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ABSTRACT

Background: Strawberries are perishable fruits that decay dyiaker harvest, but are valued for

their distinctive taste and aroma. Melatonin isoired in plant resistance against stress, plant

senescence and fruit ripening, and was shown &y gelst-harvest spoilage of strawberries.
Objective: The effects of melatonin postharvest treatmentsbelf-life and volatile organic
compound profile were assessed in strawberry favitd uca”.

Methods. Strawberry fruit were treated with 100 uM melatoand stored at 4 °C for 12 days to
assess whether melatonin treatment could delajeggowithout adversely affecting aroma.
Results: Melatonin treatment delayed fruit deteriorationrlegucing weight loss and incidence of
decay as well as maintaining total soluble solidisitable acidity, anthocyanin, and taste. Melaton
treatment also significantly reduced £@roduction compared to control fruits. The relativ
abundance of the majority of volatile organic compds (VOCs) was not affected, however
abundance of two VOCs that are important componehtstrawberry aroma were affected by

melatonin treatment.
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Conclusions: Post-harvest treatment of strawberries with D melatonin improved strawberry
guality and conserved bioactive compounds aftet éPstorage. However, components of the aroma

profile were altered in a way which may affect aamer perception of quality.

Key words: ethyl hexanoatef-ragariaxananassa melatonin, postharvest quality, volatile organic
compounds.

1. Introduction

North and West African countries are considerethasnain suppliers of fresh fruits and vegetables
to northern Europe and most EU countrigs This supply chain requires long periods of trzors
and storage under controlled refrigerated condstiowhich can result in the proliferation of
postharvest spoilage microbiotd],[ as well as fruit deterioration through bruisinbwo major
problems are linked with the globalised supply ohair fruit and vegetables: postharvest loss of
produce and the dispersal of human pathogens wifupe.

Strawberries are a high value crop, rich in bias&cttompounds of known health benefit. These
include vitamins, especially vitamin C and E, atiteo bioactive compounds suchfasarotene and
phenolic compounds3]. However, as is the case with all soft fruit, strawlp shelf life is very
limited, leading to substantial waste in the sumbigin [}]. Strawberries are considered as one of the
most non-climacteric perishable fruits, with a venyited shelf life p]. There is therefore a need for
a treatment which stabilises strawberry qualitgraftarvest and prolongs shelf life.

Melatonin is produced by all eukaryotes includimgwberry fruit f] and is a potent antioxidant.
Moreover, exogenous treatment of plants with melat@an mitigate effects of abiotic stress by
reducing reactive oxygen species and interactirlg mormone signalling/]. Melatonin can also be
applied to fruit post-harvest. Exogenous posthdamesdatonin application at 0.1 or 1.0 mmot to
strawberry cv. Hongyan fruit delayed fruit senesegneduced decay and weight loss, while total
phenolics increased, resulting in higher antioxidamtent §]. Similarly, exogenous 10@mol L™

melatonin treatment resulted in a reduction in glemad increased total phenolic compounds and
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anthocyanins in strawberry cv. Selva fruitq. [However, little is known about the effects of
melatonin on VOCs, key components of the aromaakeration in flavour-related VOCs would

have implications for the use of melatonin as attnent to improve quality and postharvest shelf-
life of the fruit. We hypothesised that the effeatanelatonin treatment might affect the profile of

volatile compounds.

2. Materials and methods

2.1. Plant material, melatonin treatments and sggraonditions

Strawberry fruit Fragariaxananassa®uch., cv. Luca) were collected at the commerciatunmty
stage (98 % red colour, assessed visually, anddek after flowering) from a local farm (Haygrove,
Cardiff). The fruits were immediately transported Cardiff University, School of Biosciences,
Wales, UK. Fruit were then carefully sorted to exidd misshapen, overripe, underripe or damaged
fruit. The experiment began on the same day. Thieddruits were randomly divided into three
homogenous groups of 300g, representing the nuofliszatments. Strawberries were immersed in
three different solutions for 5 min: control (dikgd water), 5QuM or 100uM melatonin in distilled
water. Following immersion, the fruits were drieat 2 hours at room temperature (RT) in a sterile
flow hood. The fruits were placed in polyethylereys (clamshells), then stored for 12 days at 4 °C
and 90 % relative humidity. The experiment was atpe twice, with three replicates for each
treatment in each of the two experiments. Sincesignificant differences between 0 and o
concentrations of melatonin were found in any efphrameters tested, results are only presented for

the control and 100M melatonin treatments.

