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Research highlights

It has been observed a significant decrease in the cuticle thickness
of cv 'ltalia’ across five developmental stages from fruit set
(BBCH71) to full maturity (BBCH89).

The combination of CaCl, and AN generally resulted in a thicker
cuticle, indicating the effect of A. nodosum in enhancing the
fruit’s structural resilience and potential resistance to cracking.
The effects of salicylic acid (SA) showing potential benefits in
cuticle thickness especially when not combined with girdling.

The treatments using CaCl, + SA, the fruits of which exhibited
the greatest firmness and an increase in bunch weight when
combined with girdling

Genotypes with increased cuticle deposition during the fruit
growth stages can improve fruit cracking tolerance

Genotypes with larger collenchyma cells, and a higher quantity of
epi- and intra-cuticular waxes, can ensure higher tolerance to
cracking

Genotypes with elastic and less stiff cuticle in combination with a
high wvalue of breaking strain will contribute to a better
performance in a visco-elastic environment.

The importance of cuticle invaginations in pomegranate and their
role in determining fruit resilience



Abstract

Fruit cracking is a physiological disorder that affects
numerous agriculturally important species, significantly reducing
both crop yield and marketability, and resulting in substantial losses
during both the pre-harvest and post-harvest stages.

Various  factors, including environmental,  genetic,
morphological, physiological, and agronomic, contribute to a crop’s
susceptibility to cracking. These factors also affect the composition
and morphology of the fruit’s cuticle, the first barrier between the
fruit and its external environment. Besides offering protection and
structural resistance, the cuticle plays a crucial role in regulating gas
exchange between the fruit and the environment.

The objective of this doctoral thesis is to study the factors
contributing to susceptibility to fruit cracking, with the aim of
identifying traits that could enhance fruit tolerance to splitting.

The research activities specifically focused on: (1) reviewing
the literature on environmental and agronomic factors and their
significant influence on fruit cracking; (2) examining how the cuticle
of the table grape cv ‘ltalia’ is influenced by different chemical
compounds, with particular attention to cuticle thickness during
development and ripening stages; (3) characterizing six table grape
genotypes, including five newly developed hybrids, to identify traits
that may confer tolerance to fruit cracking through chemical,
mechanical, and microscopic analyses; (4) investigating the role of
cuticular invaginations in pomegranates and how they may
contribute to increased tolerance to fruit cracking.

This doctoral thesis has provided scientific data contributing to
a greater emphasis on the role of the cuticle in fruit cracking
resistance. However, further studies are needed to more precisely
understand how environmental factors (e.g., temperature and relative
humidity) influence susceptibility to this physiological disorder

Keywords: fruit cracking, physiological disorder, epicuticular waxes,



intracuticular waxe, microscopy, wax content



Riassunto

La spaccatura dei frutti & una fisiopatia che colpisce
moltissime specie di interesse agricolo, provocando un impatto
negativo sulla produzione e sulla successiva vendibilita del prodotto
causando notevoli perdite sia in pre che in post raccolta.

Tantissimi fattori contribuiscono alla suscettibilita delle
colture al cracking, tra cui abbiamo: i fattori ambientali, genetici,
morfologici, fisiologici, agronomici, questi fattori pero influenzano
anche la composizione e la morfologia della cuticola dei frutti che e
la prima barriera tra il frutto e I’ambiente circostante. La cuticola
oltre alla funzione protettiva e di resistenza regola gli scambi gassosi
tra I’interno e I’esterno del frutto.

La seguente tesi di dottorato si pone come obiettivo quello di
studiare quali sono le caratteristiche della suscettibilita al cracking in
modo da evidenziare di conseguenza le caratteristiche che possono
contribuire ad una maggiore tolleranza alla spaccatura dei frutti.

Nello specifico le attivita di ricerca si sono concentrate su (1)
effettuare la revisione della letteratura inerente i fattori ambientali e
agronomici e di come questi abbiano una forte influenza sulla
spaccatura dei frutti; (2) analizzare come la cuticola dell’'uva da
tavola varieta ‘Italia’ viene influenza da diversi composti chimici
analizzando lo spessore della cuticola durante le fasi di sviluppo e
maturazione; (3) caratterizzare sei genotipi di uva da tavola tra cui
cinque ibridi di recente costituzione per analizzare le caratteristiche
che possano conferire tolleranza verso la spaccatura dei frutti tramite
analisi chimiche, meccaniche e di microscopia; (4) comprendere il
ruolo delle invaginazioni cuticolari su melograno e di come queste
possano contribuire ad una maggiore tolleranza alla spaccatura dei
frutti.

Questa tesi di dottorato ha fornito dei dati scientifici
contribuendo ad enfatizzare il ruolo della cuticola nella resistenza
alla spaccatura dei frutti. Tuttavia, sarebbero necessari ulteriori studi
per comprendere con maggiore precisione come i fattori ambientali



(e.g. temperatura e umidita relativa) influenzano la suscettibilita a
guesta fisiopatia.

Parole chiave: spaccatura dei frutti, fisiopatia, cere epicuticolari,
cere intracuticolari, microscopia, contenuto di cere



Thesis outline

Chapter 1: General Introduction

An opening chapter on the possible causes of fruit cracking, focusing
on the impact that the environmental conditions have on this
physiological disorder.

Using 2018 as a case study, when the table grape industry suffered
extensive damage from cracking and comparing the climatic data
from that year with those from 2022 and 2023, the aim is to identify
potential environmental conditions that may predispose such
damage. The analysis of the environmental factors could help
mitigate damages in controlled or semi-controlled environments.

Chapter 2: Factors influencing fruit cracking: an environmental and
agronomic perspective
La Spada et al Frontiers of Plant Science, 2024, 15:1343452

This mini review explores the complex factors contributing to fruit
cracking, with a focus on the significant roles of environmental and
agronomic factors. It examines how variables such as temperature,
relative humidity, and light exposure influence fruit cracking
susceptibility. The review also highlights the importance of mineral
nutrition, particularly calcium, and the use of plant growth regulators
in reducing the risk of fruit cracking across various species. Recent
advancements in precision farming and monitoring systems are
discussed as valuable tools for managing these environmental
factors, enabling growers to track critical parameters like
temperature, humidity, soil moisture, and fruit skin temperature. The
review concludes that preventing fruit cracking effectively requires a
holistic approach that integrates both environmental and agronomic
strategies.



Chapter 3: Improving Cuticle Thickness and Quality Traits in Table
Grape cv. ‘Italia’ Using Pre-Harvest Treatments
La Spada et al Plants 2024, 13(17), 2400

In this chapter it has been addressed the challenge of fruit cracking in
table grape viticulture, a significant issue exacerbated by climate
change and affecting various grape species globally. The research
investigates the impact of three treatment combinations—calcium
chloride (CaCl:), CaCl. with salicylic acid (SA), and CaCl: with
Ascophyllum nodosum (AN)—applied with and without the girdling
technique, alongside an untreated control group. This trial was
conducted during the 2021-2022 growing season in a commercial
vineyard in Licodia Eubea, Sicily, Italy, the study evaluates changes
in cuticle thickness and several fruit quality parameters, including
sugar content, acidity, color, bunch weight, and rheological
properties throughout the growth and ripening stages. Findings
reveal that specific treatments significantly influence the cuticle and
associated qualitative traits, thereby affecting the fruit's susceptibility
to cracking and its overall marketability. The results provide valuable
insights into how targeted chemical treatments and cultural practices
can enhance fruit quality and resilience against environmental
stresses in table grape cultivation.

Chapter 4: Exploring fruit cracking susceptibility in table grape: a
two-year study of morphological, chemical and mechanical
properties of the cuticle, in selected genotypes

This chapter addresses the challenges posed by climate change in
viticulture, focusing on the issue of fruit cracking in table grapes.
The research aimed to characterize the histological features of
collenchyma cells, cuticle thickness, and the mechanical and
chemical properties of isolated cuticles in six table grape genotypes,
including new hybrids and the commercial variety 'ltalia’, with
varying susceptibility to fruit cracking. Conducted over two growing



seasons (2021-2023) across four developmental stages (BBCH71 to
BBCHA89), the study identified key traits that influence cracking
tolerance, such as cuticle thickness, cuticle deposition, collenchyma
cell morphology, and wax content. Mechanical tests further
demonstrated the flexibility and toughness of the cuticle,
emphasizing its role in fruit cracking resistance. These findings
provide important insights into the traits associated with cracking
tolerance and contribute to the development of more resilient table
grape varieties.

Chapter 5: Comparative analysis of morphological, textural and
cuticular traits in three pomegranate cultivars: implications for fruit
cracking susceptibility

This chapter investigates the morphological, textural, and cuticular
characteristics of three pomegranate cultivars 'Wonderful,' 'Etna,’ and
'Primosole’ with a focus on their susceptibility to fruit cracking. The
research evaluates key parameters such as fruit morphology, aril and
tegmen texture, and cuticle thickness. Results showed that
‘Wonderful' exhibited significantly larger fruit dimensions and
weight compared to 'Etna’ and 'Primosole.’ In terms of texture,
'‘Wonderful' displayed higher hardness values, indicating a more
cohesive structure. Both 'Wonderful' and 'Etna’ had larger cuticle
invaginations, potentially enhancing their resistance to abiotic stress,
while 'Primosole,” with fewer cuticle invaginations, have higher
susceptibility to fruit cracking. The findings highlight the importance
of cuticle structure in determining fruit tolerance to fruit cracking.

Chapter 6: General Discussion and conclusion

The concluding chapter, focused on the discussion of the main
findings obtained in the research activity involved in the present PhD
thesis, clarifying that a holistic approach would be advisable to
mitigate fruit cracking.
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1 General Introduction

Fruit loss in at preharvest stage due to inadequate quality (size,
color, or damages) or due to physiological disorders such as fruit
cracking is an issue that must be minimized, especially considering
the global population growth, which is expected to increase food
demand by 70% by 2050 (Zhu et al. 2023). Ladaniya (2023) has
reported that preharvest loss percentage in citrus due to fruit cracking
is around 10-35%, making fruit cracking a serious disorder for the
economic sustainability of the growers, the loss in particular years
can go up to 100% due to the higher susceptibility of cracked fruits
to biotic infections (Butani et al. 2019; Wang et al. 2021). Fruit
cracking is a physiological disorder that affects numerous
horticultural species, (i.e. tomatoes, grapes, pomegranates, sweet
cherries, citrus, apple, litchi) (Khadivi-Khub 2015); the economic
loss due to this physiological condition can vary widely depending
on environmental factors, varietal susceptibility, unproper water
management and nutritional unbalance (La Spada et al. 2024).

1.1 Possible causes of fruit cracking

Many authors have conducted, and continue to conduct,
researches on the causes and mechanism responsible for this
phenomenon in various species (Christensen 1973; Peet 1992; Matas
et al. 2004; Simon 2006; Correia et al. 2015; Kaur, Kaur, and Singh
2019; Knoche 2019; Correia et al. 2020; Pereira et al. 2020; Singh,
Shukla, and Meghwal 2020; Yu et al. 2020; Zhang et al. 2020; Seo,
Sawant, and Song 2022), other authors have studied the role of the
portion of tissue, known as the cuticle, that is essential in shielding
the fruits from UV radiation and in regulating gas exchanges
between the fruit and its environment. Even if there is extensive
literature on this subject, it is primarily concentrated on tomatoes,
which serve as a model plant.
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From the studies conducted on the tomato cuticle (Scott 1998;
Curvers et al. 2010 Giménez et al. 2015; Segado, Dominguez, and
Heredia 2016; Barraj Barraj et al. 2021), both on mechanical
(Briiggenwirth and Knoche 2016; Khanal and Knoche 2017; Benitez,
Guzman-Puyol, et al. 2021) and biophysical properties (Dominguez,
Cuartero, and Heredia 2011; Heredia-Guerrero et al. 2018; Benitez,
Gonzalez Moreno, et al. 2021; Heredia et al. 2024), it has been
observed that the cuticle plays a crucial role in protecting the fruit
from both biotic and abiotic stressors.

1.2 Impact of extreme weather conditions on fruit cracking of
table grape in Sicily

The possibility of extreme and unpredictable events, e.g.
extreme rainfall or high humidity during fruit development, is a
scenario that is going to be increasingly frequent in the next years. In
Sicily we had incredible extreme fruit cracking damages in 2018
where the table grape sector was severely impacted which resulted in
economic losses of 200 million euros, further impacting companies
that were already struggling (Regione Siciliana 2019).

In Figure 1.1, it is evident that, comparing three years, 2018
exhibits a peak in humidity during the initial phase of grape
development, maintaining elevated humidity levels even during the
third stage of development. In contrast, 2022 shows higher humidity
in the first phase but similar levels in the third stage of development.
Meanwhile, in 2023, the overall humidity trend was generally higher
in the early stages of development, with a single peak occurring in
the third stage around DOY 213, followed by a decrease in relative
humidity.
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Figure 1.1 - Seasonal variations in relative humidity (RH%) (SIAS - Regione
Sicilia, 2024) during key grape phenological stages (Fruit Set, Veraison, and
Ripeness). Image took from (Coombe and Hale 1973) across 2018, 2022, and
2023, shown during the growing period described as Day of the Year (DOY)

Precipitation, as illustrated in Figure 1.2, plays a crucial role in
table grape cultivation management and affects issues such as fruit
cracking. When comparing the precipitation graph with that of
relative humidity, it becomes clear that rainfall patterns can
significantly influence humidity stability and, consequently, the
quality of grape production. In years with irregular or intense
rainfall, such as 2018—where precipitation occurred between DOY
213 and DOY 233—the risk of cracking increases significantly. In
contrast, during more stable years, such as 2022, with only one
significant atmospheric event, or 2023, which was generally drier
than the other two, this risk is reduced. However, the IPCC warns
about the possibility of extreme rainfall events that could still pose a
risk, even in seemingly stable conditions (Intergovernmental Panel
on Climate Change 2023).
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Figure 1.2 - Seasonal variations in precipitation (mm) (SIAS - Regione Sicilia,
2024) during key grape phenological stages (Fruit Set, Veraison, and Ripeness).
Image took from (Coombe and Hale 1973) across 2018, 2022, and 2023, shown
during the growing period described as Days of the Year (DOY)

Among the parameters taken into consideration was also the
air temperature of the three years, data presented in Table 1.1; the
general trend of temperatures over the three years, follows a similar
pattern: an initial increase, a central peak, and a subsequent decline.
This suggests that, despite variations in specific temperature values,
the seasons adhere to a relatively predictable thermal cycle. The
analyzed graphs and table underscore how meteorological
conditions, particularly the patterns of precipitation and fluctuations
in relative humidity, directly influence the susceptibility of fruits to
cracking, thereby impacting the quality of production. Understanding
and managing these factors, especially in protected or semi-
controlled environments, is essential for reducing this physiological
disorder.

Innovative agricultural management can play a significant role
in mitigating this physiological disorder through several approaches
(Osroosh and Peters 2019; Ranjan et al. 2022).
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Table 1.1 - Seasonal variation in temperature (°C) (SIAS - Regione Sicilia,
2024) across 2018, 2022 and 2023 shown during the growing period described
as Days of the Year (DOY)

Day of the year 2018 2022 2023
121 16,55 15,74 15,89
131 18,35 19,37 16,84
141 22,03 21,81 18,73
152 23,72 25,02 19,59
162 21,68 24,22 22,16
172 21,17 27,9 25,15
182 25,47 27,8 25,47
192 26,09 25,81 28,79
202 26,63 28,02 28,39
213 25,95 26,47 24,15
223 25,29 26,44 25,04
233 22,74 24,48 25,65
244 24,73 25,76 23,39
254 23,35 24,04 24,32
264 20,19 19,63 21,94

1.3 Aim of the thesis

* Analyze the agronomic aspects of fruit cracking and assess
the currently proposed solutions.

* Evaluate the effects of calcium chloride, salicylic acid, and
brown algae (Ascophyllum nodosum), in combination, on the cuticle
of the table grape variety ‘ltalia’ during its development. This
includes assessing the impact of the girdling on the cuticle and how
the girdling technique influence the response to the chemical
compounds under study.

» Examine the morphometric characteristics of fruits from five
newly established hybrids and the table grape variety ‘Italia’ during
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their development. These analyses aim to identify the morphometric
characteristics of the collenchyma, as well as the morphometric,
chemical, and rheological properties of the cuticle, which could be
useful for the future selection of new varieties tolerant to fruit
cracking.

* Identify specific characteristics in pomegranates, such as
cuticle thickness, tegmen and aril texture, and general morphological
traits, that may contribute to the susceptibility of some pomegranate
varieties to fruit cracking.
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Abstract

Fruit cracking, a widespread physiological disorder affecting
various fruit crops and vegetables, has profound implications for fruit
quality and marketability. This mini review delves into the
multifaceted factors contributing to fruit cracking and emphasizes the
pivotal roles of environmental and agronomic factors in its
occurrence. Environmental variables such as temperature, relative
humidity, and light exposure are explored as determinants factors
influencing  fruit cracking susceptibility. Furthermore, the
significance of mineral nutrition and plant growth regulators in
mitigating fruit cracking risk is elucidated, being calcium deficiency
identified as a prominent variable in various fruit species. In recent
years, precision farming and monitoring systems have emerged as
valuable tools for managing environmental factors and optimizing
fruit production. By meticulously tracking parameters such as
temperature, humidity, soil moisture, and fruit skin temperature,
growers can make informed decisions to prevent or alleviate fruit
cracking. In conclusion, effective prevention of fruit cracking
necessitates a comprehensive approach that encompasses both
environmental and agronomic factors.

Keywords: cracking, cuticle, environmental factors, agronomic
factors, precision farming
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2.1 Introduction

Fruit cracking is a disorder prevalent among various fruit
crops and vegetables. Cracking has a detrimental impact on the
quality of fleshy fruits from various species (Bruggenwirth and
Knoche, 2017; Lara et al., 2019; Schumann et al., 2019) not only due
to poor fruit appearance but also to shelf-life reduction, and
increased susceptibility to infections by fungi and other pathogens,
hence causing significant losses in the fresh market (Khadivi-Khub,
2015; Butani et al., 2019; Wang et al., 2021). Numerous factors and
mechanism have been shown to contribute to fruit cracking
susceptibility such as agronomic factors (e. g., nutrition imbalance,
unmanaged irrigation), environmental factors (e.g., high temperature,
high relative humidity), genetic factors as well as the physiology and
biochemistry of the species (Correia et al., 2018; Kaur et al., 2019).
These factors do not only contribute to fruit cracking, but they also
have the potential to modify the composition and morphology of the
cuticle. The plant cuticle is a supramolecular composite that can be
considered as a modification of the epidermal cell wall (Dominguez
et al., 2011). It is mainly constituted by the polyester cutin, waxes
and discrete amounts of plant phenolics. The plant cuticle is also
subjected to changes due to developmental, environmental and
hormonal factors (Tafolla-Arellano et al., 2018). The cuticle is a
primary barrier against water and solute transport and fruit rot
pathogens, responding to environmental conditions like water deficit,
changes in relative humidity, temperature or light intensity (Knoche,
2019; Lara et al., 2019). It is strongly related to fruit cracking
resistance due to the provides mechanical support provided (Zarrouk
etal., 2018).

Two hypotheses have been developed to try to explain the
mechanism of fruit cracking: the critical turgor and the zipper model.
In both of these models there is a strong influence of environmental
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and agronomic factors. Critical turgor hypothesis initially
investigated in grapes (Vitis vinifera L.) and reported by Considine
and Kriedemann, (1972) suggests that the causes of fruit cracking are
moisture accumulation due to low evaporative demand. This can be
worsened by none or poor pruning technique, thus resulting in an
increasing in fruit internal pressure that can lead to fruit cracking.
More recently Knoche (2019) proposed the zipper model hypothesis,
which was developed in sweet cherries (Prunus avium L.). This
model outlines how tension stresses in the fruit cuticle during fruit
ripening lead to the development of microcracks, which can then be
aggravated by high relative humidity and water deposition on the
surface. These cuticle microcracks formed during the ripening stage,
allows water uptake of the outer mesocarp cells with higher negative
osmotic potential, subsequent bursting, and leak of the cell malic
acid causing the plasmolysis of skin cell that leads to cell wall
swelling. This continuous cycle of events decreases the fracture
pressure and causes visible cracking. Chang and Keller (2021)
proposed that, in grape cracking both the critical turgor hypothesis
and the recent zipper model hypothesis should be considered
complementary.

In this mini review we will discuss how fruit cracking is strongly
influenced by agronomic (mineral nutrition, plant growth regulators,
bagging technique, irrigation and post-harvest management) and
environmental factors (relative humidity and temperature). We will
also highlight and emphasize the potential of machine learning and
precision agriculture and how these techniques could provide some
predictive models for the effective handling of the environmental
factors, as well the vulnerabilities in agronomic management or soil
deficiencies.

2.2 Environmental factors

Environmental conditions have a fundamental role in shaping
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the growth and quality of fruit production, and the effects are
observed during developmental stages (Jiang et al., 2010). Given the
current situation of global climate change, and the postulated role of
the cuticle in cracking, it’s essential to grasp the biophysical
characteristics of the cuticle and comprehend how environmental
factors such as temperature, UV radiation, and relative humidity
influence both the formation of the cuticle and its functional
characteristics and properties (Dominguez et al., 2011; Singh et al.,
2020).

