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Abstract

BACKGROUND: ‘Nules Clementine’ mandarin was used to investigate the potential

involvement of endogenous plant hormones in mediating citrus fruit susceptibility to rind

breakdown disorder (RBD). The effect of light exposure (viz. canopy position and bagging

treatments) on the endogenous concentration of ABA, 7’hydroxy-abscisic acid (7-OH-ABA),

ABA-glucose ester (ABA-GE) and dihydrophaseic acid (DPA), and t-zeatin was tested using

four preharvest treatments: outside, outside bagged, inside and inside bagged. Phytohormones

concentration was evaluated during 9 weeks of postharvest storage at 8 °C. RESULTS: The

shaded fruit inside the canopy had the highest RBD score (0.88) at the end of postharvest

storage, while sun-exposed fruit had the lowest score (0.12). Before storage, ABA

concentration was lowest (462.8 µg kg-1) for inside fruit, and highest in outside bagged fruit

(680.5 µg kg-1). Although ABA concentration suddenly increased from the third week,

reaching a maximum concentration of 580 µg kg-1 at week 6 in fruit from inside position, it

generally reduced 1.6-fold ranging from 240.52 to 480.65 µg kg-1 throughout storage. The

increase of 7-OH-ABA was more prominent in fruit from inside canopy. Overall, the

concentration of ABA-GE increased 3-fold with storage time. DPA concentration of bagged

fruit from inside canopy position was significantly higher compared to outside fruit. The

lower ABA-GE and higher DPA concentration in inside bagged fruit throughout storage also

coincided with higher RBD. CONCLUSION: The strong positive correlations between 7-

OH-ABA, DPA and RBD incidence demonstrated that these ABA catabolites could be used

as biomarkers for fruit susceptibility to the disorder.
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INTRODUCTION

The marketability of fresh citrus fruit is highly dependent on external appearance, and rind

quality is a decisive factor for consumer acceptance.1-3 However, citrus fruit are susceptible

to several rind physiological disorders during postharvest storage at temperatures below 12

°C, reducing rind quality and causing major economic loss to the industry,4-8 which can reach

up to 60% of total production in the worst season.9 These physiological disorders affect the

rind and, in general, do not compromise the edible internal portion of the fruit; they do,

however, decrease postharvest fruit market value of fresh fruit and lead to increased

consumer complaints.8

A postharvest physiological rind disorder of ‘Nules Clementine’ mandarin (Citrus reticulata

Blanco) fruit, commonly referred to as rind breakdown (RBD), is among several

commercially important defects affecting the citrus industry.10-12 The susceptibility of fruit to

RBD has been hypothesised to be related to rind quality.2,10,12 Rind quality of citrus fruit is

defined as the sum of many physical and biochemical components including primary and

secondary metabolites which influence rind susceptibility to disorders.

The biochemical mechanism of the disorder has been extensively investigated by researchers;

however, very limited information has been reported in the literature about the endogenous

concentration of plant hormones in relation to their involvement in postharvest rind

physiological disorders of citrus fruit.13,14 As a result, the physiological and hormonal

mechanisms involved in susceptibility or tolerance of citrus fruit to rind breakdown disorder

is not well understood. However, a recent study by Lafuente et al.15 indicated that rind water

status is a key factor affecting the susceptibility of citrus to postharvest rind physiological
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disorders at low non-freezing temperatures below 12 °C. Furthermore, it has been

hypothesised that canopy position may influence rind water balance, water circulation,

biosynthesis of plant growth regulators (PGRs), and growth rate of the fruit,16 thus affecting

water and osmotic potentials in the fruit rind.2,17

Preharvest abiotic factors such as fruit position within the canopy may modify the

endogenous concentrations of phytohormones such as auxins, cytokinins and abscisic acid

(ABA).18,19 Hence, the relationship between canopy position and evolution of phytohormones

during the postharvest life of citrus fruit could be an important step towards understanding

fruit susceptibility or tolerance to physiological rind disorders. ABA has been implicated in

citrus fruit response to water stress, dehydration and senescence.20-22 It has been found that

changes in the rind water status during postharvest handling of citrus fruit increase the

incidence of this physiological disorder.5,23,24 In ‘Pinalate’ and ‘Navelate’ mutants of ‘Navel’

oranges, Alférez et al.13 reported that ABA levels in the flavedo of a non-chilling sensitive

mutant had 6-fold lower ABA levels than tolerant fruit. In the ‘Pinalate’ mutant, ABA

deficiency altered water relations in the flavedo, leading to a decrease in water balance, a

reduction in rind firmness and a higher incidence of rind staining.13 This suggests a possible

involvement of ABA, and perhaps its catabolites, in the susceptibility of citrus fruit to rind

staining and similar postharvest non-freezing physiological disorders. From these

observations, it could be hypothesised that ABA levels in the flavedo may be used as an

indicator of fruit susceptibility to postharvest rind physiological disorders.

