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Abstract

The ripening stage of apple fruits at harvest & tain factor influencing fruit quality
during the cold storage period that lasts severahths and give rise to physiological
disorders in fruits of susceptible cultivars. Irrtgaular, superficial scald is connectedato
farnesene oxidation, leading to fruit browning. fidiere, the assessment of the optimal
ripening stage at harvest is considered to be @rtwicontrol the overall quality, the length
of storage life and the scald incidence. Howeres,haturity indexes traditionally used in
the horticultural practice do not strictly correatith fruit maturity, and do not account for
the variability occurring in the field. Hence, theesent work focused on the determination
of apple fruit ripening with the use of an innovati non-destructive device, the DA-meter.
The study was conducted on ‘Granny Smith’ and ‘Puakly’ cultivars, which differ in
scald susceptibility. Pre- and post- harvest ripgriehavior of the fruits was studied, and
the influence of ripening stage and treatments A#HAICP were evaluated in relation to
scald development and related metabolitgs.Wwas shown to be a reliable indicator of
apple ripening, allowing cultivar-specific predants of the optimal harvest time in
different growing seasons,pl may also be employed to segregate apple fruitsaturity
classes, requiring different storage conditionsdotrol flesh firmness reduction and scald
incidence. Moreover, 1-MCP application is extremeRective in reducing superficial
scald, and its effect is influenced by fruit ripegistage reached at harvest. However, the
relation between ethylene angfarnesene was not entirely elucidated. Thus, ettg/ican
be involved in other oxidative processes associatgth scald besidesi-farnesene

regulation.
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1. Introduction

Apple fruit (Malus domestica Borkh.) is one of the main fresh consumed hortical
products, with a large marketing period from imnagelion-farm sales to marketing after
several month of storage. The ripening stage atelsaéris the most important factor in
maintaining superior fruit quality, especially sn@apples could be stored under cold
temperatures for long periods (Shewfelt, 1999; Ka#99). Apple fruits are commonly
stored at low temperatures, between -1 and 4°C.edew under such storage conditions,
sensory attributes are compromised, along withptbesibility of physiological disorders
related to chilling injury and oxidative stress. éng these disorders is the superficial
scald, which emerges as a brown or black patchherstirface of the fruit skin. Several
reports claimed that superficial scald in applesoissidered as the most important cause of
fruit loss during cold storage (Bain and Merce639Ingle and D’'Souza, 1989; Watkids

al., 1995; Eccher Zerbingt al., 1997; Kupferman, 2001; Kupferman 2002). Apple
superficial scald is an expression of damage armdhdeithin the first hypodermal cell
layers, affecting the external appearance of thi¢ Bain and Mercer, 1963; Ingle and D’
Souza, 1989; Watkingt al., 1995). Usually, scald symptoms develops afterémoval of
fruits from cold storage, though it may be visilgleor to removal of fruits to warmer
temperatures after extended storage and severgy ifjvatkins et al., 1995; Bain and
Mercer, 1963; Ingle and D’'Souza, 1989; Kupferma®QD). Thus, the development of
strategies to improve scald control appears essdedithis physiopathy is considered as a

serious problem during storage and subsequentingraflapples.

1.1. Superficial scald etiology

Superficial scald is a type of chilling injury ocadng in two stages: the damage inducing
events are separated in time from symptom developmehich involve cellular
degradation (Watkinst al., 1995). Despite many years of investigation, ilechemical
mechanisms underlying superficial scald is stilldein discussion. The prevailing
hypothesis holds that oxidation products of theqgs#srpenea-farnesene, a naturally
occurring volatile terpene in the apple fruit, akeectly involved via generation of free

radicals. These oxidation products, recognizedagugated trienols (CTols), induce an



oxidative damage to the cell membranes, eventdalgling to cell death in the first
hypodermal cell layers (Bain and Mercer, 1963; WhHetlet al., 1995; Mir and Beaudry,
1999; Whitaker and Saftner, 2000; Whitaletral., 2000; Whitaker, 2004, 2008, 2013;
Lurie and Watkins, 2012). A marked increaseifarnesene synthesis occurs shortly after
scald-susceptible fruits are placed in air storage¢ oxidation ofa-farnesene to
conjugated trienols (CTols) takes place in theofwlhg six to eight weeks (Whitaker,
2004, 2008). Besides CTols, other oxidative proglgenerated by-farnesene oxidation,
such as 6-methyl-5-hepten-2-one (MHO), can intgnsdfald symptoms (Watkingt al.,
1995; Mir and Beaudry, 1999; Whitaker and Saftr@®00; Whitakeret al., 2000;
Whitaker, 2004, 2008, 2013; Lurie and Watkins, 2012

Variation in the antioxidant defense mechanismsuired to scavenge radicals and
counteract oxidative stress is suggested to plgyaole in susceptibility or resistance to
scald (Whitaker, 2008; Whitaker, 2013). Some redesas have proposed that scald arises
as a result of general oxidative stress, and that autoxidation ofa-farnesene is a
secondary manifestation of unregulated free radipedduction (Raoet al.,1998;
Rupasingheet al., 2000). Since superficial scald is a symptom eiased to a stress
condition, the role of phenols was also considessace their antioxidant activity may
contribute against scald development. In additiba,oxidation of phenols by polyphenol
oxidase may also contribute to the developmentcaldssymptoms (Jut al., 1996;
Abdallah et al., 1997; Goldinget al., 2001; Treutter, 2001; Lurie and Watkins, 2012,
Whitaker, 2013).

The importance of ethylene in scald developmentdiss been recognized, since it is a
promoter ofa-farnesene synthesis (Du and Bramlage, 1994; FdnVaitheis, 1999; Ju
and Curry, 2000; Watkingt al., 2000; Whitaker, 2008; Rupasingéteal., 2000; Shekarchi
et al., 2009; Lurie and Watkins, 2012; Whitaker 2013)thAugh the mode of action of
ethylene has not been completely elucidated yetinthibition of ethylene synthesis is seen
as a promising strategy for scald control.

1.1.1. Factorsinfluencing apple scald incidence

Incidence and severity of superficial scald in apipuits can be affected by several pre-
harvest factors, ripening stage at harvest anagtoconditions.



Scald susceptibility varies from year to year fagieen cultivar as the consequence of the
influence of weather and growth conditions. Frgtewn in warm and dry climates are
more susceptible than those grown in cooler camubti In addition, low night
temperatures before harvest period reduce the rme of scald (Fergusat al., 1999;
Thomai et al., 1998; Kupferman, 2001; Diamantioe al., 2002). Plant nutrition also
influence the risk of scald incidence, that is leigin fruits with high nitrogen and low
calcium, or high potassium content (Ingle and DZoul989; Fergusost al., 1999;
Kupferman, 2001). Moreover, other factors suchgosure to the sun, fruit position in
the canopy, and fruit color development also infleee fruit susceptibility to scald (Ingle
and D" Souza, 1989; Fergusdral., 1998; Kupferman, 2001).

Aside from the pre-harvest conditions, other méators that influence the occurrence of
scald are the genetic background of each cultiver the maturity stage of apples at
harvest (Ingle and D’Souza, 1989; Watketsl., 1995; Eccher Zerbini, 1997; Watkias
al., 2000; Erkan and Pekmezci, 2004; Whitaker, 20d4ie and Watkins, 2012). Different
apple cultivars vary greatly in scald susceptipiland are classified accordingly with their
degree of susceptibility. ‘Pink Lady’, ‘Gala’, ‘Emp’, ‘Golden Delicious’, ‘Fuji’,
‘Braeburn’ were identified to be less susceptibte dcald while ‘Granny Smith’,
‘Delicious’, ‘Cortland’, ‘Low Rome’ were classifiethb be more susceptible to scald (Ingle
and D'Souza, 1989; Little and Holmes, 2000; Whitak¥04; Tsantili,et al., 2007;
Trivedi, 2010, Lurie and Watkins, 2012). The ungiex reasons in the variability in
susceptibility to storage scald among apple cuisiare not yet elucidated. Furthermore,
superficial scald susceptibility of apples is sgiynassociated to fruit maturity at harvest.
Several works reported that delaying the harvest daduces scald incidence, with more
mature fruits exhibiting less symptoms comparedhtmature fruits (Ingle and D’'Souza,
1989; Eccher Zerbini, 1997; Watkies al., 2000; Erkan and Pekmezci, 2004; Calvo and
Candan, 2010). However these reports are limitedns&turity of fruits according to
harvesting date, while the possibility of havingdregeneous fruits based on maturity

stage in one harvest date was overlooked.

1.1.2. Control measures of superficial scald

The most effective postharvest scald control treatisare those related in preventing the

oxidative process, and inhibiting ethylene syntheShe most utilized agent in preventing
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the oxidation process is the diphenylamine (DPAhicw was reported to effectively
control scald by means of postharvest dips, usdabél, thermofogging or aerosol
treatments (Du and Bramlage, 1994; Mir and Beauti®®9; Whitaker, 2004). However,
the use of DPA was banned in some countries, fatiguhe increasing concern regarding

DPA toxicity and leftover of residual (Lurie and Wims, 2012).

Controlled atmosphere (CA) storage was also regddeyreatly reduce the incidence of
scald. It was demonstrated that both high carboridié and low oxygen concentrations
are effective in scald control (Kupferman, 2001n&l#a, 2003; Watkins and Nock, 2005;
Lurie and Watkins, 2012). Low oxygen concentratoonld reduce or inhibit oxidation of

a-farnesene to CTols, and 1 to 1.5% oxygen almasipbetely prevented scald incidence
(Kupferman, 2001; Zanella, 2003; Watkins and Na@B0Q5; Lurie and Watkins, 2012).

Despite this, however, there is a limited rang@xjfgen concentration for apple storage,
as the reported concentrations of oxygen, althowglucing scald, were also found to
cause fermentation on some apple cultivars (Watkis Nock, 2005; Lurie and Watkins,

2012).

An alternative to the use of antioxidants or CA fwald control is the use of 1-
methylcyclopropene (1-MCP) to inhibit ethylene mspes. Since the importance of
ethylene on scald development have been identifederal studies have been conducted
to demonstrate the efficiency of 1-MCP in scaldtoalrand inhibition (Fun and Mettheis,
1999; Watkinset al., 2000; Watkins and Nock, 2005; Tsangti al., 2007; Jung and
Watkins, 2008; Shekarclat al., 2009; Trivediet al., 2010). 1-MCP, by the inhibition of
ethylene perception and autocatalytic productisrgsisociated with lowes-farnesene and
CTol accumulation, consequently limiting the awuailidy of substrate for oxidation
(Rupasinghest al., 2000; Watkint al., 2000; Tsantiliet al., 2007; Arquizeet al., 2005;
Jung and Watkins, 2008, Shekarehial., 2009). The efficiency of 1-MCP as a scald
control agent is also influenced by the fruit mayustage at the time of application,
storage conditions and the time-span between haanelstreatment (Watkingt al., 2000;
Watkins and Nock 2005; Watkins, 2006; Jung and Watk2008; Calvo and Candan,
2010).



1.2. Ripening stage at harvest and new approachesto define optimal harvest time

Fruit maturity stage at harvest is crucial as itedaines both the final quality of the
commodities, and their potential for storage. Iplap, as in other fruits, the overall quality
is defined by several attributes of the fruit, suah sugar content, aroma, skin color,
according to its marketing destination. The chakers to define a harvest period based on
those attributes to ensure the best quality fordifferent markets. Thus, identifying the
optimal ripening stage at harvest is recognizeblet@ main issue to define the storage life
and quality of fruits after storage. Apples haredstoo early on the season will not
develop adequate sugars and flavor, and are more fgo shriveling and poor coloration.
Likewise, less mature fruits are more susceptiblguiperficial scald and bitter pit (Watkins
et al., 1995; Eccher Zerbiret al., 1997; Kader, 1999). On the other hand, fruitwésted
late in the season could be overripe, with a highadency to become exceedingly soft
and mealy. Such conditions decreases the pot@ftialits for storability, while increasing
the risk of other disorders such as senescent togak (Eccher Zerbingt al., 1997;
Kader, 1999; Johnstoat al., 2002). Hence, a reliable parameter that cancateithe
proper harvest timing of apples is needed to prettem consequences of anticipated or

delayed harvesting.

Several indices have been used to identify tharapti physiological stage for harvest of
fruit. Parameters commonly considered are relatigldl ehanges in the skin color, texture,
starch degradation, soluble sugars, acidity ancharcompounds, which in general defines
the final quality of the fruit (Kader, 1999). Monegr, other attributes like respiration rate
and ethylene production, related to fruit ripenistage, are used as physiological
parameters to define the appropriate harvest péBedudryet al., 1993; Kader, 1999; De
Castroet al., 2007).

In general, more than one parameter is neededstride the optimal physiological stage
for harvest. In some instances, parameters are ioechland expressed as a single index,
such as the Streif index, which expresses theioaldetween flesh firmness, soluble solids
content and starch degradation. Streif index candsel as an indicator of physiological
maturity during the last period of fruit growthnse it reduces seasonal variability (Streif,
1996; De Longet al.,1999, Zude-Sass# al., 2002; Tijskenst al., 2008). However, the
Streif index requires the destructive analysisroit$. Destructive methods are commonly

used because in general, they are reliable andipiiage. However, they do not allow the



possibility of repeated measurements on the samelsaover time. In addition, sampling
can only be performed in a limited quantity of fsyihence may not represent the

variability on tree or in the orchard.

In the last decades, research perspective hasfbeesed in the use of non-destructive
techniques to estimate fruit physiological stagelStechniques make it possible to define
maturity traits of large fruit samples, while, dtet same time, enable to monitor
physiological changes over time on the same sariplese methods comprise mechanical
technologies, related to texture based on defoomatmpact test or sonic and ultrasonic
vibrations; electrochemical technologies based as dgetectors like electronic nose; and
electromagnetic technologies based on optical ptege (radiowave, microwave,
ultraviolet, visible light, infrared, X-ray and gama-ray radiation), fluorescence and
magnetic resonance (Abbott, 1999). Among thesentqabs, Near Infrared Spectroscopy
(NIRs) is largely diffused in the practice to esiim the physiological stage or quality
parameters on fruits and vegetables (Liu and Y2@§)5; Nicolaiet al., 2007; Liuet al.,
2008; Costat al., 2009; Bertonet al., 2012).

On apples, NIRs technology applications focus om determination or prediction of
firmness, total soluble solids, starch degradatioackground color, Streif index and
sensory attributes (Peiesal., 2000; McGlonet al., 2002; Mehinagiet al., 2004; Peirst
al., 2005; Liu and Ying, 2005; Zudet al., 2006). Furthermore, since chlorophyll
degradation takes place during apple maturity, gbarn chlorophyll content in apple skin
measured by spectrophotometry, or as reflectandbeofapple surface, is also a useful
parameter to asses fruit physiological stage (Ki®&2; Knee, 1980; Merzlyakt al.,
2003; Zude-Sasst al., 2002; Solovchenket al., 2005). Likewise, through the analysis of
chlorophyll content, qualitative parameters andyletie production can be predicted or
estimated (Nicolagt al., 2007; Costat al., 2009, Bertoneet al., 2012, Betempst al.,
2012), showing the feasibility of use chlorophyhtent as a ripening marker.

Most of the mentioned non-destructive methods aretdd by the need of repeated
calibrations and complex data processing (Nicetadl., 2007; Costat al., 2009). To
overcome these limitations, the DA-meter, a podabid non-destructive device to assess
fruit ripening has been developed (Ziesal., 2008; Costat al., 2009). This instrument is
based on NIRs technology, which reads the absoebaditference between two

wavelengths (A670 and A720) expressed as an IndeXbsorbance Difference Ap),



correlated to the actual chlorophyll-a contenthe flesh fruit (Ziosiet al., 2008). Since
chlorophyll degradation is part of the natural nnigyuprocess, the ob provides an
indication of the state of ripening using chloropplopntent as a physiological indexpl
value usually ranges from 2.2 to 0.2, where a higleenber indicates a less ripe fruit, and
depends on the cultivar (Ziogtial., 2008; Costat al., 2009; Bonorat al., 2013a,b).

Up to now, the use of the DA-meter was mainly stddon stone fruits. Some studies on
peaches, nectarines and apricots have demonstreecbrrelation between thgpl and
several parameters of the maturation process, asobthylene production, fruit quality
traits, and transcription of ripening-related geé®si et al., 2008; Costat al., 2009;
Costa and Noferini, 2013; Bonosh al., 2013a,b; Shinyat al., 2013). It has also been
demonstrated that fruits sorted at harvest accgrtiinthe Ap end up in homogenous
ripening classes, with each class possessingiadaliguality behavior during shelf-life and
consumption (Costet al., 2009; Shinyat al., 2013). Up to present, few studies have been
done regarding to the use of thg bs a ripening index on pome fruits. On apple $iuite
use of the Ao has been recently studied for the determinatioquafity traits of ‘Gala’,
‘Starking’, ‘Granny Smith’ and ‘Pink Lady’ (Costammaaet al., 2013; Nyasordzet al.,
2013), demonstrating the relevance of this indexifiening and quality assessment.

The optimum harvest window for apple fruits hasrbkmng studied based on bloom date,
degree-day, interaction of climatic variables, dedtve techniques based on fruit quality
parameters, even on molecular analysis (Beaedgl., 1993; De Longet al.,1999; De
Castroet al., 2007; Kaack and Lindhard Pedersen, 2010; Kaaxk RPedersen, 2011;
Hertoget al., 2011; Neuwald and Streif 2012). While such stadian provide the needed
information on identifying the optimum harvest dateost of the information generated
from the studies requires trained personnel anti/@cel procedures, which are also time

consuming, and in some cases expensive to be eatpioypractical use.

Furthermore, some studies have shown the posssel@unon-destructive methods based
on VIS-NIRs technologies to estimate fruit matugigrameters and quality traits, and its
potential use for optimal harvest prediction (Peiral., 2000; McGloneet al., 2002; Peirs

et al., 2005; Zudeet al., 2006; Bertonest al., 2012; Zude-Sassat al., 2002). Therefore,
the use of DA-meter could be a reliable, non-desitre, and easy-to-use alternative for
optimal harvest timing prediction, with a speciabard for the minimization of scald

incidence.



2. Aimsof thethess

Superficial scald incidence is extremely variakd@d among the several factors that
influence it, the ripening stage at harvest is mered to be the most important one.
Identifying the optimum ripening stage for harvisstonsidered to be crucial to the control
of the overall quality of fruits at harvest andeafstorage, the length of storage life of the
fruits, and the incidence of scald. Hence, the radeal simple, though efficient optimized
method to evaluate the ripening stage and optimamvest time of apple fruits are
important in the industry. This will facilitate th@anagement of apple fruits to attain
improved quality through minimizing the incidencé fauit scald. Moreover, this can
provide further understanding of the metabolisnmolaed in scald development and the

possible treatments that could be utilized to adrsicald incidence.

The present research work focused on apple fipgiing determination with the use of an
innovative, non-destructive device, the DA-metesaeiated to a better understanding and
control of superficial scald. To accomplish theserppses, studies were conducted
‘Granny Smith’ and ‘Pink Lady’. The two cultivarsfiér in their degree of susceptibility
to scald. Pre- and post- harvest ripening behagfothe fruits was studied, and the
influence of ripening stage and treatments with CRvwere evaluated in relation to scald

development and related metabolites.

This thesis includes six chapters (3 to 8) thatewstructured as a scientific papers, with a
proper Title, Introduction, Materials and Metho#gsults and Discussion, Conclusions,
References, Figures and Tables. Chapters 3 andué fan apple fruit ripening assessed
with a non-destructive device (DA-meter) and optilvavesting time prediction. Chapters
5 focus on post-harvest quality. Chapter 6 to 8&i$oon apple fruit scald incidence and
regulation, in the bases of the preliminary resaolitained on the research presented on
chapter 6, the latter research works were develdpleapters 7 and 8). Finally, General

Conclusions are reported in Chapter 9.

Some of the results of the present research wornle \weesented as a poster at the X
Giornate Scientifiche SOI (2013), title: “Utilizzdel DA-meter per la gestione della

conservazione dei frutti di melo e per il controtlel riscaldo”. Furthermore, part of the
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reported work have been done in collaboration whi Research and Innovation Centre,
Fondazione Edmund Mach, San Michele all’Adige (Tognitaly.