Matas et al. (2005) demonstrated that temperature and relative
humidity (HR) influence the mechanical characteristics of the
isolated cuticle suggesting that environmental factors can have a
crucial role in cracking. Chen et al. (2020) have reported that in
blueberries (Vaccinium spp.) there is a positive relationship between
fruit water loss and the amount of wax esters; this relationship,
however, wasn’t found in grape (Ferndndez-Mufioz et al., 2022).
Fruit cracking intensity has been reported to vary considerably
among years, pointing to a significant relationship with
environmental factors (Aliviela et al., 1994). Several authors have
reported the influence of environmental conditions in causing and
enhancing fruit cracking, e.g. Choi et al. (2015) reported that fruit
cracking in pear (Pyrus communis L.) cv Mansoo was influenced by
the photoperiod during the fruit development; with a shorter sunlight
exposure fruit cracking was higher than with a more prolonged
sunlight exposure, this is likely since both gene expression and plant
metabolism are influenced by the amount and quality and the angle
of interception of light that plants receive directly impacts fruit
growth, overall productivity, and susceptibility to disorders (Lin et
al., 2017). Regarding temperature, Seo et al. (2022) reported in pear
that unexpected drops in temperature during the blossoming phase
can result in a decrease of on fruit production and trigger the
occurrence of fruit cracking. Also, differences between day and night
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temperatures were shown to stimulate fruit cracking in pomegranate
(Punica granatum L.) (EI-Rhman, 2010). Simon (2006) reported that
in sweet cherries (Prunus avium L.), there was a linear increase in
fruit cracking with temperature. More recently, Singh et al. (2020)
clearly showed that the water stress caused by high environmental
temperature measured as leaf relative water content and water
potential, directly impacted the extent of cracking in pomegranate
fruits. On the other hand, Choi et al. (2020) noted that fruit cracking
severity in pear cv Whasan increased in orchards that underwent
rapid change from dry soil condition to heavy rainfall. The rapid
fluctuation of soil moisture increased the water potential in the fleshy
cells and led to higher turgor pressure in the cork and stone cells,
thus inducing fruit cracking. Moreover, heavy rainfall during the
period of rapid fruit growth was correlated with cracking in grape
(Clarke et al., 2010), and in apricot (Glilsen et al., 1995). In mandarin
(Citrus reticulata Blanco) cv Nova, grown during dry hot summers
in the Mediterranean basin, seasonal water deficit followed by heavy
rain during the cell enlargement stage was also linked to fruit
cracking (Almela and Agusti, 1990).

2.3 Agronomic factors

All commercial orchards require a correct balance of both
macro and micronutrients to achieve satisfactory growth,
development, and productivity (Seo et al., 2022). It has been reported
that the mineral nutritional status of crop and, therefore, of fruits is
closely related to fruit cracking (Shi et al., 2022). Among all the
mineral elements necessary for the growth of orchards, calcium
participates in numerous vital processes due to its role in the
structural integrity and stability of the cell walls and middle lamella.
Calcium is a connecting link between pectin molecules, enhancing
the robustness of cell membranes by strengthening phospholipid
bonds. Furthermore, it acts as a secondary messenger in stress signal
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transduction pathways (Ranty et al., 2016; Yu et al., 2020).

Calcium is not the only mineral element to play a key role in
physiological processes, potassium, zinc, boron, copper, manganese,
and molybdenum also govern fruit growth and development. A
deficiency in any of these nutrients during the growth phase can lead
to fruit cracking (Sheikh and Manjula, 2012).

Moreover, it was reported that copper hydroxide at low
concentrations or in combination with calcium hydroxide,
significantly reduced fruit cracking (Brown et al., 1995). On the
other hand, calcium deficiency has been identified to be one of the
main causes of fruit cracking in grape (Yu et al., 2020), lemons
(Citrus limon L. (Osbeck) (Devi et al., 2018), litchis (Litchi chinensis
Sonn.) (Martinez Bolarios et al., 2017), pomegranates (Davarpanah et
al., 2018), and many other fruit crops (Khadivi-Khub, 2015; Fischer
etal., 2021).

Plant growth regulators (PGRs) have been used for years for
different purposes in orchards, from fruit thinning (Davis et al.,
2004) to control fruit shape and size in several crops (Ginzberg and
Stern, 2016; Continella et al., 2023). It has been reported that high
endogenous levels of gibberellic acid (GA) are associated with a
thicker cuticle and lower incidence of russeting in apple (Eccher,
1986; Eccher and Hajnajari, 2006). External application of PGRs in
orchards has also been shown to reduce russeting or cracking
incidence by affecting the epidermal tissue (Ginzberg and Stern,
2016). Stern et al. (2013) and Ginzberg et al. (2014) suggested that
application of a mixture of PGRs (i.e., mixtures of 6-benzyladenine
(BA) and GAs + 7) may affect skin characteristics in apple cv ‘Pink
Lady’ and reduce calyx-end cracking. Regarding this topic, some
apparently contrasting results have been reported. In apple fruits
(Malus domestica (Suckow) Borkh), it was suggested that GA4 + 7
treatment did not affect the amount or rate of cutin or wax
deposition, but rather the epidermal and hypodermal tissues (Knoche
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et al., 2011). Conversely, in tomato fruit, GA increased cuticle mass
per fruit surface and reduced micro-cracking (Knoche and Peschel,
2007). These apparently conflicting results may have been due to the
use of different formulas or concentrations of the GA applied as well
as different timing of the treatment with respect to the fruit
phenological stage. Thus, it is important to indicate that the role of
PGRs is linked to the stage of development and formula
concentration, and these parameters should be determined for each
individual species (Ginzberg and Stern, 2016).

Among phytohormones, ethylene plays an important role in
fruit ripening, but also plays a major role in various developmental
processes such as seed germination, flowering, organ senescence,
programmed cell death and the response to biotic and abiotic stresses
(Lin et al., 2009; Liu et al., 2015; Gao et al., 2020). Both in pre-
harvest and post-harvest, ethylene seems to have an indirect role in
affecting fruit cracking: indeed, in Charentais-type melon cv
“‘Vedrantais’ producing high ethylene rates, stem-end splitting was
already noticed 2h after the ethylene peak (Fernandez-Trujillo et al.,
2013). In post-harvest, among the methods that can be used to reduce
the incidence of cracking, 1-methylcyclopropene (1-MCP), which
inhibits ethylene perception by binding receptors to form an
ethylene-receptor complex, delayed fruit ripening, significantly
reducing the susceptibility to cracking in apples cv. ‘Royal Gala’
(Lee et al., 2016). The role of ethylene is highlighted also by (Santos
et al., 2023) that reported its connection with various cracking-
related genes included in the ethylene production pathway such as:
aA, SS, TLP, ACCS, H1 in litchi (Wang et al., 2019b, Wang et al.
2019a), ACO, ACS in litchi and sweet cherry (Wang et al., 2019a;
Michailidis et al., 2021) and ER in tomatoes (Xue et al., 2020).

These genes associated with ethylene biosynthesis could
contribute to the development of hybrids that are not only resistant to
cracking, but also more suitable for a longer shelf-life: (Liao et al.,
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2020) targeted in watermelon the ethylene-sensitive transcription
factor 4 (CIERF4) as the causative gene relevant to rind hardness, an
important factor for genetic improvement in cracking resistance. As a
whole, numerous scientific evidences underlined the reduction of
ethylene production as an efficient tool during post-harvest
management.

Irrigation is another agronomic factor crucial for fruit
production and preventing cracking. It was demonstrated that water
stress followed by a high volume irrigation could cause rapid
meristematic growth and increase fruit cracking in pomegranate
(Galindo et al., 2014) and apple (Goodwin et al., 2022). A good
irrigation management, including sustained deficit irrigation (SDI)
and deficit irrigation (DI) can be useful to reduce fruit cracking
without losing yield, as reported by (Blanco et al., 2022) in sweet
cherries.

To minimize fruit quality deterioration within the orchards,
farmers employ a set of agricultural practices as means of
safeguarding their fruits from various factors that could cause
damages. One of these practices is the “bagging” technique to protect
fruits from direct sunlight and direct heat that can cause excessive
evapotranspiration from the fruit surface, resulting in excessive
moisture loss. This technique is widely used to improve fruit quality
with a broad range of different types of materials as shown by Ali et
al. (2021).

Singh et al. (2020) reported several scientific articles in
pomegranate related to the reduction of fruit cracking using the
bagging technique. Additionally in pear and apple, fruit bagging at
the early stage of growth was shown to prevent fruit cracking (Choi
et al., 2015) and Kasai et al. (2008) noted that bagging significantly
reduced fruit cracking in apple cv ‘Fuji’.
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2.4 Precision farming and machine learning

Modern agriculture benefits significantly from precision
farming and monitoring systems. These systems play a pivotal role in
optimizing various aspects such as water use efficiency (WUE),
weed control, fertilizer utilization, and early identification of
conditions favoring fungal infections (Monteiro et al., 2021). The
integration of machine learning tools has become increasingly
prevalent across different fields. For example, machine learning
algorithms, including K-Nearest Neighbor (KNN), Random Forest
(RF), Support Vector Machine (SVM), and Artificial Neural
Network (ANN) are currently being employed to classify fruit fly
species based on morphometric data (Salifu et al., 2022). Clearly, the
use of these techniques are having an impact on fruit quality that is
expected to increase in future years.

Nowadays, monitoring the parameters useful to enhance fruit
production as well as to obtain high-quality fruits is possible. This
kind of monitoring can be divided into two groups:

1. Epigean parameters: air temperature, relative humidity,
radiation, sum of daily radiation, wind speed, wind
direction, rain counter, evapotranspiration calculation, and
dew point.

2. Hypogean parameters: volumetric water content of the
soil, tensiometers (tension of soil water), multi-level soil
humidity, and temperature probe.

Recently, RGB-thermal cameras were applied to monitor fruit
skin temperature in sweet cherries (Osroosh and Peters, 2019). On
the other hand, (Ranjan et al., 2022) implemented two cultivar
specific wetness prediction models on sweet cherries cv ‘Skeena’
and ‘Selah’. In this work, the authors used a combination of
microclimate sensing for weather data, and RGB-thermal camera to
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obtain thermal images and precise data on the fruit wetness. From a
machine learning point of view, there are multiple studies that deal
with analyzing biotic and abiotic stresses in crops, using the ICQP
(identification, classification, quantification, prediction) paradigm
well descripted by (Rico-Chavez et al., 2022). These works on
precision farming and machine learning open the possibility of
developing a tailored-made model for each species and integrating
the resulting models in decision support systems for agriculture.

2.5 Conclusions

In conclusion, fruit cracking is a complex physiological
disorder that affects the quality and marketability of various fruit
crops and vegetables, is influenced by a multitude of factors. We
focused on environmental and agronomic factors highlighting the
significant impact of environmental factors such as temperature,
relative humidity, and light exposure on fruit cracking.

Agronomic factors, particularly mineral nutrition, and plant
growth regulators (PGRs) and post-harvest management, also play a
crucial role in fruit cracking susceptibility. Calcium deficiency has
been identified as a leading cause of fruit cracking in various fruit
species. Proper nutrient management and the judicious use of plant
growth regulators can mitigate the risk of cracking in orchards.

In the last five years, machine learning, precision farming and
monitoring systems have emerged as valuable tools for managing
environmental factors and optimizing fruit production. By closely
monitoring parameters such as temperature, humidity, soil moisture,
and fruit skin temperature, growers can make better decisions to
prevent or reduce fruit cracking. Tailored models and decision
support systems offer promising avenues for improving fruit quality
while minimizing losses due to disorders like fruit cracking.

As reported in Figure 2.1 fruit cracking prevention requires a
holistic approach that considers both environmental and agronomic
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factors shaped by the choice of genotype and the scion-rootstock
interaction; with the growing challenges induced by climate change,
adopting precision farming practices and harnessing technology to
monitor and predict the predisposing conditions for fruit cracking
will be essential for ensuring high-quality fruit production, to
develop effective strategies to minimize economic losses.

Inbalance in Adverse
agronomical factors environmental factors ;
/ \'x_\

Fruit cracking

How to handle it

Agronomic
management tools

- Y

= - ——
o Molesular tools to | Machine Learning | Balanced fertilization
t enhance cracking
managemen | tollerance Precision farming | Balanced irrigation

Figure 2.1 - Schematic diagram of the agronomic approach to manage fruit
cracking.
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Chapter 3

Abstract

Table grape viticulture, due to the impact of climate change,
will have to face many challenges in the coming decades, including
resistance to pathogens and physiological disorders.

Our attention was focused on fruit cracking due to its
ubiquitous presence in several species. This study explores the
effects of three different treatments on the epidermis and cuticle of
table grape berries by evaluating the impact of the girdling technique
on various fruit quality parameters, including cuticle thickness, sugar
content, acidity, color, bunch weight, and rheological properties. The
treatments were (1) calcium chloride (CaCl,), (2) calcium chloride +
salicylic acid (CaCl, + SA), and (3) calcium chloride + Ascophyllum
nodosum (CaCl; + AN), with and without girdling, plus an untreated
control. This research was conducted over the 2021-2022 growing
season in a commercial vineyard in Licodia Eubea, Sicily, Italy. The
results indicate significant variations in cuticle thickness and other
qualitative traits throughout the growth and ripening phases, with
notable differences depending on the treatment used. This study’s
findings suggest that specific treatments can influence the structural
integrity of the grape cuticle, potentially impacting the fruit’s
susceptibility to cracking and overall marketability. The findings
provide valuable insights into the role of chemical treatments and
cultural techniques in enhancing fruit quality and resistance to
environmental stresses in table grape cultivation.

Keywords: cracking; cuticle; calcium chloride; phytohormones;
brown algae; table grape; Ascophyllum nodosum; salicylic acid
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3.1 Introduction

Table grape represents a significant fruit crop globally and is a
fundamental sector of the world economy. It has expanded markedly
in recent decades due to various factors, including enhanced
international trade, rising global incomes, advancements in
technology, and heightened awareness of the health advantages
associated with consuming fruits and vegetables (Torres-Palazzolo et
al. 2024). Over the past decade, the world production of table grapes
has amounted to 31.5 million tons. Presently, China is the primary
producer, with India, Turkey, Egypt, and Iran contributing
substantially to the total production (OIV 2022). Table grape
viticulture will have to face numerous challenges, including
resistance to pathogens (e.g., fungi, bacteria, viruses) and tolerance
to physiological disorders, among which fruit cracking is a
significant issue in vineyards. Fruit cracking can cause the fruit to
look unappealing, diminish its quality and shelf life, and increase its
vulnerability to biotic infections, ultimately resulting in fruits that
cannot be sold (Shietal. 2022). Generally, fruit cracking is a
common physiological disorder of horticultural crops, including
sweet cherry, apple, litchi, pomegranate, citrus, plum, grape, fig, and
tomato (Simon 2006; Khadivi-Khub 2015; Correia et al. 2018;
Karantzi et al. 2021). Aside from affecting the fruit’s appearance,
cracking can also make the fruits more susceptible to biotic infection,
thus causing significant economic losses (Peet 1992). It is forecasted
that the frequency of extreme weather events will increase in the
coming years, e.g., excessive rainfall (Intergovernmental Panel on
Climate Change 2023); these extreme events may increase the
incidence of fruit cracking. Cracking susceptibility includes internal
factors within the fruit itself and external environmental factors, such
as cultivation management, irrigation, nutrition, and environmental
conditions, e.g., temperature, wind, and light (Simon 2006;
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Khadivi-Khub 2015; La Spada et al. 2024). In addition, epidermal
thickness, the sub-epidermis, and the cuticle have been reported to
play a role in fruit cracking, and their interactions with
environmental factors have also been studied (Matas et al. 2005;
Dominguez, Cuartero, and Heredia 2011; Bruggenwirth, Fricke, and
Knoche 2014; Briiggenwirth and Knoche 2016a, 2016b).

A pivotal and critical role is played by the plant cuticle, which
is an outer membrane that covers all non-woody aerial parts of the
plants. It is an efficient barrier to water loss, attenuates ultraviolet
light absorption, and protects the plant from biotic and abiotic
environmental stresses (Dominguez et al. 2011). The cuticle has a
composite nature; it is composed of a lipid matrix named cutin
intertwined with cell-wall polysaccharides and with embedded
phenolics and waxes. The cuticle exhibits notable changes in the
deposition, composition, and physicochemical properties among
species, as well as during its growth and development (Khanal and
Knoche 2017; Fernandez-Muiioz, Heredia, and Dominguez 2022).

If the cuticle cannot fully protect the plant from excessive
water loss or uptake, pest attacks or environmental stresses could
more efficiently affect yield, depreciating the fruits or even rendering
them unmarketable. Cuticle mechanical properties are also important
for fungal pathogen penetration by highly localized appressorial
pressure (Curvers et al. 2010), for oviposition substrate choice by
insects (Matushkina and Gorb 2007), and for susceptibility to fruit
cracking (Hetzroni et al. 2011; Jiang et al. 2022).

Several authors have dealt with mineral compounds, in
particular, calcium in its various forms (Demirsoy 1998; Lang et al.
1998; Vangdal et al. 2008; Wojcik et al. 2013; Erogul 2014; Winkler
and Knoche 2019) and plant growth regulators (Davis, Stover, and
Wirth 2004;Stern, Ben-Arie, and Ginzberg 2013; Ginzberg et al.
2014;Ginzberg and Stern 2016; Continella et al. 2023).

In particular, gibberellic acid (GA) has been used in a lot of
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different species to reduce fruit cracking, as shown by some authors
(Usenik 2005; Yilmaz and Ongven 2009; Suran et al. 2016; Zhang
et al. 2024). Regarding the application of GAs.7, the authors of
(Ginzberg et al. 2014) found that in mixture with 6-benxyladenine
(BA), it may affect the peel characteristics of cv. ‘Pink Lady’ in
reducing calyx-end cracking, while biostimulants (Kazan and Lyons
2014;Battacharyya et al. 2015; Correia et al. 2015, 2017; Goncalves
et al. 2020; Rouphael and Colla 2020; Afonso et al. 2022) have been
shown to improve cuticle features and resistance to cracking,
increasing quality and resistance to abiotic and biotic stress both pre-
and post-harvest. This study aimed to assess the effects of various
treatments on the cuticle thickness, fruit quality (including the sugar
content, acidity, and color), bunch weight, and rheological properties
of the fruits. In detail, we investigated the effects on the cuticle of the
‘Italia’ table grape variety using three treatments with commercial
products, namely (1) calcium chloride, CaCl,, (2) calcium chloride +
salicylic acid, CaCl, + SA, and (3) calcium chloride + A. nodosum,
CaCl; + AN, using untreated plants as the control. Additionally, we
have explored in each treatment the girdling technique and how it
influenced the cuticle thickness, fruit quality (including sugar
content, acidity, and color), bunch weight, and the rheological
properties of the fruits.

3.2 Results and Discussion

In this work, the approach used was focused on the effects of
the compounds and the girdling technique on the thickness of the
cuticle and the changes in the fruit’s qualitative traits during the
development and ripening phases of the cv. ‘Italia’ table grape. Our
results are divided into two main categories for clarity. The section
3.2.1 examines the histological results, focusing on the thickness of
the cuticle. Section 3.2.2 addresses the quality aspects, including
chemical, rheological, and colorimetric parameters, to provide a
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comprehensive overview of the qualitative characteristics of the
analyzed samples.

3.2.1 Histological Results

As illustrated in Figure 3.1, a difference in the cuticle
thickness during the growth phases of the ‘ltalia’ variety was
observed in the untreated vines. Specifically, the cuticle thickness
decreased from the third sampling (BBCH75), which exhibited the
lowest values (2.19 pm), to the ripening phenological phase
(BBCH89). The cuticle thickness wvaried during grape berry
development, as reported by (Christensen 1973; Commenil et al.
1997), indicating that the decline in thickness cuticle accompanies
the fruit growth, thus resulting in one of the factors that affects fruit
cracking. The daily growth accompanied by a decreasing cuticle
thickness can favor microfractures (Knoche and Lang 2017), which,
in the last stages of growth, can lead to fruit cracking (Chang and
Keller 2021) and, consequently, increase susceptibility to biotic and
abiotic stress factors. Cuticle thickness can vary widely among grape
cultivars, e.g., in *‘Merlot’ berries, it did not change significantly
between the hard green and the onset of ripening stages, while it
increased in ‘Concord’ berries (Chang and Keller 2021). The
influence of the phenological stage on ‘ltalia’ table grape cuticle
thickness is further confirmed by a highly significant p-value
(<0.0001).
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Cuticle Thickness

3 bc

BBCH71 BBCH73 BBCH75 BBCH81 BBCH89

Figure 3.1 - “Italia’ fruit cuticle thickness (um) among the phenological stages
of BBCH71 (fruit set), BBCH73 (peppercorn-sized berries, bunches begin to
hang), BBCH75 (pea-sized berries, bunches hang), BBCH81 (beginning of
ripening) BBCH89 (complete ripening). Data presented as the means = (SE).
Different letters indicate significant differences (p-value < 0.05).