This study investigated the potential involvement of ABA, its catabolites, and cytokinins in

mediating fruit susceptibility of ‘Nules Clementine’ mandarin to RBD. To do this, the study
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evaluated the effects of canopy position and light exposure on the kinetics of endogenous

phytohormones during postharvest storage and rind senescence.

MATERIALS AND METHODS

Fruit sampling

This study was conducted during the 2011/12 season using ‘Nules Clementine’ mandarin

(Citrus reticulata Blanco.) fruit. A total of 15 uniform trees were marked in a commercial

orchard at Citrusdal, Western Cape Province, South Africa (32 ° 25 ' 22 '' South, 19 ° 00 ' 53 ''

East). To evaluate the effect of light exposure on endogenous rind hormones during

postharvest storage, ten fruit from outside sun-exposed and ten fruit from inside shaded

positions of the tree canopy were selected and tagged in January 2012, after physiological

drop and about four months before commercial maturity. Half of the selected fruit (n = 5)

from inside and outside position of the canopy were covered with brown opaque paper bags

without removing or covering subtending leaves. The study, therefore, consisted of four

preharvest treatments, namely, outside canopy, outside bagged, inside canopy and inside

bagged.

Postharvest treatments and storage

A total of three hundred fruit (4 treatments x 75 fruits per treatment) were harvested at

commercial maturity on 16 May 2012 and received packhouse treatments according to

industry practices. Fruit were drenched in a mixture of Thiabendazole (500 mg L-1), Imazalil

(500 mg L-1) and 2,4-dichlorophenoxyacetic acid (125 mg L-1) (Farmalinx Pty. Ltd., Bondi

Junction, Australia) and coated with Citrashine® wax (Citrashine Pty (Ltd), Decco,

Johannesburg, South Africa). Thereafter, fruit were transported in a well-ventilated vehicle to
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the Postharvest Laboratory at Stellenbosch University (SU), where they were sorted,

separately packed in cartons and air-freighted at ambient temperature the next day to the

Plant Science Laboratory at Cranfield University (CU) in the United Kingdom. Fruit arrived

at CU within 48 hours and were stored for nine weeks in a cold room at a low non-freezing

temperature (8 ± 0.5 °C and 95% relative humidity) as described by Magwaza et al.2

Sample preparation

For baseline measurements, a total of 20 fruit (five fruit from each preharvest treatment) were

selected upon arrival at CU, weighed, peeled and the rind snap-frozen in liquid nitrogen, and

stored at -80 °C. Frozen samples were later freeze-dried in a Labogene ScanVac CoolSafe

freeze dryer system (CS55-4, Lynge, Denmark) for 7 days at 0.015 kPa and -55 °C.

Lyophilised rind samples were ground using a pestle and mortar into a fine powder. To

achieve standard particle size, the ground material was sieved through a 1 mm metal sieve.

To increase surface area, large particles remaining on the sieve were further ground until all

the material passed through the sieve. Ground samples were returned to storage at -80 °C

until extraction and further analysis.

Postharvest fruit quality evaluation

During cold storage, samples (n = 5 per treatment) were taken out of storage every third

week. During sampling, all fruit were scored for the presence of rind disorders such as

chilling injury and rind breakdown. Different rind disorders were scored on a subjective scale

from 0 = no defects to 3 = severe defects. Rind breakdown was then expressed as rind
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breakdown disorder index as previously described25, 26 and calculated according to Eq. 1 for

chilling injury and peel pitting.

Disorder index =
Ʃ(��������	(���)	�	��.		��		�����	��	����	�����)

�����	��.		��	�����	
(1)

Samples taken from week 0, 3, 6 and 9 were prepared and analysed for concentration of

cytokinins, ABA and catabolites (n = 5 per treatment).