3. Definition of apple fruit ripening stage with the use of innovative

(Index of Absor bance Difference -1 op) and of traditional methods

3.1. Abstract

The degree of chlorophyll degradation in the fflash can be exploited as an indicator of
apple fruits maturity. New instruments, such as tbA-meter, allow to measure
chlorophyll degradation non-destructively and, #iere, to monitor fruit maturity and
quality attributes development. In the present waohnle DA-meter, which express
chlorophyll content as an index of absorbance wdiffee (hp), has been used, during pre-
harvest and at harvest, to monitor fruit qualitd amaturity development in ‘Granny Smith
and ‘Pink Lady’ apples in two consecutive yearse Tdp trends were correlated with the
traditional measurement of the major quality andumty traits (flesh firmness, starch
degradation, total soluble solids, Streif coefinti@nd ethylene production). The results
show that Ap is a reliable indicator of apple maturity in dlettested cultivars and it allows
to group fruit in homogeneous maturity batches.afyn Iap results collected in two
consecutive years are comparable, thus showing ghatan become a standard descriptor

for maturity assessment.

3.2. Introduction

The achievement of physiological ripening at harveghe crucial condition needed for
fruits to fully express their quality during theosige, marketing and consumption. Fresh
fruit quality is a combination of attributes reldte fruit maturity and ripening. These two
physiological stages are overlapping and they affianced by several external and
internal factors (Beaudrgt al., 1993; Kader, 1999; Kays, 1999). Conventionadgple
fruits are harvested close to the onset of ripenbug they are not entirely ripe yet (Kader,
1999). Identify the proper harvest is fundamentalobtain the best fruit quality for

consumption and it ensures the highest profitseddd the harvesting time is also chosen
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on the basis on final market (local or export) dne post-harvest strategies. However,
fruits harvested too early do not reach an adequaginoleptic quality or skin colouration,

and they are more prone to physiological disorgeish as shrivelling, superficial scald
and better pit (Watkinet al., 1995; Eccher Zerbirgt al., 1997; Kader, 1999). On the other
hand, fruits harvested too late are overripe amy tlend to become softer and mealy
during storagéEccher Zerbingt al., 1997; Kader, 1999; Johnstenal., 2002). Based on

these considerations, the precise determinatidinudf maturity is essential to steer post-

harvest and market strategies.

Several indices are used to establish the propening stage such as changes in the skin
colour, starch degradation, soluble sugars cordedt acidity. However, some of them,
although very practical and user-friendly, can betused to predict the final fruit quality
(Kader, 1999). A more precise evaluation of frudtarity and physiological stage can be
obtained by measuring respiration rate and ethypenduction by fruits (Beaudrst al.,
1993; Kader, 1999; De Castebal., 2007). However, these methods are time consuming
and they require trained personnel and sophistinateuments. To improve the assessment
of the optimal harvesting time, the measurementmafe biochemical and physiological
parameters can be combined and expressed in & slagtriptor, such as the Streif index,
which express the relation between flesh firmnesduble solids content and starch
degradation. The Streif index provide more reliaghfermation than the single parameters,
reducing variability observed in different seasarsareas (Streif, 1996; Delong
al.,1999, Zude-Sasstal., 2002; Tijskent al., 2008).

All the methods presented so far to asses fruititguand maturity require destructive
analysis. Therefore, they can not be repeatedtoweron the same samples to monitor the
maturation dynamics and they can be performed onlg limited number of fruits which

may not be fully representative of the whole batch.

To overcome these problems, in the last decadesameh focused on the use of non
destructive techniques to estimate fruit physiataistage and maturity. These methods
include texture analysis by mechanical deformatiompact test or sonic and ultrasonic
vibrations; gas analysis by electronic nose, amtteimagnetic technologies based on
optical properties (radiowave, microwave, ultragtplvisible light, infraredy-ray andy-

ray radiation), fluorescence and magnetic resonafdabott, 1999). Among these

techniques, near infrared spectroscopy (NIRs) idelyi used to estimate physiological
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stage or quality parameters on fruits and vegetafilel and Ying, 2005; Nicolaét al.,
2007; Liuet al., 2008; Costat al., 2009; Bertonet al., 2012).

In apples, NIRs measurements showed a good cooredawith the firmness, total soluble
solids, starch degradation, background colour,ifSindex and some sensory attributes
(Peirset al., 2000; McGlonest al., 2002; Mehinagiet al., 2003; Peirst al., 2005; Liu and
Ying, 2005; Zudeet al., 2006). Furthermore, since chlorophyll degradatakes place in
apple skin during maturity development, changesit$n content, measured by non-
destructive technologies, can be used to estinrait ripening stage (Merzlyakt al.,
2003; Solovchenkeat al., 2005; Nicolaiet al., 2007; Costaet al., 2009, Bertonest al.,
2012, Betempst al., 2012). The major drawback of all these non-desitre methods is
the need of a continuous calibration and complea g@ocessing (Nicolaét al., 2007,
Costaet al., 2009). To overcome these limitations, a newlytgde device has been
developed: the DA-meter (Ziosi al., 2008; Costat al., 2009). This instrument measures
the changes in flesh chlorophyll content as a diffee in absorbance at 720 and 670 nm
(Iap), which provides a reliable indication of the mp®g state of fruits. The use of the
DA-meter was mainly described for stone fruits, rehthe hp also correlated ethylene
production and transcription of ripening-relatechge (Ziosiet al., 2008; Costeet al.,
2009; Bonoreet al., 2013a,b; Costa and Noferini, 2013; Shimyal., 2013). In peaches,
Iap allowed to cluster at harvest the fruits in homagenripening classes, which presented
a differential development of fruit quality tradsiring shelf-life (Costat al., 2009; Shinya
et al., 2013). Up to now, few studies have been invagtid) the possible use of theg las a
ripening index for pomes fruits. Recentlyplwas used to determine maturity and fruit
quality in ‘Gala’, ‘Starking’, ‘Granny Smith’ andPink Lady’ apples (Costamagetal.,
2013; Nyasordzet al., 2013).

The present study aims to investigate the useeoDils-meter for precisely monitoring the

ripening stage of ‘Granny Smith’ and ‘Pink Lady’pdgs during pre-harvest and at harvest.
These two cultivars have been chosen as a modabpfae fruits. In fact, they are among
most produced and consumed apple varieties in Eutopaddition, they are characterized
by very different organoleptic characteristics aipeéning behaviour, which may represent

the two extremes among apple cultivars.
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The DA-meter measurements were correlated withntbst widely used fruit quality and
ripening parameters [flesh firmness (FF), totaubtd solids (TSS), starch degradation,

Streif index and ethylene production].

3.3. Materialsand Methods

3.3.1. Plant material, cultivation conditions and harvesting time

Trials were conducted on ‘Granny Smith’ and ‘Pinkdly’ trees for two consecutive
seasons (2011 and 2012). Trees were five yearg@fted on M9 rootstock, and trained
as spindle system. Plantation density was 378& tnéé for ‘Granny Smith’ (0.8 x 3.3
meters) and 3030 trees héor ‘Pink Lady’ (1.0 x 3.3 meters). The orchardsre located
in Ravenna, Italy, at 44°26'38’-12°5'53"E for ‘Gnay Smith’ and at 44°20'46” N-
12°2'26"E for ‘Pink Lady’, both orchards with arpproximate North-South orientation.
The orchards were conducted with standard cultprattices (i.e. fertirrigation, disease

and pest control).

Fruits development was followet) planta, with the DA-meter every week starting from
approximately 159 and 169 after full bloom (DAFEjranny Smith’ and ‘Pink Lady’,
respectively. Harvest was performed, in ‘Granny t8hmat 187 and 190 DAFB for the
season 2011 and 2012 respectively, and ‘Pink Latlyf94 and 201 DAFB for 2011 and
2012 respectively.

3.3.2. Non-destructive | ap (Index of absorbance difference) measurement

The non destructive analyses were performed wiAameter (TR Turoni, Forli, Italy).
This instrument is based on NIRs technology andedds the absorbance differences
between two wavelengtha<670 nm and 720 nm), which is expressedags DA-meter
measurements correlate to the actual chlorophgtirgent in the flesh fruit. In appleypl
values range from 0.2 to 2.2, being the higher remshnked with less ripe fruit. Thed
was measured weekly on 500 fruits per cultivardoamly selected. On each fruitypl

calculated as the average of two measures takémeaspposite equatorial side.
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At 20, 10 and 5 days before harvest, 100 fruitkecsed among the 500 chosen fap |
measurements, were harvested to analyse theirtyjuahd maturation traits (flesh

firmness, TSS, starch degradation, Streif indexethglene production).

At harvest, 500 fruits were collected and analys#ti the DA-meter. According toad
values, the fruits were grouped in 4 homogenegosning classes for ‘Granny Smith’
(>2.0,<2.0-1.8,<1.8-1.6,<1.6-1.4) and 5 classes for ‘Pink Lady’ (>1s4,2-1.0,<1.0-0.8,
<0.8-0.6, <0.6-0.4). For each ripening classes, 20 fruits wemdected for the

determinations of the standard quality traits aglene emission.

3.3.3. Destructive analysis for fruit quality traits determination

Flesh firmness (FF) was measured using a FruitufexAnalyzer penetrometer (FTA
Guss, South Africa). After eliminating a skin tHayer, each fruit was compressed at the
two equatorial sides using a pressure tester fittithl a 11 mm plunger tip, at 2 mm at a
rate of 0.1 mm/s.

Starch content was assessed with the Lugol test fhieasurements were visually
evaluated using the Ctilf starch conversion chartajpples, expressed in a scale from one

to ten.

Total soluble solids (TSS) were measured with #&aligefractometer (DBR-95, Italy), part
of the mesocarp was squeezed and the juice drosused to measure the percentage of

soluble solids at the two equatorial side.

Streif Coefficient was calculated by the equatiesatibed by Streif (1996), were the index
is defined as [FF/(TSS x Starch degradation)].

3.3.4. Ethylene assessment

Ethylene production was measured by placing thelevfrait in a 0.8 L jar tightly sealed
with a lid equipped with a rubber stopper, and Hkftroom temperature for 1 h. The
measures were performed on a 10 ml gas aliquotlsdnfimm the fruit headspace . The
analysis were carried out using a Dani HT 86.01 n{DPaMilan, Italy) packed-gas
chromatograph fitted with FID and a Porapak Q calu@upelco, Bellefonte, PA, USA).
Oven temperature was set at 80°C, and for thetonj@nd detector at 180°C,Mas used
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as the carrier gas, 16 mL min-1 flow rate. Ethylemmcentration was expressed as

nanoliter/ gram of fresh weigh /1h.

3.3.5. Satidtical analysis

Data were processed by ANOVA and the means wergamd by the Tukey's HSD test
at significant level of 0.05 by the software STATISA 7 (StatSoft Inc., Tulsa, USA).
Differences between means were analyzing by Tféeshdependent samples by variables
(p value < 0.05). Relation betweegpland fruit attributes and ethylene content was

evaluated using the Pearson Product-Moment Caoelé@5% confidence).

3.4. Resultsand Discussion

3.4.1. Inplanta pre-harvest monitoring of maturity evolution measured by | p

The lp evolution during the last month before harvestwsdw a decrease from 1.96 to
1.80 for ‘Granny Smith’ and from 1.60 to 1.10 f&tink Lady’ (Table 1). This reduction
corresponds with an increase of the fruit matusitgge as indicated by the results of
destructive analysis (Table 2). The levolution showed a significant correlation with FF
and starch degradation in ‘Granny Smith’ in the éarg of analysis (Figure 1 A, C,
respectively). In ‘Pink Lady’, the correlation bet@n hp and FF or starch content is not as
clear as in ‘Granny Smith’ (Figure 1 B, D , respealy). However, it should be noted that,
in our experiments, FF and starch degradationsndidvary significantly in relation to
‘Pink Lady’ maturity evolution. Theab values did not significantly correlate with TSS in
none of the two cultivars (Figure 1 I, F). In fart,both cultivar, TSS showed only little
differences which indicated, that, in the last nmohefore commercial harvest, the total

sugar content was already fully established and little increases occurred.

The l,p showe3d a robust correlation with the Streif cagtft in both cultivars (Figure 1,
G, H). Interestingly, this parameter was the onat thetter describe the maturity
development in apple thus strengthening the evielghat hp can be an easy to use

indicator of maturity stage to predict the harvegttime. Finally, the ethylene analysis
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showed that in ‘Granny Smith’ this parameter doascorrelate neither with maturation or
Iap due to the very low emission (Figure 1, I). InrfiLady’, ethylene emission absent at
the initial maturity stages, while thereafter, anigsion burst was observed (Figure 1, L).
Therefore, the ethylene evolution during maturigvelopment did not show a linear
correlation with A\p. The Pearson’s correlation coefficient showed eddinkage between
Iap and ethylene.

Our results confirmed the studies previously cotetlion ‘Starking’ apples (Nyasord&i
al., 2013). hp correlated also in ‘Granny Smith’ and ‘Pink Ladyitvthe internal quality
changes occurring immediately before harvest. Basethese evidences, we propose the
use of hp as a fast, non-destructive, easy to use and robdsator of internal quality
changes in order to establish the most approphateesting time to fully express apple
fruit quality after storage. The efficacy gfplcan be explained with its strong correlation
with the content of chlorophyll-a, which decreasariny the increase of maturation
(Merzlyak et al., 2003; McGloneet al., 2002; Zudeet al., 2006; Bertonest al., 2012).
Differently from previous works where the non-dastive instrumentations to detect the
reduction of chlorophyll contents needed a consnaalibration and complex statistical
analysis (Zude-Sasst al., 2002; Zudeet al., 2006; Bertonest al., 2012), the DA-meter

provides a ready to use data that can be easdypirgted also by non-trained personnel.

3.4.2. Fruit maturity distribution at harvest measured by | ap

The heterogeneity of apple fruit maturation at leatwvas estimated byd (Figure 2 and
3). In ‘Granny Smith’ theAp values ranged between 1.4 and 2.1 in both yeagsir@§i2).

In this cultivar nearly 90 % of fruits presentslan between 2.0 and 1.6., and the majority
of fruits clustered in 4 differenkd classes (higher than 2.0; 2.0-1.8; 1.8-1.6 andl4pk

In ‘Pink Lady’, lap varied between 0.4 to 1.6 showing a more hetemen maturity
distribution at harvest (Figure 3). In this cultivéhe main Ap classes chosen for further
analysis were 5 (higher than 1.2; 1.2-1.0; 1.0-0.8:0.6 and 0.6-0.4). In both cultivars,
the distribution of maturity showed the same treénthe two consecutive years, although
in 2012, the harvest was delayed of 4 and 7 DAFBGiranny Smith’ and ‘Pink Lady’,
respectively. This delay resulted in a higher petage of fruits clustering in classes of
lower Iap (More mature). For each mentiongd tlasses standard quality parameters (FF,

TSS, starch index degradation and Streif coeffi¢iand ethylene emission were assessed.
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In ‘Granny Smith’, the fruits with differenta values, also showed significantly different
FF values (Figure 4, A). In ‘Pink Lady’, this cdiagon was weaker due to the inner
characteristic of this cultivar that have been el for the ability of the fruits to preserve
an almost constant FF during maturation (Figurd3},Indeed, the fruits in lowerad

classes, starting from 1.0-0.8, presented sigmifigadifferent FF values from the ones in

the higher Ap classes.

Concerning starch degradation, in ‘Granny Smitlé thfferent hp classes showed also
significantly different starch content for the 20harvest. In 2012, a similar trend was
observed, but the differences were not alwaysssizdily significant (Figure 4, C). In
‘Pink Lady’, in 2011, the Ap classed generally did not statistically differ ttie starch
content, only the classes with lowgp I(from 0.8-0.6) differed from the least mature fsui
(Iao>0.8) (Figure 4, D). In 2012, significant differeascin starch content were observed

among all Ap classes (Figure 4, D).

A general, increase in TSS was observed in relatomy decrease in both cultivars
(Figure 4 E, F). In ‘Granny Smith’, the differendesTSS were significant only between
the two boundary classesfb2.0 and 1.6<4p<1.4) (Figure 4, E). In ‘Pink Lady’, in 2012,
the comparison of TSS among the differex tlasses showed the same trend as in
‘Granny Smith’ (Figure 4, F). In 2011, significatifferences were observed betwegi |
>1.2 and 1.2<p<1.0 and between 1.058<0.8 and 0.6<4p<0.4.

In ‘Granny Smith’ in 2011, differentah classes showed significantly different Streif
coefficient among the three least matukg tlasses. In 2012, the differences in Streif
coefficient were statistically significant only angpthe hp classes higher or lower than
1.8 (Figure 4, G). In ‘Pink Lady’ differences betwelp classes in relation to Streif
coefficient were significant in the most maturesskes (Figure 4, H). In both cultivar, the
differences observed in the Streif coefficient agn@011 and 2012 were mainly due to the

differences observed in TSS and starch, whereadjd=fot differ among the two years.

Concerning ethylene emission, ‘Granny Smith’ présénan almost absent ethylene
emission and therefore this parameter showed titatisdifference only among the
boundary Ap classes (Figure 4, 1). In ‘Pink Lady’, the frutthustering in all \p classes
higher than 0.8 showed an extremely low emissioetloylene (Figure 4, J). Whereas, the
fruits in the classes with apd lower than 0.8 produced significant amount of Ethg and

a sharp increase whexplwas lower than 0.6 (Figure 4, J).
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In this study, ‘Granny Smith’ fruit quality paramnees were more constant on the two
seasons than on ‘Pink Lady’ where some differenveere detected especially on starch
degradation. Starch degradation and TSS were tteangders with the higher variability
between the two years. These differences on stdegiadation were also reported in
previous studies and they are mainly related with different dates of the beginning of
start degradation, between the seasons (Brooldield, 1997; De Castrd al., 2007).

In our experiments, in both season, the clusteriniguits according tod, confirmed the
subdivision in maturity groups categorized on thsds of standard quality traits, such as
FF, starch degradation and Streif coefficient, Whigre fair indicators of ripening
evolution. Whereas, other parameters, such as di8®ot show significant differences in

relation to the maturity classes categorized orbtses of other quality traits.

3.5. Conclusions

Our data confirm that the chlorophyll degradatian de taken as an index to define
harvest and asses apple fruit quality, althougls narely used to examine the maturity
distribution at harvest (McGlonet al., 2002; Zudeet al., 2006; Bertoneet al., 2012
Nyasordziet al., 2013).

The results obtained demonstrated that tte dould represent a reliable indicator for
monitoring fruit ripening evolution bothn planta during the growing season and at
harvest. Therefore,ad can be used, in field, for a precise predictiontioé most
appropriate harvesting time in order to fully exwethe fruit quality potentialities.
Whereas, at harvesjpl can be used to cluster the fruit in uniform mayuciasses in order
to decide the most suitable post-harvest strateggdch of them. The major advantages of
Iap is that this parameter can be obtained with a ptatastrument directly in the orchard
and, since, the instrument is non-destructive, ¢asyse and fast, a high number of fruits
can be measured thus providing a more represeatatiluation of the maturity stage in
field. The hp also allows to describe the fruit heterogeneityisingle tree or in a given

fruit batch.
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In comparison with the standard parameters, whaate himitations related to their climate
and environment-dependency, which make the differears not comparableypl showed,

in our study, a good stability among the differegasons.

Establish the proper harvest by commercial critesiech as starch degradation, TSS or
colouration of the skin, varies from region to wagi Each of these parameters, when used
alone, are not enough reliable for defining thet legvesting time. In fact, it has been
observed that delaying the harvest for achieviigga percentage of red coloured surface
fruit, without considering, for example, the stardegradation, in some areas could

compromised the quality and increase losses dgtomgge (De Castr@ al., 2007).

Based on these considerations, future researcloefdstévaluate the use ofpl in different
regions and climates to verify if this parameteteiss dependent that the standard index

from environmental and cultivation conditions.