The evaluation of the treatments started at the second
phenological stage (BBCH73, peppercorn-sized berries). Figure 3.2
shows cross-sections of the fruit pericarp highlighting the cuticular
layer differences at this stage for the different treatments, and Table
3.1 shows the differences in cuticle thickness. The grapes treated
with CaCl, + SA displayed the lowest cuticle thickness (4.32 pm),
whereas the CaCl, + AN treatment showed the highest (5.12 um).
However, no differences were observed between the other treatments
(control and CaCl,) during this phase. A study conducted on apples
using CaCl, by Trentham et al. (2008) showed no change in the
cuticle thickness compared to the control; this result may be related
to our findings on CaCl; in this phase. The results obtained in the
‘Italia’ table grape treated with CaCl. + AN in this phenological
phase seem to agree with the results reported by Correia et al.( 2015),
where A. nodosum reduced the percentage of sweet cherry cracking
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damage in the ‘Skeena’ and ‘Sweetheart’ cultivars grafted onto
Gisela 6. Also, the reduced cuticle thickness observed after the CaCl,
+ SA treatment is similar to the results obtained by Indarwati,
Sulistyaningsih, and Kurniasih (2021) in shallot, where the treatment
with biosilica and salicylic acid had a negative impact on the cuticle
thickness compared to the treatment with only biosilica. These
results confirm the negative interaction between CaCl, and salicylic
acid found by Schlegel and Schénherr (2002) in various fruits.

(a) (b)

(c) (d)

Figure 3.2 - “Italia’ table grape berries. Sections of 3 um dyed red with Sudan
1V to highlight the cuticle at the phenological phase BBCH73 (peppercorn-sized
berries, bunches begin to hang). Magnification: 20X; scale bar: 50 pm. SA:
salicylic acid; AN: A. nodosum. (a) Untreated; (b) calcium chloride; (c) calcium
chloride + salicylic acid; (d) calcium chloride + A. nodosum. Arrows indicate
the cuticles for better interpretation of the grape berry skin structure under
different treatments.
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Table 3.1 - Comparison of ‘Italia’ fruit cuticle thickness (um) among different
treatments at the phenological stage BBCH73 (peppercorn-sized berries,
bunches begin to hang). Data presented as the means + (SE). Different letters
indicate significant differences (p-value < 0.05). SA: salicylic acid; AN: A.
nodosum.

Treatment Cuticle Thickness (um) BBCH73
CaClz 4.89 £ (0.22) ab
CaClz2 + SA 432+ (0.11)b
CaClz + AN 512+ (0.24) a
Untreated 4.82 +(0.17) ab

Girdling is a technique widely used to obtain larger fruits
(Goren et al. 2003; Timpanaro et al. 2023). The effect of girdling
was studied in combination with the different treatments starting
from the third phenological stage (BBCH75—pea-sized berry).
Figure 3.3 shows images of pericarp fruit sections at this stage,
highlighting the cuticular layer differences among the different
combined treatments and the control. The cuticle thickness is
presented in Table 3.2.

The vines treated with calcium chloride (CaCl;) showed no
differences in cuticle thickness based on girdling. However, girdling
did have an impact on the other treatments and the control. In these
cases, girdling yielded a reduced cuticle thickness compared to the
ungirdled vines. The results obtained in this phenological phase
evince that the treatments with A. nodosum (CaCl, + AN_U) and
salicylic acid without girdling (CaCl; + SA_U) resulted in a thicker
cuticle than the CaCl, + SA_G and CaCl, + AN_G treatments. This
denotes how A. nodosum may have a positive effect on the thickness
of the cuticle, as reported by Correia et al. (2015), which indicated a
reduction in the cracking index of cherry. Salicylic acid, in contrast
with the results in the previous phenological phase (BBCH73), had a
positive effect on the cuticle thickness, as found by Jiang et al.
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(2022) on blueberry (Vaccinium virgatum Ait), if not influenced by
girdling. According to the results obtained in the previous
phenological phase (BBCH73) and the results in (Indarwati et al.
2021), contextual factors, such as the different phenological phases,
could play a role in modifying the plant’s response to the compounds
and, consequently, the thickness of the cuticle. The girdling
technique seemed to confirm its contribution to increasing
susceptibility to cracking, as it has been reported by (Rabe etal.
1990; Khadivi-Khub 2015; Krajewski et al. 2022).

Interestingly, girdling did not seem to have an impact on the
cuticle thickness in vines treated solely with calcium chloride,
whereas in untreated vines, a negative effect was observed. This
seems to point out a positive effect of calcium that counteracts the
effect of girdling, which was also reported by Trentham et al. (2008)
in apple.
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(a) (b)

(c)

(e)

(g

Figure 3.3 - Italla table grape berries. Sections of 3 um dyed red with Sudan
IV to highlight cuticle at the phenological phase BBCH75 (pea-sized berries,
bunches hang). Magnification: 20X; scale bar: 50 um. SA: salicylic acid; AN: A.
nodosum. (a) Calcium chloride + salicylic acid, girdled; (b) calcium chloride +
salicylic acid, ungirdled; (c) calcium chloride + A. nodosum, girdled; (d)
calcium chloride + A. nodosum, ungirdled; (e) calcium chloride, girdled; (f)
calcium chloride, ungirdled; (g) untreated, girdled; (h) untreated, ungirdled.
Arrows indicate the cuticles for better interpretation of the grape berry skin
structure under different treatments.
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During the phenological phase BBCH81 (beginning of
ripening) (Figure 3.4 and Table 3.2), the effects of the different
treatments were more notable (p-value < 0.0001). The lowest cuticle
thickness was observed in the vines girdled and treated with calcium
chloride, contrary to what was observed in the previous stage. This
could be due to an acceleration in the ripening process caused by the
girdling technique (Soltekin, et al. 2016 ;Peng et al. 2022). Again,
unlike the previous stage, the cuticles from the girdled vines treated
with CaCl, showed a lower thickness (and similar to the girdled
control) compared to those from the ungirdled vines. These results
seem to be a late effect of the girdling, which influenced the cuticle
thickness. However, in the vines treated with salicylic acid and A.
nodosum, no differences in cuticle thickness were observed between
the girdled and ungirdled vines.

Table 3.2 - Overview of ‘ltalia’ fruit cuticle thickness (um) data from three
phenological stages: BBCH75 (pea-sized berries, bunches hang); BBCHS81
(beginning of ripening); BBCH89 (complete ripening). Data presented as the
means + (SE). Different letters indicate indicate significant differences (p-value
< 0.05). SA: salicylic acid; AN: A. nodosum; G: girdled; U: ungirdled.

Treatment Cuticle Thickness (um) Cuticle Thickness (um) Cuticle Thickness (um)

BBCH75 BBCHS81 BBCH89

CaCl2_G 3.31+(0.03)a 2.03+(0.05) e 1.71 +(0.04) c
CaClz_U 3.32x(0.07)a 3.41+(0.08) a 1.93 +(0.07) abc
CaCl2+SA_G 2.81+(0.06) bc 2.53 +(0.09) cd 2.05 £ (0.09) ab
CaClz+SA_U 340%(0.12)a 2.60 £ (0.04) cd 1.91 + (0.06) abc
CaCl2+ AN_G 2.56 + (0.06) bc 2.76 + (0.08) bc 2.06 + (0.07) ab
CaCl2+ AN_U 3.43+(0.10)a 2.93+(0.10) b 1.83 £ (0.042) bc
Untreated_G 2.49 £ (0.06) ¢ 2.36 £ (0.06) de 1.76 £ (0.07) bc
Untreated_U 2.97 £(0.09) ab 2.68 £ (0.07) bed 2.19+(0.10) a
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Figure 3.4 - “Italia’ table grape berries. Sections of 3 um dyed red with Sudan
IV to highlight cuticles at the phenological phase BBCH81 (beginning of
ripening). Magnification: 20X scale bar: 50 pm. SA: salicylic acid; AN: A.
nodosum. (a) Calcium chloride + salicylic acid, girdled; (b) calcium chloride +
salicylic acid, ungirdled; (c) calcium chloride + A. nodosum, girdled; (d)
calcium chloride + A. nodosum, ungirdled; (e) calcium chloride, girdled; (f)
calcium chloride, ungirdled; (g) untreated, girdled; (h) untreated, ungirdled.
Arrows indicate the cuticles for better interpretation of the grape berry skin
structure under different treatments.
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In the last phenological stage studied, BBCH89 (berries ripe
for harvest) (Figure 3.5 and Table 3.2), no differences were observed
due to girdling, except for the untreated control, where girdling
yielded fruits with a lower cuticle thickness. Nevertheless, and
despite not being different, the girdled vines yielded a lower cuticle
thickness in the different treatments compared to the ungirdled ones.
These results obtained with girdling indicate that there was an
influence on cuticle thickness, although this may vary with the
phenological stage of development. Regardless of the treatment and
girdling, the thickness of the cuticle decreased with fruit growth.
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Figure 3.5 - “Italia’ table grape berries. Sections of 3 um dyed red with Sudan
1V to highlight cuticle at the phenological phase BBCH89 (complete ripening).
Magnification: 20X; scale bar: 50 um. SA: salicylic acid; AN: A. nodosum. (a)
Calcium chloride + salicylic acid, girdled; (b) calcium chloride + salicylic acid,
ungirdled; (c) calcium chloride + A. nodosum, girdled; (d) calcium chloride + A.
nodosum, ungirdled; (e) calcium chloride, girdled; (f) calcium chloride,
ungirdled; (g) untreated, girdled; (h) untreated, ungirdled. Arrows indicate the
cuticles for better interpretation of the grape berry skin structure under
different treatments.
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3.2.2  Fruit Quality Assays

The penetration test conducted on the fruits at harvest
(phenological phase BBCH89) assessed the effect of the treatments
(p-value < 0.0001). The effect of girdling on the table grapes
modified various parameters, but its effect on fruit texture is unclear,
as also reported by Toth et al. (2022). Yahuaca et al. (2001) found a
firmness reduction of 9.1% in ‘Red Malaga’ grape, but according to
our data, the treatment with CaCl, and the girdling technique
influenced the fruit’s resistance to penetration (4.63 N for CaCl,_G;
3.61 N for CaCl;_U) (Table 3.3). All other treatments exhibited an
opposite trend to that observed with CaCl,, and the resistance to
penetration was higher in the ungirdled compared to the girdled,
even if no variations were observed. It seems that the influence of the
compounds used for this test may have also influenced the response
of the plants to the girdling. Interestingly, the results obtained in the
CaCl, + SA_U (5.01 N) treatment showed the highest value,
confirming what was found in previous research (Giménez et al.
2014) on the positive effect of salicylic acid on fruit firmness.

Generally, it can be concluded that the resistance to
penetration appeared to be influenced by both the treatment and the
girdling technique.

Table 3.3 - Penetration force data (N) of ‘Italia’ berries at the phenological
stage BBCH89 (complete ripening). Data presented as the means = (SE).
Different letters indicate significant differences (p-value < 0.05). SA: salicylic
acid; AN: A. nodosum; G: girdled; U: ungirdled.

Treatment Penetration Force (N)
CaCl2_G 4.63 +(0.15) ab
CaCl, U 3.61+(0.12)d

CaCl2+SA_G 4.66 £ (0.13) ab
CaCl,+SA_U 5.01+(0.12) a
CaCl + AN_G 4.21 +(0.15) be
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CaCl + AN_U 4.73 £ (0.16) ab
Untreated_G 3.99 +(0.12) cd
Untreated_U 4.54 + (0.16) abc

Texture profile analysis (TPA) was conducted on four
parameters; the data are shown in Table S 3.1. The parameters used
for the TPA were hardness (the highest peak force measured during
the first compression), whose mean values ranged between 18.261
and 23.101; cohesiveness (the area underneath the second
compression curve divided by the area underneath the first
compression curve), whose mean values ranged between 0.191 and
0.700; springiness (a ratio of a product’s recovery to its original
height), whose mean values ranged between 1.343 and 1.937,
chewiness (hardness x cohesiveness x springiness), whose mean
values ranged between 6.357 and 8.600. The results found in the
literature seem to be controversial; some of the compounds used
singularly, such as salicylic acid on apricots (Ali et al. 2013), showed
an effect on the fruit textural properties. A CaCl, treatment at the
post-harvest stage had a strong effect on frozen mangoes using the
dipping technique, as reported by (Sirijariyawat and Charoenrein
2014).

The effect of A. nodosum did not seem to be strongly related to
textural properties, but it could increase firmness, delaying the
maturation process (Salvi et al. 2019). Finally, the effect of girdling
is controversial because it appears to be strongly dependent on the
variety and the timing of application (T6th et al. 2022). Our results
indicate that neither the treatment nor the girdling technique
influenced the parameters.

Our results demonstrated that the combination of girdling and
the tested compounds did not produce an effect on textual properties.

Analyses of the total soluble solids (TSS), whose mean values
ranged between 16.54 and 17.10, and titratable acidity (percentage of
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tartaric acid), whose mean values ranged between 0.77 and 0.87, did
not manifest any treatment differences, as shown in Table S3.2. The
weights of 54 bunches evaluated at ripening indicate a trend toward
weight increase due to girdling (Figure 3.6).

Bunch weight
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Figure 3.5 - Bunch weights (g) of ‘Italia’ table grapes at the phenological stage
BBCH89 (complete ripening). Data presented as the means + (SE). Different
letters indicate significant differences (p-value < 0.05). SA: salicylic acid; AN:
A. nodosum; G: girdled; U: ungirdled

However, the treatment involving CaCl, + SA_G combined
with the girdling technique showed an effect (p-value < 0.0001),
with the average weight of the bunches exceeding 1 kg (average of
1.19 kg), as shown in Figure 3.6. This result is supported by those of
authors who highlighted the importance of salicylic acid to prevent
weight loss (Babalar et al. 2007; Shafiee, Taghavi, and Babalar 2010;
Lo’ay and EL-Boray 2018).

The results obtained from the colorimetric analysis of the
fruits (Table 3.4) indicate that the brightness (L) presented a higher
value in the untreated and ungirdled control, in accordance with
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Timpanaro et al. (2023), while all the other treatments were not
different. The hue angle was not influenced either by the treatment
nor by girdling. The color intensity, measured by Chroma, presented
very interesting data regarding the treatment with A. nodosum and
the interaction with the girdling: the lowest value was found in the
girdled and the highest value in the ungirdled, in line with the ability
of A. nodosum to delay the maturation of table grapes (Salvi et al.
2019).

In the analysis, we evaluated the ‘a’ component, which serves
as an indicator of the green/red intensity, with the observed values
ranging from —3.5 to —4.5. The lower the value, the more intense the
green appears. In the salicylic acid treatments, there was a
remarkable difference between the girdled and ungirdled plants, with
the first ones exhibiting the most intense green (—4.5). In contrast,
the ungirdled plants showed a lighter green (—3.8). Interestingly, the
treatment with A. nodosum demonstrated the opposite trend, with the
ungirdled plants recording a deeper green (—4.3), while those girdled,
a paler green (—3.5). The ‘b’ component measures the color spectrum
between blue and yellow, and all values leaned toward yellow. The
most prominent yellow was observed in the treatment combining
calcium and A. nodosum, which showed the highest value. The
remaining treatments did not show significant differences. Overall,
the differences may be linked to the secondary metabolism induced
by the tested compounds (Champa et al. 2015).
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Table 3.4 - Colorimetric parameters of ‘Italia’ berries at the phenological stage
BBCH89 (complete ripening). Data presented as the means + (SE). Different
letters indicate significant differences (p-value < 0.05). SA: salicylic acid; AN:

A. nodosum; G: girdled; U: ungirdled

Treatment L a b Chroma Hue®
CaCl, G 4040+ (0.20)b 421+ (0.10)cd 11.39+ (0.13) ab 12.20+ (0.15) abc 11023+ (0.38) a
cac,u 3084 02)b =19 10635 (017)bc 1127 (020)cd 108.30 % (L60)a

CaCl,+SA G 39.69+(020)b —4.54+(0.12)d 11.33+(0.20)ab 1225+ (0.21)ab 110.51 (1.18)a
CaCl,+SA U 4056+ (0.18) b 73'86&(0'11) 11.36 + (0.23) ab 12'°§§C(d°'25) 108.86 + (0.44) a
CaCl,+AN_G  39.72+(0.17)b —3.51=(0.14)a 1043+ (017)c 11.07+(0.19)d 108.89 +(0.47)a
CaCl, +AN_U  40.28+(0.17)b —4.34 = (0.16) cd 11.95%(022)a 12.80+(0.25)a 110.22 + (0.36)a
Untreated G 40.20 % (0.20) b —3.65 % (0.10) ab 11.05 % (0.21) be 11.68+ (0.21) bed 10858 + (0.46) a
Untreated U 41.50 + (0.23) a —4.19+ (0.12) bed 1142 % (0.22) ab 12,19+ (0.24) abc 108.93 + (1.16) a

3.3 Materials and Methods

3.3.1

Sampling

This study was conducted in a commercial vineyard in the
countryside of Licodia Eubea (CT), Sicily, at GPS coordinates N
37°07'40.4" and E 1437'24.8" during the 2021-2022 growing
season. The vineyard, planted in 2015, was of cv ‘Italia’ table grape
grafted onto RU 140 rootstock (Ruggeri 140). The vines were spaced
2.5 m apart within the rows and 2.5 m between the rows and trained
using the Italian ‘Tendone’ overhead system (McLeod 1998). The
experimental design was a randomized block design with 54 vines in
total, with 5 vines per treatment replicated 3 times each, as depicted
in Figure 3.7. To mitigate edge effects, the field portions were
centrally located, avoiding the field’s perimeter. The trial was
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conducted over the growing seasons from May to September 2021.
Each replicate consisted of 15 vine trunks, excluding the 3 vines of a
control with similar vegetative and productive characteristics.

The treatments were applied using a battery-operated manual
pump to ensure precision and minimize drift and included calcium
chloride (CaCly), calcium chloride combined with salicylic acid
(CaCl, + SA), and calcium chloride combined with A. nodosum
(CaCl; + AN). The control plants were treated only with water (C).
After the second sampling, the girdling technique (Goren et al. 2003)
was performed at the phenological phase BBCH73 (berries
peppercorn size).Out of the 54 vines involved in this trial, we
performed the girdling (G) technique on 26 of them (CaCl,_G, CaCl,
+ SA G, CaCl; + AN_G, and C_G) to assess its impact on the
cuticle thickness of the fruits and development and quality
parameters. The harvest was conducted on the same day for all the
treatments. The method utilized to assess fruit ripeness was the value
of the total soluble solids, which should be above 15, measured using
a portable digital refractometer (Atago PR-32, Atago Ltd., Tokyo,
Japan) (Mencarelli, Bellincontro, and Di Renzo 2005).

The concentrations of chemical compounds were reported on
the product labels for calcium chloride (300 g/hl) and A. nodosum
(1.5 L/ha), while for salicylic acid, 1 mmol L' was applied as
reported by (Correia et al. 2020).

We took samples during five phenological stages: BBCH71
(fruit set), BBCH73 (peppercorn-sized berries, bunches begin to
hang), BBCH75 (pea-sized berries, bunches hang), BBCHS81
(beginning of ripening, berries begin to develop variety-specific
color), and BBCH89 (complete ripening) (Meier 2001).
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Figure 3.6 - Scheme of the experimental design of the ‘Italia’ table grape field.
CaClz (calcium chloride); CaClz + SA (calcium chloride + salicylic acid); CaCl2
+ AN (calcium chloride + Ascophyllum nodosum); in both girdled (G) and
ungirdled conditions.

3.3.2 Chemical Compounds

To perform the field study, we used two commercial products:
one for calcium chloride (7% CaCly), and the other one for an
Ascophyllum nodosum product consisting of 100% seaweed extract,
which also contained 0.2% organic carbon and 0.7 g/L of mannitol.
The salicylic acid used to prepare the solution was a high-purity
laboratory-grade reagent (99% purity) known for its excellent
solubility, produced by Sigma-Aldrich, USA.

3.3.3  Fruit Quality Analyses

Once ripe, a total of 54 bunches were collected and were
singularly weighed. The total soluble solids (TSS, °Brix) and
titratable acidity of tartaric acid (TA, expressed in %) of the fruit
juice were measured by a Brix—acidity meter (model PAL-BX/ACID
F5, Atago, Japan) on 3 independent replicates of 10 fruits for each
treatment. The color was determined using 30 fruits per treatment in
triplicate with a Minolta colorimeter (CR-400; Minolta Camera Co.,
Tokyo, Japan). The wavelength used to perform this analysis was
400-750 nm. The fruits selected for the colorimetric analysis were
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placed transversely on the instrument, taking care to avoid any
ambient light interference with the measurements, and ensuring that
the fruit was in perfect contact with the device. Using the CIE
(Commission International de I’Eclairage, Vienna, Austria) (L*, a*,
b*) color scale (McLaren 1980), the Chroma (color saturation,
Chroma = (a*2 + b*2)1/2) and hue angle (He = tan — 1(b*/a*)) were
calculated.

3.3.4 Texture and TPA Analyses

The texture of 30 fruits in triplicate per treatment was
measured using a texture analyzer (TA.XT. plus-Stable Micro
System, Godalming, UK), and the data were analyzed with the
instrument software “Exponent” (version 6,1,27,0). A load cell of 30
Kg and a cylindrical probe with a 2.0 mm diameter were used. The
maximum force required to compress 5 mm of pulp at a speed of 1
mm s was recorded using the protocol described by (Silva et al.
2021).

