a lowespgation rate during cold storage compared
with when transferred to room temperature. Thiglptagrees with the study by Bower and
Jackson (2003), which reported that fruit had @ higgpiration rate when transferred to room
temperatures. However in this study, the extensibnold storage time to 21 days, led to
abrupt changes in fruit respiration rate. The megjgin rate of the fruit when transferred to
room temperature was now lower than when storemblalt storage, indicating cold stress on

the membrane at 21 and 42 days.

The high respiration rate was probably an indaratihat fruit were more stressed
during the four weeks of cold storage. Murata ()9@ygested that abnormal respiration was
a typical indicator of chilling injury in horticuital crops during cold storage. Again, it was
discovered that extended cold storage could caigde membrane permeability, eventually
resulting in the exposure of mitochondria to hafdnsiubstances; such a process may cause

mitochondria to respond by increasing ATP synthasisa way to retain respiratory control
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(Huang and Romani, 1991; Van Rooyen, 2005). Theorbal respiration rate during cold
storage led to the suggestion that fruit were lyiggttessed during cold storage. However,
termination of cold storage may have allowed faitfto recover. Thus, respiration rate was a
good indicator of chilling injury in lemons durirogld storage.

The fluctuations in cell membrane electrolyte kegd observed during the 2008 and
2009 harvest season showed a loss of membraneitytahis may have recovered upon
termination of cold storage. Arafat (2005) founatthigh percentage electrolyte leakage in
fruit showed membrane damage due to chilling injury this study, membrane damage
increased with increasing cold storage durationwéier, there were no significant
differences (R0.05) between treatments and interaction, of treatrand cold storage time
during the 2008 harvest season. This led to thgesign that perhaps electrolyte leakage was
not be a good indicator of chilling injury in lem®harvested during the 2008 season. Results
agree with those of Pérez-Tela al. (2009) where electrolyte leakage was not a good

indicator of chilling injury in fruit.

Conversely, for the 2009 harvest season, cell maneb electrolyte leakage was
significantly (X<0.05) affected by treatments, cold storage time thedinteraction between
the two factors. Cell membrane electrolyte leakafighe fruit was increasing with cold
storage time. This was probably due to membranéumaion which is usually caused by the
leakage of water and electrolytes from the cellanguchilling stress (Nilprapruclet al.,
2008). However, treatment with MJ and SA signifiban(P<0.05) reduced membrane
electrolyte leakage of the fruit during cold staradreatment with 10 uM MJ & 2 mM SA
was most effective in reducing cell membrane ebégie leakage followed by treatment with
MJ at 10 uM. Results agree with those of Gonzalga#ar et al.(2000) where electrolyte
leakage was consistently lower in MJ treated mangjo than in untreated fruit during cold

storage.

The efficiency of 10 uM MJ & 2 mM SA treatment mneducing cell membrane
electrolyte leakage was associated with its abibtynhibit the malfunction of the membrane
permeability compared with other treatments whidrenvess effective probably due to low
concentration levels (Gonzalez-Aguilat al., 2000). Therefore, electrolyte leakage was

perhaps a good indicator of chilling injury in lensoharvested during the 2009 season. The
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differences between the 2008 and 2009 harvest sgasdth respect to electrolyte leakage
were associated with chilling injury sensitivityhd results suggest that fruit harvested during
the 2009 season were more sensitive to chillingrynihan fruit harvested during the 2008
season, due to high electrolyte leakage which as=é with cold storage time. Furthermore,
the differences between the 2008 and 2009 hareastoss also associated with cultivation
practices, other physiological and biochemical dexctwhich may have contributed to the
chilling sensitivity of the fruit which subsequentlesulted in difference electrolyte leakage

during the two seasons.

The study showed that during the 2008 and 2009elsaiseasons, fruit were able to
accumulated proline as a response to cold stréss.ability of fruit to accumulate proline
during cold storage may be a sign of tolerancedld stress. According to Matysi# al.
(2002), fruit that are able to accumulate prolirsvéh a significantly higher stress tolerance
than fruit which are unable to accumulate prolibewring the 2008 harvest season, high
proline levels were observed in fruit treated with mM SA followed by fruit treated with 10
MM MJ. This led to observation that fruit treatedhw2.5 mM SA or 10 puM MJ were better
able to withstand the stress of chilling comparétth wther treatments. The results agree with
those of Purvis (1981) where proline levels intiinel of grapefruit were found to be higher in

fruit which were more resistance to chilling injutyring cold storage.

During the 2009 harvest season, high proline ewadre observed in fruit treated with
10 uM of MJ, followed by fruited treated with 2 m&A. The level of proline accumulation in
the rind of fruit treated with MJ and SA decreasgith the level of concentration. Fruit treated
with 10 uM MJ & 2 mM SA had higher levels of pradim the rind than when treated with 1
MM MJ & 0.2 mM SA. Moreover, fruit treated with OiM MJ & 0.02 mM SA had high
levels of proline in the rind compared with untehfruit. Proline levels increased with cold
storage time in treated fruit, suggesting thatrisiy of cold stress increased with cold storage
time. In addition, extending cold storage time 8days resulted in increased proline levels in
fruit; this was an indication that fruit were exiggicing more stress during that time Purvis
(1981). After 28 days of cold storage, proline Isva fruit were slowly decreasing, indicating
the compensatory ability of fruit to withstand catfess was now over-exceeded. Probably,

this is when symptoms of chilling injury may be egped to develop due to a drop in cold
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stress defense mechanisms such as proline metabdiltss could also have resulted in the
loss of membrane integrity, instability of proteiasd the accumulation of ROS (Hare and
Cress, 1997; Matysiét al., 2002; Misra and Saxena, 2009).

Lemons are non-climacteric fruit characterizeddw ethylene production and lacking
an auto-catalytic rise in ethylene production (Fefjial., 2007). Fruit ethylene production on
untreated fruit was below the limits of detectidrilee gas chromatagraph. Treatments did not
appear to affect the production of ethylene duang after cold storage. However, this does
not mean that fruit did not produce ethylene durodd storage. It is possible that a more
sensitive sampling method and analysis would redifrences in ethylene production.
Some studies have reported that even small amodietihylene produced by fruit could play
a role in protecting fruit against tissue damagesed by stress (Cajuste and Lafuente, 2007).
While other studies found that the burst in ethglgmoduction in citrus during postharvest
storage was often a sign of cellular membrane damayich was usually followed by the
development of chilling injury symptoms (Zhetal., 2001).

Field (1990) reported that there was no commownaason between chilling injury
and ethylene production during postharvest of friiits possible that the role of ethylene in
chilling injury might be commodity dependent. Acdimg to Paull and Armstrong (1994),
and Pérez-Tellet al. (2009), for some commodities, ethylene producisostimulated during
chilling injury; on the other hand, for other comaitees ethylene production does not occur
until chilled fruit are transferred to room tempera. It is therefore important to establish
whether ethylene production in fruit promotes pbiajgical changes associated with chilling
injury, or if it is involved in mitigating cell mebrane damage, or if it is of no significance
whatsoever (Field, 1990). This study revealed #thylene production may not be a good
indicator of chilling injury in lemons, despite extded cold storage time, due to the limited
production in lemons and the difficulties in me&suaent. This is similar to earlier reports on
chilling injury in mamey sapote fruit stored at 2 10°C (Pérez-Tellet al., 2009) whereby
ethylene production was also not a good indicat@haling injury.