Determination of plant hormones

Chemicals and reagents

Deuterated labelled and unlabelled standards, including [2H4]-ABA (–)-5,8’,8’,8’-d4-ABA;

[2H3]-phaseic acid (–)-7’,7’,7’-d3-phaseic acid (PA); [2H3]-dihydrophaseic acid (–)-7’,7’,7’-

d3-dihydrophaseic acid (DPA); [2H5]-ABA glucose ester (+)-4,5,8’,8’,8’-d5-ABA-GE; [2H4]-

7’-hydroxy-ABA (±)-5,8’,8’,8’-d4-7’-hydroxy-ABA; (2)-PA; (2)-DPA; (1)-ABA-GE; (6)-7’-

hydroxy-ABA, and [2H6]-ABA (±)-3’,5’,5’,7’,7’,7’-d6-ABA were obtained from the National

Research Council of Canada-Plant Biotechnology Institute (NRCC-PBI); [2H3]-dihydrozeatin

d3-DHZ and zeatin (±Z) were purchased from OlchemIm Ltd (Olomouc, Czech Republic);

(±)-ABA was purchased from Sigma-Aldrich (UK).

Formic acid and methanol HPLC grade solvents used for sample extraction were purchased

from Fisher Scientific (Leic, UK). Formic acid, methanol and acetonitrile used for the

preparation of mobile phase LC-MS grade were purchased from Fisher Scientific. HPLC

grade water used throughout the study was prepared using a Direct-Q3 ultrapure water

system (Milipore Inc., Milford, MA, USA). Ammonium hydroxide (28%-30%) was
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purchased from Sigma-Aldrich (Dorset, UK). Sep-Pak® vac tC18 SPE cartridges packed

with 500 mg of C18 stationary phase bonded on silica gel matrix, and Oasis® MCX

cartridges containing 150 mg of sulfonic acid sorbent were purchased from Waters

Corporation (Milford, MA, USA).

Extraction and quantification of plant hormones

Plant growth regulators (abscisic acid [ABA], 7’hydroxy-abscisic acid [7-OH-ABA], ABA

glucose ester [ABA-GE], dihydrophaseic acid [DPA] and t-zeatin [t-Z]) were extracted from

freeze-dried rind material according to Ordaz-Ortiz et al.27 with some modifications. Briefly,

lyophilised and ground rind powder samples (50 ± 0.5 mg) were added into 5 mL of

extraction solution comprised of methanol/water/formic acid mixture (75:20:5, v/v/v). After

which, 75 mL of 400 µg L-1 solution of an internal standard mixture (deuterated labeled

compounds d4-ABA, d4-7-OH-ABA, d5-ABA-GE, d3-DPA and d3-DHZ was added to the

extraction mixture at the beginning of the extraction procedure. The mixture was vortexed for

20 s, and left to cold-extract for 12 h at -20 °C under protection from light and continuous

agitation.

After mixing thoroughly, the extracts were centrifuged at 1936 g and -4 °C for 15 min . The

supernatant was removed and a second extraction step was performed using 2 mL of

extraction solvent for 30 min at -20 °C. Following re-extraction, the extracts were reunified

into one fraction, the hormones containing the total extract volume (7 mL) were firstly

purified using dispersive solid phase extraction (sSPE) (QuEChERS Dispersive SPE Kit for

highly pigmented fruits and vegetables, Agilent) previously conditioned with 5 mL of
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methanol, equilibrated with 5 mL of 1 M formic acid solution and filtered with 0.20 µm

nylon filters.

The eluate was then purged with gaseous nitrogen at room temperature to evaporate the

organic phase and then freeze-dried overnight (Scanvac, Lynge, Denmark) in the dark at -95

°C. The remaining residue was reconstituted with 1 mL of 1 M formic acid. The formic acid

solution containing all analytes was then loaded into an Oasis cartridge previously

conditioned with 5 mL of methanol and equilibrated with 5 mL of 1 M formic acid solution.

The formic acid solution was discarded and then the cartridge was eluted with 2 mL of

methanol and 2 mL of 0.35 M NH4OH with 60% (v/v) methanol, the solution passed through

containing the plant hormones was collected and freeze-dried overnight (in the dark at -95

°C).