Another 30 fruits in triplicate per treatment were also used to
conduct a TPA (texture profile analysis) on the parameters of
hardness, cohesiveness, springiness, and chewiness using a
compression plate and a probe with a diameter of 100 mm (P100).

3.3.5 Embedding Protocol

Five fruits were randomly selected from the bunch from each
treatment in each phenological stage and embedded with the JB4
embedding kit protocol, as recommended by the producer
(Polyscience Inc., USA). The selected samples were cut into small
pieces (<2 mm) to enhance the penetration of the embedding resin
and achieve a higher quality of the embedded samples.
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3.3.6  Brightfield Microscopy and Image Analyses

The resin-embedded samples were cut into 3 pm-thick slices
using a manual microtome (Leica, Wetzlar, Germany, RM2125).
Each sample was triplicated, resulting in a minimum of 21 to 24 cut
sections per slide. The sections were dried at 47 °C and then stained
with Sudan 1V dye (Sigma-Aldrich, USA) to highlight the cuticle.
Subsequently, the samples were examined under a bright-field
optical microscope (Leica, Wetzlar, Germany, DM 2500), and the
cuticle thickness was determined using Fiji software version 2.9.0
(Schindelin etal. 2012). A minimum of 50 measurements per
sample, phenological stage, and treatment were analyzed.

3.3.7 Statistical Analysis

Statistical analyses were conducted utilizing Minitab software
version 20. The general linear model (GLM) test was applied to all
data, with the Bonferroni post hoc test employed to adjust for
multiple comparisons, using a significance threshold of p-value <
0.05.

3.4 Conclusions

This research contributes to a better understanding of fruit
cracking disorder by providing insights into the development of
cuticle thickness in ‘Italia’ table grapes during growth and ripening.
We observed a significant decrease in the cuticle thickness across
five developmental stages, confirming that thinner cuticles can lead
to fruit cracking and increased susceptibility to various stresses. The
impacts of different treatments, especially those involving calcium
chloride (CaCly), salicylic acid (SA), and A. nodosum (AN), on
cuticle thickness highlight their significant roles in preserving the
structural integrity of the grape cuticle during critical growth phases.
Notably, the combination of CaCl, and AN generally resulted in a
thicker cuticle, indicating the effect of A. nodosum in enhancing the
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fruit’s structural resilience and potential resistance to cracking. In
contrast, the effects of salicylic acid were subtler, showing potential
benefits especially when not combined with girdling, suggesting that
treatment combinations can influence table grape’s resistance to
various stresses. Our study also explored the effects of girdling,
confirming its potential to enhance bunch weight, although the
outcomes varied depending on the treatment applied and the timing
of application. Beyond structural changes, our investigation extended
to other quality parameters of the fruit. Key findings included
improvements with treatments using CaCl, + SA, the fruits of which
exhibited the greatest firmness and an increase in bunch weight when
combined with girdling. Although the treatments had a relatively
mild impact on the fruit color, possibly due to changes in the
secondary metabolism, the texture profile analysis (TPA) showed no
significant differences among the treatments, indicating that the
concentrations and methods used may not sufficiently alter the
textural properties. Some of our findings offer significant insights for
further investigation into the role of salicylic acid and the seaweed A.
nodosum in enhancing the physical characteristics of the fruit cuticle
to ensure structural stability. These should be examined
independently of the interactions with calcium chloride and without
girdling at various concentrations to assess their effects on the table
grape cv ‘ltalia’.
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3.5 Supplementary material

Texture Profile Analyses of ‘Italia’ berries

Table S3.1 - TPA data (Texture Profile Analyses) of ‘Italia’ berries at the
phenological stage BBCH89 (complete ripening). Data presented as means.
Different letters indicate significant differences (p-value < 0.05). SA: salicylic
acid, AN: A. nodosum, G: Girdled, U: Ungirdled.

Treatment Hardness Cohesiveness Springiness Chewiness
CaCl:_G 20.727 a 0.202 a 1.867 a 7.694 a
CaCl:._U 18.261 a 0.218 a 1.743 a 6.863 a
CaClL+AN_G 23.101a 0.210 a 1.765a 8.600 a
CaClL+AN_U 22.741a 0.197 a 1.888 a 8.370 a
CaCL+SA G 22.160 a 0.700 a 1.343a 7.958a
CaCL+SA U 19.806 a 0.215a 1.723 a 7.326 a
Untreated_G 21.227 a 0.191a 1937a 7.724 a
Untreated_U 22.168 a 0.211a 1.351a 6.357 a

Total soluble solid and titratable acidity in % of

Tartaric acid of ‘Italia’ berries

Table S3.2 - TSS (total soluble solids) and TA (titratable acidity) of ‘Italia’
berries at the phenological stage BBCH89 (complete ripening). Data presented
as means + (SE). Different letters indicate significant differences (p-value <
0.05). SA: salicylic acid, AN AN A. nodosum, G: girdled, U: Ungirdled.

Treatment TSS (°Brix) TA (%)
CaCl,_G 16.54+(0.20) a 0.86+(0.04) a
CaCl,_U 16.84+(0.12) a 0.81+(0.02) a

CaCl,#+SA_G 16.69+(0.15) a 0.84+(0.02) a
CaCl,+SA_U 16.80+(0.16) a 0.80+(0.02) a
CaCl,+AN_G 17.03+(0.16) a 0.79+(0.01) a
CaCl,+AN_U 17.10+(0.07) a 0.87+(0.06) a
Untreated_G 16.63+(0.13) a 0.79+(0.02) a
Untreated_U 16.57+(0.17) a 0.77+(0.02) a
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Chapter 4

4 Exploring fruit cracking susceptibility in table
grape: a two-year study of morphological,
chemical and mechanical properties of the
cuticle, in selected genotypes

Abstract

Viticulture must face new challenges due to climate change,
including emerging diseases and physiological disorders such as fruit
cracking, a significant issue in vineyards worldwide. This study
aimed to characterize the histological features of collenchyma cells,
cuticle thickness, and the mechanical and chemical properties of
isolated cuticles from table grape genotypes with varying
susceptibility to fruit cracking. Six genotypes, including new hybrids
and the commercial variety 'ltalia’, were evaluated during two
growing seasons (2021-2023) across four developmental stages
(from BBCH71 to BBCH89). This research identified key
characteristics that influence cracking tolerance, such as, cuticle
thickness, cuticle deposition during development, collenchyma cell
morphology, and wax content. OPAS_1, the most tolerant genotype,
displayed increased cuticle thickness, larger collenchyma cell size,
and higher wax content compared to more susceptible genotype A17-
7. Mechanical tests further demonstrated the flexibility and
toughness of the cuticle, providing insight into its role in cracking
resistance. These findings contribute to a deeper understanding of
grape cracking tolerance and offer valuable traits for developing
more resilient table grape varieties.

Keywords: cuticular layer, wax content, FT-IR, physiological
disorder, differential scanning calorimetry (DSC)
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4.1 Introduction

Viticulture is a millennia-old activity, traditional in many
countries in Asia Minor and in Mediterranean Europe; in the context
of ongoing climate change it will have to face numerous challenges,
including tolerance to emerging diseases (e.g. fungi, bacteria, virus)
and to physiological disorders, among which fruit cracking is
worldwide a significant issue in vineyards. The development of new
cracking tolerant varieties together with the ever-increasing
understanding of the molecular, physiological and biochemical
mechanisms (Correia et al. 2018; Kaur et al. 2019; Santos et al.
2023), the deeper comprehension of the role of the cuticle both in
pre-harvest and post-harvest (Dominguez et al. 2017; Knoche 2019;
Lara et al. 2019), of the interaction between cuticle and cell wall
(Segado et al. 2016), and of the mechanical and biophysical
properties of the cuticle (Dominguez et al. 2011; Khanal and Knoche
2017; Heredia et al. 2024) can contribute to reducing the damage
caused by this physiological disorder. Indeed, cracked fruits are often
unsellable or sold at lower prices due to their unattractive appearance
and reduced quality (Butani et al. 2019; Wang et al. 2021). This
directly affects the revenue of growers and producers, for instance,
growers face substantial losses due to fruit cracking, which is
influenced by environmental factors (e.g. temperature, relative
humidity and light exposure), irrigation practices, and nutritional
deficiencies; efforts to try managing and preventing fruit cracking
(e.g. irrigation systems, protective nets, PGRs,) as showed by La
Spada et al. (2024) can increase production costs. An additional
disadvantage is that the fruits affected by cracking, also understood
as microfractures, become susceptible to fungal infections as
reported by Peet (1992) and Zhang et al. (2020).

The aim of this work is to characterize the histological features
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of the collenchyma cells of table grape berries, the thickness of the
cuticle during the double sigmoid development of the berries, the
chemical and mechanical characterization of the cuticle isolated from
the fruits. The analyses were carried out on six genotypes that were
classified as sensitive or tolerant according to their susceptibility to
cracking based on field observations, influenced by the structural
resistance of the fruit.

4.2 Materials and Methods

Four hybrids (Al7-7, M17-13, 018-91, P18-2), a natural
mutant (OPAS 1) and the cv ‘ltalia’ (Vitis vinifera L.), in the
following text named as genotypes, were selected for analyses based
on the different cracking susceptibility and the distinct skin color of
the genotypes. All vines were spaced 2 m x 0.8 m, grown under
standard condition in an experimental field located in Mazzarrone
(CT), Sicily, Italy (N 37°11°52.6’", E 14°60’46,6°"). The selected
genotypes were sampled during the 2021-2022 and 2022-2023
growing seasons in four developmental stages, ranging from
BBCH71 (fruit set), BBCH75 (berries pea-sized, bunches hang),
BBCH81 (beginning of ripening: veraison) and BBCH89 (full
maturity); for each genotype in each developmental stage the
histological analyses of the berries and cuticle isolation were
performed within 24 hours from the sampling both for the
embedding and the isolation protocol. During the first year of testing,
histological analyses were carried out to characterize the thickness of
the cuticle and morphometric analyses of the grape berries
collenchyma cells, as well as the quantification of the cuticle with the
weight method on surface area (ug/cm?) of all six genotypes
analysed to highlight any significant differences among them. At the
second year, the quantification of the cuticle was replicated on all six
genotypes analysed to verify whether was possible to isolate the
cuticle in all phases or not; from an histological point of view,
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focused more our attention on the three genotypes with
characteristics of interest, A17-7 (susceptible), ‘Italia’ (moderately
susceptible and commercial control), OPAS 1 (tolerant); given the
interesting results relating to the morphometry of the cells and the
thickness of the cuticle obtained during the first year, the optical
microscopy analyses were replicated, and the chemical analyses of
the samples in the BBCH89 phase (full maturity) were also carried
out, e.g. quantification of epi and intra-cuticular waxes, differential
scanning calorimetry analyses (DSC) and the tensile test.

421 Embedding protocol

Five fruits were randomly selected from different bunches and
used to be embedded with the JB4 embedding protocol as
recommended by the producer (Sigma-Aldrich, USA); the selected
samples were cut into small pieces (< 2mm) to enhance the
penetration of the embedding resin to achieve a higher quality of the
embedded samples.

4.2.2 lsolation protocol

The cuticle isolation protocol was adopted from the protocol
described by Vrablova et al. (2020) with some modifications. We
selected 10 fruits from different bunches that underwent the isolation
protocol. To enhance the penetration of the enzymatic solution used
for cuticle isolation from the pulp, each fruit was divided into four
parts. Upon the complete isolation of the cuticle, it was subsequently
dried and stored for further analyses.

4.2.3 Brightfield microscopy and image analyses

The resin-embedded samples were subjected to 3 pum thick
cuts using a manual microtome (Leica RM2125). Each sample was
triplicated, resulting in a minimum of 21 to 24 cut sections per slide.
The sections were dried at 47°C and then stained with Sudan IV dye
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(Sigma-Aldrich, USA) to highlight the cuticle. Subsequently, the
samples were examined under a brightfield optical microscope
(Leica DM 2500), and images were captured. For image analysis,
Fiji software (Schindelin et al. 2012) was employed. The analyses
focused on measuring the thickness of the Sudan IV-highlighted
cuticle and morphological cell parameters, the most relevant for this
study were: area, perimeter, aspect-ratio, and roundness. Regarding
the cuticle thickness a minimum of 50 measurements per sample, per
phenological stage were analysed, while for the morphological
parameters a minimum of 100 samples were tested.

4.2.4 Cuticle quantification

During both first and second year of trial the quantification of
the cuticle was carried out by selecting 10 completely clean and
dried cuticle samples, those selected were placed in slides and got
ready for scanning. In order to eliminate the samples showing any
cuticle overlaps, any overlapping part was carefully removed to not
compromise the correctness of the weighing of the cuticle samples
for quantification.

4.25 Chlorophorm:Methanol extraction

During the second year from the isolated cuticle of three
genotypes (A17-7, ‘ltalia’, OPAS_1) at the phenological stage
BBCHA89 (full maturity) selected for their different susceptibility to
fruit cracking the total waxes were extracted by heating at 50°C for 2
h in chloroform: methanol (2:1, v/v) as reported by Giménez et al.
(2015). The cuticle was weighted in triplicate before and after the
extraction method.
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426 FT-IR

Infrared spectroscopy analysis was performed in triplicate
using an infrared spectroscopy (FT-IR 6800 Jaco Europe),
wavelength analyzed (700 — 4000 nm). On these samples, both on
the internal and external parts of A17-7 and ‘Italia’ genotypes, due to
their characteristic to resist the cuticle isolation protocol in two
consecutive years at the phenological phase BBCH71 (fruit set).

4.2 7 Mechanical characterization

Stress-strain  curves of grape cuticles (Al7-7, ‘ltalia’,
OPAS_1) were obtained from a Criterion 42 universal testing
machine (MTS, Eden Praire, MN, USA) equipped with a 10 N load
cell. Specimen strips (3mm x 10mm) were uniaxially stretched at 0.2
mm/min up to rupture at room conditions (~23°C and 45% RH).
Breaking stress and strain were directly determined from the stress-
strain curve while the Young’s modulus was calculated from the
slope of the initial linear region. Toughness was defined as the area
under the stress-strain curve and expressed as MJ/m?,

428 DSC

Thermograms were acquired with a differential scanning
calorimeter DSC Q20 (TA Instruments, New Castle, DE, USA) and
using non-hermetic TZero aluminum pans. About 5 milligrams of
sample of the A17-7, OPAS_1 and ‘Italia’ were accurately weighted
and analyzed under dry nitrogen (50mL/min) following a three
cycles routine. Specimen were first heated from room temperature to
100°C at 10°C/min (first heating), then, they were cooled down to -
70°C at 5°C/min (cooling) and, finally heated again to 100°C at
10°C/min (second heating).

4,29 Statistical analysis

The R software (RCore Team 2013) was employed for all the
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calculation, mean, standard deviation and standard errors. The
hypothesis was tested with the GLM, and significance was
determined using a post-hoc Tukey test (p-value < 0.05). Linear
regression and a correlation test were performed to evaluate the
differences among the genotypes on the correlation between the
cuticle thickness and the aspect-ratio of the collenchyma cells.
Letters in capital describe the significant differences among the
groups (p-value <0.05), lower case letters describe the significant
differences within the groups (p-value <0.05).

4.3 Results and Discussions

To provide greater clarity, the results and discussion section
will be divided into two subsections, to present separately the data of
the two years of trial.

4.3.1 Firstyear (2021-2022)

During the first year, the characterization of the cuticle
thickness during fruit development and ripening, as well as the
collenchyma cell layer in contact with the cuticle, was carried out
among the analyzed genotypes. Additionally, the cuticle of the six
genotypes was quantified.

In Figure 4.1, among the examined genotypes is possible to
observe a common pathway, the cuticle thickness starts at a certain
value depending on the genotype and it decreases during the
development accordingly with Christensen (1973) and Commenil et
al. (1997), but it is also possible to observe that OPAS_1 and P18_2
have a different pattern. Both these two genotypes have the highest
value at the BBCH75 phase, that is not uncommon in grape, as found
by Chang and Keller (2021) where different varieties showed
different behavior on cuticle deposition during development. The
‘Italia’ variety had the highest cuticle thickness at fruit set (5.035
pm) and the highest mean among the groups. The hybrids M17-13,
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018-91, and P18-2 showed no significant differences among the
groups. P18-2 behaved differently from the other genotypes showing
quite high value of cuticle thickness (3.960 um) at the BBCH75
stage, while OPAS_1 initially had a lower cuticle thickness at fruit
set, which increased during the first development phase (BBCH75);
it is also possible to note that OPAS_1 have three samples from
BBCH71 to BBCH81 due to complications during sampling and to
ensure the integrity and scientific rigor of the analyses we decided to
proceed with three valid samples.

Thickness
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Figure 4.1 - Cuticle thickness (um) of the studied genotypes during the
developmental phases, BBCH71 (fruit set), BBCH75 (berries pea-sized,
bunches hang), BBCH81 (beginning of ripening: veraison) and BBCH89 (full
maturity). Letters in capital are the differences in the means among the groups,
letters in lower case differences within the group. (p-value <0.05). Data showed
means * (SE).

In Figure 4.2 and in Figure 4.3 the progress of the
development of the area and perimeter during the developmental
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phases is showed; most genotypes exhibited changes in area during
the development, except for A17-7, which showed no significant
increase in area and a moderate increase in perimeter. This
observation aligns with the findings in other studies when
development not always led to an increase in cell size (Guo et al.
2023). The genotype OPAS_1 showed the highest value among the
groups both in area and in perimeter growth, resulting in bigger cells;
the lowest value among the group belongs to the highly susceptible
genotype A17-7 resulting in extremely small more elongated
collenchyma cells.
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Figure 4.2 - Area (um?) of the collenchyma cells of the studied genotypes during
the developmental phases, BBCH71 (fruit set), BBCH75 (berries pea-sized,
bunches hang), BBCH81 (beginning of ripening: veraison) and BBCH89 (full
maturity) Letters in capital are the differences in the means among the groups,
letters in lower case differences within the group. (p-value <0.05). Data showed
means * (SE).
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Perimeter
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Figure 4.3 - Perimeter (um) of the collenchyma cells of the studied genotypes
during the developmental phases, BBCH71 (fruit set), BBCH75 (berries pea-
sized, bunches hang), BBCH81 (beginning of ripening: veraison) and BBCH89
(full maturity) Letters in capital are the differences in the means among the
groups, letters in lower case differences within the group. (p-value <0.05). Data
showed means * (SE).

In Figure 4.4 and Figure 4.5 it is noticeable that all genotypes
displayed a decreased roundness and increased aspect-ratio values
during the development, due to the proper characteristics of
collenchyma cells to slightly elongate during the development of the
fruits. These parameters are strongly linked with the area and
perimeter showed in Figure 4.2 and in Figure 4.3 could give some
useful information on the shape of the collenchyma cells and how
they changed during the development of the berries.
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Aspect ratio
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Figure 4.4 - Aspect-ratio of the collenchyma cells of the genotypes of interest
during the developmental phases, BBCH71 (fruit set), BBCH75 (berries pea-
sized, bunches hang), BBCH81 (beginning of ripening: veraison) and BBCH89
(full maturity) Letters in capital are the differences in the means among the
groups, letters in lower case differences within the group. (p-value <0.05). Data
showed means * (SE).
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Figure 4.5 - Roundness of the collenchyma cells of the studied genotypes during
the developmental phases, BBCH71 (fruit set), BBCH75 (berries pea-sized,
bunches hang), BBCH81 (beginning of ripening: veraison) and BBCH89 (full
maturity) Letters in capital are the differences in the means among the groups,
letters in lower case differences within the group. (p-value <0.05). Data showed
means * (SE).
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In Figure 4.6, it is noticeable that linear regressions were
conducted on the genotype analyzed using data from the four
samplings (BBCH71 - BBCH75 - BBCH81 - BBCH89), to
highlight the interaction between the aspect-ratio of the collenchyma
cells and the cuticle thickness, and how it can provide structural
integrity to the fruits as done in previous studies on different species
(Considine and Knox 1979; Segado et al. 2016; Garcia-Coronado et
al. 2022), for clearer graphical representation the mean of each
survey was utilized. Notably, for almost all the genotypes examined,
there is a decrease in cuticle thickness as the aspect ratio of the cells
increases. This is indicated by the negative slope of the line relative
to cuticle thickness in A17-7 (-0.4879), M17-13 (-0.8055), 018-91 (-
0.421), P18-2 (-0.2321), and ‘Italia’ (-0.9118). Conversely, OPAS_1
(0.2353) exhibits a contrasting trend, displaying a positive slope in
both variables, signifying an increase in cuticle thickness concurrent
with an increase in the aspect ratio of the collenchyma cells. This
outcome is corroborated by the correlation between the cuticle
thickness and the aspect ratio of the collenchyma cells, with R values
reported as follows: Al7-7 (R=-0.766), M17-13 (R= -0.868), 018-
91 (R=-0.627), P18-2 (R=-0.648), ‘Italia’ (R=-0.966), and OPAS_1
(R=0.549). The interplay showed in OPAS_1 between collenchyma
cells and the cuticle thickness seems pivotal for the structural
stability of the berries, and for the capacity to resist to abiotic
stresses.