In conclusion, the study confirmed that exposingdas to cold storage could lead to
physiological dysfunction as a primary event ofllefg injury. Some of the symptoms

developed by the fruit during the extended coldagje were excess mass loss and chilling
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enhanced respiration rate. However, ethylene ptamuavas not associated with chilling
injury symptoms. Excessive fruit mass loss during 2009 harvest season when compared
with the 2008 harvest season was associated witlehdling injury tolerance. Fruit harvested
during the 2008 season, were tolerance to chilhingy while fruit harvested during the 2009
harvest season were susceptible to chilling injlityis could be associated with cultivation
practises and other physiological and biochemaetiors involved during chilling stress of the
fruit.

The cell membrane electrolyte leakage of the tnanvested during the 2009 harvest
season increased with cold storage time in unueftet. This was an indication that fruit
harvested during the 2009 harvest season weresatteduring cold storage. However,
postharvest treatment with 10 pM MJ & 2 mM SA sigaintly (P<0.05) reduced cell
membrane electrolyte leakage of the fruit duriniglgorage as an indicator of chilling stress.
Electrolyte leakage was probably not associateth wftilling symptoms in fruit harvested
during the 2008 season. The effective reductiofrwf mass loss using MJ and / or SA was
probably associated with stomatal closure indugethb treatments (Gonzélez-Aguiletral.
2001).

Postharvest treatment with (10 uM MJ & 2 mM SA)ngiigantly (P<0.05) induced
proline accumulation in the rind during cold strdssuit with high levels of proline were able
to withstand chilling stress. Proline accumulatiorthe rind of fruit may have helped fruit to
withstand cold stress by controlling the productadrROS (Saradhét al., 1995), acting as
stabiliser of protein in membranes (Rudolph al., 1986), and a source of reduction
equivalents (Hare and Cress, 1997) during recoaéigr chilling. MJ and SA appeared to
enhance the effect, hence decreasing chilling damggrther studies should be done to
evaluate the effect of SA or MJ on the productibROS during cold storage of lemons.
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Figures

(A) After storage (B) After shelflife (7 days at room temperature)
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Figure 4.1: Mass loss (%) of fruit treated withdrG60 uM methyl jasmonate (MJ) or 2 or 2.5 mM sdiecacid (SA) and stored at
-0.5°C. Fruit were removed after 7, 14, 21, 28 ®drddys of storage and transferred to room temperdtu 7 days (2008
season). LSy 5= 0.4583.
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After shelf life ( 7 days at room temperature)
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Figure 4.2: Mass loss (%) of fruit treated with @0l MJ, 2 mM SA, 10 uM MJ & 2 mM SA,
1 uM MJ and 0.2 mM SA, or 0.1 pM MJ & 0.02 mM SAfdre storage at -0.5°C for
7, 14, 21, 28 or 42 days at cold storage and tears) to the room temperature for 7
days (2009 season). LS¢»s)= 0.4933.
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(A) After cold storage (B) After shelflife (7 days room temperature)
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Figure 4.3: Respiration rate (mlkdn") of fruit treated with 10 or 50 uM MJ or 2 or 218M SA and stored at -0.5°C. Fruit were
measured directly after removal from 7, 14, 21, @842 days of cold storage and after storage @nrtemperature for 7
days (2008 season). LSg»s)= 4.919.
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(A) After cold storage
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(B) After shelflife (7 days at room temperature)
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Figure 4.4: Respiration rate (mlkdi®) of lemon fruit treated with 10 pM MJ, 2 mM SA) 1
UM MJ & 2 mM SA, 1 pM MJ & 0.2 mM SA, or 0.1 uM M& 0.02 mM SA. Fruit
were measured directly after removal from 7, 14,28, or 42 days of cold storage or
before transfer to room temperature for 7 days $X¥ason). LS 05=3.259.
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Methyl jasmonate Salicylic acid
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Figure 4.5: Electrolyte leakage % of rind of lenfaut treated with 10, 50 uM MJ or 2, 2.5 mM SA astored at -0.5°C for 0, 7,
14, 21, 28, 35 or 42 days before transfer to reemmperature for 7 days (2008 season). LSD (0.052%46
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Electrolyte leakage
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Figure 4.6:Percentage electrolyte leakage for fradted with 10 uM MJ, 2 mM SA, 10 pM MJ & 2 mM SAUM MJ & 0.2 mM
SA, or 0.1 uM MJ & 0.02 mM SA before stored at *@Sor 0, 7, 14, 21, 28, 35 or 42 days. Fruit weubsequently
transferred to room temperature for 7 days (2068@®). LSQp.05= 8.47.
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Methyl jasmonate
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Figure 4.7: Effect of different concentrations o Y10 and 50 uM) or SA (2 and 2.5 mM) on prolinewgculation in fruit during

cold storage (-0.5°C) for 0, 7, 14, 21, 28, 354Pmays and at the end of 7 days shelf life pef20®8 season). LSD (0.05)
=0.01195.
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Figure 4.8: Proline accumulation in fruit treatedhwi0 pM MJ, 2 mM SA, 10 pM MJ & 2 mM SA, 1 pM MJ 0.2 mM SA, or
0.1 pM MJ & 0.02 mM SA before being stored at -@.5dr 0, 7, 14, 21, 28, 35, or 42 days. Fruit weubsequently
transferred to room temperature for 7 days (2068@®). LSQo.05= 0.02179.
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CHAPTER 5

EFFECT OF METHYL JASMONATE AND SALICYLIC ACID POSTH ARVEST TREATMENT ON
MECHANISMS AND ACTIVITIES OF ANTIOXIDANTS IN LEMON  FRUIT RIND DURING COLD
STORAGE

By X.I. SIBOZA*, J.P. BOWER and |. BERTLING
Horticultural Science, School of Agricultural Scoexs and Agribusiness, University of KwaZulu-NatBkivate Bag XO01,

Scottsville, 3209, Pietermaritzburg, South Africa

(Chapter formatted to be submitted to the JourhBlasticultural Science and Biotechnology)

SUMARY

Lemon fruit are chilling sensitive and develop khg injury during cold quarantine treatment. Theitf may contain
antioxidants which may either enhance chilling atee or induce defensive responses to protedtffarin damages caused by
chilling injury. Carbohydrate levels in the rind yniacrease chilling tolerance in the fruit duringagantine treatment. With the aim
of inducing antioxidant activities and carbohydrigteels, fruit were treated with different conceitons of methyl jasmonate (10,
50 uM) or salicylic acid (2 or 2.5 mM) during theaB harvest season. Fruit were also treated withM0nethyl jasmonate (MJ),
2 mM salicylic acid (SA), 10 uM MJ & 2 mM SA, 1 uMJ & 0.2 mM SA, or 0.1 puM MJ & 0.02 mM SA duringetl2009 harvest
season. Following treatment, fruit were waxed atodesl at -0.5°C for up to 42 days plus 7 days atrdemperature (25°C).
Measurements of total antioxidant scavenging cépaascorbic acid, total phenolics and carbohydrdseicrose, glucose and
fructose) in the rind were taken at seven-day vatisr The total antioxidant scavenging capacittha rind was higher during the
2008 harvest season than during the 2009 harvasbiseThis led to the suggestion that fruit haeesturing the 2008 harvest
season were probably chilling tolerant due to haglioxidant activities. High levels of antioxidantsay have induced defence
mechanisms to protect fruit against chilling strésiglh levels of total antioxidant scavenging cagpam the rind of fruit were
observed at 14 days. This showed that fruit weobatnly stressed at 14 days. Treatment with MJ atMQr SA at 2 mM or 10
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MM MJ & 2 mM SA was effective in inducing antioxittasuch as ascorbic acid and total phenolic comg®uvhich could have
enhanced chilling tolerance or at least protecteid from chilling damage. Furthermore, treatmenthwiJ at 10 uM or SA at 2
mM or 10 pM MJ & 2 mM SA was also effective in ieasing rind sucrose, fructose and glucose cond¢emsa This could have
enhanced chilling tolerance by increasing the pbslugar that can act as osmoprotectants or pnogeictit from chilling damage.
Therefore, this study suggests that 10 pM MJ oN2BA or 10 uM MJ & 2 mM SA may be used to increak#ling tolerance of
lemons during phytosanitory treatment. It is sugggbshat 10 uM MJ or 2 mM SA or a combination of i MJ & 2 mM SA

may be used to increase chilling tolerance of lesrauring quarantine cold treatment.

