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Abstract

Olive (Olea europaea L.) is one of the most important fruit trees of the Mediterranean region
with an enormous economic, ecosystemic and environmental value and its growth and
development are mainly affected by atmospheric conditions. In recent years, with the
scenario of climate change, this species is being strongly exposed to thermal and hydric
stresses during the growing season, mostly during summer. The changes in temperature
and precipitation can negatively influence: the flower biology, the production, and quality
of drupes and oil. For this reason, it is essential to adopt agronomic practices that allow
better adaptability for drought and high temperatures. Among the traditional agronomic
techniques to mitigate the effects of climate changes on plants there are soil management
techniques which aim at containing water losses like the controlled water deficit techniques
which lead to saving water resources. Over the past decade the application of biostimulants
and anti-transpirants products as a sustainable practice to mitigate the negative impact of
environmental stresses and to ameliorate or maintain plant productivity has become

increasingly widespread.

The first aim of this research was to investigate the effects of different biostimulants classes
like: Trichoderma, Micro-Algae, Seaweed and Glycine betaine (Chapter 2), and two anti-
transpirants products such as Kaolin and Pinolene (Chapter 3) in order to mitigate the
damages of high temperature and water stress conditions on young olive plants growing
in greenhouse conditions. Subsequently, based on the results obtained in the two
preliminary studies (mentioned above), we tested some of the pervious biostimulants in
open field conditions to observe their effects on the quantitative-qualitative parameters of

the drupes and oil of a native Campania cultivar "Racioppella” (Chapter 4).

The results obtained from these studies have shown the efficiency in the use of biostimulants
and anti-transpirant products in improving biometric parameters of young olive trees, and

qualitative and quantitative parameters of drupes and oil, in particular they improved
1
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fundamental parameters that determine the consumer satisfaction, as well as their

antioxidant capacity and nutraceutical potential.

The imminent climate changes in the Mediterranean areas, are rising concerns not only for
gradual warming but also for extreme variations of seasonal temperatures. In fact,
excessively hot springs influence the floral biology of plants, from the development of floral
organs to pollination. Other solutions to mitigate climate changes consist in the selection of
cultivars resistant or tolerant to high temperatures conditions during flowering and to

clarify the physiological processes involved in heat-stress responses.

A second aim of this study was to highlight possible differences among different olive
cultivars in the time-course response of pollen viability to different combination of
temperature and humidity treatments. We used pollen from 12 olive cultivars belonging to
germplasm of the Campania region in Southern Italy and growing in the same site (Chapter
5). Most of the olive cultivars showed a significant decrease of pollen viability already after
24 h incubation under 36 °C and 100% RH. In a current scenario of climate change, it is
critical to evaluate the effect of temperature on reproductive traits to predict the future
impact of global warming on crop yield. Based on our results the cultivar that showed
greater tolerance to extreme temperatures and humidity was “Biancolilla”, which could be

used to survive in extreme environmental conditions.

Altogether, results obtained in this thesis provide novel sustainable solutions to ameliorate
and increase the yield of olive trees and the quality of their products,oil and drupes, under

unfavorable environmental conditions.
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Chapter 1. General introduction

Olive (Olea europaea L.) is a typical and widespread tree of the Mediterranean region, where
its cultivation started in the third millennium B.C. [1]. The introduction of olive cultivation
coincided with the expansion of the Mediterranean civilizations, and the olive has been used
widely in traditional remedies in European Mediterranean islands and countries such as
Spain, Italy, France, Greece, Israel, Morocco, Tunisia, and Turkey. Moreover, there are at
least nine biblical references citing the medicinal use of the plant in ancient times. Apart
from the Mediterranean region, the plant is also cultivated widely in the Arabian Peninsula,

the Indian subcontinent, and Asia [2].

This perennial and evergreen tree has a strong socio-economic importance for many
southern European countries, which encompass 80% of the worldwide olive tree area (and
produce roughly 95% of the world olive oil supply [3]. Olive production is concentrated in
the Mediterranean-type climatic regions of Southern Europe, particularly Spain (53%), Italy

(24%), Greece (15%) and Portugal (7%) (Fig. 1).

(Fraga et al. 2019)
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Figure 1. Olive orchard distribution in Europe. The different colour represents country yields
according to FAO statistics.
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The olive has significant phenotypic and and genetic variability [4,5]. Factors that have
limited genetic erosion and favored the preservation of genetic diversity include its
longevity, a limited selection pressure, and the fact that the replacement with new
genotypes was not frequently practiced in the past [6]. At present more than 600 varieties
are known, not to mention synonymies and homonymies, which would increase the number
to almost 1300 varieties [7]. It is well known that, among countries that cultivate the olive
tree, Italy has the richest germplasm in terms of number of varieties (several hundred), and
this number is certainly destined to increase as molecular analysis will be extended, not only
to the ex situ collection [8], but also to ancient varieties cultivated locally for centuries by
farmers. Amongst the Italian regions, where cultivation of the olive tree is widely practiced,
Campania has one of the largest germplasm collections. In a recent study, Muzzalupo et al.
[8] fingerprinted more than 210 Italian varieties and the Campania region accounted for
more than 20% (43 varieties) of the total number. Many of these varieties are characterized
by an extensive morphological diversity and adaptation to local environmental conditions
[9]. Italy produces 15% of the world EVOO market and it is the first EVOO world consumer.
From the most recent population surveys, it emerges that Italian consumers are attracted to
the increase EVOO quality as they are appreciating the health benefits of EVOO and can
recognize the organoleptic properties, associated with agronomic and technological factors
[10]. Olives and olive derived are an important valuable source of natural phenolic
antioxidants [11]. In fact, an increasing number of epidemiologic and experimental studies
report that the olive oil may have a role in the prevention of coronary heart disease [12],
cognitive impairment, e.g., Alzheimer’ s disease [13], protective effects against of the
cancer of the colon, breast and ovary [14], diabetes accompanied by hypertriglyceridemia
and inflammatory and autoimmune diseases, such as rheumatoid arthritis [13]. The high
quality EVOO is considered as a true pharm-food. This property is due both to the fat
composition, i.e., high oleic acid concentration, which ranges from 56% to 84%; the essential
polyunsaturated fatty acids: linoleic acid ranging from 3.5% to 21% and linolenic acid <1.5%.

Besides, EVOOs contain a relevant concentration of effcient chemo preventive molecules,

5
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including tocopherols (vitamin E), f-carotene, and phenolic compounds (PCs) [10]. It is
therefore known that the olive tree represents a real social, economic, health, ambiental and
cultural wealth; in this thesis we have investigated some aspects concerning the relationship
between olive trees cultivation and climate change, in particular, we have carried out
studies varietal screening of Campanian cultivars more resistant to high temperature
scenarios and to application of biostimulant and antiperspirant products to improve

resistance, quality and yield of olives and oil in extreme environmental conditions.

1.1 Climate changes effects on olive trees growth and
development

Climate change is an undeniable fact that is challenging society and every economic sector,
including agriculture. In the Mediterranean region, recent reports show that significant
warming has occurred in the last 40 years and annual temperatures are now about 1.5 C
higher with respect to the preindustrial period (1880-1899) and well above current global
warming trends (+1.1 °C), and since 2014, we experienced the six warmest years on record,
globally [15]. Increasing temperatures were accompanied by a series of extreme heat events
that occurred at an unprecedented trend in terms of duration, intensity, and frequency
[16,17] and there has been a substantial decrease in the frequency of cold extremes [18,19].
For the Mediterranean region, future climate projections tend to be particularly severe. In
this region, precipitation projections point to an overall decrease, which will lead to a
lowering of soil water availability. The Mediterranean region is already characterized by
plant heat and water stresses, due to the harsh summertime weather conditions, including
low precipitation, excessive heat, and high solar radiation. Moreover, nocturnal
temperatures will also tend to increase, leading to an even higher thermal stress level, and
there will be modification in the frequency of the occurrence of extreme weather events,
such as heatwaves, hail, floods and wildfires [20-22].These events are projected to increase

in frequency and magnitude under climate change scenarios, leading to a rise in the severity

6
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of drought and heatwave spells over the Mediterranean Basin, also in conjunction with the
tlowering period. Future climatic changes have great importance for the agricultural sector,
and the olive tree sector. Regarding perennial crops, such as olive trees, under future
climatic conditions these projections are expected to cause severe adverse effects,
particularly on water relations, on floral biology, oxidative pathways, and other
physiological processes, phenological timings, final yield and quality attributes [23]. Proper
olive cultivation areas have a mean annual temperature of 15-20 °C, with a minimum of 4
°C and a maximum of 40 °C [24]. Usually, the optimum temperature for olive vegetative
growth ranges between 10 °C and 30 °C, while carbohydrate synthesis occurs at higher rates
at temperatures ranging from 20 °C to 30 °C [25]. Olive trees require a period of low
temperatures (0-7 °C) for flowering bud differentiation [24]. On the other hand,
temperatures constantly above 16 °C prevent bud differentiation [25]. However, the
minimum temperature should not drop below -7 °C, which can seriously damage trees, and

if the temperature reaches —12 °C, can kill them.

Due to climate change, there is a risk that the needs of the plant are not met, and this can
cause serious problems in particular the temperature is the most significant environmental
factor that limits olive growing areas, while water availability is the most significant factor

that limits olive yield.

1.2 Heat stress

In the scenario of climate changes, one of the main abiotic stress plants faces, is heat stress,
which causes a series of biochemical, morphological, physiological, and molecular changes
that adversely affect plant development (Fig. 2). Heat stress exerts negative impacts on
various crops though the ranges of temperatures vary largely on crop species [26,27].
Reduced germination percentage, plant emergence, abnormal seedlings, poor seedling
vigor, and reduced radicle and plumule growth of geminated seedlings are major impacts
caused by heat stress documented in various cultivated plant species [26,28]. High-
temperature causes loss of cell water content for which the cell size and the growth are

7
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reduced [29,30]; the morphological symptoms of heat stress include scorching and sunburns
of leaves and twigs, branches and stems, leaf senescence and abscission, shoot and root

growth inhibition, fruit discoloration and damage [29].

Photosynthesis is one of the most heat-sensitive physiological processes in plants. Heat
markedly affects the leaf water status, leaf stomatal conductance (gs), and intercellular CO2
concentration [31]. Closure of stomata under high temperatures is another reason for
impaired photosynthesis that affects the intercellular CO: [30]. High temperatures at
flowering are known to decrease pollen viability [32] and elevated temperatures are raising
apprehension regarding crop productivity and food security [33]. Further important
consequence of high temperature is the alteration of the oxidative metabolism, which causes
membrane instability. In particular, the accumulation of reactive oxygen species (ROS), such
as H20, in both chloroplasts and mitochondria, can have negative impacts, such as severe
DNA damage, the autocatalytic peroxidation of lipids and membrane pigments, the loss of
semi-permeability membranes and the breakdown of photosynthetic pigments and

decreased enzyme activity [34].

Various studies about the consequences high-temperature stress on the olive tree are
reported in the bibliography; in particular, problems have been reported on pollen vitality
[35], yield reduction [36], the high temperatures influence fruit development as well as oil
accumulation, diminish oil quality by modifying fatty acid composition and causing a
reduction of polyphenols and oleic acid, the most important components of olive oil [37-
41]. However, high temperature effects are genotype dependent and each cultivar responds

differently to this stress [42].
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Figure 2. Major effects of high temperature on plants.

1.3 Drought stress

Global climate changes are leading to increases in temperature and atmospheric CO:1levels
as well as alterations in rainfall patterns. Periods of inadequate rainfall leading to drought
are predicted to arise more frequently under such conditions. Terminal drought conditions
bring about a progressive decrease in soil water availability to plants and cause premature
plant death, while intermittent drought conditions affect the plant growth and development
but are not usually lethal [43]. It has been established that drought stress is a very important
limiting factor at the initial phase of plant growth and establishment [44—47], in fact a
primary response of plants subjected to drought stress is growth arrest. The alarm
indicators of water stress are different (Fig. 3). Plant water status is the key factor affecting
the yield and quality of horticultural crops [48], it is crucial to maintain the optimum plant

water status. If the plant water status declines beyond a certain limit (threshold level), there
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is a severe decline in the yield and quality of vegetable crops [49]. The response to drought
stress in crops may range from partial stomatal closure under moderate stress to drying and
death of the plant at the wilting point [50]. Under water-stressed conditions, stomatal
conductance decreases due to closure of stomata to maintain the leaf water status [51] and
the maintaining optimum canopy temperature is crucial for the metabolic activities of a
plant. Among the various methods used to determine the water status of plants, there is leaf
water potential (LWP) where a more negative (lower) value of LWP of a plant indicates a
more dehydrated leaf (water stressed); the RWC is a comparison of the water content of a
leaf to the maximum possible water content of that leaf at its full turgor [52]. The RWC is
highly associated with the cell turgor and cell turgor further controls cell expansion [48].
L'inibizione della crescita dei germogli in condizioni di siccita riduce le richieste
metaboliche della pianta e mobilita i metaboliti per la sintesi di composti protettivi necessari
per I'aggiustamento osmotico [53]. Under water stress, chlorophyll content decreases due to
damage to chloroplast membrane and structure, photo-oxidation of chlorophyll, increased
activity of chlorophyllase, and suppression of biosynthesis of chlorophyll [54]. The olive
trees s has developed a series of physiological mechanisms to tolerate drought stress, the
activation of the phenylpropanoid biosynthetic pathway leading to the accumulation of
phenolic compounds is a well-known metabolic response to water deficit as well as to other
environmental stresses. Such metabolic responses of the plants to unfavorable
environmental conditions play a key role in preventing cellular damage caused by oxidative
stress. However, the constitutive tolerance to water deficit not sufficient to protect olive
trees from the combined effects of extreme heat waves, water stress, and high irradiance,

which are all linked to climate change [55].
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Figure 3. Main effects of drought stress on physiological and biochemical processes and yield related

factors.

Understanding how olive trees respond to abiotic stresses is the first step to improving their
profitability, allowing the selection of more resistant cultivars and identification of tolerant
characteristics useful in breeding programs, as well as the development of accurate
adaptation strategies or solutions according to necessities. In the scenario of climate change,
various solutions have been adopted to try to reduce the effects of high temperatures on
crops: defoliation on the canopy [56], use of shading nets [57], use of antitraspirant products
[58], use of biostimulants [59] and the use of resistant species in extreme environmental

conditions.