69



Chapter 4

onel-edsy @ SEEUILLE

v966'0 =
PLELD+XB0650 =4

16EE°0= 4
TEELE + ¥ESEL'D = 4|

| 7SYdO uoissaigal Jeaun

one-nedsy e SOl e

96LF0= M
GELE'E + XIZKD- = A

16-8L.0 uolssaidal Jeaun

one-pedsy e SSEWILLEe

v £ z L
PESE'0=H
PILLG + WBLIGG-= A
..
‘LeHoa8
SLAED =8 et
L606'0 + 459780 = A -
elje1) uoIssalfal Jeaul
oIE-Padsy 8 SEAUNINL @
v B z L
VrBED= Y
e
B9HOEE @~ \eHaEE
sarong M-
S685°0 + X16ZPD =4 )
.
]

¢1-£ 1IN uoissaidal Jeaun]

q

ONEI-PEdEY e SEALYILL

£PEL'D= 8
TFOS'E + XIZETO- =4

L0004
LELS0+XELLL D =R

27 8ld uoissaigal Jesur]

oneEedsy e SSOUNIN] @

1980
ZEPS'E + ¥5LAY0 = A

LFZE'L + XTLEE'0 = A

- 1Y uoissaidal Jeaun]

Linear regression of cuticle thickness (blue line) and fruit aspect
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ratio (orange line) of each genotype during the first year. A (Al7-7), B (M17-

13), C (018-91), D (P18-2), E(ltalia), F (OPAS_1)
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During the first growing season cuticle quantification (Table
4.1) was performed for all phenological phases only for P18-2, the
other genotypes the quantification was carried out for all phases
except BBCH71, because it wasn’t possible to obtain a fully clean
cuticle by the enzymatic isolation protocol. Almost all the hybrids
had highest weight values (ug) of cuticle per cm? during the full
maturation stage (BBCH89), a different behavior was highlighted in
‘Italia’, where the highest value was recorded in the BBCH81 stage.

Table 4.1 - First year cuticle quantification during the developmental, BBCH71 (fruit set), BBCH75
(berries pea-sized, bunches hang), BBCH81 (beginning of ripening: veraison) and BBCH89 (full
maturity). Data showed as means * SE.

Genotype BBCH71 pg/cm? BBCH75 pg/cm? BBCHS81 pg/cm? BBCH89 pg/cm?

P18-2 152.09 £(20.22)bc 21.32 £(2.41)e 27.16 £(1.43)de 173.33 £(30.83)b
Al7-7 na 21.08 +(1.65)e 23.09 +(2.50)e 76.02 +(3.82)cde
M17-13 na 25.86 +(2.11)de 28.83 +(1.70)de 144.23 +(10.44)bc
018-91 na 29.53 +(0.76)de 21.43 +(1.71)e 287.06 +(67.69)a

OPAS 1 na 22.65 +(0.55)e 31.71 +(5.59)de na
Italia na 122.25 +(3.57)bed 286.78 +(14.34)a 162.70 +(9.95)bc

4.3.2 Second year (2022-2023)

In the second year, the quantification of the cuticle was
repeated on all genotypes to verify the enzymatic isolation protocol
and only the cuticle of A17-7 and ‘Italia’ showed difficulties in being
isolated during the phenological phase of fruit set (BBCH71).
Furthermore, optical microscopy analyses on the thickness of the
cuticle and on the morphometric characteristics were repeated
focusing attention on the two genotypes that showed the most
extreme characteristics (A17-7, OPAS 1) and on the ‘Italia’ as a
commercial control. To complete the characterization of these three
genotypes of interest, it was decided to proceed with the analysis of
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the epi- and intra-cuticular waxes in the fully ripened phase
(BBCHB89). The calorimetric analysis of the samples and the stress
and strain test were also carried out to obtain an overview of the
characteristics of the cuticle of these three genotypes at full ripening.
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Figure 4.7 - Cuticle thickness (um) of the genotypes of interest during the
developmental phases, BBCH71 (fruit set), BBCH75 (berries pea-sized,
bunches hang), BBCH81 (beginning of ripening: veraison) and BBCH89 (full
maturity). Letters in capital are the differences in the means among the groups,
letters in lower case differences within the group. (p-value <0.05). Data showed
means * (SE).

The cuticle thickness in the three genotypes analyzed confirms
the behavior found in the first year of sampling, that is, a reduction in
the cuticle thickness from the fruit setting stage (BBCH71) to the full
ripe fruit stage (BBCH89) for A17-7 and for ‘Italia’ (Figure 4.7); the
behavior is reversed in OPAS_1, where the cuticle deposition
reached its peak in the BBCH81 with the value of 3.566 um stage,
but this data also confirms what was found during the
characterization of the first year. This characteristic can confer
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greater resistance to biotic and abiotic stress to which the berry is
subjected during growth and ripening (Lai et al. 2016; Santos et al.
2023); is it interesting to note that even the average among the three
genotypes is statistically different from each other.
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Figure 4.8 - Area (um?) of the genotypes of interest during the developmental
phases, BBCH71 (fruit set), BBCH75 (berries pea-sized, bunches hang),
BBCHB81 (beginning of ripening: veraison) and BBCH89 (full maturity). Letters
in capital are the differences in the means among the groups, letters in lower
case differences within the group. (p-value <0.05). Data showed means + (SE).
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Figure 4.9 - Perimeter (um) of the genotypes of interest during the
developmental phases, BBCH71 (fruit set), BBCH75 (berries pea-sized,
bunches hang), BBCH81 (beginning of ripening: veraison) and BBCH89 (full
maturity). Letters in capital are the differences in the means among the groups,
letters in lower case differences within the group. (p-value <0.05). Data showed
as means = (SE).

Unlike the first year of trial, the A17-7 genotype showed a
significant reduction in the area (Figure 4.8) of the cells in the fully
mature stage (BBCH89), this may be due to the climatic trend
between the two years: various authors have reported differences in
the size of the parenchyma cells due to temperature and humidity
(Ma et al. 2023; Yuan et al. 2024) , but maintaining the tendency
towards a much smaller cell size compared to the other two
genotypes which show a regular trend during the growth and
development phases as in the case of ‘Italia’ and OPAS_1 regarding
area and perimeters (Figure 4.9).
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Aspect ratio
B

lg]

a
ai|+

Al7-7 ITALIA

b
a a
OPAS
EBBCH71 @BBCH7S COEBCHB1 @EBBCHES
Figure 4.10 - Aspect-ratio of the genotypes of interest during the developmental
phases, BBCH71 (fruit set), BBCH75 (berries pea-sized, bunches hang),
BBCHB81 (beginning of ripening: veraison) and BBCH89 (full maturity). Letters
in capital are the differences in the means among the groups, letters in lower

case differences within the group. (p-value <0.05). Data showed as means +
(SE).
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Figure 4.11 - Roundness of the genotypes of interest during the developmental
phases, BBCH71 (fruit set), BBCH75 (berries pea-sized, bunches hang),
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BBCHB81 (beginning of ripening: veraison) and BBCH89 (full maturity). Letters
in capital are the differences in the means among the groups, letters in lower
case differences within the group. (p-value <0.05). Data showed as means *
(SE).

In agreement with what was found in the first year of trial, the
aspect ratio increased as the fruit ripening growth progressed in all
three genotypes (Figure 4.10), the roundness followed an opposite
trend to the aspect ratio (Figure 4.11). The linear regression (Figure
4.12) between aspect ratio and cuticle thickness was repeated also for
the second year, the data confirmed what was found during the first
year: in OPAS_1 a positive linear regression and a correlation equal
to R = 0.67 for the second year was found, while in the other two
genotypes analyzed a negative correlation was observed, respectively
‘Italia’ with R = -0.76 and A17-7 with R = -0.53. The slope of the
thickness line is respectively for A17-7 (-0.469), ‘Italia’ (-0.464) and
for OPAS_1 (0.147).
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Figure 4.12 - Linear regression of cuticle thickness (blue line) and fruit aspect
ratio (orange line) of each genotype. A (Al7-7), B (ltalia), C (OPAS_1).
BBCH71 (fruit set), BBCH75 (berries pea-sized, bunches hang), BBCHS81
(beginning of ripening: veraison) and BBCH89 (full maturity)
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The cuticle represents a specialized lipidic modification of
plant cell wall, primarily consisting of a cutin polyester that serves as
a macromolecular framework for the deposition of cuticular waxes
and phenolics (cinnamic derivatives and flavonoid compounds).
These waxes are integrated within the cutin polymer and can be
found on the cuticle surface either as epicuticular wax crystals or as a
film (Yeats and Rose 2013). Fruit cuticular wax consists of two
types: crystallized epicuticular wax, which forms a protective outer
layer, and intracuticular wax, which is embedded within (Trivedi et
al. 2019). Cuticular wax serves as a hydrophobic barrier on the outer
epidermal cells, often appearing white and frosty or colorless, glossy
and smooth (Lara et al. 2015). Various plant organs such as leaves,
stems, flowers, and fruits are coated with this wax or similar
substances, which are crucial for growth, development, and stress
responses (Yeats and Rose 2013). Cuticular waxes mainly consist of
very long chain (VLC) aliphatic compounds of different chemical
nature and can also include triterpenoids (Bernard and Joubés 2013;
Dimopoulos et al. 2020). Additionally, very long chain fatty acids
(VLCFA) in plant cuticles serve as a barrier, preventing the diffusion
of harmful external substances (Staiger et al. 2019). Very long chain
alkyl esters in plant cuticular wax act as an alternative barrier to
transpiration at high temperatures, functioning independently of
stomatal regulation (Bueno et al. 2019). Research by Dimopoulos et
al. (2020) indicates that water deficits lead to the formation of longer
chain aliphatic waxes, resulting in larger wax crystals and increased
cuticle stiffness (Heredia-Guerrero et al. 2018). This adaptation
could also enhance the fruit's resistance to fungal infections
(Dominguez et al. 2017), conversely, removing cuticular waxes has
been shown to reduce the elastic modulus and stiffness of fruits
(Khanal et al. 2013; Tsubaki et al. 2013).

Chu et al. (2018) found that post-harvest removal of blueberry
wax leads to Reactive Oxygen Species (ROS) accumulation, higher
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water loss and decay rates, and diminished sensory and nutritional
quality, significantly reducing shelf life. Various studies have
reported that the cuticular waxes of grape berries primarily consist of
triterpenoid oleanolic acid, along with smaller quantities of n-
alcohols, n-aldehydes, esters, free acids, and n-hydrocarbons.
Notably, ripe sultana grapes contain a significant amount of oleanolic
acid, which also constitutes about 30% of the cuticle waxes in
‘Palomino fino’ grapes (Radler and Horn 1965; Radler 1965; Casado
and Heredia 1999). At all stages of fruit development, the
triterpenoid oleanolic acid was the main component in cuticular
waxes of ‘Pinot noir’ grapes, (Commenil et al. 1997) as well as in
eight different cultivars investigated by Pensec et al. (2014) in which
triterpenoid contents were found to range from 42% to as much as
80% of total cuticular waxes. A recent study on table grape cultivars
by Yang et al. (2021) confirmed that oleanolic acid is a significant
component of the cuticular waxes. The study found that higher levels
of oleanolic acid correlate with firmer fruit, whereas lower levels are
linked to softer fruit (Moggia et al. 2016). During the second year of
the project, we quantified the cuticle weight of the all six-genotype

analysed in the trial (Table 4.2).

Table 4.2 - Quantification in pg/cm? of the cuticle isolated from six genotypes
selected based on their susceptibility to cracking: A17-7 (susceptible), OPAS_1
(tolerant), 018-91, ITALIA, M17-13,P18-2 (moderately susceptible) in four
development stages of the crop BBCH71 (fruit set), BBCH75 (berries pea-sized,
bunches hang), BBCH81(beginning of ripening: veraison), BBCH89 (complete
ripening). Data showed as means + SE.

Genotype BBCH71 pg/cm? BBCH75 pg/cm? BBCH81 pg/cm? BBCH89 pg/cm?
OPAS_1 16.91+(4.89)b 45.27 = (5.26) ab 51.78 £ (8.30) ab 53.87 = (12.42) ab
018-91 38.76 +(11.68)ab  30.76 = (10.00) ab 55.76 = (18.87) ab 76.55 * (25.76) a
Al7-7 na 29.51 % (4.77) ab 31.45+(5.72) ab 50.01 + (7.80) ab
Italia na 51.20 + (8.63) ab 33.05 £ (9.59) ab 66.37 + (11.89) ab
P18-2 1385+ (5.32) b 31.24+(1.84)ab 61.15 £ (13.74) ab 33.32+(3.39)ab
M17-13  32.66 + (4.80) ab 24.18 £ (2.27) ab 40.93 +(10.82) ab 45.70 + (8.00) ab
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The results demonstrated that the quantification in different
genotypes generally increases as the fruit approaches full maturation.
There are fluctuations in the BBCH75 phase, likely correlated with
fruit growth, and a slight contraction in value is observed, which was
subsequently recovered in the next phase. It is interesting to highlight
that it was not possible to isolate the cuticle in both A17-7 and
‘Italia’ genotypes.

The FT-IR analyses performed on these samples, both on the
internal and external parts, revealed the following differences.
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Figure 4.13 - Spectra of the two genotypes in which it was not possible to isolate
the cuticle in the BBCH71 phase (fruit set). Spectrum “A” represents the A17-7
genotype, spectrogram “B” the Italia genotype. The peaks relating to the
external section of the sample are highlighted in blue, the peaks relating to the

internal part are highlighted in orange.
These two graphs in Figure 4.13, obtained from the analysis of
grape samples at the phenological stage of fruit set, where it was not
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possible to enzymatically isolate the cuticle, were analyzed in both,
the internal and external parts of the fruit. Notably, there were
significant differences between the blue section (external) and the
orange section (internal), particularly with peaks around 3300 nm;
this peak in the "internal_section" spectrum suggests the presence of
O-H stretching vibrations, indicative of phenolic, hydroxyl
functional groups and aliphatic alcohols. Peaks around 2800-3000
nm correspond to C-H stretching vibrations, indicative of
hydrocarbon methylene chains. Additionally, peaks around 1500-
1600 nm indicate aromatic skeletal vibrations. These kinds of peaks
suggest that, in this specific phenological phase, aromatic
compounds are present, these can contribute in inhibiting the
enzymatic solution, resulting in the inability to isolate the cuticle; the
possible interaction between the enzymatic solution and the aromatic
compounds can be attributed to their structural properties that allow
them to bind to enzymes effectively and to exhibit a strong inhibitory
effects (Agrawal et al. 2021; Weng et al 2021; Manuela del Rosario
and Rita 2022). Some lignification or suberization (their aromatic
domains) of the cell wall of the epidermal cells could also justify
these spectra. It could be the reason of the observed great difficulty
to isolate the cuticle in these cases.

The quantification data showed in Table 4.2 were used to
calculate the amount of epi- and intracuticular waxes by measuring
the weight difference of the cuticle before and after extraction
showed on Table 4.3. The results showed a substantial difference
among the three hybrids. Al17-7, the most susceptible hybrid,
demonstrated that approximately 35 % of its weight of its
corresponding cuticle is composed of waxes. The cuticle of ‘Italia’
variety has a wax content of about 25 %, whereas the cuticle of
OPAS _1, the variety most tolerant to cracking, exhibited a value of
around 40 %, the highest among the three genotypes analyzed.
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Table 4.3 - Weight (g) of the isolated cuticle at full maturity stage (BBCH89) of
the three genotypes with different susceptibility to cracking before and after
wax extraction. A17-7 (susceptible), Italia (moderately susceptible), OPAS_1
(tolerant). Data showed as mean + SE.

Genotvpe Weight before wax Weight after wax
yp extraction (g) extraction (g)
OPAS_1 0.022 * (9.33E-05) 0.013 * (3.16E-04)
Italia 0.040 + (7.62E-05) 0.030 + (7.62E-05)
Al7-7 0.027 * (7.39E-04) 0.017 * (7.39E-04)

Also in other species, e.g. sweet cherries lower quantities in waxes
can lead to a higher susceptibility to fruit cracking (Pereira et al.
2020) always related with other parameters, such as the cuticle
thickness and the epidermal cell morphology.
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Figure 4.14 - DSC (Differential scanning calorimetric) curves during cooling
concerning the three genotypes A17-7(susceptible), OPAS_1(tolerant), Italia
(moderately susceptible) at the phenological phase BBCH89 (full maturity).

82



Chapter 4

Figure 4.14 represents the cooling phase and, if present, the
release of heat (an exothermic process). The three analyzed samples
exhibit different behaviors in the exothermic phase of the process.
The ‘ltalia’ genotype shows a relatively continuous heat flow,
without well-defined exothermic peaks, only slight variations. The
Al17-7 genotype has a similar curve to the ‘ltalia’ genotype, with a
slight exothermic transition around 70°C. The OPAS sample exhibits
various exothermic peaks, both between 40-50°C and 70-80°C,
indicating exothermic transitions and a crystallization process of
waxes composed by VLC. This characteristic could be related to the
higher total wax content found in this genotype. Summarizing, the
calorimetric analysis demonstrated and confirmed the wax content
differences among the genotypes. We have chosen also to test the
cuticles of the A17-7, ‘ltalia’ and OPAS 1 to evaluate their stress
and strain evaluation and the Young’s modulus (E).

Table 4.4 - Tensile test results among the isolated cuticle of the genotypes analyzed. Values in
column followed by different letters are significantly different (p-value <0.05).

Toughness E Breaking strain Breaking stress

Genotype (MJ/m?) (MPa) (mm/mm) (MPa)

ltalia  0.438 £(0.109) a  1122.954 £(290.995)a  0.026 £(0.003) b  33.259 +(7.922) a

AL7-7  0.266 £(0.091)a  256.005+(210.129) ab  0.066 +(0.017)a  5.324 +(2.218) b

OPAS 1 0079%(0.032)a  70.353%(28.721)b  0.056 £(0.023)ab  2.543 +(1.038) b

The mechanical properties of the cuticle (Table 4.4) are fundamental
to ensure the absence of microcracks that can decrease market value
and increase uncontrolled water loss in various crops (Knoche and
Lang 2017). Among the genotypes, ‘Italia’ had the highest values in
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toughness, indicating a better energy absorption before failure, an
intermediate value has been found on Al7-7 and the lowest value
was found in OPAS_1 with a limited energy absorption before
breaking; regarding the elastic modulus (E) the OPAS_1 has the
lowest values indicating a very soft material, A17-7 a moderate soft
material and in ‘Italia’ we had the highest value, indicating that cv
‘Italia’ cuticle was one of the stiffer among the genotypes. Really
interesting data were related to breaking strain. ‘ltalia” had a
moderate breaking strain value suggesting some flexibility before
failure, A17-7 had the highest value indicating the highest flexibility,
but OPAS_1 with a value of 0.056 slightly lower than Al17-7,
indicate a considerable value for flexibility. Regarding the breaking
stress, the lower and moderate values have been recorded in OPAS_1
and on A17-7 and the highest value was recorded in ‘ltalia’
indicating the greatest strength before failure.

In summary cuticle of cv ‘ltalia’ stands out with the highest
toughness, stiffness, and strength, making it the most robust among
the genotypes, A17-7 showed a balance with moderate toughness and
stiffness but very high flexibility, but this genotype showed a cuticle
with a lot of visible holes (data not shown), OPAS 1 exhibited the
lowest values in toughness, stiffness, and strength, but showed
considerable flexibility. The growth and development of the berries
occur in an environment where the stresses are both elastic and
viscoelastic. Among the genotypes analyzed, OPAS 1 is expected to
perform best under elastic stress due to its low elastic modulus (E),
indicating that its cuticle is the least stiff and more elastic. Although
OPAS _1 does not have the highest breaking strain, which belongs to
Al17-7, it is reasonable to assume that OPAS 1 will perform well
under viscoelastic stress. Looking at the data from the tensile test the
cuticle of the OPAS_1 should be able during development and
maturation to deform easily (elastic behavior) and to sustain
considerable deformation before breaking (visco-elastic behavior).
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4.4  Conclusion and future perspective

The two-year research (2021-2022 and 2022-2023) conducted
on these newly established genotypes (A17-7, 018-91, M17-13, P18-
2, OPAS_1) and on ‘ltalia’ variety contributed to an expanded
understanding of the morphometric characteristics of the berry, as
well as the chemical and mechanical properties of the table grape
cuticle that can help, along with proper cultivation practices, to
reduce the incidence of cracking. The characterization carried out
during the two-year trial on the genotypes analyzed in this study has
allowed us to identify the features that influence the tolerance to fruit
cracking in table grape. Some of these features, such as increased
cuticle deposition during the fruit growth stages (BBCH81), larger
collenchyma cells, and a higher quantity of epi- and intra-cuticular
waxes, can ensure greater tolerance to cracking. These
morphometric, chemical, and mechanical characteristics of interest
could become an additional component in the development of new
table grape varieties. The results confirm the interest in the OPAS_1
genotype, which possesses significant characteristics regarding fruit
cracking tolerance. Based on the findings of this study, it would be
valuable to evaluate the new genotypes in a climate chamber,
subjecting them to controlled environmental stresses (temperature
and relative humidity) to more precisely determine the temperature
and humidity conditions at which the fruits become more susceptible
to cracking.
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Chapter 5

5 Comparative analysis of morphological,
textural and cuticular traits in three
pomegranate cultivars: implications for fruit
cracking susceptibility

Abstract

Pomegranate is one of the oldest fruits to be domesticated, its
cultivation is widespread around the world due to its great
adaptability in semi-arid region, in this study we investigated the
morphological, textural, and cuticular characteristics of three
pomegranate cultivars 'Wonderful,' 'Etna," and 'Primosole’ with a
focus on understanding their susceptibility to fruit cracking. We
evaluated various parameters, including overall fruit morphology,
aril and tegmen texture and morphology, and cuticle thickness.