*Author for correspondence

L emons are subjected to an obligatory quarantiregnrent in order to comply with export regulations €ertain countries
(Aunget al., 1998). Lemons need to be exposed to temperatotdsgher than -0.6°C for 25-32 continuous dapemvbeing
exported from South Africa to countries like theitdd States of America (Van Wyt al., 2009). However, this treatment results
in chilling injury leading to a down-grading of ftuquality (Caoet al., 2009). Chilling injury can be a consequence xatlative
stress (an early response to chilling injury) owiagver-production of ROS (Imahaai al., 2008; Cacaet al. 2009). According to
Scandalios (1993) and Cab al. (2009), ROS are highly active and can damage memeblipids, proteins and nucleic acids,
leading to disruption of cellular homeostasis. Nthadess, plants have evolved efficient antioxiddetence mechanisms that
prevent the accumulation of ROS and repair oxigati@mage (Imahost al., 2008; Wanget al., 2009). According to Shetty (2004)
and Sarkaret al. (2009), antioxidants could either directly entehow temperature tolerance or induce defence mgstiat
prevent chilling injury. In addition, chilling totant crops have higher antioxidant activities teasceptible crops (Sala, 1998; Cao
et al., 2009).

Phenolic compounds are naturally occurring antiasid in plants. They are thought to play physiaabiroles in
maintaining cellular viability and scavenging ofdi@als (Gonzalez-Aguilaet al., 2004; Ali et al., 2007). The antioxidant
compounds include flavonoids, hydroxycinnamatereséed tannins. They are considered as powerfubxadénts (Grace and

Logan, 2000; Blokhinat al., 2003) due to their ability to decrease fluiditiy membranes, resulting in changes that hinder the

75



diffusion of free radicals thus restricting percdiste reactions (Arorat al., 2000; Blokhinaet al., 2003). In lemons, phenolics are
primarily found in the flavedo and are thought taypa significant role in conferring chilling tokamce to fruit (Swet al., 2008).
However, despite the possible role of phenolic commals in plant cold stress tolerance, they haveived scant attention
(Pennycooket al., 2005).

Ascorbic acid is an effective antioxidant foundhigh concentrations in lemon tissue, where it playdefence role in
response to cold stress or by removing ROS (Om-anghSiriphanich, 2005; Caa al., 2009; Proiettet al., 2009). It provides
membrane protection by detoxifying ROS (Blokhatal., 2003; Rapisardet al., 2008). Cold storage of fruit may affect ascorbic
acid levels in some horticultural crops. Tatsaral. (2006) found that, for certain commodities, astodeid level decreased with
cold storage time. Decreased levels of ascorbit dige to cold storage time were observed in cucwndatsumiet al., 2006).
This was associated with chilling injury (Yamauch§75; Tatsumiet al., 2006). It has been suggested that recovery timm
chilling injury indicates antioxidant protectionom phenolic compounds and ascorbic acid (Chridtial., 1994; Sarkaet al.,
2009).

Previous studies indicate that an increase in tgdrate concentration in cold stored fruit could dmsociated with
tolerance to chilling injury in such treated fr(ltevitt, 1980; Lafuenteet al., 2005; Pérez-Tell@t al., 2009). Furthermore,
carbohydrates are involved in chilling stress &hee through cellular membrane protection fromliolilstress (Leprincet al.,
1992; Ingram and Bartels, 1996; Auetal., 1998). In lemons, carbohydrates are abundathieimind (Sinclair and Crandell, 1949;
Bean, 1960) and have been suggested to be invalveald stress responses (Ingram and Bartels, 1896 et al., 1998). The
accumulation of carbohydrates in lemons during cstiorage could induce antioxidant defence mechaniesmmodify the
expression of genes involved in resisting chillimgiry (Levitt, 1980; Purvis and Grierson, 1982;lldad et al., 2002; Couéet al.,
2006).

76



Many studies have revealed that some posthanesients, such as MJ and SA, which induce chitlihgrance, had an
ability to enhance antioxidant activities (Sala989Zhenget al., 2008; Caocet al 2009). Methyl jasmonate (MJ) significantly
reduced chilling injury in a variety of fruit typesuch as sweet pepper (Fuetgal., 2004) and guava (Gonzalez-Aguikiral.,
2004). Salicylic acid (SA) has similarly been apglito significantly reduce chilling injury in pomegates (Sayyast al., 2009).
Therefore, the aim of this study was to determhme éffect of MJ and / or SA on inducing antioxiddefence mechanisms or
systems associated with chilling injury in coldrstblemons. Also, to investigate the effect of pastest treatment with MJ and /

or SA on inducing carbohydrate content in lemotit fruorder to increase chilling tolerance at csidrage.

MATERIALS AND METHODS

Plant materials and postharvest treatments
Eureka lemons were obtained during the 2008 an® 2@bvest seasons from two different farms neateRmaritzburg,

South Africa. During the 2008 harvest season, fugite harvested from the Ukulinga Research Farm4R9S 30° 24' E, 806 m
elevation). The location is characterized by a ma@awual rainfall and temperature of 738 mm and 1&Ypectively, with a light to
moderate frost in winter. Fruit were washed witlo®@gill® (Hygrotech Pty Ltd.), air-dried for 5 mites and randomly divided
into treatments. For each postharvest treatmarit,\itere either dipped into 10 or 50 uM MJ (Dradiyal., 1999) or 2 or 2.5 mM
SA solutions for 30 sec (Xu and Tian, 2008). A cohbr no dip treatment was also applied. Thredigages of 15 fruits per
treatment were used with 5 fruit being sampleddealuation. During the 2009 harvest season, fra@itewobtained from Ithala
commercial farm (29° 52' S 30° 16' E, approximai#Q m above sea level). Fruit were randomly didioi¢o treatments and were
either dipped into 10 uM MJ; 2 mM SA; 10 pM MJ &M SA; 1 pM MJ & 0.2 mM SA; or 0.1 pM MJ & 0.02 mBIA solutions
for 30 sec. A control or no dip treatment was @dopted. Three replicates of 15 fruits per treatmeme used. After dipping, fruit
were waxed with Citrashine (Citrashine Pty Ltd, amiesburg, South Africa) and stored at -0.5°C fof, @4, 21, 28, 35 and 42

days before being transferred to room tempera25eQ) for a 7 day storage period.
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Measurement of total antioxidant capacity

Total antioxidant capacity in the rind of fruit waketermined using ABTS (2,2 -azino-bis-3-ethylbéh@azoline-6-
sulphonic acid) assay according to Teséagl. (2010). Flavedo freeze-dried tissue (0.2 g) wasechwith 5 ml of 1N perchloric
acid and centrifuged (Sorvall RC-5C Plus, Newto@il, USA) at 12, 402 x g for 10 min afG ABTS assay was prepared by
reacting ABTS stock solution (7 mM concentrationfim2.45 mM potassium persulfate as proposed bgtlRe (1999) The mixed
solution was stored in the dark at room temperdiurd?2 h; the radical cation solution was diluteith ethanol to an absorbance
of 0.7 at 734 nm. After dilution, 1.0 ml of freshepared ABTS radical cation was placed into a devand the absorbance at 734
nm read after 1 min, after which 10 pL of sampl&ation was added to 1.0 ml of ABTS radical catibhe mixed solution was
incubated for 6 min in a Spectrophotometer at 7#3 Antioxidant activity measured as the percentagiition of absorbance at
734 nm was calculated and plotted as a functiaon€entration of antioxidants.