Further studies are needed to optimize this ingtninfor the prediction of the best
harvesting time. Studies should be focus on dineahitoring fruit maturity in the field,
and the possibility to get on real time a visiontlué actual state of the fruit maturity for
each specific orchard, these could allow to impleirmeanagement decisions at the single

orchard level before fruit harvest.
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3.7. Figuresand Tables

Table 1. A\p mean values in relation to DAFB, for the seasonl2@dd 2012 on ‘Granny
smith’ and ‘Pink Lady’ apples. Different letters, the same column, indicates significant
differences aP<0.05.

2011 2012
DAFB  Fruit Maturity (lap) DAFB Fruit Maturity (lap)

159 1.96a 162 191a

. 169 1.92b 169 1.88b
Granny

ey 175 1.89 ¢ 176 1.86¢c

Smith

179 1.87d 183 1.83d

187 1.82e 190 1.80e

169 1.60a 173 1.57 a

175 1.55b 180 1.50b

‘Pink Lady' 182 1.44 c 187 1.33¢c

187 1.33d 191 1.21d

194 1.12e 201 1.10e
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Table 2. Changes in maturity parameters in ‘Gra@myth’ and ‘Pink Lady’ apples during
the last month before harvest. Flesh firmness (E#tpl soluble solids (TSS), starch
degradation, Streif coefficient and ethylene emissare reported for season 2011 and

2012. Different letters, in the same columns, iatécsignificant differences Bk 0.05.

2011 2012

TSS Starch Streif Ethylene TSS Starch Streif Ethylene

DAFB FF(N) (o) (1-10) Index (ugrwh)  PAPB FRINL ol 110) Index (nL/gFwh)

,G 169 81.9a 104b 48c 17a 0.02a 169 81.5a 108b 53c 15a 0.02b
;;?t"h‘f 179 740b 112a 61b 1.1b 003a 176 79.1ab 112b 65b 1.1b 0.03ab
182 705¢ 112a 7.4a 09c 003a 183 703b 123a 7.7a 08c 005a

oy 175 8592 130b 67b 10a 01lb 180 87.2a 12.1b 7.0c 1la 006b

La:‘, 182 855a 13.7a 7.2a 09b 0.17b 187 857a 12.8a 7.8b 09b 0.10b

V' 187 81.7b 13.7a 75a 08c 058a 191 834b 127a 82a 09b 032a
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Figure 1. Relation betweenpl and the main maturity parameters during pre-harirest
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indicate the correlation between parameters,randorrelation coefficient for season 2011
and 2012.
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Figure 2. Distribution of dp classes at harvest in ‘Granny Smith’ apples. Fruiese
harvested at 187 and 190 DAFB for the season 20d2@12, respectively.
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soluble solids (TSS), G, H: Streif coefficient and: ethylene emission. Different letters
indicate significant differences betweeg Iclasses aP<0.05. The asterisk indicates

differences between 2011 and 2012, among the saraepter.
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4. Optimization of the DA-meter, a non destructive tool to monitor apple

fruit maturity, to predict the best harvesting time

4.1. Abstract

A precise definition of the ripening stage direatlythe orchard is essential to predict the
best harvesting time to allow fruits to fully expsetheir organoleptic potential. The DA-
meter allows to measure chlorophyll-a degradatidmckvis a reliable indicator of apple
maturity development. In the present work the DAenewhich express chlorophyll
content as an index of absorbance differengg),(lhas been used, during pre-harvest to
monitor, directlyin planta, fruit maturity development in ‘Granny Smith arféink Lady’
during two consecutive years. The aim of the retearas to develop a simple model,
based on theah monitoring, to predict the optimal harvesting timed fruit maturity
heterogeneity at harvest. The data collected aqortiire cultivar-specific behaviour of the
Iap before harvest. Moreover,n was found to be consistent, in the same cultiyaar
after years. The variation ofd during pre-harvest time showed a constant decrimase
can be modelled by a linear regressiofi=(R9) which can be used to predict, with up two

weeks of advance, the apple quality at harvest.

4.2. Introduction

The quality of the fruits as defined in terms csual appearance (shape, skin colour, size),
texture, flavour and aroma is the most apprecibtedonsumers. However, nowadays, the
fruit nutritional value and safety are also consedea priority. Therefore, providing the
market with high quality fruits should be one ofetimajor drivers to increase fruit
consumption and expand profit for the producersdisttibutor. The cultivation methods,
the harvesting time and the post-harvest manageraentthe three major factors

influencing the development of fruit maturation dnthl quality. The definition of most
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appropriate harvesting time is particularly impattaince in apple fruits, the maturity
stage at harvest affects the quality at consumptioa storage strategy and shelf-life
duration. It has been demonstrated that fruit heiede too early on the season will not
develop adequate sugars and flavour, and are nroree o shrivelling and to develop
insufficient skin coloration, (Watkinst al., 1995; Eccher Zerbingt al., 1997; Kader,
1999). In addition, fruit harvested with a subogimrmaturity are more prone to storage
disorders as superficial scald and bitter pit. @& dther hand, fruits harvested late in the
season could be overripe, with a higher tendendyetmme exceedingly soft and mealy.
Such conditions decreases the potential of frortsforability, while increasing the risk of
other disorders such as senescent breakdown (EZehkmi et al., 1997; Kader, 1999;
Johnstoret al., 2002).

Nowadays, two major approaches exist to predioctdsing time: i) the monitoring quality
traits, such as flesh softening, starch degradatiocumulation of soluble solids, fruit skin
colouring, etc. or ii) the use of prediction modélsie monitoring of quality traits needs
the destruction of the fruits during the analysisd asome of these parameters are
influenced by the climate conditions and locatiod,aherefore, they cannot be used as an
universal scale (Beaudmst al., 1993; Kader, 1999; Kays, 1999, De Cagral., 2007).
Concerning the models to define the optimal harwestiow, they are based on detailed
description of the environmental and physiologigedcess, blooming date, degree-days,
climatic variables interactions, fruit quality paraters measured by destructive techniques
and molecular analysis (Beaudatyal., 1993; De Longt al.,1999; De Castret al., 2007;
Kaack and Lindhard Pedersen, 2010; Kaack and Rade®011; Hertoget al., 2011;
Neuwald and Streif, 2012). Although these modedsadnie to precisely define the ripening
stage and the optimal harvesting time, they aree ticonsuming and they require
sophisticate analysis, equipped laboratories amided personnel. Moreover, they do not
allow the real-time monitoring of the maturatioropess. Therefore, most of these models
are restricted to research studies and their gedcpplication is still difficult.

Based on these considerations, new reliable andteasse approaches to predict the most
appropriate harvesting time are sought. The useoofdestructive devices, such as the
DA-meter (TR Turoni, Forli, Italy), has shown thetentiality to be a useful tool to
monitor fruit quality and maturation developmenbiwler to predict harvesting time (Costa
et al., 2009; Costa and Noferini, 2013; Costamagnal., 2013, Nyasordzét al., 2013).
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The DA-meter is a portable device based on VidNget Infrared (Vis/NIR) spectroscopy.
The DA-meter has been used to assess fruit matwiitich do not required calibration and
offers a direct estimation of the actual chloropaylcontent expressed as the index of
absorbance differenceaf)) between two wavelength&4670nm and\=720nm) (Ziosiet
al., 2008; Costat al., 2009). Previous studies demonstrated that mamitdhe changes
on chlorophyll content in apple skin by Vis/NIR spescopy allowed the estimation of
fruit physiological stage during apple maturity @ 1972; Knee, 1980; Merzlyakal.,
2003; Zude-Sasss al., 2002; Zude, 2003; Solovchenkbal., 2005). The DA-meter was
mainly used on peaches, nectarines and apricotsewthe hp correlated with ethylene
production, fruit quality traits, and transcriptiaf ripening-related genes (Ziosi al.,
2008; Costeet al., 2009; Bonorat al., 2013a,b; Shinyat al., 2013). On stone fruits, the
use of the Ap allowed to divide at harvest the fruits in homogenoipening classes, each
class present a diverse quality behavior durindf4ifee and consumption preferences
(Costaet al., 2009; Shinyeet al., 2013). Up to now, few studies have been perfdritoe
test the use of thexd as a ripening index on pomes fruits (Costamaghal., 2013;
Nyasordziet al., 2013). On apple fruits the use of thg have been recently study on
‘Gala’, ‘Starking’, ‘Granny Smith’ and ‘Pink Ladyto determine quality traits and its
shown the potential of the use of this index fogpening and quality assessment
(Costamagneet al., 2013; Nyasordzit al., 2013).

The use of Ap was successfully used to assess apple fruits gulibarvest. Theap was
cultivar dependent, but independent from the grgwseasons, thus suggesting that this
index can be used, in different years, and probabldifferent cultural or geographic
conditions, as an universal parameter to describeduality and maturation (according to
the data reported on chapter 3). Preliminary resalso showed thahd can be used,
directly in field conditions, to follow the develo@nt of maturation and quality. Recently,
a model to predict the appropriated harvest penbdpple fruits was developed by
measuring chlorophyll degradation with NIR and Wi technologies (Bertonet al.,
2012). However, the model robustness and religlslill need to be validated in relation
to the seasonal variability and geographical lece{Bertoneet al., 2012). Hence, the aim
of this work was to optimize the use @b lduring pre-harvest to predict the i) optimal
harvesting time, and ii) fruit maturity heterogdygeit harvest.
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4.3. Materialsand Methods

4.3.1. Plant material, cultivation conditions and harvesting time

Trials were conducted on ‘Granny Smith’ and ‘Pinkdly’ trees for two consecutive
seasons (2011 and 2012). Trees were five yeargatted on M9 rootstock and trained as
spindle system. Plantation density was 3788 tre&sfor ‘Granny Smith’ (0.8 x 3.3
meters) and 3030 trees hfor ‘Pink Lady’ (1.0 x 3.3 meters).The orchardsreviocated in
Ravenna, lItaly, at 44°26'38-12°5'53”E for ‘Grann$mith’ and at 44°20°46” N-
12°2'26"E for ‘Pink Lady’, both orchards with arpproximate North-South orientation.
The orchard surface for ‘Granny Smith’ and ‘Pinkdia was 4 and 3 hectares,
respectively. Each orchard was delimited and gésreaced by the use of Global Position
System (GPS, Garmin® eTrex® Vista HCx). The orchasgre conducted with standard
cultural practices (i.e. fertirrigation, diseasel g@st control).

Fruits development was followet planta, with the DA-meter every week starting from
approximately 157 and 164 after full bloom (DAFBY‘tGranny Smith’ and ‘Pink Lady’,
respectively. Harvest was performed, in ‘Granny t8hmat 187 and 190 DAFB for the
season 2011 and 2012 respectively, and ‘Pink Laty94 and 201 DAFB for 2011 and
2012 respectively. Commercial harvesting time wasded on the based on flesh firmness
(FF) and starch degradation in ‘Granny Smith’, aed blush development and total
soluble solid contents (TSS) in ‘Pink Lady’ in acdance with the optimal range for each
parameter and cultivar (Fadanelli, 2008), whichregpond to a meanid value 1.8 and 1.1
for ‘Granny Smith’ and ‘Pink Lady’ respectively @uding to the data reported on chapter
3).

4.3.2. Monitoring of apple fruit maturity during pre-harvest

Fruit ripening progression was assessed in relatmnthe full bloom date from
approximately one month before the expected harvdeng this period, fruit maturity
behaviour was assessed, diredtlyplanta, by the use of the DA-Meter. Thgplwas
detected every four days starting from approxinedyii’'s50 DAFB. hp measurements were
postponed, up to seven days, in case of adversatati conditions. In each time point, the
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Iao was measured on 300 apple fruits randomly chossidenthe orchard. Fruit were
randomly selected in the middle canopy positionyrialary rows were discriminate, and a
minimum of six rows were sampled. To determinertiigimal number of fruits needed to
record a reliable measure gplrandom subsamples of 100 and50 fruits were predess

independently.

4.3.3. Development and validation of a prediction model for optimal harvesting
time

In both years, theab data collected during the different sampling tin{fB®\FB) were
processed to obtain a regression equation to nmiggeallevelopment in relation to time.
The regression equation was used to predict therfraturity at harvest. The model was
validated, by plotting the measureg Ivalues in relation to the regression line per each
studied year, furthermore to validate the modekpwhdently of the season, the model
obtained in 2011 was validated with the real me=sun 2012. The prediction of the
harvest date was forecast forag Malue 1.8 and 1.1 for ‘Granny Smith’ and ‘Pink kad

respectively.

The prediction of the heterogeneity of fruit matydistribution at harvest was analysed by
plotting the percentage of each forecastgdnhaturity class against the results obtained
with fruits sampled at commercial harvest.

4.3.4. Satistical analysis

Collected data were processed by Tukey’'s HSD testievel of significance of 0.05. The
interactions between factors were assessed with u#tiple factor ANOVA test.
Comparison between means on time was performedtdst for independent samples by
variables ) value < 0.05). Linear regression to model the bigraent of hp in relation to
time (expressed as DAFB) was evaluated by the icteif of determination (8, root
mean square error (RMSE) ampdvalue were. Statistical analysis were performed by
STATISTICA 7 software (StatSoft. Inc., Tulsa, OKSH).
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4.4. Results and Discussion

4.4.1. Assessment of fruit maturity on tree before harvest

The l,p was measured on the fruits of the two cultiva@&anny Smith’ and ‘Pink Lady’
during different time points before harvest, and thinimal number of fruits needed to
obtain a reliable evaluation of the meag Value was evaluated (Table 1). In ‘Granny
Smith’, a sample size of 50 fruits generally restiitepresentative of the meap Values

at the different time points before harvest, eyeugh a sample of 100 fruits gave a more
robust estimation of thed value (Table 1). In ‘Pink Lady’, 100 was the mininmamber

of fruits be measured in order to obtain a religdggmation of theab value (Table 1). In
the time span considered, the Values in ‘Granny Smith’ presented lower varialiii
comparison with ‘Pink Lady’, decreasing from abdv87 to 1.80 and from 1.60 to 1.10,
respectively (Table 1). The evolution of thg Values during the last period before harvest
can be explained by its correlation with the chpdrgl degradation during fruit ripening
fruit (Knee, 1972; Knee, 1980; Merzlyakt al., 2003; Zude-Sasset al., 2002,
Solovchenkat al., 2005; Costa&t al., 2009; Bertonet al., 2012; Nyasordzegt al., 2013).
Our results corroborate the previous findings ot@dion ‘Starking’ apples (Nyasordey
al., 2013).

Iap changesn planta during the last month before commercial harvestcheracterized by
an initial trend where little variations occur oviame. Successively, once a certajp |
value, which is specific for each cultivar, is read, the reduction ofxh becomes linear.
This break point was nearly 1.9 for ‘Granny Smaind 1.6 for ‘Pink Lady’. The trend in
Iap decrease in ‘Granny Smith’ presents a smaller siopgmparison with ‘Pink Lady’
(Figures 1A and 2A).

4.4.2. Prediction of harvesting time

The measurement ofd values performed during 2011 and 2012 showed tieatvariation

of lap during time (DAFB) follows a linear regression, ialh varies according to the
cultivar (Figures 1, B-C and 2, B-C). The data \akd to calculate the linear regression
describing the observed decrease gf. IThis regression can be calculated, for both
cultivars, by taking in consideration on the fitistee hp values recorded after the break
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point (lap=1.9 for ‘Granny Smith’ andab=1.6 for ‘Pink Lady’) (Figures 1, B-C and 2, B-
C). On the present study, the slope of the linegrassion was similar or equal between

years.

The linear regression calculated on these threetpailowed to predict the harvest day
with a coefficient of determination of*®.99 and 0.98 for ‘Granny Smith’ for the season
2011 and 2012 respectively (Figure 1, B-C). Also‘Rnk Lady’, the coefficient of
determination of B=0.95 and 0.99 for 2011 and 2012, respectively(f@idt B-C). The
model was validated by plotting the measurggJalues in relation to the regression line
calculated, each years, by using the first thxgalfter the break point (Figure 1, B-C and 2
B-C). In addition, to verify if theab values, in a specific orchard, follow a linear retiton
independently form the season, the regressionciheulated 2011 was validated with the

real measures obtained in 2012 (Figures3 and 4).

The model calculated with the data collected in12pérfectly predicted, in both cultivars,
the lp trend in 2012 (Figure 3 and 4). Therefore, our ltesshow that, in a specific
orchard, the harvesting time can be predicted implsi determining when thed reaches
the break point. This break point occurred, indeleatly form the year, at 165 and 175
DAFB ‘Granny Smith’ and ‘Pink Lady’, respectively.

The heterogeneity of fruit ripening detected beftle harvest provided other useful
information. The maturity distribution, expressesl g classes, is reported for the two
studied cultivars on three representative daysrbdiarvest, which were the ones used to
estimate the maturity trend (Figure 5). Fruit miéyudistribution can be described by a
Gaussian curve with the amplitude dependent byuttesar. In ‘Granny Smith’, the curve
presents a lower fruit ripening heterogeneity dnsl trend did not change overtime (Figure
5A). In ‘Pink Lady’, fruits showed a higher ripegirhomogeneity (Figure 5B).These
information allowed also to estimate the fruit mayudistribution at harvest expressed as
Iap classes (Figure 6) by the maturity rate. For ‘@Gsasmith’ from the fruit maturity
distribution measured at 169 DAFB, the predictedt fmaturity at harvest was estimated
with a R above 0.98, RMSE 0.1 and logwalue. In ‘Pink Lady’, the measured fruit
maturity distribution assessed at 182 DAFB predidiee fruit maturity distribution at
harvest with a Rabove 0.97, RMSE around 0.3-0.4 and lpwalue. The coefficient of
determination, RMSE angtvalue are reported in Table 2 for season 2011284Q.
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45. Conclusions

lap index could represent a decisional support tool goe-harvest and post-harvest
management. Indeedyplallows to monitor the progression of apple fruittanay directly

in the orchard and it can be used to predict tist barvesting time and the heterogeneity
of fruit maturity at harvest. The results presentethis work confirm the cultivar-specific
behaviour of the b evolution before harvest and its consistency ovierént growing
seasons. Similar maturity trends were observedpthe two studied apple cultivars. The
maturity evolution during time can be describedaldinear regression. This information is
specific for each cultivar and do not appear reldte the growing season. The results
reported on this study also highlight the variapibf the maturity stage infield conditions

and at harvest.
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4.7. Figuresand Tables

Table 1. Fruit maturity expressed as &t different DAFB, for the season 2011 on ‘Granny
Smith’ and ‘Pink Lady’ apples. Different lettergdinates significant differences B+0.05

along the season, * indicates significant diffeematP=0.05 between different samples

size 300, 100 and 50.

2011 FruitMaturity (1ap)
Cultivar  DAFB 300 100 50
152 1.97 £0.11a 1.97 £0.09a 1.93+0.11a*
159 1.96 £ 0.10a 1.96 +0.07a 1.96 £ 0.09a
166 1.94 £ 0.08b 1.93 £ 0.08b 1.95 +0.08a
‘Granny
smith 169 1.92 +0.09c 1.91 +0.10c 1.87 £ 0.09b*
175 1.90 £ 0.09d 1.88 +£0.08d 1.89 £ 0.08b
179 1.88 £ 0.08e 1.86 +0.08e 1.88 £ 0.09b
187 1.83£0.18f 1.81 + 0.08f 1.87 £0.29b
159 1.68 £ 0.16a 1.72 +0.16a 1.59+0.183*
169 1.61+£0.17b 1.57 £0.19b 1.55+0.17b
175 1.55+0.16¢c 1.50+0.18c* 1.46+0.17c*
Pink Lady’ 179 1.51+0.20d 1.46 £0.22d 1.45+0.22c
183 1.41+0.23e 1.37 £0.24e 1.19 £ 0.20d*
187 1.31+0.23f 1.29 £ 0.20f 1.29 +0.24e
190 1.23+£0.22¢g 1.21£0.24¢g 1.10 £ 0.23f*
194 1.12+£0.17h 1.09 £0.15h 1.11 +£0.18f
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Figure 1.Evolution of Ap values during time for the ‘Granny Smith’ applaifrduring the
year 2011 and 2012 (A). The regression lines fer year 2011 (B) and 2012 (C) are
reported. The regression lines were calculateddmgidering only 3 DAFB (solid lines).
The predicted trend is expressed by the dotted Wieite symbols are the measureg |
mean values. Linear equations of the regressiasliand coefficients of determination
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Figure 2. Evolution of Ao values during time for the ‘Pink Lady’ apple fratring the
year 2011 and 2012 (A). The regression lines fer year 2011 (B) and 2012 (C) are
reported. The regression lines were calculateddmgidering only 3 DAFB (solid lines).
The predicted trend is expressed by the dotted WMigite symbols are the measureg |
mean values. Linear equations of the regressiasliand coefficients of determination

(R?) are reported.