A detailed examination of the morphological parameters was
conducted, revealing that the 'Wonderful' exhibited significantly
larger dimensions and weight of fruits compared to 'Etna' and
'Primosole’, in addition to the morphological parameters, the
hardness and negative peak distance of the arils and tegmen were
analyzed, revealing that the 'Wonderful' cultivar showed higher
hardness values compared to 'Etna’ and 'Primosole’ suggesting that
'‘Wonderful' possesses a more cohesive structure. Results indicate
that both ‘Etna’ and ‘Wonderful’ manifested larger invagination of
the cuticle increasing the cuticle surface area and enhancing abiotic
stress resistance, on the other hand ‘Primosole’ manifested fewer
cuticle invagination resulting in our environment to be susceptible to
fruit cracking.

This study suggests that the relationship between fruit size and
susceptibility to fruit cracking may not be as direct as previously
thought, but it seems more likely linked to the invagination of the
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cuticle inside the epicarp. We also emphasized the importance of
cuticle morphology in determining fruit resilience and highlights the
need for further research into the chemical and biophysical properties
of pomegranate cuticles across different developmental stages and
varieties.
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5.1 Introduction

Pomegranate (Punica granatum L.) belongs to the Punicaceae
family, is a non-climacteric fruit, it is considered native from the
central Asia, Iran, Turkmenistan, and India (Hooks et al. 2021); later,
it spreads in China and in Mediterranean countries such as Italy,
Spain, Turkey, Morocco, and Tunisia (Viuda-Martos, Fernandez-
Lopez, and Pérez-Alvarez 2010). Due to a lack of official data
related to pomegranate production, Kahramanoglu (2019) estimated
that in 2017, the worldwide pomegranate yield summed up to
approximately 3.8 million metric tons. Among the top producers,
India stood out as the leading contributor, with 2.84 million metric
tons (for an estimated harvested area of 234,000 hectares). In Italy, in
the period between 2013 and 2023, the production registered a sharp
increase with the harvested production increasing from 814 tons to
28.777 tons. A similar trend was also observed in the Sicily region,
accounting for 166 tons in 2013 and 4.279 tons in 2023 (lstat n.d.).

The global enormous growth potential for its expansion lies in
the possibility of being cultivated in arid or semi-arid areas where
salinity and water deficiency pose limitations for other crops, thanks
to its remarkable ability to thrive in high-temperature environments
(Martinez et al. 2006); pomegranate is also known with the name of
“miracle fruit” because of its vast pharmaceutical and food
applications, in fact various fruit parts have been used as a traditional
remedy against acidosis dysentery, microbial infection, diarrhea,
helminth infection, hemorrhage and respiratory pathologies
(Alkuraieef and AlJahani 2022), researchers have focused their
attention to the potential health effects of pomegranate in preventing
inflammation (Kahya et al. 2011). It has also been studied that
guercetin and ellagic acid showed a synergic inhibition properties
against cancer cell growth (Russo et al. 2021; Shukla et al. 2008). It
is important to emphasize that pomegranate is a source of great
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dietary value compounds such as polyphenols, tannins, anthocyanins
and phenolic (Orak, Yagar, and Isbilir 2012).

The anthocyanins present in the peel, arils and juice of
pomegranate, responsible for the color are: delphinidin-3-glucoside,
delphinidin-3,5-diglucoside, cyanidin-3-glucoside, cyanidin-3,5-
diglucoside,  pelargonidin-3-glucoside and  pelargonidin-3,5-
diglucoside (Fischer et al 2011; Todaro et al. 2016; Valero-Mendoza
et al. 2023). These characteristics are pivotal in increasing the
interest about the pomegranate cultivation not only as valuable
source of food healthily compounds but also as a source of valuable
pharmaceuticals.

Pomegranate as described, is a multifunctional and full of
potential fruit, is mainly consumed fresh or the arils are
commercialized ready-to-eat (Palma et al. 2015) but has an enormous
potential for the production of juices, jellies, jams (Opara et al.
2009). The fruit has a waxy shiny surface showing a full ripening
colour ranging from yellow-orange to dark red, depending on the
cultivar (Holland et al. 2009). The edible parts of the fruits are the
arils, constituting roughly the 60% of the fruit's total weight. The
juice is composed of water (85%) followed by sugars (10%), mainly
glucose and fructose (Al-Maiman and Ahmad 2002; Shwartz et al.
2009; Palma et al. 2015).

Avrils can differ in color, as well as taste (ranging from sweet
to sour) and seed hardness. These traits play a significant role in
consumers’ perception as reported by Mayuoni-Kirshenbaum et al.
(2013). For the long history of cultivation, Italy harbors a wide
varietal panorama (i.e., Dente di Cavallo, Grossa di Faenza) with
cultivars and/or selections showing high adaptability to the
pedoclimatic conditions of specific area of cultivation.

In this context, the availability of ex situ germplasm collection
is of pivotal importance both to maintain variety harboring traits of
agronomical interest and for the set-up of novel breeding plans.
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Among the other germplasm collections available in Italy, the
University of Catania held an ex-situ collection composed of local
varieties such as: Neirana, Racalmuto, Profeta, Ragana, Selinunte,
Rosolini, Noto and, Etna. In this context, it was also possible to
constitute the variety ’Primosole’ showing good characteristics
compared to 4 Spanish cultivars as demonstrated by La Malfa et al.
(2009).

Pomegranate during the last stages of maturation is often
affected by fruit cracking, a major physiological disorder that
adversely affects the production and quality of pomegranate (Singh,
Shukla, and Meghwal 2020). In pomegranate, cracking is a common
issue across all growing regions and varieties worldwide. However,
the severity depends on factors such as the weather conditions, the
variety, the fruit development, and the cultural practices (Simon
2006; Fischer et al. 2021; La Spada et al. 2024). It has been noted, in
pomegranate, that during periods of drought, the peel loses its
capacity to divide and expand. When plants are watered again, the
meristematic tissues rapidly resume growth, while the peel tissues do
not (Holland et al. 2009). Numerous morphological traits, including
the thickness and physical properties of the cuticle, as well as the
number of hypodermal layers (Bargel and Neinhuis 2005;
Dominguez et al. 2011; Heredia et al. 2024), fruit shape, and fruit
size (Sekse 1987; Scott 1998) can influence fruit cracking.

This work is aimed at the phenotypic evaluation of the
textural, morphometric characteristics of two local varieties: ‘Etna’
and ‘Primosole’, compared to the cultivar “Wonderful’ employed as
reference. Furthermore, the physical properties of the peel cuticle
were assessed through histological analysis and related to the
different susceptibility to cracking registered among the cultivars
tested.
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5.2 Materials and Methods

5.2.1 The plant material

The selected varieties “Wonderful’, ‘Etna’, ‘Primosole’ were
cultivated in a commercial pomegranate orchard, in Sicily, Italy;
GPS coordinates 37° 27" 47.19" N 14° 58' 16.77" E and sampled in
two growing season 2021 and 2023. The trees were 7 years old,
spaced 3.5 x 6 m, and trained into a transversal Y system. A drip-
irrigation system (self-compensating double-drip wing) and a white
plastic mulching sheet along the rows were used, we selected these
varieties due to their different behavior regarding fruit cracking. We
have chosen “Wonderful’ variety as an international reference for its
extensive cultivation in all environments that allow the cultivation of
pomegranates, but also for its susceptibility to russetting and
cracking as highlighted by Joshi et al. (2021).

5.2.2  Assessment of the carpometric traits

A total of 30 fruits from at least three biological replicates
were sampled at commercial maturity and subjected to the
carpometric and texture measurements. The carpometric phenotyping
was carried out following the guidelines described in the
“Descriptors list for pomegranate” set up in the framework of EC
Project GENRES 29 “Conservation, Evaluation, Exploitation and
Collection of Minor Fruit Tree Species” (EU RESGEN (1996
RESGEN). Specifically, the following parameters have been
analysed: equatorial diameter (D1), calyx diameter (D2), fruit height
without the calix (L1), fruit height (L2), calyx height (L3), fruit
weight (g); for the arils and tegmen, we have analysed the following
parameters: arils length (L), tegmen length (1), arils thickness (A),
tegmen thickness (a).

98



Chapter 5

5.2.3 Texture analysis

Textural analyses have been performed both on arils and
tegmen using a TA. XT plus texture analyzer (Stable Micro Systems,
Godalming, UK) equipped with a load cell of 30 kg, for each variety,
30 arils and 30 tegmen were sampled and the Magness-taylor test
was performed with a stainless still probe of 2 mm (P/2) with a test
speed of 0.30 mm/sec, hold time 5 sec (Szychowski et al. 2015).Two
parameters have been analysed the hardness (N) and the NPD,
negative peak distance (mm).

5.2.4  Optical microscopy analysis

Three fruits were randomly selected from the harvested
sample, the pomegranates were incised at three distinct locations:
near the calyx, at the midsection, and close to the bottom of the fruit
to better assess the variations in cuticle thickness in the different
parts of the fruit. The selected portion were embedded with the JB4
embedding kit protocol as recommended by the producer
(Polyscience Itd, USA); the selected samples were cut into small
pieces (< 2mm) to enhance the penetration of the embedding resin.
Then samples were subjected to 3 pum thick cuts using a manual
microtome (Leica RM 2125), resulting in a minimum of 10 cut
sections per each slide. The sections were dried at 47°C and then
stained with Sudan IV dye (Sigma-Aldrich, USA) to highlight the
cuticle. Subsequently, samples were examined under a bright-field
optical microscope (Leica DM 2500) and cuticle thickness was
determined using the Fiji software (Schindelin et al. 2012). A
minimum of 30 measurements per sample were analysed.

5.2.5 Statistical analysis

Statistical analyses were conducted using R software version
4.3.1 (2023-06-16 ucrt) "Beagle Scouts." The mean values were
calculated, and a statistical table of the analyzed values was
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generated. Additionally, a correlation analysis between the variables
was performed, and a heatmap was produced. The rheological
properties of both the arils and the tegmen were analyzed through an
analysis of variance (ANOVA), with Tukey's post-hoc test applied.

5.3 Results and discussion

The following sections presents the results and discussions of
the data obtained from the carpometric, rheological, and microscopic
analyses of the three varieties studied ‘Wonderful’, ‘Etna’, and
‘Primosole’ examined at full maturity.

5.3.1 Carpometric analysis

Regarding the morphometric characteristics, ‘Wonderful' is
characterized by the highest fruit size (95.75 mm) and weight (409.8
g) compared to 'Etna’ with a size of (79.79 mm) and a weight (225.6
g), and 'Primosole' respectively (87.31 mm), (327.9 g), this trend
continues in all the other morphological characteristics of the fruits
as shown in Table 5.1.

Table 5.1 - Statistical description of the morphological descriptors of the whole
fruit of Etna, Primosole and Wonderful at full maturation. The morphological
parameters are equatorial diameter (D1), calyx diameter (D2), fruit height
without the calix (L1), height without the calix (L1), fruit height (L2), calyx
height (L3), fruit weight (g)

Morphological descriptors Etna Primosole Wonderful
D1(mm) Min. 72.67 45.73 80.75
D1 (mm) 1st Qu. 76.16 83.17 87.99
D1(mm) Median 79.07 88.42 92.33
D1(mm) Mean 79.79 87.31 95.75
D1 (mm) 3rd Qu. 82.65 93.96 105.07
D1 (mm) Max. 89.47 101.86 116.08
D2 (mm) Min. 14.17 16.4 12.82
D2 (mm) 1st Qu. 16.98 19.22 20.31
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D2 (mm) Median 18.72 21.55 23.24
D2 (mm) Mean 19 21.76 23.09
D2 (mm) 3rd Qu. 20.86 23.78 25.00
D2 (mm) Max. 26.84 28.5 34.03
L1 (mm) Min. 61.91 68.09 67.23
L1 (mm) 1st Qu. 64.1 71.45 74.29
L1 (mm) Median 65.02 77.86 79.18
L1 (mm) Mean 66.04 77.14 80.81
L1 (mm) 3rd Qu. 67.78 82.97 88.31
L1 (mm) Max. 73.05 85.44 9451
L2 (mm) Min. 75.28 82.42 90.14
L2 (mm) 1st Qu. 79.42 86.76 93.10
L2 (mm) Median 82.53 90.42 96.47
L2 (mm) Mean 82.16 91.29 98.35
L2 (mm) 3rd Qu. 84.26 94.21 103.85
L2 (mm) Max. 90.81 106.95 112.13
L3 (mm) Min. 11.35 8.43 6.40
L3 (mm) 1st Qu. 14.22 12.36 17.26
L3 (mm) Median 16.48 13.96 18.94
L3 (mm) Mean 16.12 14.15 17.54
L3 (mm) 3rd Qu. 17.82 15.36 19.93
L3 (mm) Max. 20.74 22.3 22.91
Weight (g) Min. 176.45 232.6 246.9
Weight (g) 1st Qu. 199.66 286.78 297.82
Weight (g) Median 224.4 323.08 348.6
Weight (g) Mean 225.6 327.9 409.84
Weight (g) 3rd Qu. 242.22 389.96 504.02
Weight (g) Max. 290.00 444.81 720.04

In contrast, “Wonderful’ showed the lowest size for the arils
(10.44 mm) with 'Etna’ and ‘Primosole’ showing an average size of
12.1 mm and 11.16 mm respectively. In terms of aril thickness, 'Etna’
showed a value of (7.65 mm) and 'Primosole’ (7.55 mm) have very
similar values, while 'Wonderful' has on average thinner arils (6.44
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mm), data shown in Table 5.2.

Table 5.2 - Statistical description of the morphological descriptors of the arils
of Etna, Primosole and Wonderful at full maturation. The morphological
parameters for the arils are: arils length (L), arils thickness (A).

Morphological descriptors Etna Primosole Wonderful
L (mm) Min. 9.45 8.10 8.49
L (mm) 1st Qu. 11.40 10.30 9.38
L (mm) Median 12.00 11.00 10.55
L (mm) Mean 12.10 11.16 10.44
L (mm) 3rd Qu. 12.70 12.07 11.54
L(mm) Max. 17.00 13.46 12.78
A(mm) Min. 4.39 5.31 4.82
A(mm) 1st Qu. 6.54 6.76 5.67
A(mm) Median 7.86 7.55 6.44
A(mm) Mean 7.65 7.55 6.89
A(mm) 3rd Qu. 8.77 8.44 8.04
A(mm) Max. 10.10 9.80 9.96
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Table 5.3 - Statistical description of the morphological descriptors of the
tegmen of Etna, Primosole and Wonderful at full maturation. The
morphological for tegmen are: tegmen length (l), tegmen thickness (a).

Morphological descriptors Etna Primosole Wonderful
I (mm) Min. 4.85 5.36 5.81
I (mm) 1st Qu. 7.44 6.52 7.09
I (mm) Median 7.92 7.34 7.53
I (mm) Mean 7.88 7.30 7.42
I (mm) 3rd Qu. 8.41 7.84 7.84
I (mm) Max. 9.93 9.80 8.81
a (mm) Min. 1.60 1.75 2.01
a (mm) 1st Qu. 2.39 2.58 2.68
a (mm) Median 2.78 3.05 3.17
a (mm) Mean 2.86 3.08 3.12
a (mm) 3rd Qu. 3.32 3.46 3.49
a (mm) Max. 4.40 7.02 4.78

Table 5.3 showed that the average length of the tegmen is
slightly higher for 'Etna’ (7.88 mm), while 'Wonderful' and
'Primosole’ have slightly lower average lengths (7.42 mm and 7.33
mm, respectively). In terms of thickness, 'Wonderful' has the highest
average tegmen thickness (3.17 mm), with 'Primosole' and 'Etna’
showing slightly lower values (3.12 mm and 2.86 mm, respectively).

The morphological characteristics of the three varieties were
analyzed from the perspective of the whole fruit, the aril, and the
tegmen. A correlation analysis was conducted between the traits
measured as depicted in the heatmap in Figure 5.1. As expected, a
strong positive correlation was observed among the variables D1,
D2, L1, L2, L3 related to fruit size and weight. Additionally, there is
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a positive correlation between those traits and tegmen thickness (a).

0.0
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Figure 5.1 - Correlation heatmap among the morphological parameters. Red:
direct correlation, blue inverse correlation, grey no correlation. The
morphological parameters are: equatorial diameter (D1), calyx diameter (D2),
fruit height without the calix (L1), fruit height (L2), calyx height (L3), fruit
weight (g); for the arils and tegmen, we have analysed the following
parameters: arils length (L), tegmen length (l), arils thickness (A), tegmen
thickness (a).

5.3.2 Texture analysis

In parallel, a texture phenotyping was carried out on the three
varieties through the evaluation of hardness (N) showed in Figure
5.2, and the peak of negative distance (mm) showed in Figure 5.3 for
both the arils and the tegmen. "Wonderful' exhibited higher values
than 'Etna’ and 'Primosole’ for both the arils and the tegmen, with a p-
value < 0.05 indicating that 'Wonderful' is different from the other
two varieties. The hardness of the arils and the tegmen varies among
the cultivars, with "Wonderful' standing out for its greater hardness in
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both tissues, hardness varies significantly among the cultivars,
revealing that the cultivars, 'Etna’ (1.19 N) and 'Primosole’ (1.16 N),
have softer arils compared to 'Wonderful' (1,54 N). This pattern is
also observed in the tegmen, where "Wonderful' exhibits a value of
29.27 N, similar to previous findings (Szychowski et al. 2015),
compared to Etna (20.30 N) and Primosole values (18.65 N).

aril tegmen

Cultivar

218 b b B3 Ena
30 * Primosole
ﬂ Wonderful
1.0
20
05
10
Eina Primosole Wonderful Etna Frimosole Wonderful

Cultivar

Figure 5.2 - Hardness (N) of arils and tegmen of Etna, Primosole and
Wonderful at full maturation. Data presented as means + (SE). Different letters
indicate significant differences (p-value <0.05)

As for the negative peak distance a clear variability was
observed as well for both the tegmen and the arils possibly indicating
differences in internal cohesion or higher resistance to compression.
The NPD in the arils did not show significant differences, but it did
in the tegmen, indicating a more cohesive structure in "Wonderful' (-
1.4134 mm) compared to 'Etna’ (-0.977 mm) and 'Primosole’ (-0.950
mm).
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Figure 5.3 - Negative peak distance (mm) of arils and tegmen of Etna,
Primosole and Wonderful at full maturation. Data presented as means + (SE).
Different letters indicate significant differences (p-value <0.05)

5.3.3 Histological analysis

Three fruit portions were selected from the apical, median and
distal part of the fruit to evaluate the cuticle thickness. When the
three measurements were combined (Figure 5.4), the three varieties
showed statistically different cuticle thickness (p-value <0.05).

106



Chapter 5

16,00 a
T
14,00 B
12,00 b
o]
10,00
E 800
6,00
4,00
2,00
0,00
Wonderful Etna Primosole

Figure 5.4 - Pomegranate cuticle thickness of Wonderful, Etna and Primosole
at full maturation. Cuticle thickness measured in um. Data presented as means
+ (SE). Different letters indicate significant differences (p-value <0.05)

‘Wonderful’ and ‘Etna’ showing respectively the lowest (9.38
pm) and highest (14.64 um) value of cuticle thickness. However,
field observations highlighted that ‘Primosole’ in certain years was
susceptible to cracking suggesting, that cuticle thickness alone is not
strictly correlated to cracking. Cracking is in fact influenced by the
interaction of physiological, environmental, agronomic and
molecular factors among the others (Khadivi-Khub 2015; Santos et
al. 2023; La Spada et al. 2024).

To better understand the mechanisms of fruit cracking, a
histological analysis of the cuticle was carried out (Figure 5.5).
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Figure 5.5 - Pomegranate section 3 um — dye Sudan IV in red used to highlight
the cuticle. Section of the apical, median and basal embedded skin portion of A)
Wonderful B) Etna C) Primosole in JB4 resin. Scale bar 50 pm. Arrows
indicates where the cuticular invagination go deeper in the epidermal layer.

The histological analysis showed that both ‘Wonderful’ and
‘Etna’ present invaginations of the cuticle inside the epicarp, these
cuticular invagination can contribute to a greater resistance to the
stresses to which the fruit is subjected during the growth phases and
to the biotic and abiotic stresses. This evidence is supported by the
following works carried out on tomatoes by various authors (Matas
et al. 2004; Barraj Barraj et al. 2021; Benitez et al. 2021;
Fernandez-Mufioz, Heredia, and Dominguez 2022)

Antonio J. Matas et al. (2004), showed a positive existing
relation between the anatomic characteristics of tomato outer fruit
wall (cuticular membrane) and its mechanical properties. Barraj
Barraj et al. (2021) highlight the importance of cuticle density trait as
it can modulate cuticle thickness and invagination enhancing
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mechanical strength without loss in palatability and how strongly
linked are the QTLs for mass cuticle to thickness, invagination and
cuticle density.