In the present study we wanted to test the efficiency of antiperspirant and biostimulant
products in reducing the effects of high temperatures on olive trees and we screened the

most resistant CVs to extreme temperature and humidity conditions.
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1.4 Strategies to mitigate the climate changes effects: use of natural
biostimulants

The regulation of plant growth and the development and alleviation of the negative effects
of environmental stresses, are important factors determining the productivity of cultivated
plants. While it is well recognized that biotic and abiotic stress prevents essentially all crop
systems from achieving their yield potential, current understanding of the mechanisms
involved, and the strategies to mitigate these effects are limited. Abiotic stresses may be
prevented by optimizing plant growth conditions and through provision of water and
nutrients and plant growth regulators (PGRs—auxins, cytokinins, gibberellins,
strigolactones, brassinosteroids). Another strategy is to improve soil management with
agronomic techniques to contain water losses or implement controlled water deficit
techniques that lead to saving water resources. In addition to these traditional approaches,
biostimulants are increasingly being integrated into production systems with the goal of
modifying physiological processes in plants to optimize productivity [60-62]. Biostimulants
can be treated as an additive to fertilizers and support the uptake of nutrients, promote plant
growth, and increase tolerance to abiotic stress. The definition of biostimulants is wide and
not sufficiently precise. However, there are two main features that distinguish biostimulants
from other growth and plant-protection agents. A biostimulant may be any substance or
mixture of substances of natural origin or microorganism which improves the condition of
crops without causing adverse side effects [59], they cannot be defined as fertilizers because
they do not provide nutrients directly to plants. Biostimulants may facilitate the acquisition
of nutrients by supporting metabolic processes in the soil and plants and they may be used
in the form of soil preparations (powders, granules, or solutions added to the soil) or as
liquid foliar application products [63]. Biostimulants can be introduced into the irrigation
system and taken up by plants along with water [64]. The use of biostimulants can increase
yields, increase the concentration of foliar pigments, secondary metabolites, and vitamins,
increase the resistance to numerous biotic and abiotic stress of cultivated plants, reduce

fertilizer delivery and encourage agriculture close to organic farming, thereby reducing the

12
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environmental contamination. Additional benefits include increased germination rate,
improved root depth, and reduced post-transplant stress (Fig. 4). Various compounds with
bioactive properties can be utilized as biostimulants to boost plant growth and development
under normal and stressful conditions [65,66], while among the distinctive characteristics a
biostimulatory product must improve nutrients use efficiency, tolerance to abiotic stressors,
quality of the final product and nutrients availability in soil [67]. So far, six distinct
categories of biostimulants are recognized, including microbial inoculants, humic
substances, such as humic and fulvic acids, protein hydrolysates and amino acids,
biopolymers, inorganic compounds. and seaweed extracts, all of which are commercially

available with wide applications in agriculture [68].

Shahrajabian et al. 2020

[ Improve visual quality of ]
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Figure 4. The most important biostimulants effects on crops.

In recent years the use of biostimulant products has also extended to the cultivation of the
olive tree, in fact in the bibliography there are some studies showing the positive effects of
these products on the yield and quality of the oil. In adult olive trees, biostimulants were
reported as being able to improve the yield and fruit characteristics [69,70], to replace

fertilizers of inorganic origin [71] and to have positive effects on oil quality. Almadi et al.
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[73] demonstrated that biostimulants increased the growth of young olive trees stimulating
physiological processes, that is, by improving assimilate production through
photosynthesis. Very few studies have been carried out to evaluate the possibilities of using
biostimulants on olive to increase vegetative and/or reproductive growth and/or olive oil
quality, in fact one of the purpose of our study was to test the response in qualitative-

quantitative terms of both the olives and the oil with different biostimulants application.

1.5 Another strategy to mitigate climate change effects: use of anti-
transpirant products

It is important to adopt agronomic practices that allow a better adaptability for drought and
high temperature, and therefore the capacity to integrate both tolerance and recovery
capacity [34] of olive orchards. Olive withstands to a high degree the low water availability,
by means of morphological, physiological, and biochemical adaptations. Nonetheless, water
deficit has significant impacts on water relations, oxidative phenomenaand use
and biomass production in terms of growth and yield [74]. In addition, the simultaneous
occurrence of multiple abiotic constraint factors in summer months, such as high heat loads
and high irradiance levels, can aggravate drought effects. Since the region where the
majority of olive culture is located, i.e. Mediterranean basin, is particularly vulnerable to
climate change one may expect more severe heat and drought stress during the following

years [75].

One neglected agronomic technique that has the potential to significantly contribute to
abiotic stress amelioration in food crop production is the use of anti-transpirants. Anti-
transpirants product are materials that reduce transpiration, can potentially result in greater
food production by releasing more of a crop’s potential yield during drought [76]. They are
compounds applied to plant leaves to reduce transpiration since they reduce the stomatal
opening and increase the leaf resistance to water vapor diffusion, and they have often been

used to prevent water stress. Reducing rates of transpiration directly by anti-transpirant
14


https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/biomass-production

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377
378

379

380

381

382

383

384

385

sprays avoided the need for drastically altering environmental conditions experiments
designed to evaluate the effects of transpiration [77]. Anti-transpirants have been used
successfully in agriculture to control leaf transpiration and improve the quality of different

cultures [58,78,79].

Anti-transpirant products can be divided into three categories that have been extensively
described by Mphande et al. [76]: reflective anti-transpirants (kaolin), metabolic or stomata-
closing antitranspirant (prominent in this class is exogenous abscisic acid — ABA) and film-
forming anti-transpirants (di-1-p-menthene and poly-1-p-menthen). Originally, some of
these products, as the kaolin was developed for the suppression of pests in many crops, but
later, it has been demonstrated that the white kaolin film formed on the leaf surface

increases the reflection of incoming solar radiation [80].

Studies on the application of anti-transpirant products on various crops are reported in the
bibliography [58,77,78], while there are still few studies conducted on the efficiency of these
products on the characteristics of both the olives and the oil, in fact for this reason in the
present study we evaluated the effect of anti-transpirant products on the qualitative-

quantitative parameters of olives and oil.

1.6 Cultivars resistant to abiotic stress

The projections of climate changes in the Mediterranean areas are rising concerns not only
for gradual warming but also for abrupt variations of seasonal temperatures. Consequently,
researchers commit to select genotypes tolerant to high temperatures or heat waves and to
clarify the physiological processes involved in heat-stress responses [81,82]. Climate change
is impacting on the biological dynamics of plants showing phenological aberrancies [83,84].
In pome and stone-fruit trees of temperate regions, extreme weather events are reported to
affect production in key phases (as the erratic break of the bud dormancy) that ultimately

results in plant yield reductions and financial losses [85-87]. Temperature exposure over
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time is the main driver for spring development, including bloom timing and leaf-out [88,89].
Among reproductive traits, pollen interaction with the environment change represents a
potential bottleneck in plant life cycle that can limit the reproductive fitness and

productivity in plant species [90].

Indeed, pollen functionality has been widely reported to be extremely sensitive to
environmental constraints [91-93]. Particularly, pollen viability and germination are mostly

dependent on temperature and humidity exposure of pollen grains [94].

The olive has significant phenotypic and genetic variability [4,95]. Factors including plant
longevity, limited selection pressure, and limited replacement with new genotypes have
reduced genetic erosion and favored the preservation of genetic diversity of olive varieties
[96]. Temperature also influences both drupe development and oil composition in olive. For
example, in very hot sites, olives can show early pigmentation due to the rapid degradation
of chlorophyll due to high temperatures [96], whereas in sites with lower temperatures,
olive oil has a high content of unsaturated fatty acids [97]. Temperature can also influence
the aromatic components of olive oil, reducing the content of volatile substances [98]. Hence,
it is arguable that the growing environment is crucial in expressing the typical
characteristics and quality of olive cultivars [99]. In most crop species, including Olea
europaea L., the production of fruits and seeds relies on pollen functionality. Since pollen
viability and germinability are both essential to ensure fertilization, the interaction of pollen
with extreme weather events can significantly limit crops productivity in the current climate
change scenario [100]. For this reason, it is important to select cultivars resistant to extreme

climatic conditions to guarantee good production and high-quality oil.
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1.7 Aim of the research

This PhD project aims to advance the understanding of plant responses to applications of
biostimulants and anti-traspirants products in abiotic stress conditions and to select
Campanian olive cultivars that are more resistant to high temperature and humidity

conditions during the flowering. Therefore, the main aims of this research are:

1. evaluation of biostimulants effect on plant growth and bioactive compounds on
young olive trees under abiotic stress conditions.

2. effects of anti-transpirant products to assess: biometric, eco-physiological and
nutraceutical parameters of young olive trees under abiotic stress conditions;

3. effect of biostimulants application on Olea europaea L. in Mediterranean conditions
on production and bioactive compounds of drupes and oil;

4. varietal screening of Campanian olive cultivars resistant to high temperature and

different humidity conditions during flowering.
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Chapter 2. Biostimulants Improve Plant Growth and Bioactive
Compounds of Young Olive Trees under Abiotic Stress
Conditions

Abstract: The negative impacts of extreme heat and drought on olive plants have driven the
quest for mitigation approaches based on the use of biostimulants, which have proved to be
effective in contrasting environmental stresses. The aim of our study was to evaluate the
effectiveness of six biostimulants in mitigating high temperature and water stress in young
olive trees in terms of vegetative and eco-physiological parameters as well as bioactive
compound content. Biostimulants based on glycine betaine and macro- and micro-algae
effectively protected the plants from abiotic stress by improving their eco-physiological and
vegetative parameters. At the end of the growing season, olive plants were experiencing
water deficit which had built up through the summer months. At this time, the glycine
betaine-treated plants had a three-fold higher stomatal conductance compared with the
control, while plants sprayed with the seaweed mix had a relative water content 33% higher
than the control. The kaolin treatment resulted in higher total phenolics and antioxidant
activities (DPPH, FRAP and ABTS) in water stress conditions and caused an increase of
238.53 and 443.49% in leaves total polyphenols content in 100% and 50% water regime,
respectively. This study showed the effectiveness of biostimulants in mitigating the damage
from abiotic stress on young olive trees, by improving some vegetative, eco-physiological
and leaf nutraceutical parameters. Further studies are needed to test the efficiency of these

biostimulants in open field conditions on olive trees in full production.

2.1. Introduction

Olive (Olea europaea L.) is one of the most important fruit trees of the Mediterranean region
with an enormous economic and ecological value. In its climatic region, olive is often subject
to drought periods during the warm season; nevertheless, it is characterized by high
morphological and physiological adaptation capacities [1]. Water stress was reported to

induce in olive plants the activation of antioxidant enzyme systems such as ascorbate
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peroxidase, catalase and superoxide dismutase [2]. Moreover, the activation of the
phenylpropanoid biosynthetic pathway leading to the accumulation of phenolic
compounds is a well-known metabolic response to water deficit as well as to other
environmental stresses [2]. Such metabolic responses of the plants to unfavorable
environmental conditions play a key role in preventing cellular damage caused by oxidative
stress. However, the constitutive tolerance to water deficit alone is not sufficient to protect
olive trees from the combined effects of extreme heat waves, water stress and high
irradiance, which are all linked to climate change. For this reason, the application of
biostimulants as a sustainable practice to mitigate the negative impact of environmental
stresses and to meliorate or maintain plant productivity has become increasingly popular
over the past decade [3]. In this respect, different categories of biostimulants have been
proved effective to minimize the effects of abiotic stresses on plants. Among these, plant-
derived biostimulants are particularly interesting due to their biocompatibility and low
environmental impact [4]. The osmolyte glycine betaine is widely studied and its
effectiveness towards numerous sources of stress such as drought, cold or salinity, were
reported [5]. Kaolin clay reflective particles are also well known as an effective tool to reduce
the effects of abiotic stress on crop performance by affecting the plant at the morphological,
physiological and biochemical levels [6]. In this case, however, contrasting results were
reported, depending on the species or even the genotype [6,7]. Pinolene, is a therpenic
polymers (Di-1-p-menthene), which is inactive from a biochemical point of view, and it is
mainly used in crops to limit leaf water loss since it acts as film-forming antitranspirant [8,9].
Pinolene has been proposed as an alternative to defoliation in hot climates [10-13]. Among
the algal extracts, foliar applications of a biostimulant based on Ascophyllum nodosum and
Laminaria digitata were shown to be involved in the regulation of secondary metabolism,
resulting in improved fruit quality and nutritional value of apples cv. “Annurca” [14]. In
addition, Kusvuran [15] reported that under drought stress, the foliar application of micro-
algae such as Chlorella vulgaris, significantly improved secondary metabolites, such as
polyphenolic compounds and an- tioxidant enzyme activities. Furthermore, Graziani et al.

[14] reported that treatments with micro-algae on apple trees cv. “Annurca” also improved
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post-harvest fruit conservation by preserving the nutritional quality, in terms of
polyphenols content after 120 days of cold storage. Fungi of the Trichoderma genus are
widely studied and commonly used as biostimulants in agriculture. Rudresh et al. [16]
showed that a mixture of T. harzianum, T. viride and T. virens increased plant biomass and
nutrient uptake. Some reports showed beneficial effects of Thricoderma on the alleviation of
salt stress effects [17,18]. Dini and co-workers recently reported that Trichoderma strains
increase phenolics concentration both in olive leaves and in oil, as a result of improved plant
nutrient uptake and enhanced nitrogen use efficiency [19]. On the basis of this knowledge,
we tested the application of six different biostimulant treatments as an approach to
overcome/balance the negative impact of high temperatures and water deficit on young
olive trees. In this study we monitored agronomic and eco- physiological parameters as well
as the antioxidant activities and the phenolic composition of leaf extracts. Such results
would be of interest to olive producers, presenting solutions for stress mitigation and crop

conservation.

2.2. Materials and Methods

2.2.1. Plant Material, Biostimulants Treatments and Experimental Design

The trial was conducted in a greenhouse at the Department of Agriculture of the University
of Naples Federico II, Portici - Italy, between the end of May and the end of September 2020.
Two-year-old potted olive trees of the cultivar “Salella”, were grown in 5 L pots containing
a substrate made up of sand:peat:clayey soil (1:1:1, v/v/v). At the beginning of the
experiment, all olive plants had homogeneous vegetative characteristics and 50 g/pot of
“Nitrophoska Gold” (a slow-release fertilizer based on N (15%), P05 (9%), K20 (15%)
supplemented with micronutrients) by COMPO EXPERT Italia Srl (Cesano Maderno,
Monza and Brianza, Italy) was mixed with the substrate.

The experimental design was based on seven biostimulant treatments:

(I)  Control (C) plants only treated with water, no biostimulant applied.

(2)  Trichoderma based product (TR), “Trianum-P” by Koppert Biological Systems

(Koppert Italy, Bussolengo, VR - Italy), with active ingredient Trichoderma harzianum Rifai
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strain T-22 (also known as KRL-AG2¥). The product was applied to the root system by
irrigation at the dose of 6.67 g/L of water.