43



200 e e ©2011 02012

1.90 - ‘“0\’
o 180 - CF--- =t

1.70 -

y2011 = -0.005x + 2.803
1.60 - R*=0.999
1.50
145 155 165 175 185 195
Time (DAFB)

Figure 3. Validation of the 2011 maturity regressiodel for ‘Granny Smith’ with the
data measured in 2012. The regression lines wécalated by considering only 3 DAFB
(solid lines). The predicted trend is expressedhieydotted line. White squares)(are the

Iap Values measured in 2012. Linear equation of theessipn line, and coefficient of

determination (B are reported.

1.90 -
1.70 - o

1.50 - <o \
1.30 - -
1.10 - RSN
0.90 -

IAD
O
1
1
1

y2011 = -0.016x + 4.308
0.70 R? = 0.950

0.50 T T T T T 1

145 155 165 175 185 195 205
Time (DAFB)

Figure 4. Validation of the 2011 maturity regressimodel for ‘Pink Lady’ with the data
measured in 2012. The regression lines were cadollay considering only 3 DAFB (solid
lines). The predicted trend is expressed by théeddine. White squaresi) are the Ap

values measured in 2012. Linear equation of theessigppn line, and coefficient of

determination (B are reported.

44



A. ‘Granny Smith’

80 T”/ 166 DAFB
70 \ A

169 DAFB
60 -

\ m 175 DAFB
50 '/ A ‘

40 -

30 L—A

20+ \

10 -
0 A

\\

Fruit Distribution

2.2

14 12

Fruit Maturity (IAD)

B. ‘Pink Lady’

175 DAFB

179 DAFB
60 1 m 183 DAFB
50 -

Fruit Distribution (%)

1.4
1.2 1 08 0.6
Fruit Maturity (IAD)

0.4 0.2

Figure 5. Apple fruit maturity distribution, expeesl as percentage of fruits in the different

Iap classes, evaluated at three time points befoneebam ‘Granny Smith’ (A) and ‘Pink
Lady’ (B). Data refers to the 2011 season.
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Figure 6. Comparison between the predicted and umeagpple fruit maturity distribution
at harvest. The maturity distribution is expresaggyercentage of fruits in the differess |
classes, (A): ‘Granny Smith’ and (B): ‘Pink Ladyata refers to the 2011 season. The
prediction of the heterogeneity of fruit maturitistibution at harvest was analysed by

plotting the percentage of each forecastednhaturity class against the results obtained
with fruits sampled at commercial harvest.

46



Table 2. Regression coefficients, RMES gmdalue for the linear regression model
described by theap for the growing season 2011 and 2012 on ‘Grannytt8rand ‘Pink
Lady’ apple fruits.

Cultivar Year R? RMES p value

‘Granny Smith' 2011 0.999 0.113 <0.00001
2012 0.983 0.106 <0.00001

‘Pink Lady' 2011 0.950 0.404 < 0.00001
2012 0.998 0.325 < 0.00001
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5. Relationship between fruit ripening stage at harvest, fruit quality and
storagedisorders

5.1. Abstract

Apple fruit physiological stage at harvest affettts final quality after storage and it also
influence the susceptibility to cold storage digvs] as superficial scald. At harvest, fruits
usually present a high heterogeneity of maturilggst thus making the post-harvest
handling complex. The present study aimed in tgstimon-invasive method to group the
fruits in homogenous maturity classes to be diffeadly processed during post-harvest.
Trials were carried out for two seasons on ‘GraBnyith’ and ‘Pink Lady’ cultivars. At
commercial harvest, the fruits were grouped in migtglasses according to their index of
absorbance differenceaf)). This parameter was used as a maturity markeresih
evaluates chlorophyll-a degradation in fruit skimd&lesh and correlates with the major
quality and maturity traits. The evolution gfplwas monitored in the different maturity
classes during six months of post-harvest storagk itawas correlated with the flesh
firmness, starch degradation, sugar content, etbyleroduction and scald incidence.
During storage, b reduction and flesh softening followed a linearresgion model with
high determination coefficient for both cultivai®?(values over 0.85)..$ evolution did
not correlate with the changes of any of the othaturity traits during post-harvest. The
different lap classes were also characterized by a different snaldence, being the most
mature fruits less susceptible in both cultivarsr @sults suggest thailcan be a reliable
marker to follow maturation during post-harvest amdteer the storage strategy to reduce

the incidence of scald or excessive softening.
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5.2. Introduction

Fruit ripening stage at harvest affects fruit gyalnd susceptibility to cold storage
disorders, such as superficial scald or excessbftersng. Scald is one of the most
important problem occurring in apples during thédcstorage and it heavily reduces the
marketability of the fruits (Watkinst al., 1995; EccherZerbingt al., 1997; Kupferman,
2001; 2002). Superficial scald susceptibility idtisar dependent, being ‘Granny Smith’,
‘Cortland’, ‘Rome Beauty’, ‘Delicious’ the most septible cultivars, whereas ‘Pink
Lady’, ‘Idared’, ‘Braeburn’ the most resistant ondésgle and D'Souza, 1989; Tsantt,
al., 2007; Trivediet al., 2010, Lurie and Watkins, 2012). Softening istaro undesirable
natural process, influenced by several pre-haraedt post-harvest factors. Therefore, a
precise monitoring and/or prediction of this pracdaring storage is very important in the
whole commercial chain (Johnstenal., 2002). Unfortunately, the conditions favourable
to the reduction of softening are also the oneseasing the susceptibility to scald. Indeed,
to reduce the risk of excessive softening, fruitslarvested unripe which is the one of the
main conditions increasing scald incidence (Watkinal., 1995 Eccher Zerbini 1997,
Lurie and Watkins2012). Therefore, the precise evaluation of frugtumity at harvest is
essential to steer the post-harvest strategies itomme the occurrence of storage
disorders.

Flesh firmness, total soluble solid, starch contekin colour, ethylene emission are the
major parameters currently used to define the faturity and quality. However, all these
analysis are destructive, time consuming and themdrspecific different instruments. In
addition, these parameters differ from cultivarctdtivar and they are influenced by the
climatic conditions during pre-harvest. Finallyyaof these parameters alone is a reliable

descriptor of fruit maturity.

In the last decades, not destructive methods basedis-NIRs technologies have been
developed to estimate fruit maturity parameters quality traits (McGloneet al., 2002;
Peirset al., 2000 and 2005; Zude-Sasgeal., 2002; Zudeet al., 2006; Bertonest al.,
2012). The most reliable equipments are able tduate the reduction in chlorophyll
content as a result of the natural maturity pro¢gasge, 2003; Zudet al., 2006; Nicolakgt
al., 2007; Costat al., 2009, Bertonet al., 2012, Betempst al., 2012). The DA-meter

(TR Turoni, Forli, Italy) is an instrument based tbis principle and allows to follow fruit
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chlorophyll degradation through a new index calledex of Absorbance Differenceaf)
(Ziosi et al., 2008). The DA-meter measure the absorbanceamwidivelength window
between 670 and 720 nm, which overlaps with therdasmce peak of the chlorophyll-a
(Ziosi et al., 2008; Costat al., 2009). In this way, the DA-meter provides ani¢ation of
the maturity stage related to the chlorophyll ddgten involved in this process. So far,
the use of the DA-meter was mainly studied on sfomés to confirm the use ol as a
maturity index. In stone fruitsad correlates with ethylene production, fruit qualitgits,
and transcription of ripening-related genes whitteral the progression of the ripening
process (Zioset al., 2008; Costa&t al., 2009; Bonorat al., 2013a,b; Costa and Noferini,
2013; Shinyeet al., 2013). Moreover, the DA-meter consents to seggeegtone fruits at
harvest by in homogenous ripening classes withrgéveguality attributes and different
behaviour during shelf-life (Cost al., 2009; Infanteet al., 2011; Costa and Noferini,
2013; Shinyaet al., 2013). On apple fruits, the use of thg have been recently studied on
‘Gala’, ‘Starking’, ‘Granny Smith’ and ‘Pink Ladyto determine quality traits and its
potential of the use of this index for ripening aquhlity assessment (Costamagbail.,
2013; Nyasord=t al., 2013).

Hence, the general aim of this research was tostigage the Ao as a maturity marker to
improve the post-harvest management in apple frisggsvas tested as a possible predictor
for the length of storage in order to preserve iguadttributes and minimize scald
incidence and softening. The experiments were padd on two apple cultivars with

diverse storage behaviour ‘Granny Smith’ and ‘Riakly’.

5.3. Materialsand Methods

5.3.1. Maturity assessment at harvest by DA-meter and fruit sorting

The experiments were carried out, for two consgeugears, on ‘Granny Smith’ and ‘Pink
Lady’, which are known to have a different susdafity to superficial scald. At harvest,
about 600 fruits of each variety were grouped iffedent uniform ripening classes
according to theab distribution. Two classes were obtained in ‘Gra@myith’ (lap = 2.0-
1.8 and Ap< 1.8-1.6) and three in ‘Pink Lady’'ad = 1.2-1.0, Ap< 1.0-0.8, Ap< 0.8-0.6).
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The fruit belonging to differentap classes (20 fruit each) were also characterized for
ethylene emission and quality parameters as destrib the next sessions [i.e. flesh
firmness (FF), total soluble solids (TSS), staregrddation].

5.3.2. Fruit quality traits and superficial scald incidence

Fruits belonging to different ripening classes (essed as\b) were stored at 0.5 °C, 95%
RH for six month. Every month, 20 fruits each ‘GmgnSmith’ and ‘Pink Lady’ were
sampled in all the different maturity classes agsi FF, TSS and starch content were

determined.

Flesh firmness (FF) was determined with a Fruittliex Analyzer penetrometer (FTA
Guss, South Africa); on the two equatorial sidéagia pressure tester fitted with a 11 mm

plunger tip, at 2 mm at a rate of 0.1 mm/s.

Total soluble solids (TSS) were assessed with aatligefractometer (DBR-95, Italy) on

juice drops.

Starch content was determined with the Lugol testally evaluating the starch

conversion by the Citilf (scale from 1 to 10).

Superficial scald incidence was detected on 5Qsfrper class that were removed from
storage after 2, 4 and 6 months. The symptoms wistelly evaluated after 7 days of
shelf life at 20°C. Superficial scald incidence vexpressed as the percentage of injured

fruits.

5.3.3. Ethyleneemission

At harvest, ethylene production was determined lagipg the whole fruit in a 0.8 L jar
tightly sealed with a lid equipped with a rubbespgier, and left at room temperature for 1
h. A 10 ml gas sample of the head-space was takémnvas injected in a Dani HT 86.01
(Dani, Milan, Italy) packed-gas chromatograph @twith FID and a Porapak Q column
(Supelco, Bellefonte, PA, USA). Oven temperatures wat at 80°C, and for the injector
and detector at 180°C.,Nvas used as the carrier gas at16 mL hflow rate. Ethylene

concentration was calculated and expressed asiterpEr gram of fresh weigh per 1 h.
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5.3.4. Satidtical Analysis

Statistical analysis was performed using STATISTISAtware Version 5.0 (Statsoft Inc.,
Tulsa, OK, USA). Analysis of variance and comparsbetween means were performed
using the ANOVA procedure by the Tukey's HSD teisPavalue = 0.05. Coefficient of
determination for parameters at harvest and altomgge were graphically represented by
Excel software by linear regression model. Relabetween A, and FF was described by

linear correlation and Pearson Product-Moment Qatiom was defined (95% confidence).

5.4. Results and Discussion

5.4.1. Maturity stage at harvest, 1ap and quality parameters

At harvest,Granny Smith’ fruits were divided in twq classes, while ‘Pink Lady’ fruits
were grouped in three classes. For each class $F, starch index and ethylene emission
were determined (Table 1 and 2 for ‘Granny Smitid &ink Lady’, respectively). In both
cultivars as theab decreased FF decreased, and TSS, starch indeatlayldne content
increased, but not in the same strength. ‘GrannitiSiyp classes at harvest were well
identified by differences on FF, TSS and starch@&oinbetween classes, but no differences
were observed regarding ethylene content sinceloargmissions were measured in these
fruits (Table 1).

In ‘Pink Lady’, Iaxp classes showed significant differences on FF &8, but only slight
differences were observed on starch content. Regpedhylene emission, the differences
among classes started to be significant only gervilue lower than 0.8 (Table 2). Similar
mean values at harvest were observed by Nyasetrdi (2013), with \p among 2.0 and
1.8 for ‘Granny Smith’, andab about 0.8 and 0.5 for ‘Pink Lady’. FF and ethylene
emission, in each maturity class, did not diffemfryear to year. On the other hand, TSS
and starch content were different in the differgedrs (Table 1 and 2). The differences in
starch index value from one year to other weredthlwith the date the starch conversion

started in the different years, rather than torétte of conversion (De Castebal., 2007).
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5.4.2. Relation between | op at harvest and quality parameters during storage

The effect of maturity stage at harvest, expresselb classes, was evaluated during cold
storage. No difference on fruit behaviour alongage was observed between years for
any of the study parameters. Along the storages@eadse inab values was observed,
describing a linear regression model with high aeteation coefficient for both cultivars
(R? values over 0.85) (Figure 1A and 2A). The differes betweena) classes at harvest
were mostly maintained throughout the storage (@i and 2A). Changes ogplalong
cold storage were specific for each cultivar aggdrhaturity class. In ‘Granny Smith’, after
six month of storagead of fruit belonging to the class 2.0-1.8 decredsaua 10% (mean
2011-2012), while the class 1.8-1.6 decrease by @gtire 1A). Meanwhile, for the same
period of storage, thexd of ‘Pink Lady’ fruits showed a decrease of abod®«d(mean
2011-2012) for the class 1.2-1.0, 41% for the cla6<0.8, and 53% for the class < 0.8-0.6
(Figure 2A). These results conformed those obtainesimilar trials by Nyazordzet al.
(2013).

Changes in TSS during storage were only moderatk tlze differences of TSS between
Iap classes along cold storage did not show any tiermbth cultivars (data not shown).
Starch content expressed by starch conversionl Gtifex, reached the maximum value
after three and two months in cold storage forléss and more mature class respectively
on ‘Granny Smith’ apples. In ‘Pink Lady’, the maxim value was recorded after two

months in all the s classes (data not shown).

In both cultivars, FF evolution during the six miasitof cold storage is described by a
linear regression, with a high determination caidfits (R values above 0.9) (Figure 1B
and 2B). In ‘Granny Smith’, differences in FF beend,p classes were maintained along
storage showing a decreased of about 30% (meanZ@A) for both maturity classes
(Figure 1B). In ‘Pink Lady’, at harvest, the difégrces in FF among thgpl classes were
limited, but become more pronounced during theagi®@r The highest decrease of FF was
recorded in the most mature fruits (lowegt Value at harvest) (Figure 2B). After six
months of storage FF decreased of about 25% fothelass 1.2-1.0 (mean value of two
years), 28% for the class 1.0-0.8, and 35% forctass 0.8-0.6 (Figure 2B). In a previous
studies, FF at harvest was found to determineitia¢ FF after storage, were the rate of
softening depends on the harvest date and wastha¢mced by seasonal conditions, since
the rate of softening was the same in the studéadsy(Kviklienest al., 2005).
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Fruit softening is an undesirable natural processicered a major quality problem along
storage, since texture is the primary limiting €actor acceptability (Shewfelt, 1999,
Johnstonet al., 2002). Since bothah and FF follow a linear decrease during the cold
storage, the correlation between these two parasets evaluated by Pearson’s product-
moment correlation coefficient (Figure 3 and 4 fGranny Smith’ and ‘Pink Lady’,
respectively). The correlation coefficient3 (vas above 0.7 and it was cultivar dependent
showing similar or equal trend along the seasonsiretation between chlorophyll
degradation (measured by thg)l and the reduction of FF could be explained by the
parallelism of two metabolic process: chloroplasgrdation and pectin conversion on the
maturity process (Harkeat al., 1997; Johnstost al., 2002). Also other studies have been
reported the use of Vis-NIR for apple fruit flesimfness evaluation, and its estimation
was improved when spectral measurements were cechbiith other non destructive
measurements as acoustic measurements @alrs 2000; Moshowet al., 2005; Peng and
Lu, 2006; Zudeet al., 2006; Nicolakt al., 2007). Linear relationship was reported between
firmness and chlorophyll fluorescence which wa® atsltivar depended (Song al.,
1997; Moshouet al., 2005). Nyasordzét al. (2013) reported that thgd value at harvest
was useful to predict the softening during shéé#, lbut in their work, different cultivars
were evaluated together in a mixed bunch of fruits.

5.4.3. Superficial scald incidence in different I ap classes

In both cultivars, the incidence of scald was niegt correlated with maturity and fruits
with lower Ilap value (more mature) were less prone to this disaifeigure 5 and 6). Our
data confirm the finding reported in previous sasdjWatkinst al., 1995; Eccher Zerbini,
1997; Erkan and Pekmezci, 2004; Lurie and Watk2@d,2). An other factor positively
influencing scald incidence was the duration of sk@rage and, in both cultivar, after 6
months of storage, in the least mature fruits tioeence was approximately 100% (Figure
5 and 6). In ‘Granny Smith’, the most mature frudesveloped scald only after 4 months,
whereas the less mature one presented a veryiegience also after 2 months. In ‘Pink
Lady’, scald incidence was observed only after fiin® of storage and also in this case, it

was highly related with fruit maturity at harvest.

Finally, our study confirmed that the developmehtscald is cultivar dependent being

‘Granny Smith’ more susceptible than ‘Pink Lady'igére 5 and 6). The scald
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symptomatology is shown in Figures 5B and 6B fora®y Smith’ and ‘Pink Lady’
respectively. ‘Pink Lady’ fruits were less affectib@n ‘Granny Smith’, did not present any
scald symptom until four month under cold stordgéaoth cultivar, the symptoms showed

also a clear relation with the maturity classes.

In our study, scald incidence was more influencedhie lp the cultivar or the length of
storage than by the different years. This resulwshthe potentiality of using theg to
segregate apple fruits, in different years, in mtwlasses with differential behaviour

along storage.

5.5. Conclusions

The use of the DA-Meter presents a high potenyialg a tool to divide apple fruits on
different maturity classes, which behave differgiring storage. This allow to tailor the
post-harvest management according the fruit maturagxpressed as\d. Indeed, Ap
correlated with FF reduction during cold storagd aith scald incidence, being the less
mature fruits more susceptible. In additionp trend remained similar or equal in the
different seasons. Concerning with the relationweenh the Ao and losses on flesh
firmness, the use of the DA-meter technology by teae monitoring could be a useful

device since thexp could be use as a predictor index for long telnesie.

Based on these considerations, the developmemt iof lane DA-meter device to be placed
in the sorting machine is a high research pridotymprove and optimise the post-storage

procedure and management.
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5.7. Figuresand Tables

Table 1. Characterization of ‘Granny Smithplclasses assessed at harvest. Values
indicates means * standard error (n=20). Diffetetiérs indicates significant differences

between classes, and *differences between yed?s,0a05.
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lap class o Starch Ethylene

at Harvest lao FF(N) 7SS (%) (1-10) (nl/gFWh)
5011 2.0-1.8 1.92+0.0la 80.4+0.76a 10.6+0.14b* 4.3+0.20b* 0.05%0.01a
1.8-1.6 1.64+0.01b 72.4+0.73b 11.1+0.183a* 7.2+0.19a* 0.05%0.0la
2012 2.0-1.8 1.89+0.02a 81.7+0.81a 11.6+0.19b 5.8+0.17b 0.03+0.01a
1.8-1.6 1.68+0.0l1b 71.4%+0.63b 12.2+0.12a 8.5+0.14a 0.05+0.01a

Table 2. Characterization of ‘Pink Ladpl classes assessed at harvest. Values indicate

means * standard error (n=20). Different lettexdidates significant differences between

classes, and *differences between yearB=8t05.