Determination of total phenolics content

Total phenolics in the rind of lemon were deterrdinsing the method of Pérez-Conesal. (2009). A 0.1 g sample of
freeze-dried flavedo tissue was mixed with 1 mlloM HCL, vortexed for 1 min and incubated at 37% 80 min. After
incubation, 1 ml NaOH (2 M in 75 % methanol) sadatwas used for alkaline hydrolysis and the resglthixture vortexed for 1
min and incubated at 37°C for 30 min. The samplesgewortexed before mixing with 1.0 ml of 0.75 Mtaghosphoric acid and
centrifuged at 5, 000 rpm (2,510) for 10 min. Tlpernatants were removed, transferred into a 10atimetric flask and the
pellets re-suspended in 1.0 ml of acetone: watdr, (dv), vortexed for 1 min and centrifuged at0®0 rpm (2,510) for 10 min.
Both extracts were combined and made up to 10 mhi agetone: water (1.1, v/v). Total phenolics waeasured using the Folin-
Ciocalteu reagent. Briefly, 5 ml of nanopure wateml of sample and 1 ml of Folin-Ciocalteu reageste added to a 25 ml
volumeric flask and allowed to stand for 5-8 minr@m temperature. Therefore, 10 ml of a 7% sodbanbonate solution was
added, followed by the addition of 8 ml of nanopwiger placed to volume. The solution was vortetkedoughly and allowed to
stand at room temperature for 2 h before filtefeugh a Whatman® 0.45 pum poly filter prior to tthetermination of total
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phenolics at 750 nm absorbance using a Beckman@sectrophotometer. Gallic acid monohydrate veasl @s the standard to

prepare the calibration curve. The results wereesged as milligrams of gallic acid equivalents E}fer g DM of lemon peel.

Determination of Ascorbic acid
Ascorbic acid concentrations in the rind were dateed using the method previously described by Béhah (2006). One

gram (DW) of the rind samples was mixed with 5 nf3800M metaphosphoric acid, vigorously shaken amdrifeged at 2988 x g
and the supernatant transferred into a volumelagkf This procedure was repeated twice and theretife combined extracts
made up to 20 ml using 0.56 M meta-phosphoric aSighsequently, 200 puL of the extract was mixed \8@® pL 0.3 M
trichloroacetic acid and centrifuged at 17212 %0 min. Subsamples of the supernatant (300 jguatks) were mixed with 100
pL 2,4-dinitrophenylhydrazine reagent (0.013 M th% perchloric acid), and heated to 60°C for 1 ¢h subsequently cooled in an
ice bath for 5 min. Thereafter, 4pQ. 15.75 M sulphuric acid was added to the samptethe absorbance read at 520 nm after 20
min. The ascorbic acid concentration was calculagedomparison to the values obtained with an ledsic acid standard curve.
Results were expressed as mg/g DW.

Determination of sugar concentrations

Soluble sugars were extracted from freeze-driedetla tissue according to Tesfay al. (2010). Freeze-dried flavedo
samples (0.1 g each) were mixed with 10 ml of 8Qv#¢) ethanol and homogenized for 60 seconds. fatlg this, the mixture
was incubated for an hour in an 80°C water batlerddfter, the mixture was kept at 4°C overnight Tdilowing day the mixture
was centrifuged at 12,000 x g for 15 min at 4°Ce Bhpernatant was filtered through glass wool leef@ing allowed to dry in a
Savant Vacuum Concentrator (Speed Vac; Savant,084). Ultrapure water (2 ml) was used to re-suspireddried samples.
Thereatfter, the re-suspended samples were refoget before being filtered through a 0.45 um nyitter and analysed using an

isocratic High-Performance Liquid Chromatographgtesn (LC-20AT, Shimadzu Corporation, Kyoto, Japaqliipped with a
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refractive index detector (RID-10A, Shimadzu Cosgtmm, Kyoto, Japan) and a Rezex RCM-Monosacchaaiienn (300 mm x

7.8 mm) (8 micron pore size; Phenomenex®, TorraGég,USA).

Satistical analysis

The experimental design was a completely randomidedk design. All data were subjected to analysfisvariance
(ANOVA) using GenStat® Version 11 statistical pag&a(VSN International Ltd, Hemel Hempstead, UK)asfe significant
difference (LSD) was used to evaluate the diffeesreamong treatment means whex8.B5 were considered as significant.

RESULTS
Changesin total antioxidant capacity induced by methyl jasmonate and / or salicylic acid in cold stored lemons

During the 2008 harvest season, total antioxidaavenging capacity of the fruit was significantB<(.05) affected by
cold storage time (Figure 5.1). There was a sigaifi (<0.05) interaction between cold storage time andtitnents. Results
showed that fruit were highly stressed at 0 day®.3ftC with an average total antioxidant scavengiagacity of 71.28%. Total
antioxidant scavenging capacity of the fruit destirto 57.09% (average) at 7 days. Even so, extgrudill storage time caused a
slow decline of total antioxidants scavenging c#@ypache total antioxidant capacity of untreateditfrdeclined to 32.07%
(average) at 42 days. Treatment with MJ was effean reducing total antioxidants scavenging cagaati 7-14 days. Similarly,
treatment with SA was effective in reducing totatiexidants scavenging capacity at 14 days. Howetere were no clear

statistical differences between treatments witpeesto total antioxidants scavenging capacity.

During the 2009 harvest season, total antioxidapacity of the fruit was significantly {B.05) affected by treatment and
cold storage time (Figure 5.2). Exposing lemonwotemperature (-0.5°C) caused an increase it aottgoxidant capacity of the
fruit. After 7 days total antioxidant capacity ieased from 0.45% to 0.55% (average). This remagcwetstant for 21 days.
Thereafter a rapid decline was noted. The totabaidant capacity was 0.33% (average) after 28 dayd decreased to 0.30%
(average) after 42 days at cold storage. Howewstharvest treatment with MJ and SA significanBy{.05) induced and delayed
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the degradation of total antioxidant capacity iméss during cold storage (Figure 5.2). Results wmwever, inconsistence.
Untreated fruit (control) had low levels of rindtdab antioxidant capacity, which appeared to inceeastil 21 days of storage,

thereafter declining rapidly. The treatments, hosveappeared to remain enhanced levels for longer.

Effect of methyl jasmonate and / or salicylic acid on phenolic metabolism of lemons at cold storage
During the 2008 harvest season, total phenolicandfeated fruit varied over time with increasedrdases. However,

treatment with MJ significantly @9.05) enhanced the total phenolics of the fruiisTwas noted at 21 days storage. Treatment
with SA appeared more effective in increasing tptatnolics than MJ, as the increasing effect weseernsustained. Fruit treated
with a moderate concentration of SA (2 mM) had bigtotal phenolics than fruit treated with highencentrations (2.5 mM). In
addition, total phenolics of fruit treated with 2WWSA increased and reached a peak at 7 days. d@timan 2009 harvest season
total phenolic content in the rind was significgnP<0.05) affected by treatments, cold storage timethrdnteraction between
the two factors (Figure 5.4). Rind total phenolcsitent decreased with cold storage time in urdgcefuit. Untreated fruit also
had lower levels of rind total phenolics comparathwiJ and SA treated fruit, where phenolics compisiappeared to have been

induced significantly (R0.05). At 42 days of storage little different beemghe MJ and SA treatment was evident.