2.2. Weight loss and decay assessments
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To determine weight loss, strawberry fruits weraegived immediately after air-drying and at every
sampling time. The results are shown as the peaageniveight loss compared to the initial fresh
weight.

For evaluation of decay, decay percentage (%) afasiated by weighing all decayed fruits (affected
by visible signs of rot or fungal growth) relatite the weight of total fruits. Fruits free fromyan
decay were used for further analyses. The fruitsewsiced in small pieces and immersed
immediately in liquid nitrogen and stored at —80 Uil used to measure titratable acidity (TA),

anthocyanin and phenolic content.

2.3. Analysis of colour, total soluble solids (T,.S%), and titratable acidity (TA)

The colour of the strawberry surface was measurtddandigital camera (Cannon, Japan). Six fruits
per replicate were used for the colour test. Imagae calibrated using Image J software.

TSS in strawberry juice was measured using a refnaeter (RHB-18ATC). The TSS reading (in
degree Brix, Bx) was expressed as the % of TSBarirtiit.

To measure TA, three fruits form every replicateeMeomogenized with a tissue homogenizer for 5
min then 5 g of strawberry fruit juice was diluted50 mL with distilled water and titrated to pH.8.
using 0.1 M NaOH. TA was calculated according A C [10] and expressed as percentage of citric
acid equivalent, since citric acid is the principaid in strawberriesl[]. The pH of the juiced

strawberry fruit was measured with a calibratedhpéter (EuTech, Instruments, pH 510, Singapore).

2.4. Taste index

Taste index (T1) was calculated with the equatietotw [12] using the TSS and TA values:

Tl = (TSS value/20xTA value) + TA value
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2.5. CQ/O2 emission rate and ethylene production rates

To measure the GZD, emission rate, individual strawberry fruits weragad in 250 mL sealed glass
containers and after 1 h of enclosure at room teatpe (20 °C), 1mL of air sample was extracted
from the headspace and analyzed using a gas anélysdel ML206, AD-Instruments, Australia)
for CQ/O: ratio.

To measure ethylene production, strawberry frugsenncubated in a 250 mL super sealed glass jar
for 60 min at room temperature (25 °C). Each stewbfruit sample was weighed using an analytical
balance to record its initial weight. The capstd tontainers were drilled (1 mm in diameter), to
enable head space gas sampling. A rubber seaha@sed to cover the hole to prevent the gas inside
the container leaking. One mL of the headspacesaaxpled from the glass jar via an air tight syringe
(SGE, Analytical Science, PA, USA), and injectednediately into a gas chromatograph (Agilent
Technology, 6890N GC system, USA) fitted with amina Sulfate Plot column (30 m x 0.32 mm,
Supelco) column and a FID detector. Column tempegatvas 70 °C and injection temperature was
120 °C. Helium was used as a carrier gas withva fide of 1 mL mirt. The rate of ethylene emission
was expressed agl CoHskg!FW h!l using ChemStation software (Rev.A.09.01, Agilent

technologies, USA).

2.6. Collection and analysis of Volatile organicygmounds (VOCS)

At day 0 and 4 of cold storage at 4 °C, the lidshef containers were removed, the samples were
sealed into a 25 cm x 38 cm nalophene plastic Dalgl (Ltd), and they were equilibrated for 2 hours
at room temperature (20 °C). Headspace gas (400nas)collected using a hand pump (Easy VOC
pump, Markes International Ltd.) onto thermal dpsion tubes packed with Tenax TA and SulfiCarb

sorbents (Markes International Ltd.).