(3)  Micro-Algae-based product (MA), “AgriAlgae® Biologico Originale” by AgriAlgae®
(Madrid, Spain), a biological biostimulant. The product was applied to the root system by
irrigation at the dose of 6.67 g/L of water.

(4)  Seaweed based product (P), “Seaweed Mix®” by L. Gobbi Srl (Campo Ligure, Genoa,
Italy), made of Ascophyllum nodosum and Laminaria digitate extract. The product was
applied to the root system by irrigation at the dose of 4 mL/L of water.

(5)  Glycine betaine-based product (B), “BIO-HELP” by Biolchim SPA (Bologna, Italy), a
bio-promoter of resistance to environmental stress. The product was applied to the root
system by irrigation at the dose of 10 g/L of water.

(6)  Kaolin (K), “Manisol” by Manica S.p.A (Rovereto, Italy). The product was applied as
foliar spray at the dose of 40 g/L of water.

(7) A water emulsifiable organic concentrate of di-1-p-menthene (C20H34) (V), “Vapor
Gard®” by BIOGARD® (Bergamo, Italy), a terpenic polymer also known as pinolene. The
product was applied as foliar sppray at the dose of 10 mL/L of water.

All biostimulants were applied five times during the growing season at 20-day intervals.
Olive trees were divided into two groups, corresponding to two watering regimes: 100%
and 50% of the evapotranspiration (ET). Evapotranspiration was calculated on the well-
watered plants of the 100% watering regime group using a gravimetric method as follows:
every two days the pots were weighed up and water loss by evapotranspiration was
calculated. Subsequently, 100% or 50% of water loss, corresponding to X mL or X/2 mL
water per pot, respectively, was restored by drip irrigation. The drip irrigation system was
controlled by a programmable timer, and it was powered by an electric pump, feeding water
to drippers at a flow rate of 2 L/h. One or two drippers were installed into each pot for
irrigation at 50% or 100%, respectively. A total of 14 treatments were compared based on a
factorial combination of seven biostimulant treatments (including control) and two

irrigation regimes (100% and 50%). The treatments were arranged in a randomized split-
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plot design with irrigation levels as main factor and biostimulants as sub-factor. Each

treatment consisted of 10 plants.

2.2.2. Determination of Vegetative and Eco-Physiological Parameters of Leaves
On fully developed leaves, the stomatal conductance was measured using a Porometer (Li-
1600 Steady State Porometer, TR. Turoni Srl, Forli, Italy) at 12:00 a.m. The leaf SPAD index
was measure with a chlorophyll meter SPAD-502 (Konica-Minolta, Osaka, Japan). The leaf
relative water content (RWC) was calculated following the previously described procedure
[7] according to the formula:

RWC (%) = ((fw — dw)/(rw — dw)) * 100
The number of leaves per plant was recorded at the beginning and at the end of the
experiment in order to calculate the increase in leaf number. Leaf area per plant was
measured using image] software version 1.50 (Wayne Rasband, National Institute of Health,
Bethesda, MD, USA) at the end of the experiment. Leaf dry weight was determined by
drying sub-samples in a forced air oven until constant weight was reached. Polyphenolic
content and antioxidant activity assays were determined on lyophilized leaves. The eco-
physiological measurements were carried out in June (one month after the first biostimulant
application) and in September (at the end of the growing season), taking six measurements
per treatment.
2.2.3. Chemicals Analyses and Ultrasound-Assisted Extraction of Polyphenolic Compounds
All standards for the analysis were supplied by Sigma Aldrich St. Louis, MO, USA, while
hydroxytyrosol was purchased from Indofine Hillsborough, NJ, USA), secologanoside from
ChemFaces Biochemical Co., Ltd. (Wuhan, China) and oleuropein form Extrasynthese
(Genay, France). Acetonitrile and water (LC-MS grade) were acquired from Carlo Erba
reagents (Milan, Italy), whereas acetic acid (98-100%) was purchased from Fluka (Milan,
Italy). Lyophilized samples were extracted using the method reported in the literature [20]
with few modifications. In particular, 0.3 gr of dried sample were extracted with 15 mL of
methanol/water (80:20 v/v, 0.1% formic acid) by sonication at room temperature for 15 min.

Samples were centrifuged to 4000 rpm at 4 °C for 10 min, and the pellet was extracted in the
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same way. The supernatants were collected, filtered through 0.45 mm nylon syringe
membranes and then used for high-resolution mass spectrometry analysis and antioxidant
activity assays.

2.2.4. UHPLC-HRMS Analysis of Polyphenolic Compounds

An Ultra-High-Pressure Liquid Chromatograph (UHPLC, Dionex UltiMate 3000, Thermo
Fisher Scientificc, Waltham, MA, USA) coupled with a Q-Exactive Orbitrap mass
spectrometer (UHPLC, Thermo Fischer Scientific, Waltham, MA, USA) was used to investi-
gate the quali-quantitative profile of polyphenolic compounds applying conditions
reported in our previous work [19]. An Accucore aQ 2.6 um (100 2.1 mm) column (Thermo
Sci- entificc, Waltham, MA, USA) was applied for chromatographic separation of
polyphenols with a column temperature set at 30 <C. The mobile phase consisted of water
containing 0.1% of acetic acid (eluent A) and acetonitrile (eluent B). Polyphenolic
compounds were eluted using the following gradient program: 0-5 min 5% B, 5-25 min 5-
40% B, 25-25.1 min 40-100% B, 25.1-27 min 100% B, 27-27.1 min 100-5% B, 27.1-35 min 5%
B. The flow rate was 0.4 mL min™ and the injection volume was 5 pL. The mass spectrometer
was operated in negative ion mode (ESI-) setting two scan events (Full ion MS and All ion
fragmentation, AIF) for all compounds of interest. Full scan data were acquired setting a
resolving power of 35,000 FWHM (full width at half maximum) at m/z 200. The key
parameters were as follows: spray voltage 2.8 kV, sheath gas flow rate 35 arbitrary units,
auxiliary-gas flow rate, 10 arbitrary units, capillary temperature 275 C, auxiliary gas heater
temperature 350 °C, S-lens RF level 50. For the scan event of AIF, the resolving power was
set at 17,500 FWHM, the collision energies were 10, 20, and 45 eV, and the scan range was
m/z 80-1200. Data acquisition and processing were performed with Quan/Qual Browser
Xcalibur software, v. 3.1.66.10 (Xcalibur, Thermo Fisher Scientific, Waltham, MA, USA).
2.2.5. Antioxidant Activity: ABTS Assay

Determination of the ABTS free radical scavenging activity was carried out following the
method described by Re et al. [21]. Briefly, 44 uL of aqueous potassium persulfate (2.45 mM)
were added to 2.5 mL of aqueous ABTS (7 mM) and incubated in the dark at room

temperature for 12-16 h. The ABTS solution was diluted with ethanol (1:88) to obtain an
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ABTS radical working solution with an absorbance value of 0.75 0.050 at 734 nm. The assay
was performed by adding 100 pL of properly diluted sample to 1 mL of ABTS radical
working solution and the absorbance was monitored after 2.5 min at 734 nm. Results were
expressed as Trolox equivalent antioxidant capacity (TEAC, mmol Trolox equivalents kg™
dry weight of leaves). All determinations were performed in triplicate.

2.2.6. Antioxidant Activity: DPPH Assay

The DPPH assay was carried out according to the procedure reported by Brand- Williams
et al. [22] with minor modifications. Briefly, methanolic DPPH radical working solution was
prepared diluting methanolic DPPH (4 mg in 10 mL) with methanol, until an absorbance
value of 0.900 0.020 at 517 nm. For the assay, 200 uL of sample were added to 1 mL of
radical working solution and the absorbance value was monitored after 10 min. The results
were expressed as Trolox equivalents antioxidant capacity (TEAC, mmol Trolox equivalent
kg-1 of dry weight of leaves). All determinations were performed in triplicate.

2.2.7. Antioxidant Activity: FRAP Assay

The FRAP assay was conducted according to the method reported by Benzie and Strain [23]
with slight adjustments as mentioned in Formisano et al. [24]. Briefly, the FRAP reagent was
made up of 10 uM TPTZ in 40 uM HCl, 20 uM of aqueous FeCls and acetate buffer (300 uM,
pH 3.6) at 1:1:10 (v/v/v). Sample solutions, properly diluted, (10 uL) and FRAP reagent (300
uL) were mixed and the absorbance was monitored at 593 nm after 10 min. The results were
expressed in mmol Trolox® Kg™ dry weight (dw). The results were corrected for dilution
and expressed as Trolox® equivalent antioxidant capacity (TEAC, mmol Trolox equivalents
Kg1 dry weight of leaves). All determinations were performed in triplicate.

2.2.8. Total Polyphenol Content: FOLIN Test

Total phenolics were determined according to a Folin-Ciocalteu procedure with slight
changes [25]. Briefly, 125 uL of diluted extract or blank was mixed with 500 pL of deionized
water and 125 pL of the Folin-Ciocalteu reagent for 6 min at room temperature. Subse-
quently, 1.25 mL of 7.5% of sodium carbonate solution and 1 mL of deionized water were
added in the mixture. The absorbance at 760 nm after 90 min. of incubation in the dark was

measured. Concentrations of total phenolic were expressed in terms of mg of gallic acid
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equivalents (GAE) per gram dry weight (DW), based on a calibration curve (R2 >0.993) that
was computed over a dynamic range 0.05-2.5 g/L gallic acid. Each extract was analyzed in
triplicate.

2.2.9. Statistical Analysis

All data were subjected to analysis of variance (ANOVA). Duncan’s multiple range test
(DMRT) was performed for means separation of each of the measured variables at p = 0.05.
A principal component analysis (PCA) was executed on vegetative, physiological and
bioactive parameters at the end of growing season to detect the interrelationship. The PCA
results are shown as a biplot to highlight the interaction between samples and variables.
Samples are displayed as points while variables are displayed as vectors. A correlation
analysis between the total phenolic content (Folin) and each of the antioxidant capacity
assays (ABTS, DPPH and FRAP) was performed. The statistical package XLStat Version
2013 (New York, NY, USA) was implemented for all the analyses.

2.3. Results and Discussion

2.3.1. Vegetative and Eco-Physiological Parameters

Figure 1 shows the temperature values recorded in the greenhouse during the growing
season, from May to September. The young olive trees were exposed to prolonged thermal
stress: the maximum daily temperature ranged between 23.42 -C (4 June) and 51.74 -C (2
June), while the minimum daily temperature ranged between 10.20 -C (31-May) and 25.01
°C (2 June). The average daily temperatures were between 19.44 °C (5 June) and 36.97 (2
June).

In Table 1, the vegetative parameters determined on the leaves are reported: leaf dry weight
(g), leaf number and leaf area (cm?). A significant interaction emerged between the two
tested factors (watering regime biostimulant treatment). Leaf dry weight and leaf area were
higher in plants at the 100% water regime and were not influenced by the different
biostimulant treatments. Leaf dry matter did not show significant differences between the
various treatments compared with the control (C) in both watering regimes. The two

watering regimes also affected the production of new leaves: plants in the group at the 100%
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watering regime produced 89% new leaves, compared with 48% new leaves at the 50%
watering regime. Therefore, the plant group exposed to water deficit produced 45% less
new leaves compared to the well-watered group. These results are consistent with previous
literature on the effects of water deficit: vegetative growth is closely related to plant water
status since a loss of turgor impairs cell expansion and results in reduced plant growth in
terms of plant height, leaf area, dry weight and other vegetative parameters [26,27].
Compared with the untreated control under the 50% watering regime, plants treated with
glycine betaine (B) had a significantly higher leaf number (+44%) and 56% larger leaf area,
while the micro-algae (M) and seaweed (P) treated plants had a 26% and 44% larger leaf
area, respectively. Our results are in agreement with previous studies reporting that glycine
betaine improved plant resistance to high temperature stress [28]. Moreover, Alia et al. [29]
reported that tolerance to abiotic stress during the imbibition and germination of seeds, as
well as during the growth of young seedlings was enhanced in transformed Arabidopsis
thaliana accumulating glycine betaine. The exogenous application of glycine betaine was
also reported to positively affect plant growth and final crop yield under drought stress
[30,31]. Seaweed extracts are employed in agriculture for their beneficial effects on plant
growth, root development, mineral nutrition and fruit setting as well as improved resistance
to abiotic stresses (drought, salinity and temperature), pests and diseases as recently

reviewed by Mukherjee and Patel [32].
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Figure 1. Temperature trend recorded during the growing season from May to September under

greenhouse conditions: maximum, minimum, and mean temperature (-C).
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1024  Table 1. Leaf dry matter (g), increase in leaf number and leaf area (cm?) of olive trees grown in a
1025  greenhouse under optimal irrigation (100% irrigation) and limited water availability (50% irrigation)
1026  treated with six different biostimulants: C = control, TR = Trichoderma, M = Micro-Algae, P =
1027  Seaweed mix, K = Kaolin, B = Glycine betaine, V = Pinolene.
Treatments Leaf Dry Matter (g) Increase Leaves Number Leaf Area (cm?)
100%
C 16.97 +0.61 a 83.70 +7.01 abc 770.29 £25.56 a
TR 18.37+0.78 a 88.70 +5.29 abc 729.59 £19.18 a
M 18.06 + 0.58 a 86.70 + 8.03 abc 758.90 £27.87 a
p 1720+ 0.97 a 82.80 + 6.93 abc 704.16 £25.26 a
B 16.38 +0.53 a 102.00 £8.17 a 736.15£25.96 a
K 17.93+0.71 a 77.50+7.26 bc 759.66 = 41.60 a
\Y% 18.57+0.81 a 94.50 +4.81 ab 723.25+28.17 a
50%
C 10.20 £ 0.53 bed 49.40 + 5.47 ef 361.81 +16.27 ef
TR 8.74+0.63d 39.70 +5.48 ef 330.14+11.49 £
M 9.87 +0.69 cd 49.20 + 10.68 ef 454.09 + 30.06 cd
P 11.61 +£0.85 bc 45.20 + 4.88 ef 522.28 +26.05 bc
B 10.77 £ 0.53 bed 70.90 £ 3.76 cd 562.84 +34.43 b
K 12.08 £0.52 b 30.40 +5.46 £ 437.72 £19.46 cde
\Y% 12.32£0.69 b 54.20 +10.76 de 515.79 + 34.02 cde
Significance
W L A4 L
T ns * ns
W X T XA e AxX
1028  Values are mean standard error. Asterisks indicate significant effect of limited water availability
1029 (W), bios- timulants treatments (T) and their interaction (WxT) according to ANOVA (ns = not
1030  significant; * = p < 0.05; *** = p < 0.001). Different letters indicate significant differences based on
1031  Duncan’s test (p = 0.05).
1032 The eco-physiological parameters (stomatal conductance, SPAD and RWC) measured at the
1033 beginning (1 month following the first biostimulant application) and at the end of the
1034  growing season are reported in Table 2. For each of the three parameters, significant in-
1035 teractions emerged among the experimental factors W x T x S (water regime x treatments x
1036 measurement time).
1037  Table 2. Stomatal conductance (mol m?2 s!), SPAD and RWC (%) values in leaves of olive trees
1038  grown in a greenhouse under optimal irrigation (100% irrigation) and limited water availability
1039 (50% irrigation) treated with several biostimulants: C = control, TR = Trichoderma, M = Micro-Algae,
1040 P =Seaweed mix, K =Kaolin, B = Glycine betaine, V = Pinolene; at the start (Time 1: T1; 1 month after
1041  the first biostimulant application) and at the end (Time 2: T2) of the experiment.
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1042