Effect of methyl jasmonate and / or salicylic acid on ascorbic acid content in lemons stored at cold storage
In the 2008 season, ascorbic acid tended to dedlinag storage with low levels rated after 28 da&ygerall, both MJ and

SA significantly enhanced and maintained higheelewn the rind, although there was some variatwith concentration (Figure
5.5). In the 2009 season, control fruit showed lolseels of ascorbic acid which declined furthethnstorage. Both MJ and SA
enhanced and maintained higher levels. Again, thexenone consistent variation with compound amgtentration (Figure 5.6).
A sharp decrease in ascorbic acid content wasaddserved at 14 days of storage but increase thereattil 42 days. Treatment
with the combination of 0.1 uM of MJ and 0.02 mM3A had an effect in delaying the decline of asiwoalsid in the rind, with a

total production of ascorbic acid of 0.20 mg/g DNeapostharvest storage. Similarly, fruit treateith (1uM of MJ and 0.2 mM

of SA) had a total production of ascorbic acid df3mg/g DM after postharvest storage. Treatmetit &d M of MJ increased
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ascorbic acid with a total production of 0.10 m@Wl after postharvest storage whereas treatment @vithM of SA induced
ascorbic acid with a total ascorbic acid productidé®.06 mg/g DM after postharvest. Treatment vlithuM of MJ and 2 mM of
SA significantly induced ascorbic acid in the riafithe fruit during cold storage with a total admorof 0.06 mg/g DM after
postharvest. Results showed that untreated frdildwaer levels of ascorbic in the rind of the frditring cold storage compared to

methyl jasmonate and salicylic acid treated fidittreated fruit had a total ascorbic acid of 0.G§/grDM after postharvest.

Changes in carbohydrates induced by methyl jasmonate and / or salicylic acid in cold stored lemons during the 2008 harvest
season

For the 2008 harvest season, major carbohydratestdd in the rind of cold stored lemons were sserglucose and
fructose. The amount of sucrose detected in thie afrfruit was lower than the glucose and fructosetent. Sucrose levels were
significantly (<0.05) affected by treatment, cold storage time tledinteraction of these two factors (Figure 5Si)crose level
increased and reached a peak at 14 days (FigureThig was probably in response to cold stressti@rother hand, the sucrose
level of untreated fruit continued to increase egached a peak at 28 days. A gradual decline irosedevel in treated fruit was
observed between 14 to 28 days. Extending colégotime caused sucrose level to decline in urttlefatit. However, treating
fruit with MJ (10 or 50 pM) or SA (2.5 mM) gradugalincreased the sucrose level during extended stoichge while treatment
with 2 mM SA decreased the rate of depletion ofese level in the rind. Therefore, treatment witl B 10 pM significantly

increased and prolonged sucrose level during ¢olage of lemons.

Glucose levels were higher than fructose and sacidse rind glucose concentration was significa(f®y0.05) affected by
treatments (Figure 5.7). Salicylic acid was effeztin increasing the glucose level compared wittraated (control) fruit. Rind
glucose levels were not significantly affected (&) by cold storage time and the interaction betwieeatments and cold storage
time. Fructose levels were significantly<@R05) affected by cold storage time (Figure 5. Kpdsing lemons to —0.5°C for 14 days
caused a slight decrease in fructose in the rindudf Treatment with SA caused fruit to lose flege at 14 days compared with

treatment with MJ. Extending cold storage time ltesuin an increase in fructose in the rind. Freettevel increased and reached
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a peak at 28 days. This was followed by a depletiofiuctose that was observed in control fruitnfr@8-42 days. Fruit treated
with either MJ or SA, were able to delay this effdeven so, there was no significant differenceQ(B5) between treatment and

the interaction between cold storage time andrireat.

Changes in carbohydrates induced by methyl jasmonate and / or salicylic acid in cold stored lemons during the 2009 harvest
season

During the 2009 harvest season, the main carbotegidetected in the rind were sucrose, glucosdraatbse (Figure 5.8).
Carbohydrate content (sucrose, glucose and fructeas significantly (R0.05) affected by treatment, cold storage time thed
interaction between these two factors. Fructosel légtected in the rind was generally higher tlnat of glucose and sucrose. The
increase in fructose level in the rind of fruit mlag in response to cold stress. Cold storage (0).8fme significantly affected
(P<0.05) carbohydrate content in the rind. Depletiorcarbohydrate content was observed when coldgadime was extended
from 14 to 42 days (Figure 5.8). Generally, the amiccarbohydrate content in the rind was signififa(P<0.05) induced by

postharvest treatment with either MJ and / or SA.

High levels of rind carbohydrate content were obserin fruit treated with 10 uM MJ followed by ftureated with 1 uM
MJ & 0.2 mM SA (Figure 5.8). Treatment with 2 mM 3vas the third most effective treatment in induatagoohydrate content in
the rind followed by .0.1 pyM MJ & 0.02 mM SA treatnt. Fruit treated with 10 pM MJ & 2 mM SA had hegHevels of
carbohydrate content in the rind compared with eated fruit (Figure 5.7). Therefore, carbohydrasatent in the rind of fruit
treated with either MJ and / or SA was higher ttiaat of untreated fruit (control). For fruit tredtevith 10 uM MJ & 2 mM SA,
sucrose content gradually increased in responsetémded cold storage time. However, a decreaseciose level was observed at
42 days (Figure 5.8). The glucose level in frieted with 10 uM MJ & 2 mM SA gradually increaseithvextended cold storage
time, reaching a peak at 28 days (Figure 5.8).ovslecrease in glucose level was observed frono 32 tdays. Fructose was very
high in the rind of fruit treated with 2 mM SA o0 UM MJ (Figure 5.8). However, treatments werefewive in sustaining the

initial fructose level resulting in fructose levagcreasing dramatically after 28 days (Figure 5.8).
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DISCUSSION
Exposing lemons to chilling temperature (-0.5°C)ymmasult in chilling stress, thus inducing ROS i{@ianich, 2002).

These ROS can attack cell membranes, resultingith peroxidation, degradation of proteins and otmlecules in the cells
(Pennycookeet al., 2005). Such damage could lead to the breakddwnembranes, finally leading to the appearancehdfirgy
injury symptoms (Shewfelt and del Rosario, 2000ip&anich, 2002). Nevertheless, fruit have antiexitd which accumulate to
mediate chilling stress by controlling the prodantof ROS or by acting as defence mechanisms (&fteavfd del Rosario, 2000;
Siriphanich, 2002; Pennycooletal., 2005). If the ability of the fruit to respondnche enhanced or the response maintained for
longer, the potential for chilling injury will beedreasedTherefore, in this study the effect of MJ or SAimdlucing antioxidant

defence systems during the cold storage of lemanme imvestigated.

The total antioxidant scavenging capacity in tmel nivas significantly different during the 2008 a&@D9 harvest seasons.
The reasons for differences are probably complex &ind environmental interaction (Shivashankaral., 2004). Fruit harvested
during the 2008 harvest season had higher totahatént scavenging capacity than the 2009 frulte higher total antioxidant
scavenging capacity of the fruit during the 2008vhsat season was probably associated with chitlitgrance. Sala (1998) and
Caoet al. (2009) reported similar findings in that chillinglerant fruit had higher antioxidant activities well as higher total
antioxidant scavenging capacity compared with qugade fruit. The cause of high antioxidant acie® of the fruit during the
2008 harvest season could be a response to enwrgahstress due to soil conditions at UkulingaitHrom Ukulinga probably
have developed a stress resistance mechanism wiaighnvolve an increase in antioxidant activitidsieth may allow the fruit to
withstand and recover from harsh conditions suclbiasc and abiotic stress. Moreover, the diffeeenmic antioxidant capacity

between the two farms could also involve the selaaif planting material.