The final dried material was reconstituted with 400 μL of 0.1% formic acid in ultrapure 

water. To quantify the five plant hormones, five microliters (µL) of the reconstituted sample

was injected into an Agilent 6540 Ultra High Definition Accurate Mass Q-TOF LC-MS

System using a Dual ESI Agilent Jet Stream source in a negative and positive mode

according to Ordaz-Ortiz et al.27 A ZORBAX Eclipse Plus C18 column, 2.1 x 50 mm

diameter and 1.8 µm particle size, (Agilent, CA, USA, part no. 959757-902) coupled with a

2.1 x 5 mm diameter and 1.8 µm ZORBAX Eclipse Plus C18 guard column (Agilent, CA,

USA, part no. 821725-901) was used to separate the individual phytohormones.

Quantification endogenous phytohormones were carried out using a nine-point calibration

curve (5, 10, 25, 50, 75, 100, 150, 300, 900 µg L-1 - each calibration solution level containing

75 µg L-1 of each internal standard). The concentrations of hormones were presented on dry

mass basis.
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Statistical analysis

The data collected were subjected to the analysis of variance (ANOVA) using a statistical

software (GenStat 17.1, VSN International, Hemel Hempstead, United Kingdom). Fischer’s

least significant differences were calculated and used to separate means at 5% level of

significance. In an attempt to gain a better insight of the interaction between measured PGRs

and RBD, the dataset of fruit from different canopy positions was also subjected to

chemometric data analysis. This multivariate data analysis was based on the principal

component analysis (PCA) and executed using The Unscrambler chemometric software (The

Unscrambler® X v10.5, CAMO SOFTWARE AS, Oslo Science Park, Norway).

RESULTS AND DISCUSSION

Incidence of rind breakdown disorder

The occurrence of rind breakdown was significantly affected by the position within the tree

canopy and bagging treatment (Table 1). Bagged fruit from the inside position of the tree

canopy had the highest score of RBD (0.88) after 9 weeks of storage under non-freezing

conditions, this being three-fold higher than the other canopy position. Although overall, the

incidence of RBD was low for all four treatments under study; the symptoms of the disorders

were first observed on fruit harvested from inside canopy position after 6 weeks of storage

and this trend increased with time. The highest increase of RBD occurred from week 6 to

week 9, an indication that RBD is a progressive postharvest physiological disorder that

increases with storage time but its incidence and severity is highly dependent on preharvest
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canopy position and bagging treatments. This observation is similar to results previously

reported by Cronje et al.10 and Magwaza et al.2,28 The results further support the hypothesis

that microclimate within the tree canopy affects rind quality during fruit development by

modifying the accumulation of photosynthates and nutrients. In bagged fruit harvested from

the inside canopy position, this has been reported to contribute to the reduced rind osmotic

potential, decreased rind condition, which in turn influences fruit response to postharvest

stresses associated with senescence and susceptibility to RBD.28

Hormone level in mandarin rind

ABA concentration ranged from 250.5 to 680.5 µg kg-1 (Fig. 1), which is similar to those

previously reported on citrus by Mahouachi et al.29 and Romero et al.30 Results of the

analysis of variance showed significant interaction between preharvest canopy position and

storage time for 7-OH-ABA (Fig. 2), ABA-GE (Fig. 3) and DPA (Fig. 4), as well as t-zeatin

(Fig. 5). Despite the observed interaction, it is worth noting that both fruit position within the

canopy and postharvest storage time had significant effects on rind concentration of ABA

(Fig. 1), its catabolites (Figs. 2, 3 and 4) and t-zeatin (Fig. 5).

Upon arrival at the laboratory, the rind ABA concentrations of bagged fruit, both inside and

outside the canopy were significantly higher (ca. 593.0 – 680.5 µg kg-1) compared to those

from the inside canopy position (462.8 µg kg-1). Although the ABA concentration of inside

fruit suddenly increased from the third week, reaching a maximum concentration of 560.9 µg

kg-1 at 6 weeks of storage, it generally reduced 1.6-folds with storage time. ABA plays an

important role as an endogenous messenger in biotic and abiotic stress responses.31 The

positive relationship between ABA and dehydration is well known.21,22
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Studies by Lafuente and Sala23 and Lafuente et al.15 have shown that the water status of citrus

peel plays a critical role in the development of postharvest rind disorders at low non-freezing

temperatures. This was further supported by results reported by Magwaza et al.2, where

bagged fruit inside the canopy had higher moisture loss than outside fruit. Similar to the

results obtained in the current study, the previous study by Magwaza et al.28 reported that

bagged fruit inside the canopy fruit with higher weight loss were more susceptible to RBD

(Table 1). The data herein showed that the concentration of ABA at the time of harvest

cannot be directly linked with fruit susceptibility to RBD. Other compounds which may

protect fruit against physiological disorders such as antioxidants,32, 33 and ABA catabolites

may also play a role. This is in agreement with the results reported by Kawada34 who showed

that grapefruits were resistant to chilling injury even when the ABA concentration was low at

the time of harvest.