Table 5.4 - Cuticle thickness (um) within the varieties. Data presented as means
+ (SE). Different letters indicate significant differences (p-value <0.05)

Etna Primosole Wonderful
Apical 13.78 £ (0.52) a 9.98+(0.64) a 10.03£(0.39) a
Median 15.64 + (0.53) a 11.72 £ (0.72) a 7.82+(0.66) b
Basal 1492 +£(0.97) a 11.14 £ (0.65) a 9.74 £ (0.68) ab

A comparison was carried out within the individual varieties to
verify whether the differences in cuticle thickness were significant;
the differences were significant only for ‘Wonderful’ (p-value
<0.05), the lowest value was in the median part of the fruit, data
shown in Table 5.4, instead for both ‘Primosole’ and ‘Etna’ the
cuticle thickness did not show significant differences. It is also
interesting to observe how both ‘Etna’ and ‘Primosole’ showed a
tendency to have higher values in the median part compared to both
the apical and basal parts which is the opposite of what was found in
‘Wonderful’.
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Figure 5.6 - Cuticle thickness (um) among the varieties: Etna in red, Primosole
in green and Wonderful in light blue related to the section of sampling: A
(apical), B (median), C (basal). Data presented as means + (SE). Different
letters indicate significant differences (p-value <0.05)

Subsequently, the difference in cuticle thickness between the
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apical, median and basal portions and between the varieties was
evaluated. In the apical section the highest value was found in Etna
(13.78 um) the difference with ‘Primosole’ (9.98 um) and
‘Wonderful’ (10.03 um) was significant (p-value <0.05) as shown in
Figure 5.6 A. In the median portion of the fruits a significant
difference was found between the varieties, the lowest value was
found in ‘Wonderful’ (7.82 pm) the intermediate value in
‘Primosole’ (11.72 pm), and the highest value is again confirmed in
‘Etna’ with the value of (15.64 pum) as shown in Figure 5.6 B, the
difference between the means was significant with (p-value <0.05).
As in the apical portion, also in the basal portion ‘Primosole’ (11.14
pm) and ‘Wonderful’ (9.74 pm) showed a non-significant difference
in cuticle thickness, on the other hand ‘Etna’ showed a significant
difference with both the other two varieties (p-value <0.05) with a
value of (14.92 um) as shown in Figure 5.6 C.

It is generally accepted that in pomegranates, larger fruits are
more prone to cracking, as reported by Kaur et al. (2024) and Saei et
al. (2014). However, in this study, was found that the "Wonderful'
cultivar, despite having a larger diameter, greater weight, and higher
tegmen hardness than the two local varieties, did not show
susceptibility to cracking in our environment. The invaginations
present on the cuticle of 'Wonderful' increase the surface area,
providing greater resistance to abiotic stress. In contrast, the
'Primosole’ variety, which is the most susceptible to cracking, has a
cuticle with smaller invaginations, making it more vulnerable.

5.4 Conclusion

This study provides a comprehensive analysis of the
morphological, textural, and cuticular characteristics of three
pomegranate cultivars 'Wonderful,' 'Etna,' and 'Primosole’ related to
fruit cracking. The results demonstrate that ‘Wonderful' cultivar,
showed larger size, greater weight, and higher tegmen hardness,
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compared to the local varieties, 'Etna’ and 'Primosole." The study
shows significant variations in the hardness and negative peak
distance (NPD) among the cultivars, with 'Wonderful' displaying
higher values, indicating greater internal cohesion and resistance to
compression, Etna’ and ‘Primosole,” which exhibited lower values of
hardness and NPD, may be more suitable for fresh consumption.
Fruit cracking resistance is likely attributed to the larger
invaginations in the cuticle in 'Wonderful', and 'Etna’ which increase
the surface area and enhance the fruit's ability to withstand abiotic
stress. Conversely, the 'Primosole’ variety, which has a cuticle with
fewer invaginations, in certain year can be more susceptible to fruit
cracking. The findings highlight the importance of cuticle
morphology and its role in determining fruit resilience against
stresses. Overall, this study underscores the complex interplay of
morphological traits in influencing the cracking susceptibility of
pomegranates.

Further studies are needed to better understand the chemical
characteristics and biophysics of pomegranate cuticle at different
developmental stages and in other autochthonous and international
varieties.
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6 General discussion and conclusions

Fruit cracking is a physiological disorder caused by many
factors, some of which can be controlled (e.g. temperature, relative
humidity) in a regulated or semi-regulated environment, others could
be forced in the direction of tolerance towards fruit cracking (i.e.
avoiding some technique that can reduce cuticle thickness, breeding
technique focused on cuticular traits such as cuticle thickness,
abiding deposition of the cuticle, bigger collenchyma cell, higher
cuticular invagination if present in the species); it is very interesting
that even if the symptomatology is the same (fruit exhibiting
fractures approaching the harvest stage) is not the same what happen
in the fruit due to the intrinsic characteristics of the species. With this
thesis have been possible to observe the cuticular characteristics of
table grapes both in well-known variety as ‘Italia’ and in recently
established hybrids, and in pomegranate in genotypes selected from
the sicilian germplasm such as ‘Etna’ and ‘Primosole’ and in
international one “Wonderful’.

Over the years, two main hypotheses have been proposed to
the scientific community, the critical turgor and the zipper model.
Both models emphasize the significant influence of environmental
and agronomic factors. The critical turgor hypothesis, first
investigated in grape (Vitis vinifera L.) and reported by Considine
and Kriedemann (1972), suggests that fruit cracking is caused by
moisture accumulation due to low evaporative demand. This issue
can be exacerbated by inadequate or poor pruning techniques,
leading to increased internal fruit pressure and subsequent cracking.
More recently, (Knoche 2019) introduced the zipper model,
developed in sweet cherries (Prunus avium L.). This model describes
how tension stresses in the fruit cuticle during ripening result in the
formation of microcracks, which can worsen with high relative
humidity and water deposition on the surface. These microcracks in
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the cuticle allow water uptake by the outer mesocarp cells, which
have a higher negative osmotic potential. The resulting cell bursting,
and leakage of malic acid led to plasmolysis of the skin cells, causing
cell wall swelling; Chang and Keller (2021) proposed that both the
critical turgor hypothesis and the zipper model could be considered
as complementary in explaining grape cracking.

The role of cuticular layer is fundamental for the plants to
interact with environment and also the occurrence of a failure in this
structure could lead to physiological disorder, as discussed in the 2nd
chapter. Environmental conditions have a pivotal role in fruit quality
and also in growth rate during developmental stages (Jiang et al.
2010), some authors have highlighted that the environmental factors
are able to modify the biophysical characteristics of the cuticular
layer (Matas et al. 2005; Dominguez, Heredia-Guerrero, and Heredia
2011; Singh, Shukla, and Meghwal 2020).

Consequentially also fruit cracking is influenced by the
environmental factors, and many authors have pointed out the
influence of the environmental field conditions in causing or
enhancing fruit cracking in various species: on mandarin ‘Nova’
(Aliviela et al. 1994), on pears (Choi et al. 2015, 2020; Seo, Sawant,
and Song 2022) , on pomegranates (EI-Rhman 2010), on sweet
cherries (Simon 2006) , on apricots (Gllsen et al. 1995) and on
grapes (Clarke et al. 2010).

The role of agronomic factors (i.e. balanced irrigation,
fertilization, use of innovative tools for precision farming, hybrids
with higher tolerance) as explained in the 2" chapter strongly
influence fruit cracking susceptibility. Fruit cracking can be caused
also by a deficiency of mineral nutrients as reported by Sheikh and
Manjula (2012), the pivotal role of calcium in fruit cracking
resistance have been found in various studies, (Yu etal. 2020) on
grapes, (Davarpanah et al. 2018) on pomegranates and in various
fruit crops ( Khadivi-Khub 2015; Fischer, et al. 2021). Not only the
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mineral nutrients have a strong influence on fruit cracking but also
PGRs (Plant growth regulators) as reported in apples by Ginzberg
and Stern (2016), Ginzberg et al. (2014),  Stern, Ben-Arie, and
Ginzberg (2013); it is essential to underline that the positive role of
PGRs depends greatly on the timing of application, on the
concentration of the treatment and on the species, all-inclusive
approach should be considered while facing a multi factors issue
such as fruit cracking.

Regarding agronomic factors influencing fruit cracking, in this
thesis some chemical compounds affecting cuticle thickness among
five stages of development (3" chapter) have been evaluated.

In the 4" chapter the differences among the investigated
varieties on the collenchyma cell layer, cuticular layer and its
depositional behavior, chemical and mechanical properties of the
isolated cuticle have been studied. In the 5 chapter the role of the
cuticular invagination in the increase of the tolerance to fruit
cracking have been investigated.

After a general overview, the following text explore the three
chapters focused on the experiments, providing an in-depth analysis
of the results and their implications.

The research presented in the 3" chapter offers valuable
insights into the mechanisms underlying fruit cracking in ‘Italia’
table grapes, focusing particularly on the role of cuticle thickness
during different developmental stages. The significant decrease in
cuticle thickness observed throughout the grape's growth and
ripening stages highlights a crucial factor contributing to the
susceptibility of grapes to cracking (Knoche and Lang 2017). This
observation underscores the importance of maintaining the structural
integrity of the cuticle to prevent fruit cracking and minimize
damage from various environmental stresses. The study explores
different treatments, particularly those involving calcium chloride
(CaCly), salicylic acid (SA), and Ascophyllum nodosum (AN),
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reveals the potential of these substances to modulate cuticle
thickness and, consequently, enhance the fruit's resistance to
cracking (Correia et al. 2015). The combination of CaCl, and AN
demonstrated a significant impact on maintaining or even increasing
cuticle thickness, suggesting that AN could play a critical role in
reinforcing the structural resilience of the grape cuticle. Interestingly,
has been also found that while salicylic acid showed potential
benefits in cuticle thickness as reported by Jiang et al. (2022),
particularly in treatments not combined with girdling, its effects were
more subtle compared to those of CaCl, and AN. The observed
benefits of CaCl, + SA in improving fruit firmness and increasing
bunch weight, especially when used in conjunction with girdling,
further emphasize the complex dynamics at play (Babalar et al. 2007;
Lo’ay and EL-Boray 2018; Shafiee, Taghavi, and Babalar 2010).

However, the lack of significant differences in the Texture Profile
Analysis (TPA) across treatments suggests that the concentrations
and application methods used in this study might not be sufficient to
produce marked changes in the textural properties of the grapes.

The 3" chapter also confirms the potential of the girdling to
enhance bunch weight, though the effects varied depending on the
specific treatment combinations and timing. This highlights the
importance of optimizing the girdling techniques in combination
with other treatments to achieve the desired outcomes in grape
production, it also identifies promising treatments that could be
further optimized to enhance fruit quality and resistance to cracking.

The two-year study (2021-2023) presented in the 4" chapter
focusing on newly established genotypes (A17-7, 018-91, M17-13,
P18-2, OPAS_1) and in the well-known “Italia’ variety has provided
critical insights to characterize the histological characteristics of the
collenchyma cells of table grape berries, the thickness of the cuticle
in relation to the development of the berries, the chemical and
mechanical characterization of the isolated cuticle from the berries.
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These findings are crucial in the context of reducing the incidence of
fruit cracking, a significant challenge in table grape production
(Butani et al. 2019; Wang et al. 2021). By thoroughly characterizing
the genotypes over the course of the study, key traits influencing
tolerance to fruit cracking have been identified, laying the
groundwork for the development of more resilient grape varieties.

A significant discovery from this research is the role of cuticle
characteristics that may help in mitigate fruit cracking. Specifically,
increased cuticle deposition during the development from fruit set
(BBCHT71) to the fruit growth stages (BBCH81), the presence of
larger collenchyma cells, and a higher content of epi- and intra-
cuticular waxes have emerged as critical factors in enhancing
tolerance to cracking (Pereira et al. 2020). These findings align with
the broader understanding of plant physiology, where the physical
and chemical properties of the cuticle play a protective role against
environmental stresses.

The OPAS 1 genotype, in particular, has shown promising
characteristics that make it a potential candidate for further
development as a table grape variety with improved fruit cracking
tolerance. Its ability to withstand cracking better than other
genotypes studied, highlights the potential for selective breeding
programs to focus on these key traits. Such programs could lead to
the introduction of new varieties that are more resilient in the face of
the climatic challenges that increasingly affect grape production.

The samples of OPAS 1 during the first year of trial
underwent Transmission Electron Microscopy (TEM) analysis. The
samples were embedded using the protocol outlined by Segado,
Dominguez, and Heredia (2016) and subsequently encased in beem
capsules until they reached full solidification. Thereafter, the samples
were sectioned with a glass blade to a thickness of 50 um using an
ultramicrotome (Leica EM UC7) and they were analysed utilizing
the JEOL JEM-1400 TEM with an 80-kV acceleration voltage,
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nickel-Formvar-coated grids were employed for observation. Figure
1 showed the TEM analysis of OPAS_1 genotype from the BBCH71
stage up to the BBCHB81 stage.

A
B SN [FIa—

Figure 6.1 - Transmission Electron microscopy images OPAS_1 at three
phenological stages a) BBCH71, b) BBCH75, ¢) BBCH81 - Scale bar 2 um

As noted by Casado and Heredia (2001), in Figure 6.1a, the
outermost zone is identifiable as the epicuticular waxes (red arrow).
The cuticle is distinguishable with the arrows in yellow and blue,
exhibiting distinct areas of electro-density. Additionally, three
distinct ridges are underlined with the green arrow. Cell wall in all
three images is indicated by a black arrow. In Figure 6.1b,
phenological stages BBCH75, the epicuticular waxes have formed a
continuous layer above the cuticle. While some ridges are detectible,
they are less pronounced compared to the previous phase; a region of
reticulated cuticle is visible (blue arrow), and an amorphous region
can be observed (yellow arrow), according to Casado and Heredia
(2001), in Figure 6.1c, the epicuticular waxes (red arrow) have
created a thick, continuous layer above the cuticle, which, based on
the different electro-densities, can be divided into secondary cuticle
(yellow arrow), and primary cuticle (blue arrow) (Casado and
Heredia 2001) suggesting a continuous cuticle deposition through all
stages of development as reported in 4™ chapter where in both years
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of trial on OPAS_1 the cuticle thickness has shown an increasing
trend from BBCH71 to BBCH81.

This study confirms in the two years of trial that
morphological parameters such as area and perimeter of the cells
have a pivotal role in the structural integrity of the fruits along with
the cuticular depositional behavior and its chemical and mechanical
properties; also, it has successfully identified negative critical traits
associated with cracking tolerance in A17-7 and positive traits in
OPAS 1.

The complex interplay among environmental factors and the
morphometrical, chemical and mechanical properties of the grape
cuticle suggests that the tolerance to cracking may vary under
different climatic conditions due to modification of the mechanical
properties in the cuticle (Matas et al. 2005). The promising results
for the OPAS_1 genotype underscore the potential for targeted
breeding efforts to produce varieties that can better withstand
environmental stresses, ultimately contributing to more sustainable
grape production.

The 5" chapter sheds light on the intricate relationship among
morphological traits of the pomegranate whole fruit, of the aril and
of the tegmen pointing particular attention on those characteristic
related to the cuticular layer (thickness and invagination), and the
susceptibility to fruit cracking (Singh et al. 2020) in three distinct
pomegranate (Punica granatum L.) cultivars in the Mediterranean
basin: 'Wonderful,' 'Etna," and 'Primosole’. The findings reveal that
these cultivars exhibit significant differences in their cuticular
structural attributes, which seems to play a crucial role in
determining their resilience against cracking.

A key factor identified in the morphology of the pomegranate
cuticle, is the presence of cuticular invaginations, which appear to
play a critical role in enhancing the fruit's resistance to cracking
(Fernandez-Muiioz, et al. 2022).
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The 'Etna’ wvariety which possess more pronounced
invaginations in its cuticle and “Wonderful' cultivar with slightly less
pronounced invaginations, manifested greater resilience to fruit
cracking, these structural features likely increase the surface area of
the cuticle, enabling the fruit to better distribute and absorb stress,
thereby reducing the likelihood of cracking under abiotic pressures.
On the other hand, the 'Primosole’ variety, with fewer cuticular
invaginations, emerges as the most susceptible to cracking. This
finding suggests that the absence of these morphological features
(e.g. cuticular invagination) leaves the fruit more vulnerable to
environmental stresses that can lead to fruit cracking. The study
underscores the complex interplay of various morphological traits in
influencing the susceptibility of pomegranate fruits to cracking.
While factors like fruit size, tegmen hardness, and cuticle
morphology are highlighted, it is evident that these traits do not act
in isolation but rather work in synergy to determine the overall
resilience of the fruit. Regarding the morphological characteristics of
these varieties, the "Wonderful' cultivar stands out with its larger fruit
size, greater weight, and notably higher tegmen hardness compared
to the local varieties 'Etna’ and 'Primosole.’ The textural properties of
both arils and tegmen have seen “‘Wonderful” manifesting the higher
values among the selected varieties both between hardness (N) and
negative peak distance (mm) indicating a strong internal cohesion.

In conclusion, the results of this thesis demonstrate that the
application of certain compounds, such as calcium chloride, A.
nodosum, and salicylic acid, at specific stages of grape development
can effectively increase cuticle thickness; moreover future research
should focus on the independent effects of salicylic acid and A.
nodosum at various concentrations and application timings, without
the effects of calcium chloride and girdling, to fully elucidate their
roles in cuticle reinforcement and overall fruit resilience. Other
findings of this thesis offer valuable insights into the development of
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new table grape varieties with enhanced cracking tolerance.

The identification both in table grape of key morphometric,
chemical, and mechanical characteristics provides a solid foundation
for breeding programs aimed at improving the resilience of fruit
sector. Therefore, future research in table grape should focus on
evaluating these and other genotypes under controlled environmental
conditions, such as in climate chambers. By doing so, it would be
possible to precisely determine the thresholds of temperature and
humidity that increase the susceptibility of table grapes to cracking
and to develop practical guidelines to minimize the risk of fruit
cracking in controlled and semi-controlled environments.

Regarding pomegranate, investigating the complex interplay
among morphological characteristics, cuticular invaginations and
cracking susceptibility in a broader range of cultivars and species,
including both autochthonous and international varieties, could
provide a more comprehensive understanding of the mechanisms
underlying fruit cracking resistance. Such knowledge would be
helpful in developing targeted strategies for improving fruit quality
and extending shelf life, ultimately benefiting both growers and
consumers. Moreover, the results emphasize the importance of
cultivar selection in pomegranate breeding programs aimed at
reducing fruit cracking, a significant quality issue that affects
marketability and consumer satisfaction.

The identification of traits associated with enhanced resistance
provides valuable insights for breeders to develop new cultivars with
improved durability, further research in pomegranate should focus on
the evaluation of the chemical and mechanical traits of the isolated
cuticle.

Fruit cracking is a physiological disorder caused by many
factors, but a holistic approach based on smart agriculture, balanced
fertilization with proper timing regarding the phenological stages,
correct application of the plant growth regulators, management of
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climatic factors and improved breeding programs focused on
morphological, chemical and mechanical traits associated with fruit
cracking tolerance will indeed improve the overall fruit cracking
tolerance.
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7 Annexes: Scientific Curriculum

7.1 Research and Professional Experience
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project: “Pre-harvest operations to improve quality of
Mediterranean fruit production”. Under the supervision of
Prof. Alessandra Gentile and Prof. Alberto Continella.
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e 2017 Training internship at Tomatrio high-tech
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e 2017 Training course on optical microscopy,
stereoscopy and inherent image detection of main
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pathogenic fungi of horticultural crops held by Dr
Minuto — CeRSAA Albenga (SV).
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environment— held by professor Ep Heuvelink and
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e 2013-2015 Master’s degree in Agricultural Science
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7.4 Scientific contributions
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in Table Grape cv. ‘ltalia’ Using Pre-Harvest Treatments.
Plants 2024, 13, 2400.
https://doi.org/10.3390/plants13172400

e La Spada P.; Dominguez E.; Continella A.; Heredia A
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environmental and agronomic perspective. Front. Plant Sci.
15:1343452. https://doi: 10.3389/fpls.2024.1343452

e Vanella, D.; Consoli, S.; Continella, A.; Chinnici, G,
Milani, M.; Cirelli, G.L.; D’Amico, M.; Maesano, G.;
Gentile, A.; La Spada, P.; et al. Environmental and Agro-
Economic Sustainability of Olive Orchards Irrigated with
Reclaimed Water under Deficit Irrigation. Sustainability
2023, 15, 15101. https://doi.org/10.3390/su152015101

7.4.2 Conference proceedings

X1l Giornate Scientifiche SOl Catania, 22-23
June 2021

Influenza dei portinnesti sui metaboliti secondari e sul potenziale
antiossidante dell’arancia rossa Tarocco Sciré (poster presentation)
Modica G.}, Di Guardo M.1, La Malfa S.%, Gentile A, Pulvirenti L.2, La
Spada P.%, Parafati L., Ruberto G.?, Siracusa L.2, Continella A.
giulia.modica@unict.it

! Dipartimento di Agricoltura, Alimentazione e Ambiente (Universita di
Catania, Via Valdisavoia 5, 95123 Catania, Italia)
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2|stituto di Chimica Biomolecolare del CNR, sede secondaria di Catania,
Via P. Gaifami 18- 95126 Catania, ltalia

Abstract:

Gli agrumi sono particolarmente apprezzati per I'elevata qualita dei frutti da
un punto di vista organolettico e nutraceutico. La composizione dei
metaboliti primari e secondari pud variare in relazione a diversi fattori
biotici ed abiotici, incluso il portinnesto. La selezione del soggetto é
determinante nella moderna agrumicoltura poiché, oltre a conferire
caratteristiche agronomiche vantaggiose, pudé modulare i tratti organolettici
e nutrizionali dei frutti. Tale aspetto assume una connotazione rilevante in
caso di combinazione con le cultivar di arancia rossa, caratterizzate dalla
presenza di antocianine e di altri polifenoli.