During the 2008 harvest season, the total antioxidaavenging capacity in the rind of fruit wasndigantly (P<0.05)
affected by cold storage time. The highest levétstal antioxidant scavenging capacity were obsdrat 0 days. However, storing

lemons at -0.5°C reduced the total antioxidant eeging capacity in the fruit at 7 days (Figure 5A)rthermore, an increase in
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total antioxidant scavenging capacity in the rirmswobserved at 14 days of cold storage in untrédatgdThis suggested that this
increase in total antioxidant scavenging capacayg associated with a response to chilling strasis. dould indicate that fruit were
significantly stressed at 14 days and antioxidamhmounds were probably responding by either scangngarmful radicals or
repairing the damage caused by chilling stress.dBuadine in total antioxidant scavenging capachigarved after 14 days may be
associated with depletion of antioxidants. ThidHer suggested that the decline in total antioxidaavenging capacity may have
been due to a strong relationship with ascorbid;aascorbic acid decreased rapidly during coldagferof fruit compared with
other antioxidants such as total phenols. Thismélar to results reported in a previous study cengo fruit, where a reduction in
total antioxidant capacity after 20 days was asdediwith a greater contribution of ascorbic abiant other antioxidants such as
total phenolics (Shivashankasial., 2004). However, there were no significant défeces between treatments with respect to total

antioxidant scavenging capacity in the rind.

During the 2009 harvest season, exposing lemowhiting temperature (-0.5°C) resulted in acceledatotal antioxidant
scavenging capacity from 0-14 days presumablespamse to cold stress. However, the percentagaadfantioxidant scavenging
capacity decreased with extended cold storageftione 21-42 days. Postharvest treatment with MJ SAdsignificantly (F0.05)
induced and delayed the degradation of total amtamt capacity in lemons during cold storage. Ninedess, there were no clear
differences between treatments and concentrati@islaised. Previous studies (Srilaong and TatsR6t3; Kondoet al., 2005)
suggest that as senescence occurs with extendedist@ntioxidant capacity will decline. A simik@ndency was found in this
study where capacity was particularly low (2009ssed. The addition of MJ and SA appeared to hgvestive effect, in that both
compounds initially enhanced and later more suaigsnaintained antioxidant levels than was inreated fruit. This may have
enhanced the ability of fruit to endure long pesiad storage. From the increase in antioxidant @ap@untreated fruit) up to 14
days of storage, it is suggested that this is thgesat which the ability to reduce the chillingess becomes critical. If fruit cannot
maintain the capacity, a decline in antioxidantazdy will be evident with a subsequently highetgmial for damage. Both MJ
and SA may be useful in preventing this decline.
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Ascorbic acid is a potent antioxidant found in highncentrations in lemons and is known for confgrprotection against
oxidative stress (Om-arun and Siriphanich, 200%)rimy the 2008 harvest season, ascorbic acid imitldedecreased with cold
storage time from 0-28 days. The antioxidant ascoalid is known for decreasing with extended csldrage time in other
horticultural crops such as cucumber (Tatsetmal., 2006). The decrease in ascorbic acid levelguit furing cold storage is
associated with chilling injury (Yamauchi, 1975;tJ@miet al., 2006). Again, postharvest treatment with MJ 8#dsignificantly
(P<0.05) induced ascorbic acid in the rind of frueisulting in increased ascorbic acid in the rindcakbic acid levels were higher
in fruit treated with higher concentrations of eittMJ (50 uM) or SA (2.5 mM) than in fruit treatetth medium concentrations 10
UM or 2 mM.

Higher concentrations of MJ or SA were more effectthan moderate concentrations of the two chemiitalinducing
ascorbic acid production. Despite an earlier dedimascorbic acid, a regeneration phase was daxbeifter 28 days in fruit treated
with 10 uM MJ. Treatment with 10 uM MJ prolongee tlevels of ascorbic acid in the rind; this perhpjag/ed a role against
oxidative stress by removing ROS from tissue durexgended cold storage. Fruit are important soum@esntioxidants
(Chanijirakulet al., 2006). These antioxidants include phenolic cammas, which may include beneficial effects by soaweg free
radicals and protect cells against oxidative dan{@ipinet al., 2003; Chanjirakuét al., 2006). Several studies have reported that
phenols may play a role in maintaining cellularbiidy and are involved in chilling tolerance oftreis fruit (Tamagnonet al.,
1998; Sala and Lafuente, 1999; Gonzalez-Agwiai., 2004).

It has been suggested by Levitt (1980); Purvis@ndrson (1982) and Hollard al. (2002) that carbohydrate levels in the
rind of fruit may influence the sensitivity of ftuiissues to low temperature. Therefore, in thiglgtthe effect of MJ or SA in
inducing carbohydrate content during the cold gferaf lemons were investigated. There appears ta tationship between
carbohydrate content and chilling tolerance. Treatmwith either MJ (10 uM MJ) and / or SA (2 mM Sicreased rind
carbohydrates and this probably caused fruit tdwstéind chilling injury during cold storage (Table Holland et al. (1999)
confirmed that carbohydrates are involved in pritigccitrus fruit such as ‘Fortune’ mandarins agaichilling injury, with sucrose
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being the predominant and probably the most impbrtarbohydrate. During the 2008 season, rind glei@nd fructose content
were found to be higher than sucrose level durimid storage. High levels of glucose and fructosé¢hi rind were seemingly
associated with chilling tolerance. This increasglucose and fructose levels may be a defenceanexth to resist chilling stress
as in grapefruit (Purvist al., 1979) and other citrus fruit (Lafuengeal., 2005). The rind sucrose concentrations were rgéye
lower than those of glucose and fructose. This @greement with previous reports that sucrosewed than glucose and fructose
in the rind of other citrus cultivars during chilgj stress (Purvis and Grierson, 1982; Holletinal., 1999).

The low content of sucrose in the rind may havenlthee to the fact that most fruit store energyhm form of sucrose and
this sucrose is transformed to glucose and fructwgeostharvest (Nilpraprucdt al., 2008). The sucrose content increased and
reached a peak at day 14 of cold storage. Theaserm sucrose could be associated with physi@bgésponses to chilling injury
(Pérez-Tellcet al., 2009). Moreover, sucrose was found to be mdez#fe than glucose and fructose in reducing iciglinjury in
tomato seedlings (Hollanet al., 1999). Extending cold storage time from 14 to a8sdresulted in a decline in sucrose content in
untreated fruit. Treatment with MJ (10 or 50 uM)S% (2.5 mM) however showed an increased sucroseerdration in the rind

of fruit during cold storage, while treatment withmM SA only delayed the decline in sucrose dudolgl storage.

During the 2009 harvest season, rind carbohydi@teeat was significantly affected by treatmentdcstiorage time and the
interaction of these two factors. Treatment with (10 M) increased carbohydrate contents to 88.fgntige highest value of all
treatments. Treatment with 2 mM SA was the secoest breatment in inducing carbohydrate contentthénrind. This study
showed that the rind of fruit treated with 10 uM BIJ2 mM SA was stressed during cold storage aadc#nbohydrates content
was probably responding to chilling injury. Thelmalnydrate content in the rind was decreasing wottl storage time in untreated
fruit. Untreated fruit had the lowest level of cahlydrate content in the rind during cold storagentlreated fruit. However,
postharvest treatment with MJ and SA delayed thgradiation of carbohydrate content in the rind dyrold storage. The low
level of carbohydrate content was observed in i@ of fruit treated with a combination of MJ at i1 and SA at 2 mM with
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56.4 mg/g. This led to the suggestion that applytigand SA on fruit at moderate concentrationsy(MMJ & 2 mM SA) may

induce defence mechanisms that indirectly providégation against chilling injury.