138 The VOCs collected for both experiments were thealysed after thermal desorption by gas
139 chromatography and time of flight mass spectrom@B-GC-TOF-MS) essentially as described by
140 Spadafora et a[13]. A TD100 (Markes International Ltd.) was useddesorb tubes and inject
141  samples into the GC. Samples were desorbed ontiahgat 25 °C) first for 5 min at 120 °C and
142  then for 5 min at 260 °C with 40 mL mimitrogen. The trap was desorbed at 300 °C forr8with

143 40 mL mint helium resulting in a split ratio of 20:1 into t&& (7890A, Agilent Technologies, Inc.).
144  VOCs were separated on a 60 m, 0.32 mm 1.D. andr@.6Im thickness Rxi-5ms capillary column
145  (Restek). The temperature program was: 40 °C fmir§ 10 °C mint ramp to 300 °C, final hold 5
146  min (total run time 41 mins). A BenchTOF-dx MS (Aoo International) was used to detect VOCs.
147 It was operated at a source temperature of 2758dimment voltage of 1.6 V. lons were collected
148  in the mass range 35-500 m/z. A retention timedseth(C8-C20, Sigma Aldrich) was run with each
149  set of samples and prepared by injectipbdE the standard mixture directly onto a TD tuberfax

150  TA).

151 Data was processed and analysed using AMDIS (NIST4Rand MSD ChemStation software
152  (E.02.01.1177, Agilent Technologies, Inc.). A cust®dS library was produced using retention
153 indices (MS spectra were searched against the Nb&ary with over 80 % identification in forward
154  and backward fit). Putative identification was madethe basis of >80 % match of mass spectra and
155  +/-15 in retention index to the custom library. $aaevere then processed to remove contaminants,
156  defined as compounds not present in at least tplcates, and compounds present at similar levels
157  in control samples.

158

159  2.7. Total anthocyanin content

160

161  Total anthocyanin was measured according to prelyquublished methodology. {]. Fruit pulp (2

162  g) was blended with extraction solvent (20 mL dfaetol, 1.5 N HCI, 85: 15) and kept overnight at

163 4 °C. The samples were then filtered into a voluindélask and covered with aluminium foil. The
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remaining residue was washed with extraction sdlwetil the pigments were removed. Filtrates
were pooled and made up to 100 mL with extractmwent. Absorbance was recorded at 535 nm to
determine the anthocyanin content using the folhgwiormula: Absorbance at 535 nm x volume of
extraction solution x 100/ weight of sample x 98[Re results are expressed as mg/100 g fresh

weight.

2.8. Total phenolic content

Strawberry fruits from each treatment were homagghiusing a laboratory blender. The mixture
was centrifuged at 5000 g for 20 min at room terapge. The supernatant was filtered through a
paper filter (Whatman N. 1) to yield a clear juitetal soluble phenolics were measured using Folin—
Ciocalteu reagent according to published methodoldg)]. Briefly, 0.5 mL juice aliquots were
diluted in 9.5 mL distilled water. Then, to 1 mL thie resulting solution, 5 mL of a diluted (1 + 9
distilled water) Folin—Ciocalteu reagent (Fishere8tfic International, Leicestershire, UK) were
added. Then 4 mL of sodium carbonate solution 7 @#2H Limited, Poole, England) were added
and after 1 h at 30° C and 1 h at 0° C, the absasaf the solution was measured at 760 nm with a
model SP8-400 UV/VIS Spectrometer (Pye, Unicam Qdmbridge, England). Using gallic acid
(97-5.102.5 % (titration) Sigma Aldrich, China)tas standard. Results are expressed as mg of gallic

acid equivalents (GAE) per L.