Iap class o Starch Ethylene
at Harvest ho FF(N) 1SS (%) (1-10) (nl/gFWh)
1.2-1.0 1.07+0.02a 84.4+1.10a 13.7+0.12b 7.5+0.14b* 0.10.01b
2011 1.0-0.8 0.91+0.02b 83.5+0.49ab 13.9+0.09ab 8.3+0.15a 0.5+0.08b
0.8-0.6 0.64£0.03c 80.8+0.73b 14.2+0.09a* 8.56+0.20a 4.6 +0.58a
1.2-1.0 1.15+0.02a 85.9+0.83a 13.1+0.06b 8.7+0.10a 0.1+0.02b
2012 1.0-0.8 0.89+0.01b 85.0+0.66ab 13.6+0.08a 8.8+0.09a 0.1+0.02b
0.8-0.6 0.66 £0.01c 82.6+0.57b 13.6+0.10a 8.8+0.09a 3.3+0.56a
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Figure 1. Changes imd (A) and Flesh Firmness (B) of ‘Granny Smith’ apgpluring
storage in relation to different maturity classeirted at harvest (b 2.0-1.8 and4p 1.8-
1.6). The data refer to the seasons 2011 and Z®dc¢h point is the mean of 20 fruits.

Determination coefficients @Rare reported for eachd class for 2011 and 2012.
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Figure 2. Changes ind (A) and Flesh Firmness (B) of ‘Pink Lady’ applasidg storage
in relation to different maturity classes definedarvest (Ip 1.2.-1.0, Ap 1.0-0.8 andAp
0.8-0.6). The data refer to the seasons 2011 abd. Zach point is the mean of 20 fruits.

Determination coefficients @Rare reported for eachd class for 2011 and 2012.
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6. Use of the index of absorbance difference (Ip) as a tool for tailoring

post-harvest 1-M CP application to control apple superficial scald

6.1. Abstract

Maturity stage at harvest is one of the main factofluencing apple susceptibility to
superficial scald, one of the major apple storagerders. The climacteric nature of apple
fruit made ethylene considered a key element insttad induction. An opportunity for
scald control is presented by manipulating the letterdependent plant reactions for
instance by treating fruit with 1-Methylcyclopromen(1-MCP) before the storage.
However, the efficacy of recovery time from 1-MC® highly dependent on the fruit
maturity stage at the time of application. The ahthis research was to better define
postharvest strategies to preserve apple fruititgudiring storage with particular attention
on superficial scald control as the result of thieraction between 1-MCP treatment and
fruit ripening stage. Ripening stages were defibgdusing the “Index of Absorbance
Difference” (lp) measured by the DA-meter which is a portable aond-destructive
device based on Visible/Near Infra-Red (Vis/NIR)esoscopy. Superficial scald
incidence and total content affarnesene and conjugated trienols (CTols), ofapple
cultivars ‘Granny Smith’ and ‘Pink Lady’, were assed at two month intervals, among 6
months of cold storage (1°C). Results demonstrtedreliability of the Ap, not just to
assess fruit maturity, but also to predict scaldidence in both apple cultivars as a
function of maturity and postharvest control stggteConsequently, differential post-
harvest treatments can be applied to single apijatepapple batches increasing storability

and shelf-life, while reducing spoilage.
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6.2. Introduction

Scald is a physiological disorder of certain ap@eeties associated with chilling injury
and oxidative stress acquired during storage. hifests as a necrosis within the surface
layers of the hypodermal cortical tissue cells tesyin a superficial browning of the peel,
leaving the pulp unaffected (Whitaker, 2004; Luaie Watkins, 2012). This disorder still
has considerable implications for the marketabdityl quality of fruits, and together with
bitter pit, can be considered one of the major egpbrage disorders (Mattheis, 2008). The
occurrence of scald seems to be cultivar speetfity some varieties, such as ‘Pink Lady’,
being more tolerant than others such as ‘Grannyl8nfRed Delicious’, and ‘Fuji’, which
appear to be predisposed to the onset of the disdkittle and Holmes, 2000; Tsantéi

al., 2007).

Effective methods of control have been developedpbst-harvest dips in antioxidant
solution containing diphenylamine (DPA), which sessfully curb and manage oxidative
events under a wide range of storage conditionsitGkér, 2004). Due to the ever
increasing concerns about the use of exogenous ttreimical treatments and the banning

of DPA dips, alternative, safer and more sustamabhtrols are required.

Other control methods, such as the storage undetrafied atmosphere or the use of
forced ventilation and 1-methylcyclopropane (1-MCdR) exist. However their efficacy is
influenced by the maturity stage and uniformityfroiit batch. Indeed, maturity at harvest
influences fruit behaviour during storage and respgeness to post-harvest treatments
(Erkan and Pekmezci, 2004; Watkins, 2006; Calvo @ashdan, 2010). Furthermore,
maturity stage at harvest is one of the major faatdfluencing fruit susceptibility to scald,
with more mature fruits tending to have reducedldssverity than immature fruits
(Watkins et al.,2000; Lurie and Watkins, 2012). Consequentlyefactive treatment to
control this storage disorder is difficult in heigeneous fruit batches which generate a
variable response to chemical treatment (Watkirg)62 Calvo and Candan, 2010).
Currently, in apple, starch content is the majafigator used to evaluate the timing of
commercial harvest. Due to the small sample sizerbgeneity in maturity of large

harvest batches often occurs, thus, complicatirsgipte chemical treatments and control.

Studies investigating the causes and possible aarftscald were initiated in the 50’s and
currently, much is known about the physical, phiggiwal and biochemical mechanisms
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of scald development (Lurie and Watkins, 2012). Mufsthe researches have focused on
the involvement of a volatile acyclic sesquiterpenéarnesene, and the accumulation of
its oxidation products, which are conjugated trisi{€Tols), as the principal causal agents
of scald (Lurie and Watkins, 2012). It is genergllgsited thata-farnesene, which is
induced by ethylene as part of the natural ripemragess, accumulates in the apple skin
during storage (Whitakeat al., 1997; Gong and Tian, 1998; Fenal., 1999; Watkinst

al., 2000). The oxidative pressure combined withliciglinjury promotea-farnesene auto-
oxidation, leading to the accumulation of harmfulds through a free radical process,
causing damage to the hypodermal tissue (WhitaRéf4; Beuninget al., 2010).
Correlations between scald occurrence, anthrnesene and CTols quantities are
sometimes weak, with susceptible varieties dispiayiower a-farnesene accumulation
than resistant ones, and with inconsistenciesnigisivarieties in different growing regions
(Lurie and Watkins, 2012). Consequently, the polssibof other processes in scald
development is highlighted and other factors sushaatioxidant capacity, enzyme-
mediated oxidation, and associated free radicalti@es have been suggested as possible
factors affecting the onset (Wang and Dilley, 2080iitaker, 2004).

In contrast, the role of ethylene in the onsetaafic has been clearly confirmed, with the
perception, production and responsiveness of aibyleeing key element in the scald
induction (Watkinst al., 2000; Pechous and Whitaker, 2004; Latial., 2005; Whitaker,
2008). Thus, ethylene control could be centrahm hanagement of this disorder. Indeed,
ethylene does not provide an etiological explamatibscald, but an opportunity for scald
control is presented by manipulating the ethyleepethdent plant reactions (Jung and
Watkins, 2008).

Among the exogenous compound that can be possisy @o interfere with ethylene
biosynthesis and/or perception, 1-MCP is a logieaididate. Applications of 1-MCP have
been noted to successfully reduce scald incidena in susceptible cultivars (Tsanéli
al., 2007). 1-MCP acts as an ethylene inhibitor blprag-term competitive binding to
ethylene receptors and with a down-regulation ®bibsynthesis (Sisler and Serek, 1997;
Watkins, 2003; Tassordt al., 2006). In this way, downstream cascades of ettgyl
mediated events are temporarily delayed or intdbitédowever, the efficacy of recovery
time from 1-MCP is highly dependent on the fruittordy stage at the time of application
(Jung and Watkins, 2008). Indeed, as the fruit nitgtadvances, 1-MCP loses efficacy
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(Tsantili et al., 2007). Consequently, timely treatment of frugsessential for effective
scald control (Watkins, 2007; Jung and Watkins,806lowever, as with the control of
many other ripening factors, its efficacy variesading to different storage conditions,
cultivars, maturities with differing recovery timagluenced by these parameters (Watkins
et al., 2000; Tsantilet al., 2007).

Consequently, a decision support-tool that cantifiethe fruit maturity at harvest is
needed. This decision support-tool would enabledikésion of fruits into homogenous
maturity batches which can be subjected to diffg@mépost-harvest management regimes.
In response to this need, extensive research teasfbeused on the development of non-
destructive Vis/NIR technology for assessing fimturity stage (Bobelyet al., 2010;
Nicolai et al., 2007). Recently research shows the correlatietwden the index of
absorbance difference af)). assessed by using VIS technology, and ripeningtectla
attributes in apple; these results show the pasgibtential for practical implementation in
commercial lines (Nyasordet al., 2013).The implementation ofd in storage, pack-lines
and distribution would provide a significant deoisi support tool in post-harvest

management.

The scope of this study was to investigate theafskp as a possible decision-support
system to tailor 1-MCP application in order to nmaise its efficacy in scald control.

6.3. Materialsand M ethods

6.3.1. Plant material and growing conditions

‘Granny Smith’ and ‘Pink Lady’ apple were selected this study, with the former being
highly susceptible to scald, while the latter mtmierant. Apple trees were grafted on M.9
rootstock. All trees were 4-years-old and were f@drat a spacing of 0.8 x 3.3 meters for
‘Granny Smith’ and 1.0 x 3.3 meters for ‘Pink Ladyhe commercial orchard used for the
experiments was located in Bagnacavallo (RA), Narthitaly. Standard cultural and

disease management strategies were applied.
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Both cultivars were harvested at the commerciaVvdsirdate assessed by starch content

and colouration parameters.

6.3.2. Maturity assessment

For each cultivar, maturity at harvest was deteealinsing the Ab assessed by the DA-
meter which is a portable and non-destructive aebimsed on Vis/NIR spectroscopy (TR,
Forli, Italy) (Ziosiet al., 2008). Ao usually ranges from 2.2 to 0 where the higher remb
will indicate a less ripe fruit characterized bgraater amount of chlorophyll present in the
apple under skin and flesh. Maturity stage wassseskeaccording to methods reported by
Ziosi et al. (2008) and Nyasordzt al. (2013). At harvest two maturity classes were
identified for ‘Granny Smith’ (Ip =1.9-1.7 and <1.7) and three maturity classesHimk
Lady’ (Iap = 1.2-1.0; Ao = <1.0-0.8 andab<0.8).

In each maturity class, for each cultivar, 360 applere selected for post-harvest storage
and 1-MCP treatment.

6.3.3. 1-MCP application

1-MCP was applied on the day of harvest to180 fariteach Ap class. 1-MCP treatment
was applied asSmartFresh™ (0.14% active ingrediengccording to the manufacturer’s
instructions AgroFresh, Rohm and Haas, Philadelphia, Pennsylvaddp), reachinga final gas
concentration of 700 ppb. Fruit were exposed to @RMifor 24 hours at 20°C. After
exposure, fruit boxes were ventilated and placedoid storage at +1°C for 6 months in
commercial storage conditions. 180non-treated Srwiere used as control. The control
fruits were processed in the same way of the 1-Nt€&ted ones.

6.3.4. Superficial scald incidence evaluation

50 fruits per treatment for eaclpl class were removed from cold storage every two
months and kept at 20°C for 7 days. After this qubriscald incidence was visually

assessed and recorded as percentage of affecited fru
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6.3.5. Extraction and quantification of a-farnesene, CTols and ethylene emission

At harvest time and at two month intervals duringrage, peel tissue, including the
epidermis and 1-2 mm of hypodermal cortex, wassextirom the equatorial region of 5
fruits per treatment from each maturity class amtivar and immediately frozen in liquid
N,. Pooled samples of about 20-30 g were stored0&C-& sealed bags. Extraction wof
farnesene and CTols was performed in three repBctir each pooled sample; extracts
were analyzed by a HPLC equipped with a Photodiaday Detector (Waters 2996),
fitted with a 4.6 x 250 mm, Luna C18 column (Pheparx, Torrence, CA), in accordance
with the methodology reported by Whitaketr al. (2000). Thea-farnesene and CTols
identification was carried out through comparisdnthee retention time values and UV
spectra with authentic standards(detected betw&éra@d 400 nm wavelength). For each
compounds, the concentrations, expresseggirg® fresh weight (FW), was calculated

from curves obtained with known amount of the cgpmnding external standard.

Ethylene production was measured by placing thelevinoit in a 1 L glass jar sealed with
an air-tight lid equipped with a rubber stopperd d&ft at room temperature for 1 h. An
aliquot of 10 ml of the headspace was collectediajedted into a Dani HT 86.01 packed-
gas chromatograph (Dani, Milan, Italy) as describgdregoliet al. (2002).

6.3.6. Satistical Analysis

Statistical analysis was performed using STATISTISA&tware Version 5.0 (Statsoft Inc.,
Tulsa, OK, USA). Analysis of variance and the Stueldewman-Keuls (SNK) test for
comparisons between means were performed usindAN@VA procedure in the Stat
software aP = 0.05. Variability between samples in the graplas wxpressed as standard

errors (SE) of the means.
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6.4. Results

6.4.1. Scald occurrenceinrelation to lap

In ‘Granny Smith’, the least mature apples, assiliesl by the Ap (1.9-1.7), were the most

susceptible to scald, with a 100% incidence afist jwo months in storage (Figure 1).
This high scald incidence was maintained throughioeitwhole storage period (Figure 1).
The lp-classified more mature apple class (<1.7) displaggenaximum scald incidence
(100%), but only after four months in storage, &émd incidence was also maintained for

the rest of the storage period (Figure 1).

In contrast, ‘Pink Lady’ apples displayed a loweald incidence in all threed defined
classes of maturity at harvest (Figure 2), comgawith ‘Granny Smith’. In all measured
maturity classes, even the least mature fruits wstweable for up to two months without
developing scald (Figure 2). For periods of storagger than two months, differences in
scald incidence among the maturity classes wererebd: most mature fruit A}<0.8)
resulted the least scald susceptible, while area®ing susceptibility was provoked by the
higher immature stagesafk1.0-0.8 and 1.2-1.0) (Figure 2). The percentagesaafid
incidence correlated withad-classified maturity stages over four and six menti
storage, with more mature fruit displaying lesdéaacidence than immature fruit (Figure
2). The most mature fruit {#<0.8) showed a scald incidence of 17% and 47% &jtar
and 6 months of storage, respectively (Figure 2)ek¥as, in the least mature clasg (I
1.2-1.0) 78% and 93% of scald incidence was regafter four and six storage months.
Fruit belong to the central ripening classpd1.0-0.8) showed, instead, 57% and 67% of
scald incidence, respectively (Figure 2).

6.4.2. Effect of 1-MCP on scald devel opment

In ‘Granny Smith’, 1-MCP treatment effectively rexdua to zero the incidence of scald in
the most immature applesl1.9-1.7) after two and four months of storage (Fegl). At
six months scald incidence of 1-MCP-treated applas recorded as 32%, resulting still
significantly lower than the control fruit (100%h more mature fruits fb<1.7), 1-MCP
maintained a zero scald incidence after two momthstorage, after which incidence
increased to 41% and 43% after four and six mostbgge, respectively. Also in this
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case, scald incidence was significantly reducetbmparison to control. However,1-MCP
efficacy on most mature apple, as classified Ry, Wwas less than that observed in

immature fruit class (Figure 1).

In ‘Pink Lady’ apples, 1-MCP application was efigetat controlling scald incidence at all

maturity stages throughout all storage periodsuff@@®). Even after six months of storage,
any symptoms of scald were observed in applesedleatth 1-MCPeven in the most

immature hp-classified fruit (hp 1.2-1.0) (Figure 2).

6.4.3. Trendsin accumulation of a-farnesene and CTolsin relation to | ap

The concentration af-farnesene of ‘Granny Smith’ apples, detected &l fissue, did not
differ between the two maturity classes at haraest until two months of storage (Figure
3A). In both maturity classes, thefarnesene values were zero at harvest and inctegse
to around 100 pgHFW after two months of storage. Thereafter, fhétonging to the
most immature class decreased dHarnesene content till around 40 g BW after six
months of storage. Otherwise more mature fruitstaaied thex-farnesene level constant

till the end of the storage period (Figure 3A).

Differences in the CTols accumulation between dgffie maturity classes were evident at
two months after storage (Figure 3C). In immatuugt {lap 1.9-1.7) a faster rate of CTols
accumulation was observed, when compared to moréurenafruit (Figure 3C).

Specifically, CTols levels increased to 54ug BW and reached a maximum at four
months of storage, after which a progressive dsereas recorded. In more mature fruit
CTols concentration after two months of storage B&sug ¢ FW and remained

approximately constant till the end of the storaée.six months, both mature and

immature fruits presented similar levels of CTéigy(re 3C).

At harvest, most immature fruit of ‘Pink Lady’ h#mlver a-farnesene concentration than
mature fruits, (Figure 4A). The-farnesene concentration increased from harveshneg
a maximum level at around two months of storagenathe fruits from the three ripening
classes showed comparabiéarnesene concentration (ca. 100 [gryV). Thereafterg-
farnesene level remained approximately stable, witblight decrease, until the end of

storage. In the lower maturity classes this deer@égss more consistent (Figure 4A).
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CTols levels detected in the skin of the fruit dffedent maturity classes were similar
throughout the storage period with a more evideortgiasing trend in the two more mature
classes (Figure 4C). Immature fruithfl 1.2-1.0) exhibited a slight decrease in CTols
content between four and six months of storage.<l€wels recorded in ‘Pink Lady’ were
lower than ‘Granny Smith’ despite the simitafarnesene levels observed between the two
cultivars (Figure 3A and 4A).

6.4.4. Effect of 1-MCP application on a-farnesene and CTols accumulation

‘Granny Smith’ immature fruits (b 1.9-1.7) treated with 1-MCP showed a reducedahte
a-farnesene accumulation during the six months afage relative to the control (Figure
3A, B).The greatest reduction was observed at tvomths after storage. The rate wf
farnesene accumulation in the skin of more matw# €lap<1.7) was similar during the
six months of storage for both treated and coriteol; for both fruit batches maximumg
farnesene quantities were comparable (Figure 3A, Binally, the o-farnesene
concentration, regardless of 1-MCP treatment, vigber in more mature fruits than in

immature fruits.

CTols accumulation rate was greatly reduced, in atume ‘Granny Smith’ fruits gb 1.9-
1.7), when compared to control (Figure 3C, D).dditon, similar to what observed far
farnesene, CTols content in treated apples comgtacteased during the storage while in
control apples it started to decrease after founthw of storage. On more mature fruits
(Iap<1.7), the CTols accumulation rate was reduced BCP and the effect was more
pronounced as foua-farnesene (Figure 3C, D). The maximum accumulabioi-MCP
fruits was approximately half that observed in cohtfruits. Finally, similar toa-
farnesene, also the CTols level, regardless formMCR treatment, was higher in more

mature fruits than in immature fruits.

1-MCP application in ‘Pink Lady’ affected more c@iently a-farnesene emission, than
CTols accumulation. On the immature fruitgp(l1.2-1.0) and mature fruitsp<1.0-0.8)
a-farnesene accumulation rate was delayed by 1-Mg&iRhing a maximum level only
after four months in storage (Figure 4A, B). Wherdaa the most mature fruitsa(<0.8)

no effect of 1-MCP omn-farnesene was found.
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1-MCP did not significantly affect CTols concentoat as related to the different maturity
classes (Figure 4D). Contrary to control immatutgt$ (lap 1.2-1.0), reduction of CTols

concentration was not observed at 6 months of géofieigure 4C, D).