The fructose concentration of the rind was gengtaljher than that of glucose and sucrose. Higkl$ewf fructose were
observed in the rind of fruit treated with eith€ 1M MJ, 1 puM MJ & 0.2 mM SA, 2 mM SA or 0.1 puM MJ0.02 mM SA. A
similar increase in fructose was reported by Puetzial. (1979) in grapefruit under chilling stress. Therease in rind fructose
could be a defence mechanism to resist chillingsstr All treatments in our study were, howeverfféotive in maintaining

fructose levels after 28 days. Cold storage indg#hat fruit were unable to withstand cold storegeeeding 28 days.

This study suggests that storing lemons at -0.5@dcresult in chilling injury which was shown tocrease with storage
time (chapter 3). This was confirmed by the amaidrsucrose which increased with cold storage timegponse to chilling injury
in the rind of fruit treated with 10 pM MJ & 2 mMASIn addition, the glucose level in the rind afiifrtreated with 10 puM MJ & 2
mM SA gradually increased with cold storage timélunhreached a peak at 28 days. However, a deer@asucrose and glucose
levels observed at 42 days showed that the abilitiie fruit to withstand chilling stress had bexeeeded. Thus, the study agreed
with other previous studies reporting that increlaséerance to chilling injury was strongly assoethwith increased carbohydrate
content (Pérez-Tellet al., 2009; Lafuentet al., 2005).

In conclusion, citrus flavedo contains various coonpds, amongst which are phenolics and ascorb@ which act as
antioxidants or free radical scavengers. Thesdileely to be important in protecting cells agairtise stress of prolonged low
temperature storage. The levels may be affectetthdyength of the low temperature storage time el & pre-harvest factors,
many which are unknown. The postharvest treatmehtdJ and SA show promise in that there is evideotenhanced and
prolonged concentrations of important antioxidasgecially where antioxidant levels are low, sulpl@nolics and ascorbic acid.
The low levels of carbohydrates in the rind of ffile@rvested during the 2009 harvest season (lthai) indicate that fruit were
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probably susceptible to chilling injury than friiarvested during the 2008 harvest season (Ukuliaigm), which had generally

higher rind carbohydrate levels.

Postharvest treatment with MJ or SA induced carbodte levels in the rind. Carbohydrate contenteased and was
shown to be linked to chilling tolerance (Table Carbohydrates, collectively, may comprise fruifetiee mechanisms against
chilling injury during extended cold storage. Thisidy suggested that applying MJ and /or SA ort Aftimoderate concentration
(20 pM MJ, 2 mM SA or 10 uM MJ & 2 mM SA) may indudefence mechanisms such as carbohydrates imththat indirectly
provide protection against chilling injury. Theregpapplying postharvest treatments of 10 uM M2 otM SA or 10 pM MJ & 2
mM SA may be used to mitigate chilling injury indens during quarantine treatment. However, the noddgection and optional

concentrations are not as yet clear and it is sigdedhat further work be conducted.
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Figure 5.1:Total antioxidant capacity of fruit ttead with (10 or 50 uM MJ) or (2 or 2.5 mM SA) artdred at -0.5°C for 42 days
before being transferred to room temperature fdays (2008 season). LSdds= 6.372.
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Figure 5.7: Changes in carbohydrates (mg/g DWhertnd of fruit treated with different concentoats of MJ (10 or 50 uM) or
SA (2 or 2.5 mM) and stored at -0.5°C for 42 dagfolke being transferred to room temperature foaysq2008 season).

LSD (0.05)= 1.861.
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TABLE 1: Fruit with CI (%) after were treated wiMJ and / or SA, and stored at -0.5°C for
0, 7, 14, 21, 28, 35, or 42 days, before beingsfeaned to room temperature for 7

days.
Fruit with Chilling Injury (%)

Treatment Ukulinga farm (2008 seasotihala farm (2009 season)
10 uM MJ & 2 mM SA * 0.076
2 mM SA No visible symptoms 0.133
10 uM MJ No visible symptoms 0.243
1puM MJ & 0.2 mM SA * 0.629
0.1 pM MJ & 0.02 mM SA * 0.905
Control No visible symptoms 0.936
50 uM MJ No visible symptoms *
2.5 mM SA No visible symptoms *
LSD (p=0.05) 0.00 0.1959

Values are means.
*Treatment was not applied.
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CHAPTER 6

GENERAL DISCUSSION AND CONCLUSION

The South African citrus industry is the world seddargest exporter of citrus fruit
exporting fruit to countries in America, Europe ahsia. However, there are still challenges
occurring during fruit exportation that reduce fri@xportation and cause fruit loss at
postharvest. This includes physiological disordsush as chilling injury. Siriphanich (2002)
defined chilling injury as the greatest obstacléht® expansion of trade in horticultural crops
in the world market. Chilling injury affects fruguality and reduces fruit marketability due to
its symptoms. The physiological disorder occurarduguarantine treatment which involves
exposing fruit to chilling temperature (-0.5°C) farcertain period depending on the targeted
market (Lafuenteet al., 2005), thereby complying with quarantine exp@gulations and
controlling pests (Aungt al., 1998).

However, chilling-sensitive citrus cultivars, sues lemons, do not tolerate this
obligatory treatment and often develop chillinguny] (Lafuenteet al., 2005). Therefore, the
aim of this study was to reduce chilling injurylemons during the quarantine treatment. It
was hypothesized that treating lemons with eithethyl jasmonate (MJ) and / or salicylic
acid (SA) could reduce the development of chillimgury symptoms during prolonged
guarantine treatment (42 days), as these compoans been described to strengthen the
resistance of chilling injury. Exposing lemons thilling temperature (-0.5°C) to fulfil
guarantine requirement affected fruit metabolisrd aaused metabolic dysfunction such as
fruit mass loss, abnormal respiration rate, typicalicators of primary events of chilling
injury (Figure 7.1). Metabolic dysfunction of theuit involved an abnormal respiration rate
and an increased accumulation of proline in thd (@hapter 4). These parameters indicate

that fruit were probably stressed during cold gjera

Biolatto et al. (2005) argue that the primary cause of chillinguiy is plant cell
membrane damage manifested as increased ethyl@tkicpion, respiration as well as
accumulation of toxic compounds, such as reactigen species (ROS). Chilling stress was
evidenced by the high amount of ROS produced irritigk of cold exposed fruit which was
evidenced in the intensive damage to cell membraselting in lipid peroxidation (Chapter
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3). However, postharvest treatment with MJ (10 18l / or SA (2 mM) effectively induced
antioxidant defence responses in the rind, measasddtal antioxidant scavenging capacity,
as well as ascorbic acid and total phenolics canagon (Chapter 5). These induced
antioxidants defence responses by the posthamezgtrtent with MJ (10 uM) and / or SA (2
mM) probably caused MJ and SA to effectively sldwe tespiration rate of the fruit, reduce
fruit mass loss, and suppress the accumulationa.Rsuppressing ROS production possibly

resulted in the reduction of membrane lipid perakimh of the rind.

Treatment with MJ (10 pM) and / or SA (2 mM) efigety increased proline level in
the rind during cold storage (Chapter 4). Prolireeswprobably accumulated in the rind as a
cold stress response mechanism, since prolineheaahility to help fruit withstand of cold
stress by scavenging ROS (Saraethal., 1995; Matysiket al., 2002). Moreover, Matysikt
al. (2002) reported that fruit which are not ableptoduce proline when exposed to chilling
stress, have a significantly lower chilling stréskerance than those that produce proline. In
this study, lemons harvested during the 2008 sedsbmot develop visual symptoms of
chilling injury despite the extended cold storageet (42 days). However, the results of this
study reveal that fruit were stressed as estaldighn@n abnormal respiration rate of the fruit,
high rind proline accumulation and rind ROS concadgns (Chapter 3 and 4).