2.9. Statistical analysis

All physiological and biochemical data were anatlysgatistically using a one-way ANOVA test,
whereP-values < 0.05 were considered significaising SPSS 19 statistical software. The mean
values + SE were compared using a Tukey test. Gsaingndividual VOC abundance at each time

point were analysed using a Student’s t-test. Agialgf total VOC profiles was performed essentially
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as described i6padafora et g)13]. Peak areas were normalised to the total ardseathromatogram

for each sample, and the square root of the arsaisead for further analysis to reduce the contiobut

of larger component areas. Using the R platformsfoe 3.1.3; R core development team 2015) data
were analysed using PerMANOVA (Permutational Mualtiate Analysis of Variance) and CAP
analysis (Canonical Analysis of Principal coorde®ttests16]. These were carried out using the
‘vegan’ and BiodiversityR’ packages within R. Tlasalysis treats the whole profile ans a single
independent variable. An ordination plot was geteelay the software and a 95% confidence interval

was fitted to the data.

3. Results and Discussion

3.1 Weight loss and decay are significantly affédg treatment with melatonin

Melatonin treated fruits lost significantli? € 0.05) less weight than the controls startingrfddays

of storage, with the difference increasing untd #nd of the storage period (Figure 1A). Moreover,
overall weight loss decreased significantly by 59% in melatonin treated compared with control
fruits. There was no decay observed until daysgtafage (Figure 1.B; Supplementary Table 1). After
this, decay was reduced in the melatonin treatetsfiboth at days 8 and 12 of storage, and by 86.01
compared to the controls at 12 days of storageil&imiffects of melatonin were shown previously
on decay in strawbertyand on both decay and weight loss in peach [The reduced decay of the
strawberry fruits elicited by the 1QOM melatonin treatment could be due to its effectgenctive
oxygen species resulting in increased cell waldiig. Higher superoxide dismutase enzyme activity
in parallel with lower ascorbate peroxidase andleate enzyme activity in fruits was shown to result
in H2O2 accumulation as a result of melatonin treatmestrafwberry fruit §]. This in turn activated
enzymes in the phenylpropanoid pathway, which ecéagll wall rigidity and the nutritional quality

of the fruit. Calcium also plays an important roieell wall structure and tissue firmness. Melaton
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application led to a reduction in water loss andramease in calcium content in maize seedlings
under cold stressLf]. The weight loss and reduced decay elicited blatorin treatment in chilled
strawberry fruit shown here could therefore pogsitet due to redistribution of the calcium in
strawberry fruit tissue leading to less moisturgsldPost-harvest dipping in calcium solutions and

thus increasing calcium content is known to de@elas decay of strawberry fruitsq].

3.2 Taste index was improved by melatonin treatmdmte total soluble sugars increased, titratable

acidity was unaffected

Total soluble solids content (TSS) increased diyghiit significantly P < 0.05) from 0 to 2-4 days
of storage and decreased thereafter in both treagni8upplementary Table 1). Fruits treated with
100 uM melatonin had a significantly higher TSS than doatrol after 4 and 8 days of storage,
whereas at the last storage time point, there wasignificant difference between treatments. Our
results are in accordance withro et al[17] who reported that melatonin treatment significantly
increased retention of TSS content during coldasferof peach fruits. In addition, tomato plants
supplemented with melatonin showed significanteases in their contents of TSS in fruit§][

There was no significant difference in TA betwe@0 IM melatonin treated and control strawberry
fruits until 4 days of storage (Figure 2A). Howeveafter 8 and 12 days of storage, TA was
significantly higher in the melatonin treated feuthan in the controls. Previous wofk]] reported
that tomato plants irrigated continuously with nietan had significantly higher content of citriaéc

in fruits. They suggested that organic acids wereaaced by melatonin treatment. The pH of
strawberry fruits was significantly higher in thentrol than in the treated fruits at the end of the
storage period (Figure 2.B), however, there wasigiificant difference between the two treatments
at other time points.

The taste index (%) of melatonin treated fruits wigsificantly higher P < 0.05) than control fruits

at 8 and 12 days of storage (Figure 2C and SuppiameTable 1). The higher taste development
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induced by melatonin treatment might be due toreeg® increase in total sugars and organic acids

[21].