Nel presente lavoro si € eseguita una valutazione biennale (2017 e 2018) dei
cambiamenti del profilo dei metaboliti secondari e dell'attivita antiossidante
dell'arancia pigmentata Tarocco Sciré in funzione di diversi portinnesti. |
soggetti utilizzati sono: citrange Carrizo, Troyer e C35, citrumelo Swingle,
a confronto con Bitters, Carpenter, Furr, F6P12 e F6P13 rilasciati di
recente. A maturazione nei frutti delle diverse combinazioni sono stati
individuati e quantificati le tipologie di flavonoidi (antocianine, flavanoni,
flavoni) e di acidi idrossicinnamici tramite le analisi effettuate con
HPLC/DAD e HPLC/ESUMS. L'attivita antiossidante € stata valutata
tramite i saggi ABTS* e DPPHe,

Dai risultati € emerso il ruolo determinante svolto dal portinnesto nel
modulare il contenuto totale dei metaboliti secondari e dell'attivita
antiossidante. Per quanto concerne il profilo antocianico, C35 ha
determinato un aumento significativo di pigmentazione del succo rispetto
alle altre combinazioni analizzate, seguito da Furr e Bitters. Si € inoltre
rilevato che gli antociani, nello specifico i derivati della delfinidina e della
peonidina, hanno mostrato lo stesso pattern nei diversi genotipi analizzati.
Un trend differente, invece, € stato osservato per i composti derivati dalla
cianidina, facendo emergere il ruolo del por- tinnesto nell'accumulo delle
singole antocianine. Inoltre, dalle analisi dei singoli metaboliti, si €
riscontrata una forte influenza del portinnesto per tutti i flavonoidi
contenenti l'eriodictiolo (eriocitrina, neoeriocitrina, esperidina), mentre la
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vitexina & risultato il metabolita meno influenzato dal soggetto. Per quanto
concerne gli acidi idrossicinnamici non sono state osservate differenze tra i
portinnesti.

Il contenuto totale di antocianine, il cui accumulo & legato alle basse
temperature, ha mostrato differenze significative nei due anni imputabili ad
un diverso quantitativo di ore in freddo. Nel secondo anno, in cui si sono
registrate temperature meno rigide durante l'inverno, si & osservato un
significativo calo dell'accumulo di antociani, massimo per il C35 (-87,7%) e
minimo per F6P12 (-39,8%).

Parole chiave: portinnesti, polifenoli, acidi idrossicinnamici, antocianine,
arancia pigmentata.

Organic Horticulture Symposium (111
International Organic fruit symposium and |
Organic Vegetable symposium) 2020, 14-16
December 2021, Catania, Italy

Manipulating fruit susceptibility for the sustainable control of
Drosophila suzukii in organic grapevine (poster presentation)

Paolo La Spada'*, Fabrizio Lisi?, Carmelo Cavallaro?, Antonio Biondi?,
Alberto Continella,

*(presenting author) * paolo.laspada@phd.unict.it

! Dipartimento di Agricoltura, Alimentazione e Ambiente (Universita di
Catania, Via Valdisavoia 5, 95123 Catania, Italy)

2 Dipartimento di Agricoltura, Alimentazione e Ambiente (Universita di
Catania, Via Santa Sofia, 100, 95100 Catania, Italy

Abstract:

Mount Etna is characterized by a highly diverse landscape that is
particularly rich in wild and agricultural biodiversity. There, wine industry
stands out with a production of excellence and high value. Since 2012, the

138


mailto:paolo.laspada@phd.unict.it

7 Annexes

invasive fruit fly Drosophila suzukii (Matsumura), has been detected in
Sicily (Italy) and, in the Mount Etna area, it can cause economic damage to
several soft-skinned fruits, such as cherry and strawberry. Grapevine is a
well-known host for D. suzukii that, due to the oviposition into ripe grape
berries, can promote the spread of fungi and bacteria, such as acid rot which
can compromise the quality of the wine. The pressure of such pest prompts
the development of sustainable integrated pest management tools especially
for organic farming. In this framework, we aimed to evaluate, via laboratory
bioassays and field observations, (i) the role of foliar calcium sprays in
hardening the skin of the berry and their influence in the susceptibility to D.
suzukii oviposition; (ii) the intrinsic susceptibility to the attack by this pest
of some autochthonous grapevine cultivars widely spread in the Mount Etna
area; (iii) the potential correlation between the texture analysis and the
qualitative characteristics of the berries with the susceptibility to the pest.
The preliminary results suggest a significant effect on the fruit hardening of
the calcium treatments and a consistent correlation with the oviposition rate.

Keywords: Spotted Wing Drosophila — Integrated Pest Management —
Wine - Mount Etna - Calcium— Fruit skin.

10TH SHELF LIFE INTERNATIONAL
MEETING BOGOTA, COLOMBIA NOVEMBER
28TH - DECEMBER 1ST 2022

Shelf life assessment of sweet cherry “Ciliegia dell’Etna — cv.
Mastrantonio” influenced by different packaging materials (poster
presentation)

Valeria Rizzo', Paolo La Spada!, Alberto Continella!, Salvatore
Barbagallo®, Giuseppe Muratore?

Dipartimento Agricoltura, Alimentazione e Ambiente, University of
Catania, Via S. Sofia 100, 95123 Catania, Italy

*Corresponding author: vrizzo@unict.it
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Abstract:

‘Mastrantonio’ sweet cherry fruit, growing along the slopes of volcano
Etna, is specifically included in the disciplinary for the use of the “Ciliegia
dell’Etna” DOP trademark. The fruit of this cultivar is well known and
appreciated by consumers for its specific characteristics: medium-large size,
dark red skin, and very pleasant pulp. A shelf life study was done to
compare the performance of different polymeric

materials to prolong the shelf life to export this excellent product from
Sicily to all over the European countries saving its qualitative
characteristics. In particular, the following materials were compared: trays
in Recycled and Recyclable Polyethylene Terephthalate (RPET), a
coextruded PP with a final OTR value of 38800 cc/m? thereafter identified
as (OTR); a biodegradable film based on high barrier cellulose

(BIO); furthermore, as control, a sample was packaged in macro-perforated
film (MACRO) in PP. The study was conducted in cold storage at + 4 +
0.5°C, and the parameters observed were: weight loss, color intensity and
AE, anthocyanin content (mg/L) and antioxidant activity (%). Only
statistically significant results will be discussed in detail. The Consortium
kindly provided us high quality fruit, that at chilled temperature gained 18
days of storage. According to our results, cherries stored in RPET trays
proved to be the best from the visual point of view of color; samples packed
in BIO showed good conservation; as expected the first rot appeared already
after 7 days in samples packaged in MACRO. The OTR as known is
probably the best choice, it was able to keep a good quality of the product,
but its polymeric composition will be limiting the future market opportunity
due to sustainable topics. After 18 days, anthocyanin content was better
preserved in sample packaged in RPET and BIO. In conclusion we can
affirm that the postharvest period of sweet cherry significantly depends by
the packaging used, as well as by the quality of the starting cherry fruits.

Keywords: sustainability, biodegradable, recyclable, quality, freshness
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X1V Giornate Scientifiche SOl Torino, 21-22 June
2023

Effetti del portinnesto sulle caratteristiche pomologiche,
qualitative e nutraceutiche dei frutti di due varieta di ciliegio
dolce (graphical abstract)

Paolo La Spada!, Giulia Modica®, Laura Siracusa?, Tonia Strano?,
Alessandra Gentile!, Alberto Continella®

Dipartimento di  Agricoltura, Alimentazione e Ambiente (Di3A),
Universita degli studi di Catania, Catania

?Istituto di Chimica Biomolecolare del CNR, sede secondaria di Catania,
Catania

* paolo.laspada@phd.unict.it

Abstract:

Il ciliegio dolce (Prunus avium L.), appartenente alla famiglia delle
Rosaceae, € presente sulle pendici del vulcano Etna almeno sin dal XVII
secolo, dove ancora oggi caratterizza il paesaggio di alcuni versanti del
massiccio etneo. Il ruolo del portinnesto nel rinnovamento della
cerasicoltura etnea & di assoluta rilevanza al fine di rendere
economicamente sostenibile i costi di raccolta e di gestione agronomica
della coltura, ma poco si & indagato sugli aspetti organolettici e nutraceutici
in relazione al soggetto.

In questo lavoro si riporta I’effetto di due portinnesti, il franco e il SL64
sulle caratteristiche dei frutti di due varieta largamente coltivate sul Monte
Etna, la Bigarreau Burlat C1 e la Mastrantonio, unica varieta presente nel
disciplinare della DOP Ciliegia dell’Etna. Sono stati esaminati i parametri
carpometrici, organolettici, chimici e di texture. Le analisi sono state
effettuate in due anni (2021 e 2022) nell’ambito di un progetto finanziato
dal PSR Sicilia, Misura 16.1 dal titolo “Innovazioni sostenibili per il
miglioramento della DOP Ciliegia dell’Etna”. | parametri carpometrici di
maggiore interesse sono il diametro massimo del frutto e il peso: & stata
riscontrata una differenza di pezzatura esclusivamente nel caso di Bigarreau
Burlat C1, in cui il soggetto clonale ha determinato un aumento del
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diametro e del peso dei frutti. Tra i parametri chimici il contenuto di solidi
solubili totali & aumentato nella combinazione Bigarreau Burlat C1 con il
portinnesto SL64, mentre nella Mastrantonio non si sono riscontrate
differenze. Sono state effettuate altresi analisi della texture dei frutti; nella
Mastrantonio innestata su SL64 si & osservata una maggiore consistenza
rispetto ai frutti in combinazione con franco, mentre la Bigarreau Burlat C1
non manifesta cambiamenti significativi. Un’approfondita analisi di TPA
(Texture profile analysis) ha fatto registrare differenze significative tra le
tesi, in particolar modo per la croccantezza, caratteristica peculiare della
Mastrantonio. Infine, sono state eseguite le analisi per la caratterizzazione
dei polifenoli mediante cromatografia liquida e della capacita antiossidante.
Tale studio approfondisce I’influenza del portinnesto sulle principali
caratteristiche del frutto di ciliegia, evidenziandone il ruolo nel modificare
alcune peculiarita pomologiche e nutraceutiche.

Parole chiave: Prunus avium L., portinnesto, TPA

Effetto delle tecniche di irrigazione deficitaria e dell’uso di acque
reflue sulle caratteristiche produttive e qualitative in olivo
(graphical abstract)

Francesco Scollo'®, Paolo La Spada!, Carmen Montemagno?!, Giulia
Modica!, Laura Siracusa?, Tonia Strano?, Mirco Milanit, Daniela Vanella?,
Salvatore Barbagallo?, Alessandra Gentile!, Alberto Continella®

!Dipartimento di Agricoltura, Alimentazione e Ambiente (Di3A),Universita
degli studi di Catania, via Valdisavoia 5, 95123, Catania, Italia

2Istituto di Chimica Biomolecolare del CNR, sede secondaria di Catania,
Via P. Gaifami, 18, 95126, Catania, Italy

* francesco.scollo@unict.it

Abstract:

Il cambiamento climatico in corso comporta I’esigenza di modificare anche
i metodi di produzione e le buone prassi agricole in diverse colture; in
particolare, I’olivicoltura del bacino del Mediterraneo si sta adeguando
mediante I’utilizzo di tecniche di irrigazione deficitaria al fine di ottenere un
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risparmio idrico e produzioni con elevate qualita organolettiche e
nutraceutiche. Numerosi studi sono stati svolti per valutare gli effetti del
deficit idrico controllato sulla produttivita delle piante, sul tasso di crescita
dei frutti, sulla fenologia di maturazione, sull’accumulo di lipidi nei vacuoli
e sulle caratteristiche qualitative degli oli.

Il presente lavoro si pone I’obiettivo di valutare la risposta quali quantitativa
di piante adulte di olivo di due varieta autoctone siciliane (Nocellara Etnea e
San Benedetto) e di valutare I’effetto di livelli di irrigazione deficitaria
anche con I’utilizzo di acque reflue.

L attivita sperimentale & stata condotta nell’oliveto dell’azienda agrituristica
Valle dei Margi, Grammichele (CT), in due anni consecutivi 2020 e 2021.
L’azienda € dotata di un impianto di fitodepurazione delle acque nere
provenienti dalle attivita di pernottamento e di ristorazione.

Nel 2020 sono state confrontate tre tesi, T1 con restituzione del 100% di
evapotraspirazione colturale (ETc), T2 con restituzione dell’80% dell’ETc e
T3 con irrigazione alternata settimanalmente al 100 ed al 50% dell’ETc con
acque chiare, mentre nel 2021 sono state aggiunte altre tre tesi in cui si &
utilizzata I’acqua reflua ottenuta dalla fitodepurazione.

Durante le due stagioni vegetative sono stati rilevati alcuni parametri
morfologici della pianta e dei frutti; il livello di stress idrico delle piante €
stato analizzato mediante potenziale idrico fogliare, la risposta delle piante
agli input irrigui & stata misurata tramite rilevazione degli scambi gassosi.
Inoltre, e stata quantificata la produzione per pianta e la resa in olio. Infine,
sono state effettuate analisi dell’olio delle diverse tesi mediante gas-
cromatografia per valutare la composizione acidica in funzione delle

diverse tecniche di irrigazione utilizzate.

I risultati hanno evidenziato che riduzioni del fabbisogno irriguo colturale
pari al 20% non hanno determinato effetti negativi sui parametri vegeto-
produttivi e qualitativi dei frutti.

Suscettibilita al cracking dei frutti di uva da tavola: analisi delle
caratteristiche morfometriche della cuticola e delle cellule
dell’epicarpo (oral presentation)

Paolo La Spada'”, Eva Dominguez Carmona?, Antonio Heredia Bayona®,
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Francesco Scollo?, Desiree Porrello!, Mario Rapisardal, Elisabetta
Nicolosit, Alessandra Gentile!, Alberto Continellat

! Dipartimento Agricoltura Alimentazione e Ambiente (Di3A) - Universita
degli Studi di Catania, Catania

2 Instituto de Hortofruticultura Subtropical y Mediterranea La Mayora,
Universidad de Malaga - Consejo Superior de Investigaciones Cientificas,
Departamento de Mejora Genética y Biotecnologia, Estacion Experimental
La Mayora, Algarrobo-Costa, Malaga, (Spagna)

3 Instituto de Hortofruticultura Subtropical y Mediterranea La Mayora,
Universidad de Malaga - Consejo Superior de Investigaciones Cientificas,
Departamento de Biologia Molecular y Bioquimica, Universidad de
Malaga, Méalaga (Spagna)

* paolo.laspada@phd.unict.it

Abstract:

Il cambiamento climatico ha determinato un aumento di eventi
meteorologici estremi con maggiore frequenza di intense precipitazioni e di
sbalzi termici improvvisi e prolungati. Questi eventi estremi possono
compromettere la frutticoltura mediterranea anche aumentando i danni
causati dagli agenti abiotici.

L’uva da tavola (Vitis vinifera L.) & una delle colture maggiormente
coltivate nel bacino del mediterraneo, il cui prodotto spesso € deprezzato a
causa di patologie e fisiopatie. Tra queste il cracking dei frutti,
particolarmente grave in alcune annate, rappresenta una fisiopatia
determinata da diversi fattori (genetici, biochimici, anatomici ed ambientali)
i cui meccanismi di azione non sono del tutto chiari.

A tal fine, lo studio della membrana cuticolare dei frutti, dello strato piu
superficiale delle cellule dell’epicarpo e dell’interazione tra la membrana
cuticolare e I’ambiente rappresenta uno strumento per comprendere il
diverso livello di sensibilita alla spaccatura di diversi genotipi.

Lo scopo di questo lavoro é stato quello di analizzare lo spessore e le
caratteristiche della cuticola, nonché le caratteristiche morfometriche della
polpa dei frutti di alcuni nuovi ibridi di uva da tavola e della varieta Italia,
dall’allegagione (BCCH71) allo stadio di frutto maturo (BCCH89), in un
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campo di valutazione varietale nel territorio di Mazzarrone (CT). Sono state
effettuate delle indagini istologiche mediante sezioni di frutto incluse in
resina e colorate con Sudan IV per evidenziare la cuticola. Le osservazioni
al microscopio ottico hanno fatto emergere differenze morfologiche tra le
varietd esaminate.

Dalle analisi preliminari delle sezioni dei frutti completamente maturi
(BCCHB89) si & evidenziato che la presenza di cellule aventi forma
allungata, a diretto contatto con la cuticola, sembrano favorire Ia
suscettibilita al cracking dei frutti, unitamente ad un minore spessore della
cuticola stessa.

Diversamente, gli ibridi che hanno avuto la migliore resistenza al cracking
in campo presentano cellule di maggiore dimensione e con forma
rotondeggiante, proprieta che sembrano favorire una maggiore resistenza
alla rottura del frutto.

La caratterizzazione morfometrica, basata sulla fenotipizzazione della
cuticola e delle cellule dell’epicarpo che possono conferire maggiore
resistenza strutturale al frutto, € uno strumento utile sia per la scelta di
parentali da utilizzare nei programmi di miglioramento genetico che per la
valutazione di nuovi genotipi.

Parole chiave: Vitis vinifera, cracking, spaccatura, istologia

7.4.3  Other papers

o “ll ciliegio dell’Etna” ISSN 2038-5854, Alessandra Gentile,
Salvatore Barbagallo, Giuseppe Cirelli, Simona Consoli,
Alberto Continella, Stefano La Malfa, Paolo La Spada,
Giuseppe Muratore, Valeria Rizzo

e Caratteristiche qualitative delle ciliegie Mastrantonio e dei
prodotti derivati” La Spada P., Muratore G., Rizzo V., Book
chapter in “Innovazioni sostenibili per il miglioramento della
ciliegia dell’Etna” ISSN 2038-5854

e “Varieta e portinnesti per la cerasicoltura etnea: realta e
prospettive” Continella A., Gentile A., La Spada P., Book
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chapter in “Innovazioni sostenibili per il miglioramento della
ciliegia dell’Etna” ISSN 2038-5854

7.5 Attended Congress/Workshops/Meetings

Organic Horticulture Symposium (111 International
Organic fruit symposium and | Organic Vegetable
symposium )2020 14-16 December 2021, Catania, Italy
International Spring School - International Cherry -
Symposium (2-3 May 2022) in Bertinoro (FC)
“L’evoluzione della frutticoltura tropicale e subtropicale
in ambiente mediterraneo” (6 May 2022) - Department of
Agricultural, Food and Environmental Sciences (University
of Catania)

“Stato dell’arte e interventi per la prevenzione
dell’introduzione e della diffusione di HLB in Italia” (9
May 2022) Department of Agricultural, Food and
Environmental Sciences (University of Catania)

4th Joint Meeting of Agriculture-oriented PhD Programs
UniCT, UniFG and UniUd, 03-07 October 2022, Paluzza
(UD) (ltaly).

X1V Giornate Scientifiche SOI Torino, 21-22 giugno 2023
5th Joint Meeting of Agriculture-oriented PhD Programs
UniCT, UniFG and UniUd, 25-28 September 2023, Catania
(ltaly)

“Strategie per la valorizzazione della mandorlicoltura
siciliana” 21 December 2023, Department of Agricultural,
Food and Environmental Sciences (University of Catania)
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7 Annexes

Itinerant photographic exhibition “The invisible
unveiled” sponsored by the Eunice University Alliance,
with an image obtained with TEM (transmission electron
microscope) technology with the title “The hidden artwork of
fruits”.

7.6 Attended Courses

Introduction to a literature review process: overview,
guidelines and visual exploration with software (8 hrs)-
held by the professors: Spina and Chinnici (June 9" and
June 13" 2023).

Scientific publishing in the peer review era 4hrs — held by
the professors: Biondi and Ricupero (June 27" 2023)

CAD and GIS for sustainable agriculture 15hrs — held by
professors: Arcidiacono and Provvidenza D’Urso (4"-51-
6" of June 2023).

ICT for participatory methods, citizen science &
disseminating research 15hrs — held by the professor
Graziano (10" — 111" — 121" June 2023).

Managing biological data with R (February the 22" -
March the 4" 2022) 40 hours course held by professor
Mario Di Guardo- Department of Agricultural, Food and
Environmental Sciences (University of Catania)

Corso di Analisi Statistica di Base, held by Prof. Corrado
Dimauro and Dr Alberto Cesarani (16 hrs) University of
Catania 19" - 23" September 2022

7.7 Thesis co-mentoring

Giuseppe Pafumi — “Innovazioni agronomiche in ambiente

mediterraneo per la cerasicoltura”, master’s degree in food sciences
and technologies, Department of Agriculture, Food and Environment
(Di3A), University of Catania.
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