Time 1 Time 2
Treatments 100% 50% 100% 50%
Stomatal conductance (mol m-2s)

C 0.534 +0.01 bc 0.165 £ 0.00 efgh 0.148 £ 0.02 efgh 0.064 £ 0.00 fgh
TR 0.538 +0.04 bc 0.120 £ 0.02 efgh 0.253 + 0.04 def 0.036 £ 0.01 gh
M 0.233 +0.00 def 0.686+0.10 b 0.616+0.12b 0.257 +0.02 de

P 0.276 +0.02 def 0.118 +0.01 efgh 0.389 +0.19 cd 0.030+0.01 h

B 0.875+0.01 a 0.539 + 0.04 bc 0.557 +0.06 b 0.271 +0.03 de
K 0.193 £ 0.03 efgh 0.231 +0.01 def 0.054 + 0.00 fgh 0.057 £ 0.00 fgh
\Y 0.195 £ 0.05 efgh 0.211 £ 0.03 efg 0.149 + 0.00 efgh 0.221 +0.03 def

SPAD

C 75.57 +1.20 ghij 76.29 + 0.77 fghi 73.06 +1.27 76.50 + 0.74 fghi
TR 74.39 + 1.35 hij 75.23 + 0.82 ghij 74.20 + 1.52 hij 77.05 + 1.13 efghi
M 80.88 +0.83 bc 76.82 +0.99 efghi 78.93 +0.72 cdef 80.00 + 0.95 bede

P 78.23 £ 1.00 cdefg 77.83 £ 0.81 cdefg 75.68 + 0.85 fghij 79.79 + 1.02 bede

B 80.52 + 1.08 bed 82.63 +0.73 ab 80.54 + 0.85 bed 78.87 +0.75 cdef
K 76.08 + 1.05 fghij 74.41 +1.17 hij 78.03 + 0.65 cdefg 84.42 +0.64 a
\Y 78.00 + 0.85 cdefg 74.04 + 0.89 ij 77.45 +1.20 defgh 76.93 + 0.73 efghi

RWC%

C 79.87 +2.60 ab 75.14 +4.20 abcd 60.87 + 3.46 fgh 55.24 £ 1.71 ghi
TR 79.90 +1.92 ab 76.33 +3.22 abc 65.56 + 1.64 def 68.56 + 6.69 cdef
M 81.09+1.45a 73.82 +2.49 abcd 63.11+4.32 efg 50.95 + 1.06 i

P 75.67 + 3.81 abcd 78.15 + 3.18 abc 62.45 +1.82 fgh 73.32 + 4.32 abcd

B 74.51 + 2.83 abcd 80.56 + 3.20 ab 72.96 + 1.71 abcde 61.22+2.18 fgh
K 74.87 +0.72 abcd 77.82 +1.11 abc 67.82 +2.48 cdef 55.54 + 0.92 ghi
\Y 74.25 +4.94 abcd 83.66 +1.69 a 70.06 + 4.08 bedef 52.55 + 4.62 hi

Stomatal conductance (mol m-2s) SPAD RWC (%)

W Ns ns ns

T b E ns

S Ns ns wEx

W X T X S L L b

1043
1044

1045

1046

1047

1048

1049

1050

1051

1052

1053

Values are means + standard error. Asterisks indicate significant effect of limited water availability

(W), biostimulant treatment (T), time of measurements (S) and their interaction (W x T x S) according

to ANOVA (ns =not significant; *** = p <0.001). Different letters indicate significant differences based

on Duncan’s test (p = 0.05).

The highest stomatal conductance value (Table 2) was recorded at Time 1 in plants at the

100% watering regime treated with glucine betaine (0.875 mol m= s). At the same time,

plants treated with glycine betaine (B) and with micro-algae (M) had the highest stomatal

conductance values within the group grown at the 50% watering regime. Stomatal

conductance of B and M treated plants at the 50% watering regime was comparable to

control plants at the 100% watering regime. The effectiveness of the B an M treatments in
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1055
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1057
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1059
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1063

1064

1065

1066

1067

1068

1069

1070

1071

1072

1073
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1075

1076

1077

1078

1079

1080

1081

1082

maintaining a high stomatal conductance was confirmed at the second measurement (Time
2), when the measured values were 0.557 and 0.616 mol m=2 s for the B and the M
treatments, respectively, at the 100% watering regime. Stomatal conductance of B and M
treated plants was significantly higher than the control (0.148 mol m= s™). A similar effect
was recorded in plants grown at the 50% watering regime, as plants treated with B and M
biostimulants maintained a higher stomatal conductance compared with the control. Plants
treated with the B and the M biostimulants also had significantly higher SPAD index values
compared with the control, both at Time 1 and at Time 2 in the case of 100% watering regime.
The SPAD index of M treated plants was 7% and 8% higher than Control at Time 1 and at
Time 2, respectively, while B treated plants had SPAD index 7% and 10% higher than
Control at Time 1 and Time 2, respectively. Among plants at the 100% watering regime, K
and V treated plants at Time 2 also had 7% and 6% higher SPAD index than the control,
respectively. Among plants grown in water deficit conditions (50% watering regime), the
SPAD index for B treated plants was 8% higher than the control at Time 1, while M, P and
K treated plants had a SPAD index 5%, 4% and 10% higher than the control, respectively, at
Time 2. Our results are in agreement with previous studies reporting that the application of
seaweed extracts increased chlorophyll content in leaves [33-36]. Moreover, treatments with
seaweed extracts were also reported increase the leaf area as demonstrated in our study.
Interestingly, the M and B treatments significantly increased the SPAD index: this may
result from a protective effect of seaweed extracts and betaines on chlorophyll as in the
reported case of glycine betaine delaying the loss of photosynthetic activity of isolated
chloroplasts [37].

The leaf RWC values (Table 2) reflect the water status of the plant: accordingly, higher RWC
values were measured at the beginning of the experiments (Time 1) both at 100% and at 50%
watering regimes, while lower values were measured after prolonged stress at the end of
summer (Time 2). At Time 1, no significant differences emerged between the control and
the different biostimulant treatments at either 100% or 50%. Contrastingly, at Time 2 among
the 100% watering regime group only plants treated with glycine betaine (B) had a

significantly higher (+20%) RWC compared to the control, while in the case of plants at the
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1083  50% watering regime, TR and P treated plants had 24% and 33% higher RWC than the
1084  control, respectively. The reported effect of the TR treatment in maintaining the plant water
1085  statusis in agreement with Shukla et al. [38], who showed a significant decrease in the RWC
1086  in response to drought stress in untreated Triticum aestivum plants, while colonized plants
1087  with drought-tolerant Trichoderma isolates were able to retain water. However, osmotic
1088  adjustment was higher in Trichoderma-colonized wheat plants compared to an untreated
1089  control and the degree of osmotic adjustment increased with the intensity of drought.
1090  Further, another study found that in P. eugenioides, the application of seaweed extracts under
1091  100% ET irrigation conditions had no significant effects on improving RWC mean values;
1092 however, under water stress conditions (50% ET) the RWC remained significantly higher
1093  than the untreated control [39]. In agreement with our results, when exposed to water deficit
1094  plants lose water over time with a gradual reduction in transpiration rate [40]. Our results
1095 are in line with a previous study [41] showing that a treatment with glycine betaine
1096  increased RWC in stressed plants. These data suggested that glycine betaine could increase
1097  the plant hydraulic conductivity, enhancing the water flow from roots to shoots and
1098  eventually increasing RWC and transpiration rate under stress conditions [41].

1099  2.3.2. Polyphenolic Compounds Analysis by UHPLC-Q-Orbitrap HRMS

1100  The phenolic composition (12 phenolic compounds and their formula) gathered from the
1101 UHPLC-HRMS analysis are presented in Table S1, whereas a typical full-scan MS
1102  chromatogram of olive leaves extract is reported in Supplementary Figure S1. Table 3 shows
1103  the quali-quantitative polyphenolic profile of olive leaves in control and bios- timulant
1104  treated samples at two different water regimes (100% and 50% of evapotraspiration).

1105  Table 3. Phenolic profiles and total phenolic composition in leaves of olive tree grown in a
1106  greenhouse under optimal irrigation (100% irrigation) and limited water availability (50% irrigation)

1107  treated with several biostimulants: C = control, TR = Trichoderma, M = Micro-Algae, P = Seaweed mix,

1108 K =Kaolin, B = Glycine betaine, V = Pinolene. Concentrations were expressed as mg/g dw.

Polyphenols C R M P
P 100% 50% 100% 50% 100% 50% 100% 50%
hy‘;fgg;‘fd 218311e  1017.86g  497855d  190595ef  195959ef  1601.89efg 563096 c  1664.50 efg
vanillic acid 5.78 bede 385g 7.01b 5.41 cdef 6.03 bed 4.89 defg 6.53 bc 426 fg
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coumaric acid 4.82b 2.24 ef 3.14 cd 3.39 ¢ 2.49 def 2.56 def 486 b 2.04 f
ferulic acid 391c 1.43 fgh 484D 1.82 efg 2.28e 1.42 fgh 415c 1.31 gh
luteolin rutinoside 7.37 de 8.62 bc 8.05 cd 9.01 be 7.33 de 9.16 b 7.23 de 7.57 de
verbascoside 156.91 e 118.14 f 504.48 b 715.50 a 403.05 d 472.92 ¢ 2896 g 2511¢g
oleuropein 62934 gh 75022 fg 966.74 d 1274.20 ¢ 1058.80 d 813.96ef  912.37 de 579.43 h
ligstroside 54.01¢g 58.26 g 77.32 f 108.24 cd 67.40 fg 91.11e 113.72 ¢ 102.90 cde
pinoresinol 0.39 hi 0.341 0.54 ef 0.52 ef 0.71d 0.80 ¢ 0.44 gh 0.331
luteolin 205.00 cde 157.81 h 163.89 gh 175.82 fg 199.02 cde 195.64 de 201.15 cde 211.23 cd
oleuropein aglycone 54.67 h 38.27 i 67.72 ¢ 95.61e 8234 f 83.22 f 23.061 27.801
secologanoside 15.08 23.88 de 45.76 b 58.54 a 20.16 def 21.27 def 17.37 ef 15.61 f
Total polyphenols 332240de  2180.93f  6828.03b 4354.01 c 3809.17 cd 3298.83de  6950.79b  2642.09 ef
Polvohenol K B \Y% Significance
ni
o ypheno’s 100% 50% 100% 50% 100% 50% T W WxT
hydroxytirosol 821527b  891523a  1540.62efg  1562.68efg 98091 g 125198fg **  ns
glucoside
vanillic acid 9.06 a 5.30 def 8.68 a 6.42 be 4.59 efg 3.67¢g Fx X X
coumaric acid 5.70 a 3.51c¢ 2.08 f 2.05f 3.51c 2.91 cde ** whE whE
ferulic acid 719 a 1.79 efgh 1.29 gh 1.19h 1.98 ef 3.06 d * ok ok
luteolin rutinoside 10.19 a 1040 a 6.92 ¢ 8.66 bc 7.25 de 8.97 bc *EE whE whE
verbascoside 381.39d 472.28 ¢ 2328 ¢g 3135¢g 3151g 3597 ¢g xax ns g
oleuropein 1868.74 a 1657.18 b 912.29 de 1006.04 d 57593 h 955.20 de  *** ns i
ligstroside 266.16 a 241.43b 103.29 cde 94.61 de 67.79 fg 96.12de  *** ns o
pinoresinol 0.57 e 0.64d 1.19b 143 a 0.46 fg 054 e ok ns ok
luteolin 217.60 ¢ 258.80 b 315.03 a 324.19 a 191.02 ef 176.11 fg ~ *** ns o
oleuropein aglycone 230.89 b 242.61 a 106.02 d 122.09 ¢ 4591 hi 4940h ns o
secologanoside 34.06 ¢ 39.67 be 13.83 f 14.12 f 13.36 f 2523d ns o
Total polyphenols 11246.82a 11848.83a 3034.54de 3174.82de 1924.22 £ 2609.15ef *** ns ok
1109
1110  Values are mean and asterisks indicaté& significant effect of limited water availability (W),
1111 biostimulants treatments (T) and their interaction (WxT) according to ANOVA (ns = not significant;
1112 *=p < 0.05; ** = p < 0.01; *** = p < 0.001). Different letters indicate significant differences based on
1113 Duncan’s test (p = 0.05).
1114  2.3.3. Antioxidant Activity of Polyphenolics Extracts
1115  Oleuropein and hydroxytirosol glucoside were the two main phenolic compounds detected.
1116 By contrast, the presence of tirosol was not observed. Hydroxytyrosol glucoside represented
1117  the main component in the olive leaves of well-watered and stressed plants, reaching an
1118  average 58.6% on the sum of all polyphenolic compounds. It was also note- worthy that the
1119  concentrations of this compound referred to in this work were in general higher than those
1120  illustrated by other researchers [20]; nonetheless, these latters used differ- ent cultivars, the
1121 sampling conditions reported in those works were different, and these factors could
1122 considerably alter levels of this metabolite. According to the literature data, oleuropein was

43



1123

1124

1125

1126

1127

1128

1129

1130

1131

1132

1133

1134

1135

1136

1137

1138

1139

1140

1141

1142

1143

1144

1145

1146

1147

1148

1149

1150

1151

also well represented in all leaf samples, representing on average 24.5% of the total
compound concentration.