Although attempts have been made to improve scientific understanding on the effects of

ABA on rind physiological disorders development,13,30,31 the effects of its metabolites has not

received attention. In both inside and inside bagged fruit, the concentration of 7-hydroxy

abscisic acid (7-OH-ABA), a metabolic product of ABA oxidation,35 significantly increased

almost 2-folds in week 6, although it significantly dropped for inside fruit at week 9 (Fig. 2).

Similar to ABA concentration, the increase of 7-OH-ABA was more prominent in fruit

samples from the inside canopy position of the tree. The increase in ABA and 7-OH-ABA of

inside fruit observed at week 6 coincided with the first symptoms of RBD on the same fruit.

After week 6, a 2-fold decline in ABA and 7-OH-ABA was observed in fruit harvested from

the inside position of the canopy. This decrease in both ABA and its oxidized metabolite, 7-

OH-ABA, observed in week 9 coincided with a 3-fold increase in the incidence of RBD
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observed in the same fruit from the inside position of the canopy. In bagged fruit from the

inside canopy position, a significant increase in 7-OH-ABA levels observed in week 6 and

further maintenance of this level preceded and coincided with the development of the

disorder. This may suggest that an increase in the oxidized form of ABA, 7-OH-ABA,

during week 6 observed in the fruit harvested from inside position was in response to the

development of the disorder.

ABA-GE is another product of the ABA catabolism, which is readily reversible and known to

be a storage and transport form of ABA.36,37 Overall, the ABA-GE concentration doubled

with storage time (Fig. 3). However, unlike ABA and 7-OH-ABA, the increase in ABA-GE

was continuous throughout the storage period. The significantly lower ABA-GE

concentration in both inside and outside bagged fruit throughout storage, compared to

unbagged fruit, showed that blocking sunlight exposure reduced its concentration. Before

storage, inside fruit with higher RBD had lower ABA-GE concentration compared to outside

fruit. Abrupt variations in relative humidity at colour break have been cited as being

responsible for RBD development in citrus fruits.9 Studies by Zeevaart38 showed that ABA-

GE concentration increased during water stress in Xanthium strumarium plants. In the present

study, ABA-GE increased over time as fruit continued losing moisture and developed RBD.

Previous studies by Magwaza et al.2,28 and Olarewaju et al.33 on ‘Nules Clementine’

mandarin consistently showed that the rind of fruit borne on the outside position of the

canopy had significantly higher concentrations of non-structural carbohydrates (sucrose,

glucose and fructose) than the fruit from the inside canopy position.2,28,33 The higher

concentration of ABA-GE and 7-OH-ABA observed in fruit from the inside canopy position

in the current study is hypothesised to result from lower solute osmotic potential due to the

higher osmoregulatory action of sucrose.2 This suggests a possible link between fruit
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position, rind sugar concentration, ABA metabolites and ultimately the development of the

disorder.

Abscisic acid can also be catabolized to phaseic acid, which can be further reduced to

dihydrophaseic acid (DPA).35,39 In this study, DPA concentration was significantly influenced

by storage time. For all the fruit samples, DPA concentration increased with storage time and

flattened after 6 weeks of storage (Fig. 4). Throughout storage, fruit samples from the inside

bagged canopy position had higher DPA compared to other samples. Studies by Lin et al.40

demonstrated that exogenous DPA application led to strong hydroxyl radical scavenging

activity and increased membrane integrity by inhibiting lipid peroxidation in litchi pericarp.

However, in this study, high RBD index coincided with high DPA concentration. Although

the biological activity of DPA has been indicated to be low or non-existence,41 this study

suggests that DPA could be playing an important correlative role in RBD development.