3.3 Treatment with melatonin affected anthocyamd phenolic content at selected storage time

points

Anthocyanin increased significantly? (< 0.05) with storage time (Supplementary TableThe
treatment with melatonin increased anthocyanineranh the fruits compared to the control from 4
days until 8 days of storage, while there was goiicant difference at the end of the storagequkri
Previously,Aghdam and Farf{B] found higher anthocyanin content in strawberrytértieated with
melatonin compared to the control. They proposatlitiis may be due to the higher phenylalanine
ammonia lyase (PAL) enzyme activity which leada¢oumulation of anthocyanins.

Total Phenols decreased up to 4 days of cold stdteamn slightly increase® « 0.05) Figure 3B and
Supplementary Table 1). Total phenols were sigaifily higher P < 0.05) in fruits treated with
melatonin than in control fruits at 2 and 4 daystofage, however there were no differences atl8 an
12 days between treatments. Similar results werequsly reported in strawberr§][indicating that
total phenol content is significantly increasedisiatonin treatment in strawberry fruit. The inGea

in total phenol contents in strawberry fruit midig explained by a higher phenylalanine ammonia
lyase (PAL) enzyme activity induced by the melatotreatment leading to an accumulation of

phenols §].

3.4 CQ production increased with melatonin treatment whathylene production and the overall

profile of volatile organic compounds was unaffdcte

CO, production rate, which is considered here as aypfor the respiration rate, was significantly

higher in control fruit than melatonin treated fsuihroughout storage until the last time poing(ife

10
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3C). However, there were no statistically significaifferences observed in ethylene production
(Supplementary Table 2). Strawberry fruit is corsgdl non-climacteric and produces a low level of
ethylene 7] which is consistent with the results seen hereweéler, the relationship between
respiration rate and melatonin treatment is unckbarincrease in respiration seen in the melatonin
treated fruit could be due to the role of melataniplant metabolism and an alteration to therzda

of plant growth regulators’] however further studies are needed.

Fifty volatile organic compounds (VOCs) were idéatl from all the samples including esters (total
33 with eight acetate and 25 non-acetate), aroncatigpounds (5), alkanes (3), furans (3), ketones
(2), terpenes (2) and nitriles (1) (Supplementaapl@& 3). Analysis using PerMANOVA indicated
that the overall VOC profile changed across tPne0.001, R = 0.470). Linear discrimination plots
based on CAP analysis separated the two storagetints with 100% correct classification (Figure
4). However, there was no discrimination betweenlatoain treated and non-treated fruits
(Supplementary Table 4). A closer examination @nges in individual VOCs in treated vs. control
fruit at the two time points reveals that indeed thajority of VOCs did not change in abundance
significantly. However ethyl 2-methylbutanoate vedisent from fruit treated with melatonin at day
0 while it was present in the control fruit, andhy¢thexanoate was 2-fold more abundant in the
headspace of control fruit after 4 days of storag@pared to fruit treated with melatonf<€ 0.05;
Table 1; Supplementary Table 4). Both VOCs havenheported as important components of
strawberry bouquets previously4], however their abundance varied across diffeceittvars and
abundance of ethyl hexanoate also increased wattag#. Further sensorial analysis would be
required to assess whether the changes noted m&f@C profile following melatonin treatment

significantly change the perceived aroma of thé.fru

4. Conclusion

11
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We confirmed previous work showing that exogenoeaatment of strawberry fruit with melatonin
at 100uM would delay fruit deterioration. In fact, it deased weight loss, decay and respiration rate
during cold storage at 4° C. In addition, the tmeext increased TSS, anthocyanin, and total phenols
compared to the control. However, melatonin treatnaéd not affect ethylene production or colour
intensity. Although overall volatile organic compalprofile was not affected by the melatonin
treatment, the abundance two important aroma eM@Cs was affected. The quality of strawberry
could therefore be enhanced by treatment of malatoowever the changes to the aroma may affect
consumer quality assessments of the fruit. Furitedies are needed to fully understand the

mechanism of melatonin action on non-climacteudt$; and the organoleptic effects on fruit aroma.
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TABLES

Table 1 Relative abundance of two VOCs that wegeiicantly affected by the melatonin treatment