In the fruit used during the 2008 season chillitrgss was presumable not effective to
lead the damages to the secondary event of chilijaugy. The chilling stress was probably in
the primary event stage and damages were reverbilel¢o high rind antioxidant capacity of
the fruit. During the 2008 season, rind glucose findtose content were found to be higher
than sucrose level during cold storage (Chapteftak increase in glucose and fructose levels
may be a defence mechanism to resist chilling staesn grapefruit (Purvit al., 1979). For
the fruit not to develop visual symptoms of chifimjury could be some form of harvesting
(physiological, biochemical or genetical factorshieh must have been present, possibly
cultivation practices. It was suggested by Van Roogynd Bower (2003) that preharvest
conditions, such as crop management, also plalearrdinal fruit quality. On the other hand,
during the 2009 harvest season, fruit location ef@ged and fruit developed chilling injury

symptoms, hence environmental conditions made fnote prone to the development of
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chilling injury (Appendix 2). However, treatmenttiwviMJ and SA significantly reduced visual

symptoms, such as pitting, surface lesion and wstaking in the flavedo.

This study revealed that the effectiveness of Mill/aor SA as chilling injury reducing
compounds depends on their concentration, which iméyce defence mechanisms such as
antioxidants, proline and as well as carbohydratélke rind that indirectly provide protection
against chilling injury. Treatment with 0.1 uM MJ @02 mM SA delayed chilling injury
symptoms by 14 days, on the other hand 1 uM MJ &M SA delayed chilling injury
symptoms by 21 days. Treatment with 2 mM SA wasamgifective than 10 uM MJ in
reducing or delaying chilling injury. Treatment Wwi2 mM SA delayed the symptoms by 35
days; conversely 10 uM MJ delayed the symptoms dy 81 days. Therefore this study
reveal that treatment with 10 uM MJ & 2 mM SA is sheffective in reducing and delaying
chilling injury symptoms by 35 days (Chapter 3).

Postharvest treatinent » Qu m"‘m':)n::;mnn ent
(LOpM MT and/ or 2mM SA) (0.5°C)
G b *Abnormal respiration
» Metabolic dysfunction and ethylene
Alterrind _ production, Primary event
autioxichut_clefence 3 *Increased proline of chilling
mechanisms ROS metabolism njury
(superoxide, H,0,. HO) *Excessive fruit mass (Reversible)
G loss
¥
*Control ROS production, *Oxidative damage
* Protect tissues from ROS *Lipid
produced, peroxidation, membrane
*Delay oxidative damage damage
¥
G Secondary
Membrane breakdown events of
chilling injury
& (Ihreversible)
Delay andreduce chilling o o
injury symptoms Visible chilling injury
symptoms

Figure 6.1: Possible mode of action of methyl jasaie and salicylic acid in decreasing

chilling injury in lemons during the present stu@hewfelt and del Rosario, 2000).
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CONCLUSIONS

The exposure of lemon fruit to chilling temperatyr8.5°C) for 42 days caused
metabolic dysfunction in the fruit indicating theimary event of chilling injury. High
accumulation of proline levels in the fruit’s rimeas probably an indication of chilling stress.
In addition, extending the cold storage time causatito produce more ROS which probably
resulted in lipid peroxidation followed by membrasemage. These damages caused by ROS
possibly could have lead to the development ofalishilling injury symptoms. However, no
visual chilling injury symptoms were detected inifrharvested from Ukulinga farm during
the 2008 season. Treatments with MJ (10, 50 uMyAK(2, 2.5 mM) were found to alter rind
antioxidant compounds and this triggered defenceham@sms possibly to increase chilling
tolerance of the fruit. However, medium concentnagi of either MJ (10 uM) or SA (2 mM)
were more effective in inducing defence compoundashsas ascorbic acid and phenolics as
well as the carbohydrate content and chilling pjresponse products such as proline, unlike
higher concentrations (50 uM or 2.5 mM). It wasréfiere concluded that the antioxidant
compounds induced by MJ (10 uM) or SA (2 mM) wepsgible compounds used by the fruit
as a defence mechanism to prevent chilling injumyrdy an extended cold storage period. On
the other hand, during the 2009 harvest seasoit, didi developed visual chilling injury
symptoms. The symptoms were increasing with caldage time in untreated fruit. However,
this study revealed that MJ (10 uM) or SA (2 mMhdze used to reduce chilling injury
symptoms in lemon fruit. Moreover, treatment wit@ iM MJ & 2 mM SA was more
effective in reducing and delaying chilling injurylemons probably by maintaining defensive
mechanisms or antioxidants compounds such as pbegnascorbic acid, carbohydrate

metabolism and proline.
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FINAL RECOMMENDATIONS

This study suggests that dipping lemons in eithdravid / or SA could become an
alternative treatment to reduce chilling injury gtoms during cold storage quarantine
treatment of lemons. In addition, treatment wdld (10 uM) and /or SA (2 mM) effectively
reduced and delayed chilling injury symptoms infiloé. Moreover, MJ (10 uM) and / or SA
(2 mM) treatment was found to alter rind antioxidleompounds such as phenolics, ascorbic
acid as well as carbohydrate concentration andptiegiously reported chilling response,
proline, which perhaps could have increased chiltolerance in the fruit. This treatment was
also effective in suppressing ROS and delayingl lpgroxidation.

FUTURE DIRECTIONS

This study revealed that MJ and SA have the paktdireduce and delay symptoms
of chilling injury in lemons. This lead to the sggion that both, MJ and SA dips should be
further tested as treatments to enhance cold sam@grance in lemons. Currently, many
studies focus on the alleviation of chilling injusy reducing or delaying symptoms of chilling
injury. Therefore, future studies should focus mame preventing the injury itself or
preventing the primary event of chilling injury. iShcould probably reduce the chances of
secondary events to take place. Perhaps the oncerod secondary events could be reduced
by using postharvest treatments that trigger thpression of genes resulting in an increase in
protective compounds such as the rind antioxidahinolics, ascorbic acid and other
precursors should follow. Once these cascades aftevhave been elucidated, strategies to
increase the production of these protective comgswan be devised to maintain the quality

of cold stored lemon fruit.
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APPENDICES

Appendix 1: Fruit harvested during the 2008 harvest season at Ukulinga farm.

50 pM MJ

Contro

Figure 1: Lemon fruit treated with either MJ (1@ BM) or SA (2, 2.5 mM), stored for 35
days at -0.5°C and transferred to room temperdtureé days
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Appendix 2: Fruit harvested during the 2009 harvest season at Ithala
farm.

%

-

B

1 pMMJ & 0.2 mM SA

s

0.1 pM MJ & 0.02 mM SA ¥ CONTROL

£

Figure 2: Lemon fruit treated with either methy$naonate (MJ) and /or salicylic acid (SA),
stored for 35 days at -0.5°C and transferred towrtemperature for 7 days.
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Appendix 3:Chilling injury symptoms during the 2009 harvest season.

Figure 3.5: Chilling symptoms were first visible escess mass loss (A), surface pitting (B or C)water-soaking (D), which
developed rapidly thereafter in untreated fruitlieg to penicillium development, and collapsedsc€H).

112



Appendix 4: Pending Acta Horticulturae publications

Siboza, X.1., Bower, J.P. and Bertling, I. 2009feef of Methyl Jasmonate and Salicylic Acid on
Chilling Injury of ‘Eureka’ Lemons. Acta Horticultae. All Africa Horticulture Congress.
Nairobi, Kenya.

Siboza, X.1., Bower, J.P. and Bertling, I. 2010teet of Methyl Jasmonate and Salicylic Acid on
Chilling Injury of ‘Eureka’ Lemons. Acta Horticultae. 28' International Horticultural

Congress. Lisboa, Portugal.
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