Although there is little information available about the effect of light on carotenoids and

ABA biosynthesis in citrus fruit,24,42 the presence of light (both intensity and quality), is one

of the most crucial environmental factors influencing carotenoid accumulation in plant

tissues.43 In citrus species, such as sweet oranges and mandarins, light exposure during fruit

ripening generally enhances carotenoid accumulation and external fruit colour.10 In ‘Satsuma’

and ‘Nules Clementine’ mandarins, researchers have shown that bagging fruit with paper

bags reduced carotenoid formation in the rind resulting in pale yellow fruit.2,28,44 Inside fruit

remained less yellow compared to the orange colour of outside fruit (data not shown), which

was similar to results observed by Cronje et al.10 Mature citrus fruit such as oranges

accumulate β-carotene, which is responsible for their typical orange-yellowish colour, while 
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�-cryptoxanthin is also present in mandarin fruit, contributing to the intense orange

coloration displayed by some varieties.3

Considering that DPA is a catabolic product of ABA, a downstream metabolite of the

carotenoid pathway, it is possible that higher concentration of DPA in bagged fruit harvested

from the inside canopy position could explain the lower concentration of carotenoids (the

precursor of ABA synthesis) in shaded mandarins, previously reported by Cronje et al.10,45

and Magwaza et al.2,28,46 It is, therefore, feasible to think that higher DPA observed in the

current study could be a stress-induced synthesis of ABA, which was later catabolized to a

biologically inactive downstream product, DPA. The stress-induced response mechanism is

also supported by higher postharvest RBD observed on fruit from the inside canopy position

(Table 1). It is, therefore, feasible to hypothesise that oxidized catabolites of ABA, namely

ABA-GE and 7-OH-ABA may reduce rind breakdown disorder of ‘Nules Clementine’

mandarins.

Before storage, a clear difference was observed in the concentration of ABA-GE (a storable

and transportable form of ABA) between bagged and non-bagged treatments (Fig. 3).

Concurrently, inside-bagged and outside bagged treatments showed significant differences in

RBD (Table 1). Therefore, it seems that differences in ABA-GE during storage under non-

freezing conditions do not affect susceptibility to RBD. However, those fruit with significant

lower concentration of ABA-GE at harvest resulted in the highest susceptibility to RBD at the

end of the storage.

The rind concentration of t-zeatin remained the same from week 0 to week 6 but suddenly

decreased from 6 to 9 weeks of storage (Fig. 5). After 6 weeks of storage, except for outside
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canopy, all fruit samples had a t-zeatin concentration less than 200 µg kg-1, whilst outside

canopy fruit had more than 450 µg kg-1. Remarkably, the significantly higher t-zeatin

concentration corresponded with zero RBD index in outside canopy position at week 6 and

the lowest RBD susceptibility at week 9. Although no previous studies have investigated the

effect of t-zeatin concentration on RBD of citrus fruit, it could be argued that high t-zeatin

increases membrane integrity and, therefore, reduces RBD incidence.19,47

In order to gain better insight on how the measured PGRs correlated with each other and with

RBD incidence, the dataset of fruit from different canopy positions was subjected to PCA.

The scores (Fig. 6a) and loadings (Fig. 6b) plots showed that the first two principal

components contributed 75% to the observed mapping, with first principal component (PC1)

and second principal component (PC2) contributing 50% and 25% of the observed patterns,

respectively. PCA showed that the concentration of DPA and 7-OH-ABA were positively

correlated with RBD, confirming its significant involvement to the development of the

disorder. In accordance with observations in Table 1, where inside and inside bagged fruit

were more susceptible to RBD, results in the PCA plots (Fig. 6) also showed that fruit from

the inside canopy position were located in the same quadrant as RBD, ABA, 7-OH-ABA and

DPA, demonstrating a positive correlation and confirming a significant contribution of these

factors to the development of the disorder. These results obtained herein however, contradict

those reported on ‘Marsh’ grapefruit where seasonal levels of ABA in the flavedo were

positively correlated with resistance to chilling injury.34 On the other hand, Lafuente et al.48

and Gosalbes et al.49 demonstrated that in ‘Fortune’ mandarins, treatments that increased

ABA levels favoured the development of chilling injury. This may be an indication that the

physiological mechanism for rind physiological disorders is cultivar dependent.
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CONCLUSION

This study investigated the effects of fruit canopy position and light exposure to elucidate the

potential involvement of ABA and its oxidised catabolites, and the cytokinin t-zeatin in

mediating the susceptibility of ‘Nules Clementine’ mandarin to RBD. The study

demonstrated that bagging fruit during growth decreased the concentration of ABA-GE, the