6.4.5. Trendsin ethylene emissionin relationto lap and 1-MCP

1-MCP treatment strongly reduced the ‘Granny Smithiit ethylene emission as
compared to control. No differences were obsermetdtMCP treated fruit between the two
maturity classes (Figure 5A). In control fruitshyene emissions were significantly higher

in the less mature class throughout the 2, 4 amdths storage period (Figure 5A).

In ‘Pink Lady’, the same trend was observed and P\Vsignificantly reduced ethylene
emissions (Figure 5B). No consistent trend in ethgl emission among different classes
was observed, but at 6 months storage the leasirenatass was observed to have

significantly higher ethylene emission than theeotfivo maturity classes (Figure 5B).

6.5. Discussion

According to our results less mature fruits of bathtivars, as defined by theypl,
presented an enhanced degree of scald susceptéilier earlier during storage (as with
‘Granny Smith’) or later in storage (as in ‘Pinkdyd). Batches of Ap defined maturity
behaved congruently with other studies focused aturity as key parameter of scald
susceptibility (Wang and Dilley, 2000; Lurie and tkias, 2012). Thereforead showed
to be a reliable parameter to assess fruit matatityarvest and to predict fruit behaviour in
storage. Furthermore, the influence of genotypescald susceptibility was confirmed
(Tsantiliet al., 2007) since ‘Granny Smith’ fruit had a much hegland sooner incidence
of scald during storage than ‘Pink Lady’.

Furthermore, it was demonstrated that the use MHCR applied at the correct maturity
stage is an efficient method of scald control. 1fM@eatment of ‘Granny Smith’
immature fruit was more successful over longer agjer periods, whereas the same

treatment in mature fruit was not as effective pldiging higher and also sooner scald
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incidence during storage. This is congruent witbd&s advocating earlier 1-MCP
treatments results in better scald control (Jund &Watkins, 2008) since delayed
applications leads to a reduced efficacy in thetrobrof ripening and ripening related
processes (Watkins and Nock, 2005; Tatsuki., 2007).

In an advanced maturity stage, ethylene biosyrghess been already initiated, triggering
downstream ethylene-mediated physiological eveiitsus, even though subsequent
ethylene emissions are suppressed, the effectsMER are negated as maturity signal
cascades have been fully or in part initiated (Watk2006; Jung and Watkins, 2008;
Calvo and Candan, 2010). Indeed, in our experimeatsed on ‘Granny Smith’, the
efficacy of 1-MCP was evidently influenced by thatarity. In this cultivar, 1-MCP only
partially controlled scald incidence with a lossedficacy over time. Whereas, in ‘Pink
Lady’, the use of 1-MCP was effective across allturity classes in fully suppressing
scald even at 6 months of storage. Our resultsnatély indicate that if applied at the
correct physiological maturity stage 1-MCP can bedueffectively to prevent scald, both
in ‘Granny Smith’ and in ‘Pink Lady’, and thus, derring a particular value to the non-
destructive assessment of thg Index, that could enable the precise tailorindld1CP

treatments.

These results are promising for enhancing the afficof scald management; however
these do not provide insight on the mechanismsnyidg scald development. In order to
explain scald incidence in relation to cultivar, tardy, storage duration and 1-MCP
application, key substrates, suchoaarnesene and CTols were quantified throughout the

storage.

In immature ‘Granny Smith’ applesi-farnesene and CTols concentrations seemed to
correspond with the traditional reactant-produatveuwith a rise, peak and declinedn
farnesene, followed by a similar but delayed tren@Tols. Similarly this trend has been
described by Whitaker (2004), stating that ‘Grar8@mith’, along with other susceptible
cultivars, show a burst effarnesene shortly after being placed in low terapee storage
(Whitaker, 2004). However, the traditional reactprdduct curve was not observed
neither in the other maturity classes, nor in ‘Plirakly’, suggesting that the auto-oxidation
of a-farnesene in generating CTols may be a too simaglifiypothesis (Whitaker, 2008;
Lurie and Watkins, 2012). Other factors are likebdybe involved in the traditional-

farnesene and CTols hypothesis accounting for alesnabserved between the standard
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product-reactant relationships. For example, theedse in CTols observed towards the
end of storage in ‘Granny Smith’, could be assedawith the oxidation of CTols to 6-
methyl-5-hepten-2-one (Mir and Beaudry, 1999; Wand Dilley, 2000). The role of the
latter in scald onset is still unclear, with sontedges indicating that it is through the
production of 6-methyl-5-hepten-2-one that scaldngtpoms are generated (Mir and
Beaudry, 1999; Wang and Dilley, 2000; Whitaker &uftner, 2000). In addition, the
structure of CTols indicated that they could beiwa®l from several naturally occurring
ripening volatiles that accumulate and oxidize wgrstorage. Other factors that curb the
oxidation of a-farnesene to CTols, such as antioxidants, couldnig@rtant (Du and
Bramlage, 1995). Furthermore, antioxidant systemeelbp with increasing maturity and
therefore their capacity to prevent oxidative stresn also change temporally (Barden and
Bramlage, 1994).

According to our results, a quantitative thresHolda-farnesene and CTols concentrations
could not be derived for predicting scald onset. &mample, both immature and mature
fruits of ‘Granny Smith’ reached similarfarnesene concentrations in 2 months of storage,
but only, the immature fruits displayed severe é¢datidence (100%), while the other
class did not. Similarly, neither CTols concentrati provided a quantitative limit: for
example, in ‘Granny Smith’ more mature apples, mmaxn CTols concentrations was
reached in the second month of storage, while ssgidptoms manifested only two

months later.

The effect of 1-MCP on these compounds is intargstas it further highlights the
inconclusiveness of the role affarnesene and CTols in scald incidence. For examipl
‘Granny Smith’ immature fruits, the application &FMCP delays and reduces the
production of a-farnesene, reaching a maximum at month 4 and rengaiconstant
thereafter, but scald occurring only in month énig&rly, 1-MCP applied in more mature
fruits, delays the rate offarnesene accumulation, but ultimately the sanatities as the
control fruit of the same class are reached. Intid in ‘Pink Lady’ even though the
concentration ofi-farnesene was not reduced by 1-MCP applicati@onaplete control of
scald was observed in treated fruits. Our resuoliicate that the absolute concentration of
these compounds may not be as important as ther oh accumulation in scald
development, in support on the results obtainedPbghouset al. (2005) that reported a

faster rate ofa-farnesene and CTols accumulation is associated mibre susceptible
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varieties. Interestingly, also in ‘Pink Lady’, themature class had a faster rateoof
farnesene accumulation than more mature classas) agyhlighting the possibility that
the rate of accumulation is more important in gatieg a scald than absolute valuesiof
farnesene. For example, in this cultivar, treatmesith 1-MCP delayed the rate of
farnesene and CTols biosynthesis, with the mostiradtuits being the least responsive to
1-MCP treatment. However, in these frutisfarnesene and CTols concentrations reached

levels similar to the control ones, but the scaddwompletely suppressed.

The role ofa-farnesene and CTols in the onset of scald in ‘Ridty’ fruit is unclear, with
more mature classes having higher concentratiasighout storage than immature fruit
that, instead, displayed the highest scald incideiht addition, relatively low levels of
CTols were recorded indicating that something nmustent or limit the oxidation ad-

farnesene to generate CTols present in ‘Pink Lemlgonfer a type of resistance.

The treatment with 1-MCP, as expected, completeppeessed ethylene emission in both
cultivar and in all the maturity classes. Nonethg)e¢he ethylene suppression did not result
in a subsequent robust reduction alsoatfarnesene which is supposed to be under
ethylene regulation. This also highlight the rofeethylene in possibly coordinating other
processes associated with the onset of scald anplistan the regulation of-farnesene
(Pechouset al., 2005). In our experiment, also the role of ethg in influencing scald
incidence is not fully clarified. In ‘Granny Smithéss mature apples, which are more
prone to scald development, consistently displagigdificantly higher ethylene emission
when compared to more mature apples. Indeed, stheies have indicated anomalous
ethylene evolution in ‘Granny Smith’, when compatedther cultivars. In fact, ‘Granny
Smith’ has been found to have lower ethylene andCA€vels at room temperature
compared to other cultivars at commercial harviestr{gaudiereet al., 1997). In addition,
also the basal ethylene emission was lower duriogpge (Larrigaudieret al., 1997).
Furthermore, in other cultivars it was observedit tlow storage simply postpones the
ethylene-mediated fruit behavior, while in ‘Gran®ynith’ this is modified by a cold
storage period. Also ACC levels in apple are uguaihibited by low temperatures,
whereas in ‘Granny Smith’ they are stimulated, wateo ade nuovo synthesis of ACC
oxidase (Larrigaudieret al., 1997). This anomalous behaviors may be attridyude least
partially, to a different physiological status asyonercial harvest when ‘Granny Smith’

may be in a pre-climateric stage. It has been ntitatlethylene biosynthesis in the peel
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and pulp of ‘Granny Smith’ is differentially duringnaturation and ripening (Lara and
Vendrell, 2000a,b). These unusual aspects of athylaetabolism in ‘Granny Smith’,

possibly may generate the differences in metalasi@nts leading to scald susceptibility.

6.6. Conclusions

In conclusion, fruit batches with differing matyristages, as defined bypl showed
differential incidence of scald, with a trend camgnt to that revised in the literature: more
immature fruit demonstrating a higher scald incmkethan mature once. This demonstrates
the reliability of the Ap, not only to assess fruit maturity non-destrudsivéut also to
predict scald incidence in both ‘Granny Smith’ afink Lady’ as a function of this
parameter. Furthermore these results support teeotisl-MCP in the control of this
postharvest disorder, with its efficacy strictlyp@adent on the cultivar and maturity stage
at harvest.The integration of thgplassessment into pack-line could contribute to an
overall optimisation of the post-harvest managemlent a selective application of

chemicals, and a reduction of input costs.
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6.8. Figures
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Figure 1. Scald incidence (%) in Granny Smith apples in retato 1-MCP treatment
performed at two different ripening stages deteediby hp. The scald incidence was
evaluated on fruit left at room at temperature foweek after 2, 4 and 6 months of

commercial storage.
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Figure 2. Scald incidence (%) in Pink Lady apples in relatimn 1-MCP treatment
performed at three different ripening stages detegthby hp. The scald incidence was
evaluated on fruit left at room at temperature fIoweek after 2, 4 and 6 months of

commercial storage.

87



=
>
>
o8]

=

=

s0 8()

B

C

-]

=

2

-

Ef-l(}-

£

3
0_ T T 1
120 1 C.- 1 D.-

Eso— .

ES

= 40 - 1

@]

0 2 4 6 0 2 4 6
Storage time (months) Storage time (months)
—o—Cair(DA 1.9-1.7) —C—Cntr(DA <L1.7) —&— IMCP(DA 1.9-1.7) —— IMCF(DA <1.7)

Figure 3. Storage evolution ofi-farnesene (a,b) and CTols (c,d) content of “Granny
Smith” apple harvested at two ripening stages, rdeted by hp and treated.
Measurements were assessed on skin tissue ofdfuéit room at temperature for 1 week
after 2, 4 and 6 months of commercial storage. Half batch was treated with 1-MCP

(right hand side graphs) immediately after harv@&indard error is shown.
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Figure 4. Storage evolution ofi-farnesene (a,b) and CTols (c,d) content of “Pildy”
apple harvested at two ripening stages, deternbgdgd, and treated. Measurements were
assessed on skin tissue of fruit left at room atpierature for 1 week after 2, 4 and 6
months of commercial storage. Half fruit batch wiasted with 1-MCP (right hand side
graphs) immediately after harvest. Standard esrghown.
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7. Use of 1-methylcyclopropene (1-MCP) to control superficial scald in
apple

7.1. Abstract

Superficial scald is one of the major post handisorders of apple fruits and it causes
severe losses during long term cold storage. Sealdience is highly dependent on
maturity stage at harvest and differs betweenvarki In this study, the fruit maturity was
assesses at harvest by using a the DA-meter, adestiructive device. 1-
methylcyclopropene (1-MCP) was evaluated to redscad incidence in the different
maturity classes both in a susceptible variety fBgaSmith’ and in a tolerant one, ‘Pink
Lady’. 1-MCP treatments clearly inhibits superflcezald, and its efficacy was cultivar
dependent and influenced by the maturity stageaatelst assessed by the DA-meter. The
mechanism underlying 1-MCP efficacy were also ®ddil-MCP treatments inhibited
ethylene emission in both cultivars for all matpgtasses, however the ethylene inhibition
did not correlates with a reduction @ffarnesene which has been traditionally associated
with scald development. 1-MCP effect on other coomuis, such as phenol conjugated
trienols and phenolic compounds such chlorogend;, adhich related with oxidative stress
and scald development, were also investigated.

7.2. Introduction

Apple fruits are stored for several months at l@mperatures until consumption. These
conditions increase the occurrence of scald, aiploggcal post-harvest disorder, which
causes major losses in fruit storage. Superfi@galdsis a chilling injury characterized by
the progressive appearance of brown discoloratoon$uit peel, which also involve the
necrosis of hypodermal cells (Bain and Mercer, 198&tkinset al., 1995; Lurie and

Watkins, 2012). Genetic and physiological facteruence scald occurrence (Ingle and
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D’'Souza, 1989; Watkinst al., 1995; Eccher Zerbirat al., 1997; Watkinset al., 2000;
Erkan and Pekmezci, 2004; Whitaker, 2004; Lurie Wratkins, 2012). Among the latter,
fruit maturity at harvest plays a key role: the mositure fruits are generally less affected
by scald incidence (Eccher Zerbini, 1997; Watlanal., 2000; Erkan and Pekmezci, 2004;
Calvo and Candan, 2010).

Different cultivars are also differentially prone this disease being ‘Pink Lady’, ‘Gala’,
‘Empire’, ‘Golden Delicious’, ‘Fuji’, ‘Braeburn’ lav susceptible, whereas ‘Granny Smith’,
‘Delicious’, ‘Cortland’, ‘Low Rome’are highly sensre (Ingle and D'Souza, 1989; Little
and Holmes, 2000; Whitaker, 2004; Tsantd, al., 2007; Trivedi, 2010, Lurie and
Watkins, 2012). The development of scald symptosnassociated with the oxidation of
the sesquiterpene-farnesene and its oxidative products, the congdyatienols (CTols).
However, a-farnesene and CTols are not essential for scaldlolement, while their
oxidation products, such as 6-methyl-5-hepten-2{dMdO), can intensify the symptoms
(Watkinset al., 1995; Mir and Beaudry, 1999; Whitaker and Saft@600; Whitakeet al.,
2000, Whitaker, 2004, 2008, 2013; Lurie and WatkR@&12). Since scald seems related
with the oxidative processes, also its relatiorhwihenolic compounds was studied. On
one hand, phenols may reduce scald incidence dineitowell known antioxidant activity,
on the other hand, phenols may contribute to sdakklopment by their oxidation via
polyphenol oxidase (Jet al., 1996; Abdallatet al., 1997; Goldinget al., 2001; Treutter,
2001; Lurie and Watkins, 2012, Whitaker, 2013).

Ethylene plays an important role in scald develompim&nce it promotesi-farnesene
synthesis (Du and Bramlage, 1994; Faral., 1999; Ju and Curry, 2002; Watkiasal.,
2000; Whitaker, 2008; Rupasinghbieal., 2000; Lurie and Watkins, 2012; Whitaker 2013).
Therefore, ethylene inhibitors and antioxidant timeents, such as the application of
diphenylamine (DPA), may reduce scald developmBut §énd Bramlage, 1994; Mir and
Beaudry, 1999; Whitaker, 2004). Among the ethylemgitors, 1-methylcyclopropene (1-
MCP) is the most effective and widely studied coommbto control scald (Faat al., 1999;
Watkins et al., 2000; Watkins and Nock, 2005; Tsanélial., 2007; Jung and Watkins,
2008; Trivediet al., 2010). 1-MCP efficacy is influenced by the froiaiturity stage at the
time of application, storage conditions and theetspan between harvest and treatment
(Watkinset al., 2000; Watkins and Nock 2005; Watkins, 2006; Jand Watkins, 2008;

Calvo and Candan, 2010). Based on these consioigsafl precise and reliable assessment
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of fruit maturity at harvest and before the treatime essential. To achieve this result, non
destructive technologies, such as Vis/NIR, canpy@ied (Peirset al., 2000, 2005; Zude-
Sassert al., 2002; Zudeet al., 2006; Bertonest al., 2012). The DA-meter (TR Turoni,
Forli, Italy) is Vis/NIR-based instrument able tesass fruit maturity stage by evaluating
the changes in chlorophyll content, during the redtmaturity process, (Ziost al., 2008;
Costaet al., 2009). The changes in chlorophyll contents afgressed as an Index of
Absorbance Difference Ap) (Ziosi et al., 2008; Costat al., 2009). Previous studies has
demonstrated that th@plis a maturity index, which correlates with ethylgasreduction,
fruit quality traits and transcription of ripenimglated genes related to the progression of
the ripening process (Ziost al., 2008; Costat al., 2009; Infantest al., 2011; Bonoraet

al., 2013a,b; Shinyat al., 2013). On apple fruits, a previous research gseg the use of
the lap to predict harvest date and fruit quality duringrage (Nyasordzst al., 2013). The
main objective of this study was to evaluate thfeatfon scald incidence of the maturity
stage at harvest, asses by thg, land of 1-MCP treatment. The effect of 1-MCP on
ethylene emissiom-farnesene, CTols and phenolic compounds was alsliaed. The
experiments were performed on a highly suscepthlévar, ‘Granny Smith’, and on a

tolerant one, ‘Pink Lady’.

7.3. Materialsand M ethods

7.3.1. Plant material and fruit maturity assessment

Trials were carried out in ‘Granny Smith’ and ‘Pihlady orchards located in Emilia
Romagna, Italy. At harvest, 600 fruits were dividechomogeneous ripening classes by
the Index of Absorbance Differenceaf) assessed with a DA-meter. Thgs lwas
measured on the opposite sides of the fruits iretheatorial region and the mean of both
lectures was averaged. ‘Granny Smith’ fruits weiredéd in two maturity classesd =
2.0-1.8 and < 1.8-1.6, while ‘Pink Lady’ fruits veegrouped in three classeg E1.2-1.0;
lap< 1.0-0.8 andAp<0.8-0.6.

7.3.2. 1-MCP application
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Each ripening class for both cultivars was dividetdwo halves and one was sprayed with
1-MCP, whereas, the other half was kept as untlead@trol. 1-MCP was applied at 1
ppm as the commercial formulate (0.14% active idigret, SmartFresf), according to

the manufactures instructions (AgroFresh, Rhomé& ddzhiladelphia, Pennsylvannia,
USA). After 24hs, the fruits were removed to thddcstorage chamber atmosphere

conditions at 0.5 °C and 95% RH. Fruit were starpdo six months.

7.3.3. Fruit sampling

From harvest (TO) up to 6 months, control and éeédtuits were sampled every two

months (T2, T4 and T6). At each time point, a s&gl60 fruits for both control and 1-

MCP treatment per was kept at room temperaturedoh maturity class. A sub-sample of
10 fruits was used for ethylene analysis and tisampling. The ethylene emission was
measured when the fruit temperature was approxlyn2@C. For the tissue sampling, the
first layer of the apple skin was removed from #watorial region of the fruit, and

immediately frozen in liquid nitrogen. Sample wetered at -80°C till the analysis. The
rest of the fruits were kept at room temperaturshalf life for seven days (T2+7, T4+7,

T6+7).

7.3.4. Superficial scald incidence assessment

Superficial scald incidence was detected on 5Qsfrper class that were removed from
storage after 2, 4 and 6 months. The symptoms wistally evaluated after 7 days of
shelf life at 20°C. Superficial scald incidence vexpressed as the percentage of injured

fruits.