Verbascoside, ligstroside and oleuropein aglycone were also present at significant con-
centrations, ranging between 16.43-0.42%, 3.90-1.13% and 3.49-9.33% of total polyphenolic
compounds, respectively. Among flavonoids, luteolin was the most abundant compound
exhibiting levels between 10.38 and 1.93% of total polyphenols. Coumaric, ferulic and vanil-
lic acid were found in minor concentrations as well as luteolin rutinoside, pinoresinol and
secologanoside. In accordance with literature data [42] the concentration of hydroxytirosol
glucoside showed higher values in leaves from fully irrigated plants compared to water
stressed leaves for untreated leaves and for all other treatments with the exception of Kaolin
and Pinolene, which generated in the leaves a higher concentration of this compound under
water stress conditions. The concentration of oleuropein was shown to be dependent on the
type of biostimu- lant treatment. In fact, a higher level this metabolite was observed in the
leaves of plants subjected to water stress in the case of the untreated samples and after foliar
the application of Trichoderma, glycine betaine and pinolene. Higher levels of oleuropein
were found in the leaves of fully irrigated plants following treatment with micro-algae,
seaweed mix and kaolin. An increased concentration of oleuropein in olive leaves subjected
to drought stress was reported by Petridis et al. [2] and by Talhaoui et al. [20], especially in
drought stress of control trees.

The water stress condition resulted in an increase in verbascoside when Trichoderma,
seaweed mix, and kaolin were applied to the plants, and a decrease in hydroxycinnamic
acids in all the examined treatments. Water deficit, however, did not affect minor polyphe-
nolic compounds. Overall, leaf polyphenol content decreased as a consequence of water
deficit, while no decrease was observed in plants treated with kaolin, glycine betaine and
pinolene (Table 3). In accordance with literature data [42] the water deficit induced by the
50% the watering regime caused a reduction in polyphenol content, especially in the case of
treatment with seaweed extracts (P treatment) which led to a reduction in polyphenol
content of about 61.98%. A slight decrease of polyphenolic content was observed with

micro-algae treatment (about 13.49%), while in the control and Trichoderma treatments, a
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similar decrease of about 34.35% and 36.23%, respectively, was found. Plant stress response
is related to bioactive metabolite arrangements which are dependent both on the plant
(species and cultivar) and on the nature and intensity of the stress factor. Polyphenolic
compounds such as flavonoids, secoiridoids and hydroxycinnamic acid derivatives are
involved in the plant stress defense as they act as antioxidants useful to counteract oxidative
stress [42]. Therefore, the decrease of such compounds under stress conditions may be
related to the defense-related functions of phenolic compounds. Interestingly, in the case of
treatments with kaolin, glycine betaine and pinolene, no significant differences between
irrigation regimes were observed. Therefore, these last treatments support the
implementation of agronomic practices to mitigate the negative consequences of water
stress. In addition, the positive effects of the kaolin treatment on polyphenols biosynthesis
could be related to the up regulation of gene transcription encoding chalcone synthase and
phenylalanine ammonia lyase (PAL), as previously described in grape berries subjected to
drought and heat stress [43]. On the other hand, Denaxa et al. [44] reported that water-
stressed olive leaves treated with kaolin exhibited similar lipid oxidation, evaluated by
measuring thiobarbituric acid reactive substances (TBARS), to those under fully irrigated
conditions. This suggests that antioxidant defense systems under drought were sufficient
and effective to counteract ROS production. Moreover, Brito et al. [6], reported that the
attenuation of abiotic stress related to the use of kaolin causes the change of important
physiological, morphological and biochemical mechanisms.

Disregarding water stress, olive leaves treated with kaolin had the highest level of total
polyphenol detected on average (11,246.82 ug g' dw) followed by leaves treated with
seaweed mix (6950.79 ug g dw) and Trichoderma based product (6828.03 ug g dw) (Table
3). In general, without considering the water stress, all treatments caused an increase in
polyphenolic compounds compared to the control with the exception pinolene, which
showed the lowest level of polyphenols. Treatment with pinolene provoked an inhibitory
effect on PAL activity, hence reducing the concentration of polyphenolic compounds. In
literature a similar effect was linked to the antioxidant 5-hydroxybenzimidazole foliar

application on “Koroneiki” olive trees [44]. The results of the antioxidant activity essays,
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carried out on the polyphenolics extracts of the olive leaves, were reported in Table 4 and
expressed as TEAC (mmol Trolox kg—-1 dw). As shown, a significant interaction was present
between the two tested factors.

Table 4. Antioxidant activity and total polyphenols content in leaves of olive tree grown in a
greenhouse under optimal irrigation (100% irrigation) and limited water availability (50% irrigation)
treated with several biostimulants: C = control, TR = Trichoderma, M = Micro-Algae, P = Seaweed

mix, K =Kaolin, B = Glycine betaine, V = Pinolene.

DPPH ABTS FRAP FOLIN
100% (mmol trolox/kg) (mg/kg dw)
TS 26.12 + 0.44 defg 87.59+1.18 ¢ 95.74+1.99 de 2620.16 + 33.57 fg
M 27.47 + 0.54 cde 86.47+221c 118.48+0.23 ¢ 3744.19 +581.40 e
p 29.17+041 c 105.33 £0.98 b 138.01+3.45b 9538.76 + 637.77 b
TR 28.76 +0.15 cd 70.54 +4.09 de 131.14 £2.23 bc 8337.21 +58.14 c
B 2424 +0.44 gh 62.87 +2.19 ef 103.00 £5.16 d 3608.53 +134.27 e
A% 26.32 £ 0.16 defg 64.33 +7.53 ef 96.84 +3.39 de 2484.50 £ 67.13 fg
C 3643 +021a 130.59 +£4.60 a 166.62 +0.77 a 18375.97 + 378.28 a
50%
TS 23.22+0.96 h 80.20 +2.44 cd 79.42 +1.87 fg 2426.36 +33.57 g
M 24.77 £ 0.59 fgh 80.11+1.27 cd 85.04 £ 1.05 efg 2988.37 +209.63 {
p 20.65+0.52 1 56.90 +2.42 £ 82.46 + 1.56 efg 2600.78 + 33.57 fg
TR 25.98 + 0.70 efg 74.83+£0.78 d 83.70 + 0.86 def 5275.19 +412.48 d
B 22.59 + 0.47 hi 62.61 +1.82 ef 8095+3.14 g 3511.63 +253.42 e
A% 27.01 + 0.56 cdef 78.82+£6.90 cd 101.84 +2.22d 2620.16 + 33.57 fg
C 33.57+0.44b 106.40 +1.04 b 138.64 +29.63 b 18686.05 + 100.70 a
W *% * XX 3%
T 4% H4H A4 4%
W X T 4% H4H A4 4%

Values are means + standard error of three biological and three technical replicates. Asterisks
indicate significant effect of limited water availability (W), biostimulant treatment (T), time of
measurements (S) and their interaction (WxTxS) according to ANOVA (ns = not significant; * = p <
0.05; ** =p <0.01; *** =p < 0.001). Different letters indicate significant differences based on Duncan’s
test (p = 0.05).

According to DPPH data, all treatments induced an increase in compared to the untreated
sample. In particular, the antioxidant activity measured with DPPH assay was between
24.24 mmol kg (glycine betaine) to 36.43 (kaolin): leaves treated with kaolin showed the
highest antioxidant activity, followed by pinolene, with both treatments being significantly
higher than the control. In 50%, the values ranged from 20.65 mmol kg (seaweed mix) to

33.57 mmol kg-1 (kaolin), whereas Trichoderma, pinolene and kaolin generated significantly
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higher DPPH compared to the control. As for the ABTS test, the values obtained showed, at
antioxidant activity compared to the untreated sample at 100% of evapotranspiration except
for glycine betaine, for which a decrease in antioxidant activity was observed 100%, an
improvement of antioxidant activity in correspondence with kaolin (+49.09%) and with
seaweed mix treatment, (+20.25%), while a decrease in antioxidant activity of 19.47%, 28.22%
and 26.56% was found, respectively, in the case of foliar application of Trichoderma, glycine
betaine and pinolene. However, the treatment with micro-algae did not induce significant
changes. For the water regime reduced by 50%, the values ranged from 56.90 mmol kg™ to
106.40 mmol kg™, and the lower value was referred to seaweed mix treatment. In fact, this
last treatment caused a decrease in antioxidant activity compared to untreated leaves equal
to 29.08%, while for treatment with glycine betaine the reduction observed was —21.93%.
Once again, an increase in antioxidant activity was observed with the kaolin treatment
(+32.64%), while insignificant changes were measured for micro-algae, Trichoderma and
pinolene treatments. In the case of FRAP, at 100%, the majority of the treatments exhibited
an improvement in terms of antioxidant activity compared to untreated samples, expect for
glycine betaine and pinolene. There was an average increase of 44.72% and kaolin treatment
was the one that showed the highest increase (+74.03%). Similar results were recorded at
50% with kaolin, which showed to be the most effective treatment leading to the highest
increase (+74.57%) followed by pinolene (+28.23%).

Folin results were in line with those of mass spectrometry investigations and with those of
the antioxidant activity evaluated with the FRAP method, showing both in well- irrigated
samples and in that water stressed an overall improvement of the antioxidant performances
of all plants treated with biostimulant compared to untreated control.

In general, water stress reduced both the antioxidant activity and the level of polyphe- nolic
compounds. This decrease may be associated with the defence-related functions of
polyphenolic compounds [45]. In literature it is reported that total phenolic and flavonoid
contents in leaves of two olive cultivars (Gemlik and Kilis Yaglik) were significantly affected
by irrigation treatments, with a cultivar dependent response [45]. In line with our results,

Dias et al. [42] observed a reduction in the flavonoid pool after a water deficit of thirty days
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and attributed this development to the ROS scavenger capacity of flavonoids. Moreover,
Dias et al. [42] reported that independently of the treatment, olive leaves are rich in the o-
dihydroxy B-ring-substituted flavonoids such as luteolin-7-O-glucoside that could assist to
this species” high-stress tolerance.

As regards biostimulant treatments, it is interesting to underline the remarkable effect of the
kaolin that was responsible for both increased antioxidant activity and polyphenol content
in both water regimes investigated compared to untreated control. This result could be due
to the upregulation of the gene transcription encoding chalcone synthase and PAL, as
antecedently stated for water stressed grape berries [43]. The results obtained showed that
the different biostimulants differentially modulated olive leaves phenolic compounds
content and antioxidant activity. Denaxa et al. [44] reported that kaolin engendered the
highest total phenols concentration, whilst drought-stressed plants exhibited higher total
flavonoids concentration when compared to the irrigated plants. However, in contrast to
our data, the latter authors noted that glycinebetaine treated trees presented the highest
oleuropein content just after foliar application, whereas kaolin treated trees presented the
lowest one. In this same study it was featured that kaolin application engendered high
activities of antioxidant enzymes such as glutathione reductase, peroxidase and superoxide
dismutase under water deficit, compared to other alleviating products that were
investigated. In our previous study we reported that Trichoderma strains may boost phenolic
compounds concentrations, incrementing the plant nutrient uptake mechanism and
meliorating plant nitrogen use efficiency, concomitantly with a positive influence on the
antioxidant activity [19]. Similar effects were also reported, where the application of
Trichoderma harzianum caused a significant increase in tomato fruit quality in terms of total
soluble sugars, carotenoinds, antioxidant capacity, and polyphenolic content [46]. Pinolene,
in agriculture, is used as film-forming antitranspirant that can prevent water loss from the
arial part of a plant [47,48]. Several studies have highlighted the profitable effect of film-
forming compounds, especially in horticultural crops [43—45]. Brillante et al. [8] reported
that pinolene treatment on grape caused a decline in sugar content and anthocyanin level

when compared to a control. Moreover, seaweed extracts are biostimulants traditionally
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used as soil conditioners as a scope to improve the growth of agricultural crops [49]. The
effects of foliar application of algal extracts on the polyphenolic quali-quantitative profile of
plants were reported in the literature [50-52] and showed the ability of these extracts to
stimulate primary and secondary metabolism by improving nutrient uptake and
assimilation, as well as favoring the synthesis and accumulation of phytochemicals which
are important for human diet.

2.3.4. Correlation between Total Phenolic Contents and Each Antioxidant Assays

In Figure 2, the correlation between the total phenolic content (Folin) and each of the

antioxidant capacity methods in both water regimes is shown.
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Figure 1. Correlation between the total phenolic content (Folin) and antioxidant capacities of leaves
(FRAP, DPPH and ABTS assay) under optimal irrigation (100% irrigation) and limited water
availability (50% irrigation).

In the 100% water regime there was a high and positive correlation between Folin and FRAP
(r2=0.919), Folin and DPPH (r? = 0.758), Folin and ABTS (r>= 0.635), while lower values of
correlations were shown in 50% water regime with values of r2 respectively equal to 0.681

(Folin-FRAP), 0.599 (Folin-DPPH) and 0.591 (Folin-ABTS). These results are in agreement
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with other studies, where a relationship was observed between the potential antioxidant
activity, total phenolic and flavonoid levels of the extract in olive leaves [53]. There are some
literature data revealing a strong correlation between the total number and content of
phenolics and the antioxidant activity of food, medicinal, plants, fruits, or veg- etables [54—
56]. The weaker correlation between total polyphenol content and antioxidant activity,
observed in 50% water regime could be attributed to the modification of quan- titative
polyphenolic pattern under stressful conditions. This can cause low correlations between
different methods, taking into consideration that polyphenolic compounds have multiple

activities and can scavenge radicals by different mechanisms [57].

2.3.5. Principal Component Analysis (PCA)

A principal component analysis (PCA) was done to feature the repercussion of the
biostimulant treatments on the biometric, eco-physiological and qualitative parameters an-
alyzed above. The first two principal components (PCs) disclosed 74.22% of the cumulative
variance (Figure 3), with PC1 detailing for 41.86% and PC2 for 32.36%.

The PC1 was positively correlated with vegetative and nutraceutical parameters, while PC2
was positively correlated with eco-physiological parameters. PCA is effective in plotting the
physiological, vegetative and nutraceutical parameters of the young olive trees in affiliation
of the different biostimulant treatments and their utility. Kaolin treatment, in both water
regimes 100 and 50%, was positioned in the downright quadrant of the PCA score plot, since
it engendered the highest value of total polyphenols and antioxidant activity. In water
regime 100%, all biostimulants were positioned in the upper right quadrant of PCA score
plot showing positive correlations with RWC, stomatal conductance, leaves number, leaf

area, and leaf dry matter.
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Figure 3. Principal component analysis (PCA) of vegetative parameters (leaf area, leaf dry weight
and leaf number), eco-physiological parameters at the end of growing season (RWC, SPAD and
stomatal conductance) and nutraceutical parameters (Folin, ABTS, DPPH and FRAP) in leaves of
olive tree grown in a greenhouse under optimal irrigation (100% irrigation) and limited water
availability (50% irrigation) treated with several biostimulants: C = control, TR = Trichoderma, M =
Micro-Algae, P = Seaweed mix, K = Kaolin, B = Glycine betaine, V = Pinolene.