ABA storable and transportable form. Inside and shaded fruit had the highest concentration of

ABA catabolites, namely 7-OH-ABA and DPA, and were more susceptible to RBD,

supporting a positively regulated biosynthesis of ABA catabolites. These findings

demonstrated that the concentration of DPA could potentially be used as a secondary

biochemical marker for fruit susceptibility of RBD. The reduction in the concentration of t-

zeatin after week 6 coincided with the higher levels of ABA-catabolites and rind breakdown

disorder demonstrating a possible antagonistic action of these two groups of hormones.
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Figures

Figure 1. Concentration of abscisic acid (ABA) in the rinds of ‘Nules Clementine’ mandarins

harvested from different canopy positions (inside and outside) and subjected to different light

levels (bagged vs. non-bagged), and stored at 8 °C for 9 weeks after arrival in UK from South

Africa. The concentration was presented on dry weight basis. A least significant difference

(LSD) bar, p-value = 0.05, for the interaction storage time x treatment is shown.
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Figure 2. Concentration of 7-hydroxy-abscisic acid (7-OH-ABA) in the rinds of ‘Nules

Clementine’ mandarins harvested from different canopy positions positions (inside and

outside) and subjected to different light levels (bagged vs. non-bagged), and stored at 8 °C for

9 weeks after arrival in UK from South Africa. The concentration was presented on dry

weight basis. A least significant difference (LSD) bar, p-value = 0.05, for the interaction

storage time x treatment is shown.
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Figure 3. Concentration of abscisic acid glucose ester (ABA-GE) in the rinds of ‘Nules

Clementine’ mandarin fruit harvested from different canopy positions positions (inside and

outside) and subjected to different light levels (bagged vs. non-bagged), and stored at 8 °C for

9 weeks after arrival in UK from South Africa. The concentration was presented on dry

weight basis. A least significant difference (LSD) bar, p-value = 0.05, for the interaction

storage time x treatment is shown.

Time (weeks)

0 2 4 6 8 10

A
B

A
-G

E
(µ

g
k
g

-1
)

0

1000

2000

3000

4000
Inside

Inside bagged

Outside

Outside bagged



28

Figure 4. Concentration of dihydrophaseic acid (DPA) concentration in the rind of ‘Nules

Clementine’mandarin fruit harvested from different canopy positions (inside and outside) and

subjected to different light levels (bagged vs. non-bagged), and stored at 8 °C for 9 weeks

after arrival in UK from South Africa. The concentration was presented on dry weight basis.

A least significant difference (LSD) bar, p-value = 0.05, for the interaction storage time x

treatment is shown.
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Figure 5. Concentration of trans-zeatin (t-Z) in the rinds of‘Nules Clementine’ mandarin

fruit harvested from different canopy positions (inside and outside) and subjected to different

light levels (bagged vs. non-bagged), and stored at 8 °C for 9 weeks after arrival in UK from

South Africa. The concentration was presented on dry weight basis. A least significant

difference (LSD) bar, p-value = 0.05, for the interaction storage time x treatment is shown.
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Figure 6. Principal component analysis biplot (scores [A] and loadings plot [B]) showing

distribution of fruit from different canopy positions and relationship between measured

endogenous hormones and rind breakdown disorder. Out, fruit from outside position; Out

bag, bagged fruit from the outside position of the tree canopy; In, fruit from inside position of

the canopy; In bag, bagged fruit from the inside position of the tree canopy; RBD, rind

breakdown disorder; ABA, abscisic acid; 7-OH-ABA, 7’hydroxy-abscisic acid; ABA-GE,

ABA-glucose ester; DPA, dihydrophaseic acid.
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Tables

Table 1. Rind breakdown disorder (RBD) index of ‘Nules Clementine’ mandarin fruit

harvested from different canopy positions and stored at 8 °C for 6 and 9 weeks after arrival in

UK from South Africa. The RBD index ranges from 0 (no RBD) to 3 (severe RBD).

Rind breakdown disorder index

Fruit canopy position Week 6 Week 9

Outside 0.00 0.12

Outside bagged 0.00 0.32

Inside 0.16 0.50

Inside bagged 0.32 0.88

LSD (0.05) 0.259 0.477

p-value 0.002 0.006