7.3.5. Ethylene determination, extraction and measurement of a-farnesene and
Ctols

Ethylene production was determined by placing thele fruit in a 0.8 L jar tightly sealed
with a lid equipped with a rubber stopper, and &ftoom temperature for 1 h. A 10 ml
gas sample of the head-space was taken and watethja a Dani HT 86.01 (Dani, Milan,

Italy) packed-gas chromatograph fitted with FID amdPorapak Q column (Supelco,
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Bellefonte, PA, USA). Oven temperature was set0aC8and for the injector and detector
at 180°C. Nwas used as the carrier gas atl6 mL hflow rate. Ethylene concentration

was calculated and expressed as nanoliter/gFW/h.

Extraction ofa-farnesene and CTols was performed on three répsicr each pooled

tissue sample, following the methodology descriiisd Whitaker et al. (2000). The

extracts were analyzed by a Waters HPLC system withAhotodiode Array Detector
(Waters 2996), fitted with a 4.6 x 250 mm, Luna GHBumn (Phenomenex, Torrence,
CA). Thea-farnesene and CTols identification was carriedtbraugh comparison of the
retention time values and UV spectra (detected &etv210 and 400 nm wavelength) with
authentic standards. Concentrations, expressegging-1 fresh weight (FW), were

calculated from curves obtained with the correspamnéxternal standards.

7.3.6. Extraction and determination of total phenols and chlorogenic acid

Apples tissue samples were ground under liquicbgén to obtain a frozen powder, and
the extraction was made following a protocol addpi®m Theodoridiset al. (2012).
HPLC analyses (Waters Acquity UPLC system; Milfavti\)were performed. Separation
of the phenolic compounds was achieved on a Wa#tegsiity HSS T3 column 1.8m,
100 mm x 2.1 mm (Milford, MA, USA). Mass spectromyedletection was performed on a
Waters Xevo TQMS (Milford, MA, USA) instrument eqyied with an electrospray (ESI)

source. Data processing was done using Waters Mas4l1 and TargetLynx software.

7.3.7. Satidtical Analysis

Data were analyzed by ANOVA and the means were enetpby the Tukey's HSD test at

significant level of 0.05.
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7.4. Results and Discussion

7.4.1. Scald incidence in response to maturity stage at harvest and 1-MCP

treatment

The incidence of superficial scald is reported @blés 1 and 2 for ‘Granny Smith’ and
‘Pink Lady’ apple fruits, respectively. It is clédarshown that the cultivar plays a very
important role, ‘Granny Smith’ showed higher sugitelty and early during the storage
and shelf life than ‘Pink Lady’. In ‘Granny Smitfirst symptoms of scald appear during
the shelf life after 2 month under cold storagef@2in the less mature fruitsad 2.0-1.8),
even when no symptoms were observed for the moterenfiuits (hp< 1.8-1.6) (Table 1).
After four and six month, immediately after the wral from cold storage differences on
scald susceptibility betweeppl classes were observed, while after the shelthiéetotality

of the fruits was affected by scald. In ‘Pink Ladgyymptoms of scald were observed after
the shelf life after 4 and 6 months under coldaercondition (T4+7 and T6+7), with a
percentage of affected fruits, in the three matwiasses, generally less than 50% (Table
2).

Scald incidence resulted also correlated with émgth of the storage: longer the storage

resulted in more severe the scald incidence.

Also the ripening stage at harvest plaid a key laetermining scald incidence. As
expected, the more immature fruits were more ptorthis disorder (Tables 1 and 2). This
is in accord with the literature where several atghstated that the ripening stage reached
at harvest by the fruits influencing scald inciderfEccher Zerbini, 1997; Watkires al.,
2000; Erkan and Pekmezci, 2004; Calvo and CandHrg)2

The 1-MCP application clearly inhibited superficedald, and its effect was related to
cultivar and ripening stage at harvest. In the mmoeature fruits (lowerAp value), 1-MCP
was less effective both at 4 and 6 months of ctddage in ‘Granny Smith’ and after 6
months in ‘Pink Lady’ (Table 1 and 2). Our data foon what has been observed in
previous studies where 1-MCP treatments were shtowoe cultivar dependent and its
effect varied in relation to the harvesting datel éime storage length (Fas al., 1999;
Watkins et al., 2000; Zanella, 2003; Bat al., 2005; Watkins and Nock 2005; Watkins
2006; Jung and Watkins, 2008; Calvo and Candarn())201
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7.4.2. Effect of fruit ripening stage and 1-MCP treatment on ethylene, a-farnesene

and CTols biosynthesis

Ethylene,a-farnesene and CTols were analyzed at harvest #ied tavo, four and six

months of cold storage.

Ethylene

Ethylene emission differed in relation to the adti being ‘Granny Smith’ a cultivar with
a low emission and ‘Pink Lady one with a averageission. In ‘Granny Smith’, the
ethylene production was similar for both maturitgsses. The emission was very low at
harvest and it increased after two months undet starage, and this increment remained
constant (around 15-20 nl/LhgFW) along the rem@mmonths of storage. The shelf life
period increased the ethylene production (abol@aYLhgFW) (Figure 1).

In ‘Pink Lady’, ethylene emission differed in théferent Iap classes at harvesppl class
1.0-0.8 presented the lowest ethylene emissionu(€i@). Along storage ‘Pink Lady’
ethylene emission showed a trend similar to thedarserved for ‘Granny Smith’, but with
higher emission (about 40-50 nl/LhgFW after remoaiatl 60-80 nl/LhgFW after shelf
life) (Figure 2). The application of 1-MCP on ‘GranSmith’ and ‘Pink Lady’ reduced
ethylene emission independently of the ripeningyestaeached by the fruit at harvest
(Figures 1, 2). These results confirmed previousliss (Faret al., 1999; Watkinst al.,
2000; Watkins and Nock, 2005, Gapmeral., 2006, Watkins, 2006; Jung and Watkins,
2008).

o-Farnesene

Concentration ofi-farnesene in apple skin at harvest was very lovGianny Smith’. In
both cultivars, as thed at harvest decrease, thdarnesene content increased (Figures 3
and 4). In both cultivars, and regardless for treumty stage at harvest, the highest
farnesene content was recorded after 2 monthsoodiget. Theu-farnesene concentration

after 2 months was higher in ‘Granny Smith’ thannkP lady’, showing the higher
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perceptual increment in the first cultivar. In bathitivars, a-farnesene content generally
decrease from the"2month of storage till the"®nonth. This pattern could be explained
considering thati-farnesene assuming a reduction in its contentgakirelf life it is a
consequence of its oxidation (Whitaletral., 1997; Shaharet al., 2003; Whitaker, 2004;
Gapperet al., 2006; Tsantiliet al., 2007; Jung and Watkins, 2008; Trivetlial., 2010).
The a-farnesene did not show any clear trend in relattothe maturity stage at harvest in

any of the two cultivars.

1-MCP treatment had a different effect efiarnesene content in relation to the cultivar.
In, ‘Granny Smith’ 1-MCP treated fruits presentedgeneral reduction im-farnesene
content, with a highest effect on less mature folass (Ao 2.0-1.8) (Figure 3). In more
mature fruits, 1-MCP reduced-farnesene content during the storage, while ostlea
mature fruits the treatment slightly increaadarnesene content along the storage.
Interestingly, the treatments significantly reducea comparison to control, the-
farnesene emission after the 7 days of shelf ofefriuit stored for 4 and 6 months in the
least mature class and in all the time points (3l 6 months) for the most mature fruits
(Figure 3).

In ‘Pink Lady’, 1-MCP treatment clearly reduceefarnesene content, in comparison to
control, in fruits stored for 4 and 6 months. Téiffect was more pronounce after 7 days of
shelf-life (Figure 4). The treatment did not shoawry clear trend in relation to the maturity

classes.

It is generally accepted thatfarnesene production is under ethylene regulatizun and
Bramlage, 1994; Fast al., 1999; Ju and Curry, 2002; Watkiesal., 2000; Whitaker,
2008; Rupasinghet al., 2000; Lurie and Watkins, 2012). However, thatieh between
a-farnesene and ethylene has not yet been fullyidgted. In our experiments, a complete
inhibition of ethylene emission by 1-MCP did notrredate with the reduction od-
farnesene content. In addition, differences wergenked in the differentyd classes and
between cultivars. Higher content offarnesene in 1-MCP treated fruits could be
explained supposing that its synthesis was mediayectesidual ethylene or induced by

other regulatory elements (Lurie and Watkins, 2012)
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CTols

The CTols content was different in the two cultszatso in relation to maturity stage. In
‘Granny Smith’, fruits belong to thexd 2.0-1.8 class, which are less mature and more
susceptible, CTols content was generally high andaderately decreased along storage
(Figura 5). In more mature fruits, its content iaser and it almost remained constant
during time. Shelf life clearly decreased CTols teoh on less mature fruits, while this
effect was not so pronounced on more mature fritgvious studies explained the
reduction of CTols content after shelf life, andthe end of the storage, with their
oxidation to 6-methyl-5-hepten-2-one (MHO) (Mir aBéaudry, 1999; Wang and Dilley,
2000; Whitaker and Saftner, 2000; Whitaker, 200dtid. and Watkins, 2012). In ‘Pink
Lady’ lower concentrations of CTols were observed the changes along the storage and

during shelf life were not significant (Figures 6).

In ‘Granny Smith’, 1-MCP substantially reduced C§ abntent, in both maturity classes.
However, this effects was reduced after 6 monthstofage in the less mature fruits
(Figure 5). In ‘Pink Lady’, 1-MCP treatment was neffective in any of the maturity

classes. In addition, 1-MCP did not affect CTolateat in fruit neither along the storage,

nor after the shelf life (figure 6).

The CTols content correlated with scald susceftibilndeed, ‘Pink Lady’' that is less
susceptible, also showed a lower content of CTimlsamparison to ‘Granny Smith’. In
‘Granny Smith’, the most mature fruits, which amsd prone to scald, presented a
significantly lower content of CTols in comparisaith immature fruits. In addition, the

CTols level was comparable with the one observeRiimk Lady’.

However, the CTols content cannot be considere@liabie marker to predict scald
incidence. In fact, though most mature ‘Granny &nfiuits and the ones of ‘Pink Lady’
presented similar level of these compounds, thterlashowed a much lower scald
incidence (Table 1, 2). Similarly, ‘Granny Smithatare and immature fruits showed, at 6
months of storage, very different level of CTolsit bhe scald incidence did not differ.
Some researchers have been propose that scaldassaquence of a general oxidative
process, and that the autoxidatiorueirnesene to CTols is just a secondary responae of
free radical reactions (Whitaker, 2004; Lurie andtkihs, 2012).
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7.4.3. Effect of fruit ripening stage and 1-MCP treatment on total phenols and
chlorogenic acid

To better understand the possible metabolites wagbbn scald development, total phenols
and chlorogenic acid were measured on ‘Granny Smitti ‘Pink Lady’ for two maturity
classes which presented a different trendi-darnesene and CTols content during storage
and showed different scald susceptibility.

At harvest, in ‘Granny Smith’ the total phenols didt differ in relation to maturation.
Total phenols content showed a moderate increaenainths of storage and, thereatfter,
their content generally decreased. Shelf-life sligincreased the total phenols contents
(Figure 7, A-B). 1-MCP did not affect total phenotintent in ‘Granny Smith’.

In ‘Pink Lady’, total phenols content was not irdhced by the maturation stage. In
addition, 1-MCP did not show any significant eff@ttrelation to the duration of storage.

After 4 months of storage and 7 days of shelf ldentrol fruits showed an increase total

phenols, while in 1-MCP treated fruit their conteenained constant along all the storage
and shelf life (Figure 8, A-B).

Regarding chlorogenic acid, in less mature ‘Gra8myth’ fruits, its content was increased
by shelf life, with the highest amount observee@ft months of cold storage and 7 days of
room temperature. In more mature fruits, the ontyrease was observed after 4 months of
cold storage and 7 days of room temperature, wtsleontent was constants in all the
other time points (Figure 7, C-D). 1-MCP kept canstthe level of chlorogenic acid
regardless form the duration of storage and skel{Figure 7, C-D). Therefore, the level
of chlorogenic acid in control and treated fruitasasignificantly different at 2 and 4

months plus shelf life in most immature fruits aatl4 months, in the most mature ones.

In ‘Pink Lady’, chlorogenic acid content was nofluenced by the maturation stage and
length of storage. In more mature fruits, 1-MCP dat show any significant effect in
relation to the duration of storage and shelf (ffggure 8, C-D). In less mature fruits,
control and 1-MCP treated fruits showed differemitents of chlorogenic acid after shelf
life. On these fruits, 1-MCP kept constant chlorigeacid level, while this acid increased

in untreated fruits.

The significant role that phenolic compounds playseald development reside on their
dual function during superficial scald formation. fact, phenolic compounds present an
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antioxidant activity that may contribute to resmta scald development. On the other
hand, the oxidation of phenolic compounds via pb&mpl oxidase (PPO) may contribute
to the development of scald symptoms. High levélgshenolic acids as chlorogenic acid,
which is a potent cofactor of apple PPO, may umzaathis equilibrium anti-
oxidant/oxidant in favor to latter one, causing thgher susceptibly to scald of immature
apple fruits (Du and Bramlage, 1995; eétwal., 1996, Treutter, 2001, Lurie and Watkins,
2012). On this study, the trend of chlorogenic at@gielopment in ‘Granny Smith’ shows
its possible role in the induction of scald devet@mt. Chlorogenic acid shows lower
content immediately after cold storage in all teenovals and a high increment during
shelf life on fruits that manifest scald symptonksg@re 7, C-D). Our findings are in
agreement with previous studies where high levelshtorogenic acid were observed on
more susceptible tissue supporting the phenol tmidaprocess via PPO (Du and
Bramlage, 1995; Jet al., 1996, Treutter, 2001, Lurie and Watkins, 2012).

On the other hand, in ‘Pink Lady’ the chlorogenadadevelopment does not show any
specific trend during storage and shelf life. Irdiidn, any relation with the content of
chlorogenic acid and scald incidence was obserizeglife 8, C-D). These results stress
how the different cultivars react to cold injureesd oxidative stresses, and they highly that
scald development is regulated by a extremely cempletwork of reactions that may
differ from cultivar to cultivars. Therefore theeigtification of a single or multiple markers

(i.e. a-farnesene, Ctols, phenolic compounds) ffedipting scald incidence is not possible.

7.5. Conclusions

The results obtained in this research pointed bat 1-MCP application is extremely
effective in reducing superficial scald. It hasmeenfirmed that the efficacy of 1-MCP is
dependent on fruit ripening stage. 1-MCP efficacglso related to the cultivar. However,
in both in the very susceptible cultivar (‘Grannyi#’) and in a tolerant one (‘Pink

Lady’), 1-MCP was effective in controlling scaldy to 4 months.

1-MCP strongly inhibits ethylene emission in bothltivars for all the Ap classes.
Surprisingly, ethylene inhibition did not correlateith the inhibition in a-farnesene
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content, underlining that the relation between letiny anda-farnesene is not entirely
elucidate. This highlight that ethylene can be Iagd in other processes associated with
scald and not only with-farnesene regulation. Superficial scald is a cemphenomenon
and is a consequence of a general oxidative prptfessutoxidation ofi-farnesene could

be just a secondary response of a free radicdlioaac

Phenolic compounds, such as chlorogenic acid, mrehed in scald development as
previously reported by other researches carriedno®Granny Smith’. In our study, the

high level of chlorogenic acid in this cultivar,daits trend during storage and shelf life,
support its role in the increase of scald incidenca susceptible cultivar. Further research
study should be carry on related to possible atare processes involved in scald

development.
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7.7. Figuresand Tables

Table 1. Superficial scald incidence on ‘Granny tBimapples on control and 1-MCP
treated fruits performed at two different maturitpsses assed bypl Percentage of
affected fruit was performed after removal fromdcatorage at two, four and six
month (T2, T4, T6) and after their respective shiéf at seven days under room
temperature (T2+7d, T4+7d, T6+7d).

Maturity Stage

at Harvest Time after storage + Shelf Life
laD T2 T2 +7d T4 T4 +7d T6 T6 + 7d
2.0-1.8 1-MCP 0 0 0 0 0 0
Control 0 95 96 100 100 100
<18-16 1-MCP 0 0 0 15 0 15
Control 0 0 9 97 63 100

Table 2. Superficial scald incidence on ‘Pink Ladgples on control and 1-MCP
treated fruits performed at two different maturitpsses assed bypl Percentage of
affected fruit was performed after removal fromdcatorage at two, four and six
month (T2, T4, T6) and after their respective shiéf at seven days under room
temperature (T2+7d, T4+7d, T6+7d).
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Maturity Stage

at Harvest Time after storage + Shelf Life
IAD T2 T2 +7d T4 T4 + 7d T6 T6 + 7d
1.0-0.8 1-MCP 0 0 0 0 0 5
Control 0 0 0 38 2 56
<0.8-0.6 1-MCP 0 0 0 0 0 6
Control 0 0 0 18 1 43
<0.6-04 1-MCP 0 0 0 0 0 9
Control 0 0 0 9 1 21
A. lap2.0-1.8 B. lxp 1.8-1.6
%01 OControl 90 1 O Control
_ 801 = 1-MCP 801 @1-McP
.E 70 - 70
T 60 - 60 -
3 50 - 50 -
@ 40 - 40 -
:‘; 30 - 30 -
el LILT Il
10 - 10 - ﬂ
TO T2 T2+7d T4 T4+7d T6 T6+7d TO T2 T2+7d T4 T4+7d Teé T6+7d
Storage Time + Shelf Life Storage Time + Shelf Life

Figure 1. Ethylene emission in ‘Granny Smith’ agptan control and 1-MCP treated
fruits for two different maturity classes assedlfy (less mature A:ab 2.0-1.8 and
more mature B:ab 1.8-1.6). Measures were performed after remowahfcold storage
at two, four and six month (T2, T4, T6) and afteeit respective shelf life at seven
days under room temperature (T2+7d, T4+7d, T6+3thndard errors are represented

by bars on the figure.

110



90
80
70
60
50

N
o

30
20
10

Ethylene (nL/gFWh)

Ethylene (nL/gFWh)
BN W DA U O N X O
©O OO0 6o o6 o 8 o

1A, lap 1.0-0.8

OControl
@1-MCP

£ T

T0 T2 T2+7d T4 T4+7d T6 T6+7d

Storage Time + Shelf Life

1 C. lap0.6-0.4 O Control

m1-MCP

T0 T2 T2+7d T4 T4+7d T6 T6+7d

Storage Time + Shelf Life

90 -+

80
70
60
50
40
30
20
10

0

B.

TO

0O Control

o 0806 D
] I
T2 T2+7d T4 T4+7d T6 T6+7d

Storage Time + Shelf Life

Figure 2. Ethylene emission in ‘Pink Lady’ applesamntrol and 1-MCP treated fruits
for three different maturity classes assed A&y (A: 1ap 1.0-0.8, B: A\p 0.8-0.6 and C:

Iap 0.6-0.4 from less to more mature respectively)adlees were performed after

removal from cold storage at two, four and six nho(if2, T4, T6) and after their

respective shelf life at seven days under room ezaipre (T2+7d, T4+7d, T6+7d).

Standard errors are represented by bars on thefigu
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Figure 3.a-Farnesene concentrations in peel tissue in ‘Gr&@mith’ apples on control

and 1-MCP treated fruits for two different maturitpsses assed bapl (less mature A:

lap 2.0-1.8 and more mature Bxpl 1.8-1.6). Measures were performed after removal

from cold storage at two, four and six month (T2, T6) and after their respective

shelf life at seven days under room temperaturet{d2 T4+7d, T6+7d). Standard

errors are represented by bars on the figure.
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Figure 4.o-Farnesene concentrations in peel tissue in ‘PiatyL apples on control
and 1-MCP treated fruits for three different matudlasses assed bypl (A: Iap 1.0-
0.8, B: lhp 0.8-0.6 and C:ab 0.6-0.4 from less to more mature respectively)adlees
were performed after removal from cold storagewat, tfour and six month (T2, T4,
T6) and after their respective shelf life at sedags under room temperature (T4+7d,
T6+7d). Standard errors are represented by batiseoiigure.
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Figure 5. Conjugated trienols concentrations irl psgue in ‘Granny Smith’ apples on

control and 1-MCP treated fruits for two differentaturity classes assed gy I(less

mature A: hp 2.0-1.8 and more mature Bpl1.8-1.6). Measures were performed after
removal from cold storage at two, four and six nho(f2, T4, T6) and after their

respective shelf life at seven days under room ezaipre (T2+7d, T4+7d, T6+7d).