To conclude, we list in Table 5 a summary of the composition, the application proce- dure,
application time and effects of the individual biostimulants that were used in this test on

the leaves of young olive plants.
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Table 5. Summary of the composition, the application procedure of the biostimulants and the
effects on the olive leaves.

Treatments

Composition

Application
Procedure

Effects

Trichoderma
(TR)

1% w/w Trichoderma harzianum, strain
T-22 spores (1 x 10° spores/g)
and 99% w/w inert ingredients

Drench application—6.67 g/ L of water

Improves RWC values and total
polyphenols content

Micro-Algae

Free L-amino acids (4.1% w/w), total
nitrogen (7% w/w), organic nihogeno

Drench application—6.67 g/L of water

Improves SPAD values and stomatal

(M) (5.6% w/w), nitric nitrogen (5.6% w/w), conductance
P20s (0.5% w/w), K20 (6.7% w/w)
Seqweed mix Organic carbon C (6%), . N
2 4 ;i res S| 2 ra
P) mannitol 9 g/L Drench application—4 ml/L of water Improves SPAD and RWC values
- b . ; Improves vegetative activity and
Glycine betaine Glycine betaine, fre_‘ha]ose, Iplant extracts Drench application—10 g/ L of water eco-physiological parameters in the
(B) containing zeatin. /
leaves
Kaolin - ) N ) . Improves the polyphenol content and
(K) Copper (Cu) totale 5% Foliar application—40 g/ of water antioxidant activity in the leaves
- o
Pinolene di-I-p-menthene (96%), coformulants, Improves vegetative activity and

(V)

inert emulsifiers

Foliar application—10 mL/L of water

RWC values

(4%)

2.4. Conclusions

The results of this study highlight the importance of biostimulants” application to mitigate
the effects of abiotic stresses (high temperatures and drought), with different effects based
on the product used. Regarding the vegetative parameters, significant differences were
shown between the two watering regimes (100% and 50%), with higher values registered at
100%. Biostimulants” effects were evident in conditions of water stress, and glycine betaine
treatment and algae products (micro-algae and seaweed mix) reported higher values in the
increase in the number of leaves and leaf area; these same treatments showed positively
significant values also regarding the eco-physiological parameters in both water regimes.
Particularly interesting results were obtained with kaolin applications that caused a
considerable two-fold increase in the total polyphenols content compared to the control, and
a significant increase as well in the antioxidant activity. These results are interesting for
improving the quality of olive oils characterized with low phenolic and antioxidant
components, with the addition of leaves rich in polyphenols that can be used equally for
pharmaceutical purposes. Future studies in the open field and on olive trees in full
production will be necessary to evaluate the efficiency of biostimulants in mitigating

damage from abiotic stress and to evaluate the effect on drupes and oil parameters.
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Figure S1: Typical chromatograms observed for the extracts of olive leaves analyzed in this study

and the mass specifications of the compounds of interest relative to phenolic compounds
(separation via UHPLC).

Table S1: Retention time and exact mass spectra data of apple polyphenols investigated by
UHPLC-HRMS Orbitrap

Theorical mass Experimental Error
mass
Compound Formula [M-H]- A ppm
ligstroside C25H32012 523.18210 523.18079 -2.50
oleuropein aglycone C19H2208 377.12419 377.12442 0.61
verbascoside C29H36015 623.19814 623.19952 2.21
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oleuropein C25H32013 539.17701 539.17792 1.69
Oti-tyrosol C13H1808 301.09289 301.09329 -1.85
glucoside
pinoresinol C20H2206 357.13436 357.1337 -1.85
vanillic acid C8H804 167.03498 167.03426 -4.31
ferulic acid C10H1004 193.05063 193.04971 -4.77
coumaric acid C9H8O3 163.03917 163.03931 0.86
luteolin rutinoside C27H30015 593.15119 593.15222 1.74
secologanoside C16H22011 389.10893 389.10837 -1.44
luteolin C15H1006 285.04062 285.04083 0.74
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Abstrack The negative impacts of extreme heat and drought on olive plams have driven the quest
for mitigation approaches based on the use of bicstimulants, which have proved to be effective
n contrasting environmental stresses, The aim of our study was o evaluate the efecdivensss of
six bicstinulants in mitigating high emperatun and waler stress in young olive brees in beoms of
vegetative and eco-physiological parameters as well as bicactive compound content. Biostimulants
based on glycine betaine and macro- and micro-algae effectively protected the plants from abictic
stress by improving theireco-physiological and vegetative parameters. At the end of the growing
season, olive plants wen experiencing water deficit which had built up through the summer months.
At this time, the glycine betaine-treated plants had a theee-fold higher stomatal conductance comparad
with the control, while plants sprayed with the seaweed mix had a relative water content 53% higher
than the control The kaokin treatment resulted in higher total phenclics and antioxidant itis

(DPPH, FEAF and ABTS) in waber stress conditions and caused an increase of 238.53 and 44349% in
leaves total polyphenols content in 100°% and 50%% water regime, mspectively. This study showed
the e fectiv eness of bicstimulants in mitigating the damage from abiotic stress on young olive trees,
by improving some vegetative, eco-physiclogical and leaf nutraceutical parameters. Further studies

are needed to st the eficiency of these biostiniul in open feld conditions on olive teees in
full production
Keywords: Olen aropaen L.; T Asscophy him nod Laminaria digitata; pinclene; phenolic

profike; high resclution mass spectrometry; antiokidant activity

1 Introduction

Olive {Ofea europaen L) is one of the most important fruit trees of the Mediterranean
region with an enormous economic and ecological valve. In its climatic region, olive is often
subject to drought periods during the warm season; nevertheless, it is characterized by
high morphological and physiclogical adaptation capacities [1]. Water stress was weported
to induce in olive plants the activation of antioxidant enzyme systems such as ascorbate
peroxidase, catalase and superoxide dismutase [2]. Moreover, the activation of the phenyl-
propanoid biosynthetic pathway leading to the accumulation of phenolic compounds is a
well-known metabolic response to water deficit as well as to other environmental stresses [2).
Such metabolic responses of the plants to unfavorable environmental conditions play a key
tole in preventing cellular damage caused by oxidative stress. However, the constitutive
tolerance to water deficit alone is not sufficient to protect olive trees from the combined
effects of extreme heat waves, water stress and high irradiance, which are all linked to

Agriculture 2122, 12, 227. hitpsc/ { dolorg, 1013390/ agriculturs ] MH0227

hitps:/ fwww.mdpi.cam/ journal/ agricaltune
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Chapter 3. Mitigation of High-Temperature Damage by
Application of Kaolin and Pinolene on Young Olive Trees (Olea
europaea L.): A Preliminary Experiment to Assess Biometric, Eco-
Physiological and Nutraceutical Parameters

Abstract: Various products are used to mitigate the negative effects of abiotic stress in olive
trees. The aim of the research was to examine an anti-transpirant product (Vapor Gard®, V)
and a kaolin-based product (Manisol, K) effect on the growth of two-year-old olive tree
seedlings under high temperature. The study was conducted in a greenhouse on trees of a
native cultivar of Campania (cv. Salella) grown in pot during the growing season from May
to September 2020. The experimental design included two products: di-1-p-menthene
(product V) and kaolin (product K), applied five times at 20-day intervals compared with a
control. The following biometric, physiological, and nutraceutical parameters were
evaluated: stomatal conductance, chlorophyll a fluorescence, Soil Plant Analysis
Development (SPAD) index, relative water content (RWC), shoots growth, total leaf area
per plant, trunk cross-sectional area, dry matter partitioning, total polyphenols, and
antioxidant activity. The results obtained showed that the application of di-1-p-menthene
(V) was able to induce a significant improvement of shoots growth (+37.22%) and trunk
cross-sectional area (+46.60%) and a reduction of the stomatal conductance and an increase
of leaf RWC values. Application with kaolin had positive effects on the total polyphenol
content, with an increase over the control of 240.33% and higher antioxidant activity values.
Further studies are necessary to determine the effect of these products on the biometric,
physiological and nutraceutical parameters of mature olive trees cultivated in open field

conditions.

3.1 Introduction

The olive tree (Olea europaea L.) is one of the most important crops in the Mediterranean
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basin, and its growth and development are mainly controlled by atmospheric conditions
[1,2]. In recent years, with the scenario of climate change, this cultivar is strongly exposed
to thermal and hydric stresses during the growing season, mostly during summer and in
the innermost areas of Europe [3]. These changes in temperature and precipitation along
with a greater frequency of extreme weather have reduced agricultural yield [4,5].
Temperature affects most plant physiological processes, including photosynthesis and
transpiration, which are both regulated by stomatal conductance, and which mutually affect
each other [6]. The atmospheric CO? concentration is increasing, and in addition to its direct
effects on plant growth, this change is expected to raise the global mean surface temperature
and result in an increase in the severity of summer drought [7]. The olive tree is considered
to be a sclerophyllous, high-temperature, and drought-tolerant species with a
photosynthetic apparatus resistant enough to moderate water stress, while the stomata are
the main limiting factors to carbon assimilation [8]. In conditions of low available water and
high temperatures, the olive tree undergoes significant stress, resulting in reduced
productivity [9-11]; one of the immediate responses is the reduction of stomata openings in
order to decrease the transpiration rate and maintain positive turgor pressure of the cells
[12-14]. In olive trees, the recovery after stress is a complex process; the trees restore the
water status rapidly along with a slow recovery of stomatal conductance [15]. A
conservative bearing after re-watering has been identified, as trees rapidly restore the water
status along with a slow recovery of stomatal conductance [16]. Although olive trees adapt
well to stressful conditions, high expenditure of energy is required by the plant to withstand
stressful conditions [10]. Water deficit, commonly associated to heat and high irradiance
stresses, impairs plant water status, drives stomatal closure, mesophyll compactness, and
photoinhibition, compromising photosynthetic capacity [11,17,18]. Photosynthesis is the
primary factor of plant growth [19], and all stress factors affecting the efficiency of
photosynthesis lead to reduced plant biomass and growth [20]. The measurement of
Chlorophyll a (Chl a) fluorescence [21,22] is an important tool for studying the
photosynthetic metabolism. It is important to adopt agronomic practices that allow a better

adaptability for drought and high temperature, and therefore the capacity to integrate both
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tolerance and recovery capacity [15] of olive orchards. One neglected agronomic technique
that has the potential to significantly contribute to abiotic stress amelioration in food crop
production is the use of anti-transpirants. These latter are substances that are applied on
leaves to reduce transpiration, and hence improve plant water potential [23]. Originally,
kaolin was developed for the suppression of pests in many crops [24], but later, it has been
demonstrated that the white kaolin film formed on the leaf surface increases the reflection
of incoming solar radiation. Kaolin has a reflective power and redistributes the radiation
throughout the plant, reaching both leaf surfaces and shaded plant canopy areas [25,26].
According to the above, kaolin also has an anti-transpirant effect: reducing heat stress and
solar injury to the entire tree canopy, leaf, and fruit and, in particular, their temperature [25].
However, products based on 1-p-menthene (pinolene), which is an emulsifiable terpenic
polymer distilled from conifer resins, create a thin, similar to a physical barrier, transparent
and flexible coat that stops water dispersion [27], decreases the stomatal conductance, and
consequently reduces transpirational losses, wilting, and leaf abscission, and favors
improving plant water status [28]. In an agronomic scenario in which the damage from high
temperatures caused by climate change is increasingly widespread, the aim of our
preliminary study was to evaluate the effects of two anti-transpirants products on the
improvement of growth and physiological status of young olive trees, grown in
greenhouses under high temperatures, and the effects on bioactive components in their

leaves.

3.2. Materials and Methods

3.2.1. Growth Conditions, Experimental Design and Products Applications

The trial was conducted in a greenhouse at the University of Naples “Federico II”-
Department of Agriculture, situated in Portici (Province of Naples, Italy; 40_480 N,14_200
E, m.s.l) between the end of May and the end of September 2020, adopting 2-year-old potted
olive trees cv. Salella. Temperatures were recorded continuously using Tinytag data loggers
(Gemini data loggers, Chichester, UK) placed at canopy level of the trees. At the beginning

of the trial, all plants were characterized by homogeneous growing characteristics; and 0.05

65



1640

1641

1642

1643

1644

1645

1646

1647

1648

1649

1650

1651

1652

1653

1654

1655

1656

1657

1658

1659

1660

1661

1662

1663

1664

1665

1666

1667

1668

kg/tree of Nitrophoska Gold (Compo Expert, Cesano Maderno, MB, Italy) was added to the
substrate. The study included two spray treatments, conducted five times during the
growing season: 25 May, 15 June, 06 July, 27 July and 24 August, compared with a control
thesis:

(1) Control (C) plants treated only with water;

(2) Kaolin (K), the product used was Manisol (Kaolin + Copper 5%) from Manica S.p.a
(Rovereto, Italy), which was applied by foliar application with 80 g in 2 L of water;

(3) Di-1-p-menthene (C20H34) (V), a terpenic polymer also known as pinolene, in the form
of a water emulsifiable organic concentrate. The product used was Vapor Gard® from
Biogard® (Bergamo, Italy), which was applied by foliar application with 20 ml in 2 L of
water.

The two treatments were sprayed using a portable pump. Plants were irrigated with water
equal to 100% of the evapotranspiration (ET), calculated by weight. A drip irrigation water
was considered by placing two drippers (2 L/h) per plant. The system was fed by electric
pumps, and irrigation was automatized due to a timer. For each treatment, ten technical
replicates were utilized, each consisting of a single tree.