VOC Ratio of relative abundance between mealoti@ated and
untreated fruit (+ SD)*
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412

413

414

415

416

417

418

419

420

Day 0 Day 4

control +MT control +MT
Butanoic acid, 2-methyl-, ethyl estef.362+ 0.05 | O° 0.03+ 0.06 | 0.02+ 0.04
Hexanoic acid, ethyl ester 17.3+ 2338| 21.9+ 4.99 | 5.94+ 1.38 | 2.80 + 0.74

*different letters indicate significant differenc@® < 0.05) based on a student t-test between
treated and untreated samples

FIGURE LEGENDS

Fig 1. (A) Weight loss, (B) decay, and (C) TSS of strawi fruits treated postharvest with 0 and
100 uM melatonin and stored at 4 = 0.5 °C for up2adays. Data shown are mean values of n = 3
and the error bars represent standard errors oimtb@ns. Different letters indicate significant

differences between melatonin treated and contudl &t each time point (Tukey testRak 0.05).

Fig 2. (A) Titratable acidity, (B) pH, and (C) Anthocyiarof strawberry fruits treated postharvest
with 0 and 100 uM melatonin and stored at 4 + @5 up to 12 days. Data shown are mean values
of n = 3 and the error bars represent standardseofdhe means. Different letters indicate sigmaifit

differences between melatonin treated and contudl &t each time point (Tukey testRak 0.05).

Fig 3: (A) CO, (B) total phenol, and (C) taste index of strawpdruits treated postharvest with O
and 100 uM melatonin and stored at 4 + 0.5 °C fptaul2 days. Data shown are mean values of n
= 3 and the error bars represent standard errotiseomeans. Different letters indicate significant

differences between melatonin treated and contudl &t each time point (Tukey testRak 0.05).

Fig. 4. Canonical Analysis of Principal ordinates relai@time of storage based on all 50 strawberry

VOCs using TD-GC-TOF-MSEach ellipse represents the 95% confidence inteila plots use
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432

linear discriminants LD1 and LD2 with a percentafieorrect classification of 100% aid< 0.001

(n=6).

SUPPLEMENTARY TABLES

Supplementary Table 1: Statistical analysis of effect of storage duratonphysical and chemical
parameters.

Supplementary Table 2- Emission of ethyleneu( kg-1 h-1) from strawberry fruit treated with
melatonin and controls.

Supplementary Table 3- Volatile organic compounds detected in all stvawy fruit samples
Supplementary Table 4- % abundance of each VOC across 3 replicateaadf geatment at each

time point including fold change and significandeloange.
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Fig 1: (A) Weight loss, (B) decay, and (C) TSS of stramjpéruits treated with postharvest 0 and
100 uM melatonin and stored at 4 = 0.5 °C for up2adays. Data shown are mean values of n = 3
and the error bars represent standard errors oimtb@ns. Different letters indicate significant
differences between melatonin treated and contudl &t each time point (Tukey test at P < 0.05).
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Fig 2: (A) Titrable acidity, (B) pH, and (C) taste indekstrawberry fruits treated with postharvest 0
and 100 uM melatonin and stored at 4 £ 0.5 °C fotaul2 days. Data shown are mean values of n
= 3 and the error bars represent standard errotiseomeans. Different letters indicate significant
differences between melatonin treated and contudl &t each time point (Tukey test at P < 0.05).
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Fig 3: (A) Anthocyanin, (B) total phenols, and (C) &€aF strawberry fruits treated with postharvest
0 and 100 uM melatonin and stored at 4 £ 0.5 °Qufpto 12 days. Data shown are mean values of
n = 3 and the error bars represent standard esfdhe means. Different letters indicate significan
differences between melatonin treated and contudl &t each time point (Tukey test at P < 0.05).
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Fig. 4. Canonical Analysis of Principal coordinates radatetime of storage based on all strawberry
VOCs using TD-GC-TOF-MSEach ellipse represents the 95% confidence inteifa plots use
LD1 and LD2 with a percentage of correct classticmaof 100% andP < 0.001 (n=6).
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