Standard errors are represented by bars on thefigu
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Figure 6. Conjugated trienols concentrations inl piesue in ‘Pink Lady’ apples on

control and 1-MCP treated fruits for three diffarematurity classes assed ks I(A:

lap 1.0-0.8, B: Ap 0.8-0.6 and C:ab 0.6-0.4 from less to more mature respectively).

Measures were performed after removal from coldag® at two, four and six month

(T2, T4, T6) and after their respective shelf bfeseven days under room temperature
(T4+7d, T6+7d). Standard errors are representdshiy/on the figure.
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Figure 7. Total phenols (A,B) and chlorogenic a€igD) concentrations in peel tissue

in ‘Granny Smith’ apples on control and 1-MCP teshtfruits for two different

maturity classes assed kyy [(less mature A and Cid 2.0-1.8 and more mature B and

D: Iap 1.8-1.6). Measures were performed after remowahfcold storage at two and

four (T2, T4) and after their respective shelf Bfieseven days under room temperature
(T2+7d, T4+7d). Standard errors are representduhbg/on the figure.

116



3000 + A. IAD 1.0-0.8 3000 + B. IAD 0.6-0.4
2 2500 - OControl g | O Control
0 @ 1-MCP m 1-MCP
W 2000 - 2000 -
é 1500 - 1500 -
Q
£ 1000 - 1000 -
£ 500 - 500 -
|—
0 T T T T 0 -
TO T4 T4 +7d T6 T6+7d T4 +7d T6 T6 + 7d
Storage Time + Shelf Life Storage Time + Shelf Life

_300 1 C. 1,,1.0-0.8 300 1 p. 1,,0.6-0.4

= 0 Control O Control

& 250 - 250 -

0 @ 1-MCP m1-MCP

2200 - 200 -

B

& 150 150 -

L

S 100 - 100 -

1)

o

=

o

0 T T T T 0 =
TO T4 T4 +7d T6 T6 + 7d T4 +7d T6 T6+7d
Storage Time + Shelf Life Storage Time + Shelf Life

Figure 8. Total phenols (A,B) and chlorogenic a€igD) concentrations in peel tissue
in ‘Pink Lady’ apples on control and 1-MCP treafedgits for two different maturity
classes assed bypl (less mature A and Cad 1.0-0.8 and more mature B and [ |
0.6-0.4). Measures were performed after removahfanld storage at four and six
month (T4, T6) and after their respective shelt liit seven days under room

temperature (T4+7d, T6+7d). Standard errors anesepted by bars on the figure.
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8. Detection of a-farnesene and 6-methyl-5-hepten-2-one involved in the

development of apple superficial scald by PTR-ToF-M S

8.1. Abstract

To date, the accepted hypothesis about the developoh superficial scald in apple fruit is
related to the accumulation of harmfalfarnesene autoxidation products, such as
conjugated trienols or 6-methyl-5-hepten-2-one (MHThe aim of this research was the
implementation of an alternative rapid and reliabfelytical technique based on PTR-
ToF-MS (proton transfer reaction — time of flightmass spectrometry), to measure the
volatile organic compounds released during the nq@ssjon of this disorder in apple. This
assessment was performed taking into consideratiorspecific tissues (skin and pulp), as
well as the comparison between control and treatedples with 1-MCP applied before
storage. The results described here suggest thef BdEO as a novel biochemical marker
to monitor the oxidative stress of apple fruit, c&nits concentration is significantly

correlated with the early development of superfis@ald visible symptoms.

8.2. Introduction

Superficial scald is a post-harvest physiologidabdler affecting pome fruits, and it is
normally associated with chilling injury and oxida stress occurring during storage
(Watkins et al., 1995). This physiopathy has a considerable mapbn in fruit
marketability and quality and, together with bitpet, can be considered one of the major
apple storage disorders (Mattheis, 2008). Supatfggald symptoms show necrotic areas
on the surface layers of the hypodermal corticegue cells, resulting in a browning
coloration of the fruit skin, without impacting tlener flesh tissues (Lurie and Watkins,
2012). The development of scald seems to be cul@pacific, since specific varieties,
such as ‘Granny Smith’, ‘Delicious’, ‘Cortland’, 4w Rome’ are more susceptible to the
onset of this disorder (Whitaketral., 2000; Tsantilet al., 2007).
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The effect of superficial scald is still highly disssed in apple, since the real aetiology of
this phenomenon is not yet completely elucidatadié_and Watkins, 2012). To date, the
most investigated and accepted hypothesis aboudl sevelopment is related to the
accumulation of products derived by the autoxidaid a-farnesene, such as conjugated
trienols (Whitakeret al., 1997; Whitakeet al., 2000; Rowaret al., 2001) or 6-methyl-5-
hepten-2-one (MHO) (Miet al., 1999; Wang and Dilley, 2000; Rudetlal., 2009) which
cause serious damage to the hypodermal tissuebrbwening coloration resulting in the
fruit skin with the ongoing of the superficial stghhenomenon can be ascribed to an
oxidation process of polyphenols, accumulated encill vacuole as secondary metabolites
(Du and Bramlage, 1995; Abbaatial., 2008).

To date, the majority of the studies focused onliagic physiology of superficial scald,
were focused on the analysis wfarnesene and its autoxidation products, by uSQy
MS, HPLC-UV/vis-APCI-MS or spectrophotometric argly of hexane extraction by
apple skin (Lurie and Watkins, 2012). Technologigaiprovements towards the
assembling of advanced equipments and the reldadat@ processing algorithms, are
fundamental requirements to employ untargeted ro&iaiics approaches in order to have
a more comprehensive characterization of this pimemon. This knowledge would allow
the definition of valuable biochemical markers &r on-line and rapid monitoring of the
scald disorder development. Several methods foptaeention of this phenomenon have
been already proposed, such as low-oxygen cordroflBnosphere storage, forced
ventilation and 1-methylcyclopropene (1-MCP) treain (Lurie and Watkins, 2012).
However, their efficacy is influenced by the matystage and uniformity of fruit batch.
Indeed, maturity stage at harvest is one of theomé&ctors influencing the fruit
susceptibility to scald, mature fruits have in faagteduced scald sensitivity with respect to
immature ones (Wilkinson and Fidler, 1973; Wang &itley, 1999; Whitakeret al.,

1997). However, all these methodologies lead thérngnput and managing costs.

The aim of this research was to develop an altenatapid and reliable analytical
technique based on PTR-ToF-MS (proton transferti@ac- time of flight — mass
spectrometry) to assess the volatile compounds @jQ@volved in superficial scald

disorder in different apple tissue during storagel 1-MCP treatment.
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8.3. Materialsand M ethods

8.3.1. Plant Material and growing conditions

The apples used in this study have been collected {Granny Smith’ apple trees of fiver
years old and grafted on M9 rootstocks. The orclvead realized following a planting
scheme of 3.3m x 0.8m, and located in Bagnaca&kvenna), in the Northern Italy.

Standard cultural practice and disease managermatdges were applied.

8.3.2. Fruit selection and storage condition

Apples were harvested at maturity stage assesseddatg to method reported by Ziasi

al. (2008) and Nyasord=# al. (2013), which is represented by thg index generated by
the DA-meter, a portable non-destructive deviceebdasn Visible/Near Infra Red
(Vis/NIR) spectroscopy (TR, Forli, Italy)ad usually ranges from 2.2 to 0O, indicating the
less ripe (thus characterized by a greater amdusttlorophyll) and the full ripening apple
fruit, respectively. For this investigation onlyits belonging to theap class 1.8-2.0 were

selected.

Homogeneous fruits (in both ripening stage and shagre sampled immediately after
harvest. Two apple batches, of about 80 fruits gaeine distinguished: the first was used
as control while the second was treated with 1ppri-BRICP. Treatment was applied for
24 hours as SmartFresh™ (0.14% active ingredieotprding to the manufacturer’s

instructions (AgroFresh, Rohm and Haas, Philadalgheénnsylvania, USA).

Both apple batches were stored under normal atneospgiondition at +0.5°C and 95% of
relative humidity. Samples from the two batchesenttren removed after one and two
months of cold storage, respectively. For bothagjerperiods, additional sampling and
scald incidence evaluation were performed afted Bnd 8 days of shelf-life at room
temperature (around 20 °C), in order to promoteiticelence of the superficial scald on
the apple fruit surface.

At each evaluation day, apple skin and pulp tissueee assessed separately for each
sample. Samples were represented by 10 randomkegbiapples per treatment, and

immediately frozen in liquid nitrogen and stored&Q°C till the analysis.
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8.3.3. Sample preparation

2.5 grams of powdered frozen sample were immedgiatsierted into a 20 ml glass vial
equipped with PTFE/silicone septa (Agilent, Cermmsst Naviglio, Italy) and mixed with
2.5 mL of deionized water, 1 g of sodium chlori@i2,5 mg of ascorbic acid, and 12.5 mg
of citric acid (for more details see Apreiaal., 2011). Samples were preserved at 4°C till

the analysis.

8.3.4. PTR-ToF-MSanalysis

Measurements of VOCs in peel tissues were performedhree replicates with a
commercial PTR-ToF-MS 8000 apparatus (lonic on ptilalGmbH, Innsbruck, Austria;
Soukouliset al., 2013). The conditions in the drift tube were fokowing: 110 °C drift
tube temperature, 2.25 mbar drift pressure, 550if¢ wbltage. This leads to an E/N ratio
of about 140 Townsend (Td) (E corresponding todleetric field strength, and N to the
gas number density; 1 Td = 10-17 VdmThe sampling time per channel of ToF
acquisition was 0.1 ns, amounting to 350,000 chignioe a mass spectrum ranging up to
m/z = 400. Every single spectrum is the sum of a&l#8i600 acquisitions lasting 3&
each, resulting in a time resolution of 1 s. Sangplineasurement was performed in 60
cycles resulting in an analysis time of 60 s/sample

Each measurement was conducted automatically 2@teninutes of sample incubation at
40°C by using an adapted GC autosampler (MPS Muftipse Sampler, GERSTEL) and it
lasted for around 2 minuteBuring measurements 100 sccm of zero air was aootisly

injected into the vial, through a needle heatedGdC, and the outflow going through a

second heated needle was delivered via Teflongdstio the PTR-Tof-MS.

a-farnesene and 6-methyl-5-hepten-2-one identificatiwas carried out through

comparison of the PTR-ToF-MS fragmentation masst#spure standards.

8.3.5. Satistical Analysis

Multivariate statistical analysis have been perfednemploying R package “PCA” on Log

transformed data.

121



8.4. Results and Discussion

Apple of cv. ‘Granny Smith’ harvested at the ripenistage Ao 1.8-2.0, resulted highly
susceptible to superficial scald after two monthsadd storage, showing from 35 to 95 %
of fruit with visible scald symptoms after 4 andl&ys of shelf life at room temperature,
respectively. Treatment with 1-MCP effectively redd to zero the incidence of scald,
even after two months of cold storage. These degairaagreement with the previous
studies carried out on the same apple cultivar bbgtlal. (2013), showing also that early
harvested apple are generally more susceptibleald $Bordonabat al., 2013).

The majority of VOCs detected in the apple tissoekected here, showed a different
accumulation upon storage condition and ethylefecgfas suggested by Schafétral.
(2007). This fact was experimentally validated Imstwork by the application of the
ethylene competitor 1-MCP. Only a limited and sfpecsubset of VOCs resulted
associated with the occurring of the superficia@ldcas suggested by Lurie and Watkins
(2012). The entire VOCs variability among the sasplere analysed by the means of a
Principal Component Analysis (Fig. 1). The disttibn depicted on the PCA 2D-
plotclearly highlights the difference between cohand 1-MCP treated samples as well as
between the samples collected at different staldesse differences were mainly attributed
to known VOCs that have a direct influence on fiquiality such as esters aldehydes,
alcohols, and ketones (Soukoudtsal., 2013). In the control skin samples, the sepamati
between T1 and T2 stages, characterized by themresf scald symptoms (in the latter
stage) was mainly due to high concentratiom-ddrnesene and 6-methyl-5-hepten-2-one
(MHO), also supported by the PCA loadings (datashatwvn).

The main fragment massesmfarnesene (m/z 205.195 and m/z 149.114) and MH@ (m
127.089 and m/z 109.076) detected by PTR-Tof-M3%yarsawere also confirmed by using
pure standards, showing 4\Rlue of 0.99 and 0.97, respectively.

To verify the effect ofa-farnesene and 6-methyl-5-hepten-2-one (MHO) duriihg
development of superficial scald, the accumulatednthese two compounds over the
samples collected during storage was assessedle #pit skin and pulp (Figure 2). In
the figure only the data obtained from the conlratich are reported, since the ones treated
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with 1-MCP were not affected by scald, and consibadid not show any accumulation of
either compounds.

It is interesting to note the distinct behavioutveEen the two compounds assessed by
PTR-ToF-MS. The concentration affarnesene (Figure 2A) did not considerably differ
throughout the time course. The accumulation f tmmpound, in fact, started already at
the first day of shelf-life after 1 month of stoeagesulting in a two-fold increasing after
only three days of shelf-life. From this point, tt@ntent ofu-farnesene remained basically
unchanged, showing only a slight increase in tagest assessed after two months of cold
storage. Different was instead the physiologicalaigics of MHO. The concentration of
this volatile ketone, originated by the oxidatiohoefarnesene, showed a marked burst
only in the samples collected after two monthstofegye and anticipated by couple of days
the visual appearing of scald symptoms. Duringgbstharvest shelf-life after one month
of cold storage, the accumulation of MHO was cdesiswith the concentration detected
at harvest, while after two months it increasea@chéng its maximum 8 days after cold
storage, showing aneight-fold increase with regaaddarvest (Figure 2B). It is worth
noting that the accumulation of MHO anticipates tq@pearance of superficial scald
symptoms, since MHO significantly changes in T2afnples, while scald impacted 35%
of the samples in T2_4 stage. The different accatiar trend observed between these
two compounds is consistent with the physiologicathway, the low concentration of
MHO in the first month can be in fact assignedhe oxidation of thex-farnesene. This
process might be in fact the reason of the shifeoled between the two compounds and

depicted in Figure 2.

In the light of these resultg-farnesene cannot be considered as a reliable goalo
marker for superficial scald detection since itshnaatration rapidly increases with
postharvest ripening, rather than with the occueenf the scald symptoms. On the
contrary, the accumulation trend of MHO resultedéomore specifically coincident with
the ongoing of scald (as already evidenced by #lial., 1999 and Wang and Dilley,
2000), suggesting this as a more reliable compdandin early detection of the scald
development. To further validate the efficacy ofRRToF-MS in predicting the scald
development in a real and competitive postharveshagement, both-farnesene and
MHO were successfully detected also on the headspaevhole ‘Granny Smith’ fruits

after two months of cold storage (Figure 3).
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8.5. Conclusions

In conclusion, we confirm the efficiency of 1-MCidtment in the control of superficial
scald development in ‘Granny Smith’ fruits by reshgcthe synthesis of ripening related
VOCs in the skin, especially effarnesene and, consequently, its autoxidationymtsd
MHO. Results of this investigation also pointed guthe possibility to monitor VOCs
involved in the superficial scald disorder by PTBFIMS without the necessity to pre-
extract samples with hexane or even in a non-destaly approach and ii) the
opportunity to use MHO as a VOC marker to monitidative stress processes of apple
during storage and in particular to identify scdldfore the appearance of visible

symptoms.
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Figure 1. PCA distribution of VOCs assessed by PTR-Tof-MSysia on ‘Granny Smith’
apples. Measurements were performed on skin (tiraled pulp (triangle) tissue of fruit
stored for 1 (T1) and 2 (T2) months of cold storage0.5 °C, and then maintained for 1,
4 and 8 days of shelf-life at room temperature €0 Black points indicate control

samples, while in grey are the ones treated wiMCR. Each point is the average of 3

single measurements.
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Figure 2. Content of (A)a-farnesenerntyz 205.195) and (B) 6-methyl-5-hepten-2-ongz

127.089) in fruit of ‘Granny Smith’ during storagand shelf-life. Measurements were
assessed by PTR-ToF-MS on skin tissue of fruitdefoom at temperature for 1, 4, and 8
days after 1 and 2 months of commercial storageddi °C, respectively. Percentage of
scald incidence (number of fruits with scald symmd and standard deviation (3

replicates) are shown.
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Figure 3. Quantification ofa-farnesene(m/z 205.195) and 6-methyl-5-hepten-2{ame

127.089) content in ‘Granny Smith’ apple fruit (tah and 1-MCP treated) assessed by
PTR-Tof-MS after 2 month of cold storage (+0.5 °@)easurements were done on
headspace of intact fruit incubated for 30 minués a 5L glass jar. Each data point is the

average of 5 fruits. Bars indicate standard demmti
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9. General Conclusions

The present research work highlights the importaotdhe definition of the proper
harvesting time and the maturity stage reachedaatelst in apple fruits in order to aid

post-harvest management.

With regard to the used technology, it was demaiestrthat Ao could represent a reliable
indicator for monitoring fruit ripening evolutioroth in planta during the growing season
and at harvest. Our data confirmed that chloroptigtiradation can be taken as a reliable
index to define apple fruit maturity developmenttbg use of non-destructive, easy to use

and fast device, the DA-meter.

The results presented in this work confirm theieattspecific behaviour of thed before
harvest and the consistency over growing seasanslaE trends were observed in the
maturation of fruits of the two studied apple atdtis, which could be represented as linear
regression over time. These information were ugedréate a model for forecasting of
harvesting time, and furthermore to predict thealality of the ripening stages at harvest.
In this sense, the adoption of these methodolog§ydcepresent a decisional support tool
for pre-harvest and post-harvest management.

From the results of this work, the use thgtb segregate apple fruits on different maturity
classes, which behave differently during storadsy amerged as a possible application.
Indeed, Ao correlated with FF reduction during cold storagel avith scald incidence,
being the less mature fruits more susceptible.diteon, lxp trend remained similar or
equal in the different seasons. Concerning with rflation between thead and the
reduction of flesh firmness, the DA-meter techngldxy real time monitoring could be
useful since theab may represent a predictor index for long termagjer Based on these
considerations, the development of an on-line DAemdevice to be placed in the sorting
machine may be seen as a promising strategy toowepand optimise the post-storage

procedure and management.

As regards superficial scald metabolism, the resaffitained in this research highlight the
influence of the maturity stage at harvest on sdalelopment. Moreover, it was pointed
out that 1-MCP application is extremely effective ieducing superficial scald. The

efficacy of 1-MCP was confirmed to be dependentfruit ripening stage reached at
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harvest. 1-MCP strongly inhibits ethylene emissioboth cultivars for all theab classes.
Surprisingly, ethylene inhibition did not correlateith the inhibition in a-farnesene
content, therefore leaving the relation betweeryletie anda-farnesene not entirely
elucidated. This highlights that ethylene can h®ived in other processes associated with
scald and not only with-farnesene regulation. Superficial scald is a cemphenomenon
and is a consequence of a general oxidative prptlessutoxidation ofi-farnesene could
be just a secondary effect of free radical reastidResults of this investigation also
pointed out the possibility to monitor VOCs invalven the superficial scald disorder by
PTR-ToF-MS. In fact, MHO emerged as a VOC marketepially allowing the
monitoring of oxidative stress processes of applesng storage, and in particular to
identify scald before the appearance of visible @yms. Phenolic compounds, such as
chlorogenic acid, are involved in scald developmast previously reported by other
researches carried on in ‘Granny Smith’. In oudgfuhe high level of chlorogenic acid in
this cultivar, and its trend during storage andfslife, support its role in the increase of
scald incidence in a susceptible cultivar. Altenreat processes involved in scald
development should be considered, such as freealadiediated oxidation or the possible
involvement of the cuticular structure and changesax composition, for a full metabolic

understanding of the phenomenon.
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