3.2.2 Biometric and Physiological Analysis

During the growing season, the following measurements were performed: (i) shoots growth
with a digital caliber (Borletti CDJB20 accuracy 0.03 mm, Antegnate (BG), Italy), (ii) the
circumference of the trunk at 3 cm above the soil, in order to determine the increase in the
trunk cross-sectional area (TCSA) calculated by standard formula (girth?/4m), and (iii) leaf
number per plant to determine leaf area per plant using image] software version 1.50
(Wayne Rasband, National Institute of Health, Bethesda, MD, USA). On fully developed
leaves, the stomatal conductance was measured using a Porometer (Li-1600 Steady State
Porometer, Lincoln, NE, USA) taking 6 measurements per treatments; leaf soil plant
development (SPAD) index was assessed by taking 20 measurements per treatments using
a chlorophyll meter SPAD-502 (Konica-Minolta, Osaka, Japan). Plant water status was
assessed by calculating the leaf relative water content (RWC) as follows. Immediately after

sampling, leaves were placed in plastic bags inside a cooler box and transferred to the
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laboratory where the fresh weight (fw) was recorded. Due to the thick cuticle/epidermal
layers, the sampled leaves were then rehydrated for 48 h in distilled water at 4 °C in the
dark prior to measuring the rehydrated weight (rw). Subsequently, the same leaves were
dehydrated for at least 48 hours at 80 °C until constant weight was reached, before their dry
weight (dw) was measured. RWC (%) was calculated as:

RWC (%) = ([fw - dw]/[rw - dw]) * 100
These eco-physiological measurements were performed three times during the trial: on 29
June, 21 July, and 25 August. Before the end of the experiment, chlorophyll a fluorescence
measurements were recorded in the field on 30 min dark-adapted leaves using a PAR-
FluorPen FP 110/D portable fluorimeter (Photon Systems Instruments, Drasov, Czech
Republic) equipped with detachable leaf-clip. Measurements occurred at 9 a.m. and 1:30
p-m., for a one hour lap each, according to the procedure reported by Mola et al. [29].
Fluorescence data were analyzed by the FluorPen software ver. 1.1 (Photon Systems
Instruments, Drasov, Czech Republic), and the Fv/Fm parameter was calculated as follows:

Fv/Fm = (Fm - FO)/Fm

where FO is the basal fluorescence recorded at 40 us and Fm is the peak of the fast
fluorescence rise following illumination of the dark-adapted leaves with a saturating flash
of light. At the end of the growing season, the plants were harvested to determine the dry
matter partitioning of the various components of the trees (roots, leaves, wood and total).
Then, the root/canopy ratio of the individual plants was calculated. At the end of the season,
six samples of leaves per treatment were frozen and freeze-dried to determine the
polyphenol content and antioxidant activity.
3.2.3. Determination of Leaf Polyphenols
3.2.3.1. Chemicals
All the standards for the analyses were the same used in a previous study conducted by Di
Vaio et al. [30] on a minor autochthonous cultivar of olive of the Campania Region.
3.2.3.2. Ultrasound-Assisted Extraction of Polyphenolic Compounds
Lyophilized samples were extracted using the method reported in the literature [31] with

few modifications. In particular, 0.3 g of dried sample was extracted with 15 mL of
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methanol/water (80:20 v/v, 0.1% formic acid) by sonication at room temperature for 15 min.
Samples were centrifuged to 4000 rpm at 4 °C for 10 min, and the pellets were extracted
again in the same way. The supernatants were collected, filtered through 0.45 mm nylon
syringe membranes, and then used for high-resolution mass spectrometry analysis and
antioxidant activity assay.

3.2.3.3. UHPLC-HRMS Analysis of Polyphenolic Compounds

An Ultra-High-Pressure Liquid Chromatograph (UHPLC, Dionex UltiMate 3000, Thermo
Fisher Scientifict Waltham, MA, USA) coupled with a Q-Exactive Orbitrap mass
spectrometer (UHPLC, Thermo Fischer Scientific, MA, USA) was used to investigate the
quali-quantitative profile of polyphenolic compounds, by applying the conditions reported
in our previous work [32]. All results are expressed as _g/g dw of olive leaves.

3.2.4. Antioxidant Activity: ABTS Assay

Determination of the ABTS free radical scavenging activity was conducted following

the method described by Re et al. [33].

3.2.5. Antioxidant Activity: DPPH Assay

The DPPH assay was conducted according to the procedure reported by Brand-Williams et
al. (1995) [34] with minor modifications. Briefly, methanolic DPPH radical working solution
was prepared diluting methanolic DPPH (4 mg in 10 mL) with methanol until an absorbance
value of 0.900+0.020 at 517 nm. For the assay, 200 uL of sample were added to 1 mL of radical
working solution, and the absorbance value was monitored after 10 min. The results were
expressed as Trolox equivalents antioxidant capacity (TEAC, mmol Trolox equivalent kgol

of dry weight of sample). All determinations were performed in triplicate.

3.2.6. Statistical Analysis

Analysis of variance (two-way ANOVA) was applied to analyze the group means. Duncan’s
multiple range test was (DMRT) performed for mean separation of each of the significant (p
< 0.05) measured variables. A principal component analysis (PCA) was executed on

biometric, physiological and nutraceutical parameters at the end of growing season, to
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detect the interrelationship. The statistical package XLSTAT Version 2013 (New York, NY,
USA) was implemented for all the analyses.

3.3. Results and Discussion

3.3.1. Implications of Kaolin and Pinolene for Biometric and Physiological Parameters

Mean, maximum and minimum air temperature inside the greenhouse during the
cultivation cycle are presented in Figure 1. The maximum temperatures of 51.74 °C in July
and 49.90 °C in August were recorded, while the minimum temperature was 23.42 °C in
June (Figure 1). Figure 2 shows the effect of Kaolin (K) and di-1-p-menthene (V) products
on shoots growth of olive plants compared with control (C) during the growing season. No
significant difference was shown between the various treatments; on the contrary, a
significant difference was highlighted during the days of growing season for the shoots
growth. The interaction between treatments and days of measurements (TxD) was found to
be significant with p <0.001. At the end of the growing season, V applications improved the
growth of the shoots compared to C by about + 46.60%. On the contrary, K application did

not significantly improve the performance of this parameter with respect to the C (+ 10.70%).
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Figure 1. Monthly temperature trend: maximum, minimum, and mean temperature (°C) recorded

during the growing season under the greenhouse.
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Figure 2. Effects of kaolin (K), di-1-p-menthene (V) on shoots growth during the growing season.
C: control. Different letters indicate significant differences according to Duncan’s multiple-range
test (p = 0.05). * indicates the first application of the anti-transpirants. Vertical bars indicate + SE of
the means, n = 10 plants for treatments. Asterisks indicate significant effect of biostimulant
treatment (T), days of measurements (D), and their interaction (T x D), according to two-way
ANOVA (ns, *, **, *** non-significant or significant at p <0.05, 0.01, and 0.001, respectively). At
the end of the growing season, V treatment resulted in significantly higher values of
TCSA, in comparison with C (+34.7%) and K treatment (+41.7) (Table 1), in addition to
shoots growth being only significantly higher under V treatment, 37.2% compared to C.
Meanwhile, leaf area per plant showed significant differences when plants were treated
with K and V with respect to C, registering an increase of about +10.2% and +9.4%
respectively. Our results are consistent with those reported previously by Roussos et al.
(2010) [35], where plant height in olive trees with kaolin applications did not report
significant differences with respect to control. Similar results to ours were also reported by
MI et al. [36], where in a test on Ficus carica L., the use of two anti-transpirant types,
namely “Folicote” and Vaporgard, increased growth parameters, yield and fruit quality in
the first season. The anti-transpirants products are expected to reduce photosynthesis and
hence the growth of the plants. However, since the anti-transpirants close the stomata, the
plant water potential increases, and it is possible to induce an increase in growth, despite
reduced photosynthesis [37].

Table 1. Effect of kaolin (K) and di-1-p-menthene (V) on shoots growth, trunk cross sectional area

(TCSA) and leaf area per plant at the end of growing season. C: control.
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Treatments Shoots Growth (cm) TCSA (cm?) Leaf Area per Plant (cm?)

C 14.44 +1.55b 17.05+1.78 b 682.02 +16.00 b

K 18.20 +1.08 ab 16.21+151b 759.03 +25.94 a

\ 21.17+1.84 a 22.97+2.09a 746.30 +23.88 a
Significance e * *

Different letters indicate significant differences according to Duncan’s multiple-range test (p = 0.05).
Means + SE (standard error). Significance levels of parameters in ANOVA test: * p <0.05; *** p <0.001.
The effect of kaolin (K) and 1-p-menthene (V) applications on eco-physiological parameters
are reported in Table 3, after one (29-Jun), two (21-Jul) and three (25 Aug) months of the first
application (25 May). Figure 3a shows the stomatal conductance values, where already after
one month from the first application, the effects of the treatments were evident.

(a) (b)
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< a 3 b e M
2 0.500 60
: 0.400 = 50
5
b 2w
3 0.300
= 30
o
o c
§ 0200 R c 20
g 7
5 0100 d % 10
o

0.000 / 0

20-Jun 21Jul 25-Aug 21-dul 25-Aug
© . i}
0.82 ab H ns oc oK mv T oc oK @V
] TxH = 80 ab D ns
0.80 E[f D * a
78 abc
0.78 abc
9 76 .

£ 0.76
w & 74
5
“ 074 e 2

0.72 70

0.70 68

0.68 66
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Figure 3. Effect of kaolin (K) and 1-p-menthene (V) after one (29-Jun), two (21-Jul) and three (25
Aug) months by the first application on: stomatal conductance (a), RWC (relative water content)
(b), fluorescence (Fv/Fm) measured at different temperature condition at 9:00 h and at 14:00 h (c).
SPAD (soil plant development) index (d), versus C: control. Vertical bars indicate + SE (standard
error) of the means. Different letters indicate significant differences according to Duncan’s
multiple-range test (p = 0.05). Asterisks indicate significant effect of biostimulant treatment (T),
days of measurements (D) and their interaction (TxD) according to two-way ANOVA (ns not-

significant; * p <0.05; ** p < 0.01; *** p < 0.001).
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No significant difference was shown between the various treatments; on the contrary, a
significant difference was highlighted during the days of growing season for the stomatal
conductance. The interaction between treatments and days of measurements (TxD) was
found to be significant with p <0.001; conductance values with C applications were equal to
0.53 mol?s?, significantly higher than the treated plants. During the vegetative season in
July, K applications showed an increase in stomatal conductance (0.56 mol2s), but at the
end of the vegetative season, all three treatments showed low conductance values, in
particular K, which was statistically different from C with a reduction of 3.70%. Similar
results have also been observed by Di Vaio et al. [38,39] on “Aglianico” and “Falanghina”
(Vitis Vinifera L.), where a product based on 1-p-menthene significantly reduced the stomatal
conductance and assimilation rate. Stomatal conductance usually decreases at high
temperatures; however, this result is probably due to leaf water deficit or large leaf-to-air
water vapor concentration differences generated by high temperature [40,41].

Another parameter used for evaluating the state of plants was the relative water content
index (RWC) (Figure 3b); in this case, no significant difference was shown between the
various treatments, but a significant difference was highlighted during the days of growing
season. The interaction between treatments and days of measurements (T x D) was found
to be significant with p < 0.01. In particular, in June, no statistically significant differences
were recorded, as the plants had not yet undergone prolonged thermal stress; in July, only
treatment with V reported significant different values, about +26.39% higher than C. In
August, the effect of stomatal closure of the two spray products was clearly highlighted, as
they showed significantly higher values of RWC, about +15.8% in K and +27.87% in V
compared to C. Anti-transpirants are chemical compounds used to limit the transpiration
process and to maintain the advantageous parameters of the water balance of plants [42],
and they are commonly used to reduce leaf water loss. For instance, anti-transpirant
products increased the relative water content of Morus alba leaves at different irrigation
levels [43]. They may allow a reduction in water transpiration without greatly affecting

photosynthetic activity [44]. In addition to the beneficial effect of elevated CO2
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concentration on drought stress, anti-transpirants can significantly improve drought
tolerance [45]. Our results are in agreement with Mikiciuk et al. [46], where the
antitranspirant used product increased the RWC in leaves of the tested strawberry cultivar
by 4.4%. According to Abdel-Fattah [47], anti-transpirants, which form a film on the surface
of the plants, increase the RWC in leaves. Plants treated with both products had an Fv/Fm
of 0.81 at 09:00 a.m., corresponding to the optimum value for healthy, non-stressed plants
[48], while plants treated with K showed an Fv/Fm of 0.79 always at 09:00 a.m. (Figure 3c).

Significant differences were shown between the various treatments and during the time of
measurements. The interaction between temperature and time of measurements (T x H) was
found to be significant with p < 0.001. The Fv/Fm decreased gradually and at the mid-day
measurement; it was significantly lower than that registered at 09:00 a.m. thus evidencing
the daily fluctuation in the maximum quantum yield of PSII photochemistry. At 02:00 p.m.,
significant differences emerged between C (Fv/Fm =0.76), K (Fv/Fm =0.73) and V (Fv/Fm =
0.79) plants. The V treatment reduced the mid-day depression in photosynthetic efficiency
by narrowing the daily fluctuation in Fv/Fm, while the K treatment increased this
depression. Overall, this positive effect of V application on the plant photosynthetic
metabolism may explain the higher growth parameters recorded for plants treated with this
anti-transpirant. Our Fv/Fm results with K applications are in contrast with Segura- Monroy
et al. [49] findings. The authors noted significant differences in Fv/Fm ratio due to kaolin
treatments in Physalis peruviana L., with untreated plants having reduced quantum
efficiency (with kaolin (0.83) vs. without kaolin (0.79)). Our results are consistent with those
reported previously by Latocha et al. [50], where anti-transpirant product application
increased the chlorophyll content in leaves at the beginning of the experiments, and it
enhanced the efficiency of the photosynthetic apparatus during almost the whole
experimental period on Actinidia arguta. Data on the degradation of the leaf chlorophyll
molecule after thermal stress conditions were recorded using a Minolta chlorophyll meter
SPAD during the vegetative season, showing a significant difference between the various
treatments. The interaction between treatments and days of measurements (T x D) was

found to be significant with p < 0.05. Our results showed, at the end of the test, positive
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effects of K and V products in maintaining higher levels of leaf SPAD than C (Figure 3d). K
induced an increase in SPAD index equal to +6.8% and V equal to +6% compared to C.
Higher Fv/Fm chlorophyll fluorescence emissions and SPAD index values on anti-
transpirant trees compared with C, indicating less damage of the photosynthetic apparatus
and higher leaf chlorophyll content. As chlorophyll is the major component of
photosynthetic activity [51], it may explain yield increase at harvest in polymer-treated trees
due to the improvements in these two measurements. Nevertheless, not all studies are
consistent with these findings, since Percival et al. [52] on Aesculus hippocasta-num L. and
Quercus robur L showed no significant effects of film-forming polymers on leaf Fv/Fm
values and SPAD index values compared with C.

However, our findings are confirmed by other studies where the SPAD index reading was
greater in leaves treated with kaolin [51]; this positive effect on SPAD index was also shown
by Lombardini et al. [25] after kaolin treatment. A possible explanation for the increase of
this parameter may be due to the fact that leaves not treated with kaolin can show a lower
light reflectance, suggesting an increase of degradation of the photosynthetic pigments [53].
In September, at the end of the test, the plants were sampled to determine the dry matter
(Figure 4). An increase in both roots and total dry matter with V application compared to C
was highlighted, equal to +17.43% and +12.07%, respectively, while K applications caused a
reduction in total dry matter compared to C, equal to - 23.63%. Our findings concerning K
application are consistent with those reported previously by Cantore et al. [24], where the
use of kaolin did not affect fruit dry matter. Similar results have also been observed in other
previous studies on anti-transpirant products that influenced plant height and total dry
matter [42], where the results obtained in greenhouse and field trials on unirrigated sweet
corn indicated that significant increases in growth and of dry matter/yield occur in response
to Vapor Gard (6%) treatment. Positive effect of 1-p-menthene-based product on vegetative
growth and development may be due to improved plant water status related to lower

transpiration [54].
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Figure 4. Effect of kaolin (K) and 1-p-menthene (V) on dry matter of roots, wood, leaves,
canopy/roots ratio and total dry matter at the end of growing season. C: control. Vertical bars
indicate + SE (standard error) of the means. Different letters indicate significant differences
according to Duncan’s multiple-range test (p = 0.05).

3.3.2. Analysis of Polyphenols by UHPLC-Q-Orbitrap HRMS

Table 2 reports the phenolic composition obtained by UHPLC-HRMS analysis and Table 3
shows the quali-quantitative polyphenolic profile of olive leaves in control and treated
plants. Single phenolic compounds were identified and quantified using calibration curves
built with appropriate reference compounds. As certain standards were not available the
case of secoiridoids), quantification was calculated employing calibration curves of
oleuropein, while for the identification, MS/MS experiments had to be used.

Table 2. Exact mass spectra data (molecular formula, deprotonated molecular ion ([M-H]") and

accuracy (A ppm)) of olive leaves polyphenols investigated UHPLC-HRMS Orbitrap.

Theorical Mass Experimental Mass Error

Compound Formula [M-H]~ A ppm

Ligstroside C25H32012 523.18210 523.18079 —2.50
Oleuropein aglycone C19H2208 377.12419 377.12442 0.61
Verbascoside C29H36015 623.19814 623.19952 2.21
Oleuropein C25H32013 539.17701 539.17792 169

OH-tyrosol-glucoside C13H1808 301.09289 301.09329 —1.85
Luteolin C15H1006 285.04062 285.04083 0.74

Table 3. Effect of kaolin (K) and 1-p-menthene (V) on phenolic compounds content in leaves of

olive trees at the end of growing season. C: control. OH: hydroxy

Polyphenols Treatments Significance
C K \ T
Ligstroside 54.01b 266.16 a 67.79b ok
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Oleuropein aglycone 54.67 b 230.89 a 45.90 ¢ o

Verbascoside 156.91 b 381.39 a 31.51c¢ ok
Oleuropein 629.34b 1868.74 a 575.93 b ot
OH-tyrosol glucoside 2185.11 b 821527 a 980.91 c o
Luteolin 205.00 ab 217.59 a 191.02 b ns

Total polyphenols 3285.04 b 11180.05 a 1893.07 ¢ ok

Different letters indicate significant differences according to Duncan’s multiple-range test (p =
0.05). Significance level of total polyphenols in leaves in ANOVA test: ns not significant; *** p <

0.001. All results are expressed as g /g dw of olive leaves.

The Q Exactive Orbitrap LC-MS/MS analysis allowed the separation and identification of
six phenolic compounds, already reported in olive leaves. They were identified by
comparison of their molecular formula, the fragments obtained, and the order of elution in
the literature [32]. The chromatographic separation and qualitative analysis highlighted a
nonsubstantial difference in the phenolic composition between the different samples
investigated. The two main phenolic compounds detected were oleuropein and tyrosol
glucoside in all three treatments. K treatments showed significantly higher values of
ydroxytyrosol glucoside with an increase of +276.00% compared to C. On the contrary, V
application caused significantly lower values than that of C (- 55.11%). This trend is also
confirmed for oleuropein, where the highest concentration is shown with K application,
which showed an increase compared to C of +196.94%; on the contrary, V application did
not show significant differences compared to C. K application also positively influenced the
total polyphenols content; an increase of +240.33% (11,180.05 pg g™) was recorded with
respect to C (3285.04 pg g'), while V treatment induced the lowest accumulation of
polyphenols content (1893.07 ug g'). Treatment with pinolene caused an inhibitory effect
on PAL activity, thus reducing the concentration of polyphenolic compounds. In iterature,
a similar effect was associated with the foliar application of the antioxidant 5-ydroxybenzi
midazole on “Koroneiki” olive trees [55].

3.3.3. Antioxidant Activity of Polyphenolics Extracts
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The results of the antioxidant activity assays, conducted on the polyphenolics extracts of the
olive leaves, were reported in Figure 5 and expressed as TEAC (mmol Trolox kg dw).
According to ABTS test, the values obtained showed an improvement of antioxidant activity
with K treatment (+49.09%) and a reduction with V treatment (36.16%) with respect to C. As
for the DPPH test, the obtained values showed an improvement of antioxidant activity only
with K treatments, with an increase of +39.47% with respect to C. Our results are in
agreement with Denaxa et al. [55], who reported that kaolin clay particles resulted in the
highest total phenol concentration in young olive plants. In this same study, it was
highlighted that Kaolin application resulted in high activities of antioxidant enzymes such
as superoxide dismutase, peroxidase and glutathione reductase under water deficit
compared to other alleviating products in investigation. Brillante et al. [56] reported that
pinolene treatment on grapes caused a decrease in sugar content and anthocyanin level
compared to control. In addition, recent studies on Vitis Vinifera showed that treatments
with kaolin have highlighted positive effects on reducing canopy temperatures, enhancing

the accumulation of anthocyanins [57].
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Antioxidant activity assays
Figure 5. Effect of kaolin (K) and 1-p-menthene (V) on antioxidant activity (ABTS and DPPH) in
leaves olive trees at the end of growing season. C: control. Vertical bars indicate + SE (standard
error) of the means. Different letters indicate significant differences according to Duncan’s
multiple-range test (p = 0.05).
3.3.4. Principal Component Analysis (PCA)
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A principal component analysis (PCA) was conducted to highlight the effects of the
treatments on all the parameters analyzed above. The first two principal components
(PCs) explained 100% of the cumulative variance (Figure 6), with PC1 accounting for
76.71% and PC2 for 23.29%. The PC1 was positively correlated with the nutraceutical
compounds: OH-tyrosol glucoside, verbascoside, oleuropein, ligstroside, luteolin,
oleuropein aglycone, total polyphenols and with antioxidant activity assays (ABTS and
DPPH), and negatively correlated with the stomatal conductance, fluorescence (Fv/Fm),
TSCA and dry matter of roots, leaves and total. Moreover, PC2 was positively correlated
with shoots growth, leaf area, RWC and SPAD index. PCA is effective in plotting the
physiological, biometric, and nutraceutical parameters of the young olive trees in relation
to the different treatments and their usefulness. In particular, the Kaolin (K) treatment was
positioned in the upper right quadrant of the PCA score plot, as it delivered the highest
value of total polyphenols and all single polyphenols analyzed except for luteolin and
verbascoside, and it showed the highest value of DPPH and SPAD. The pinolene (V)
treatment was positioned in the upper left quadrant of PCA score, as it delivered the
highest value of RWC, Fv/Fm, shoots growth, TCSA and dry matter of roots, wood and

total dry matter, whereas control was located in the lower left quadrant.
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Figure 6. Principal component analysis (PCA) of biometric parameters (shoots growth, TCSA (trunk
cross-sectional area), leaf area and dry matter of roots, wood, leaves and total dry matter),
physiological parameters (stomatal conductance, RWC, SPAD and F+/Fm), nutraceutical parameters
(OH-tyrosol glucoside, verbascoside, oleuropein, ligstroside, luteolin, oleuropein aglycone, total
polyphenols, ABTS and DPPH), under the application of two anti-transpirants K: kaoline and V: di-
1-p-menthene in comparison to C: control. For the PCA, the parameters of stomatal conductance,
RWC and SPAD analyzed were those of August, and for Fv/Fmthose of 2:00 pm (the values obtained
after prolonged thermal stress were considered).

3.5. Conclusions

This preliminary study emphasizes the importance of using products based on kaolin and
pinolene to improve the biometric, physiological and nutraceutical characteristics of young
olive trees subjected to high thermal stress. As tentative results, foliar application of the anti-
transpirant pinolene-based product improved the biometric parameters of the plants, in
particular the shoots growth, TCSA, and total dry matter. Plants sprayed with the tested

preparation were characterized by a higher relative water content (RWC) in leaves and a
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higher value of efficiency of photosystem II (PSII); this positive effect of 1-p-menthene on
vegetative growth and development may be due to improved plant water status related to
lower transpiration. Kaolin application also reduced stomatal conductance and similar to
the V application, recorded higher values of leaf chlorophyll concentrations (SPAD) at the
end of the vegetative season. In particular, interesting effects were recorded with the use of
kaolin on the nutraceutical compounds of olive leaves; high contents of total polyphenols
were recorded compared to control plants and this product showed a higher value of the
antioxidant activity.

It is important to underline that further studies are necessary to determine the effect of these
products on the biometric, physiological and nutraceutical parameters of mature olive trees

cultivated in open field conditions in consecutive years and on the quality of the produce.
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Abstract: Various products ame: used to mitigate the negative effects of abiotic stress in olive tores,
The aim of the research was tosxamine an anti-transpirant product I,'V.:ParGard.“, V) and a kaolin-
based prociuct (Manisol, K) effect on the growth of fwo-year-old olive tee seedlings under high
fmperatune. The study was conductsd in 2 gresnhouss on tress of 3 native cultivar of Campania
(cv. Salella) grown in pot during the growing ssason from May to September 2020, The ex perimental
design inclhuded two products: di-l-p-menthene (product V) and kaolin (product K), applied five
times at X day intervals compared with 2 control. The following biometric, physiological, and
nutraceutical parameters wene evaluated: stomatal conductance, chlorophyll 8 fuomescenae, Soil
Plant Anahysis Development (SPAD) index, melative water content (RWC), shoots growth, total beaf
amea per plant, trunk cross-wectional area, dry matter partitioning, total polyphencls, and antiocidant
activity. The mesults cbiained showed that the application of di-1-p-menthene (V) was able to induce
a sigrificant improvement of shoots growth (+37.22%) and trunk cross-sectional ares (+46.60%) and a
reduction of the stomatal conductance and an increase of leaf BWC values. Application with kaolin
had positive effects on the total palyphencl content, with an increase over the control of 24033%
and higher antioxidant activity vales. Further shadies ame necessary to determine the effect of these
pnxlu:tscull:h: biometric, P{'y:iulnﬁ.iﬂl and mufracentical parameters of mature olive trees culbivaied
in open ficld conditions.

Keywords: anti-transpirant; stomatal conductance; chloropiy Il 8 fluomescence; BWC total polyphe-
nols; anfioxidant a:th-'n?(

1 Introduction

The olive tee (Oler avropaes L) is one of the most important orops in the Mediter-
ranean basin, and its growth and development are mainly controlled by atmespheric
comditions [1,2]. In secent years, with the scenario of climate change, this cultivar is strongly
expaosed to thermal and hydrne stiesses during the growing season, mostly during sumaer
and in the nnermest areas of Europe [3]. These changes in temperature and precipitation
along with a greater frequency of exireme weather have reduced agricultural yield [4,5].
Temperatune affects mest plant physiological processes, including photosynthesis and
transpisation, which are both regulated by stomatal condwetance and whach mutually affect
each other [5]. The atmospheric CO; concentrabion = mereasing, and m addition to its
direct effects on plant growth, this change is expected to raise the global mean surface
temperatume and resull mn an increase m the seventy of summer drought [7] The olive tree
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Chapter 4. Biostimulants Application on Olea europaea L. in
Mediterranean Conditions Increase the Production and Bioactive
Compounds of Drupes and Oil

Abstract: Over the years, the use of biostimulants has become increasingly widespread due
to their proven efficiency in improving plant productivity and quality of fruits and
mitigating the effects related to environmental stress. The aim of the present study was to
evaluate the effect of three biostimulants on oil yield, production of drupes per plant, and
nutraceutical components of olive drupes and oil (total polyphenols, anthocyanins, and
fatty acids %) for “Racioppella” cultivar trees growing in South Italy (May-October 2021).
The biostimulants used were: a tropical plants extract (A) containing amino acids, vitamins,
enzymes, phytochelatins, macro- and microelements, a glycine betaine-based product (B),
and a Trichoderma spp.-based biostimulant (T). The three biostimulants were compared with
a control thesis (C) treated only with water. T treatment increased the polyphenols content
of olive drupes by 41.04% compared to C. A and B treatments increased polyphenols content
by 21.87% on average compared to C. All three biostimulants showed positive effect by
increasing the amount of polyphenols in olive oil compared to C:T showed an increase of
32.19%, B 7.76%, and A 19.78%. Biostimulant application proved useful in boosting
fundamental parameters that determine better drupe and oil in terms of antioxidant

capacity and nutraceutical potential, other than an increased production.

4.1. Introduction

Global warming is predicted to have a generally negative effect on plant growth due to the
damaging effect of high temperatures on their development. The increasing threat of
extreme climatic events, including high temperatures might lead to lower crop productivity
and quality loss [1]. Abiotic stresses cause morphological, physiological, biochemical, and
molecular changes that negatively impact plant growth and yield. The rising threat of

climate change is already having a substantial impact on agricultural production
89
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worldwide, as heat waves can cause significant yield losses threatening future global food
security [2]. Moreover, the environmental conditions of the Mediterranean basin are
expected to change soon [3]. In particular, the mean air temperature is projected to rise
drastically in the range of 2-5 °C in the next 30 years [3-5]. Olive trees are considered one
of the most suitable and best-adapted species to the Mediterranean-type climate [6],
characterized with long, warm, and dry summers, with mild and wet winters [7]. In
addition, olive orchards in the Mediterranean basin are normally subjected to high levels of
solar radiation, especially in spring and summer seasons. Nowadays, olive trees face new
challenges and threats, namely related to climate change. In fact, increased temperatures
and drought and a frequent occurrence of extreme weather events such as heatwaves, are
among the problems that growers will have to deal with in the upcoming decades [8], as
high temperatures influence some parameters such as olive oil and fatty acid content [9]. To
mitigate the damages caused by high temperatures, it is important to adopt agronomic
practices that allow a better adaptability for drought and high temperature, and therefore
the capacity to integrate both tolerance and recovery of olive orchards capacity [10]. The
plants defense strategies can be enhanced using various approaches such as the use of
biostimulants [11,12]. The effect of biostimulant stems from a variety of factors, starting
from the source materials and the production methods [13]. Several studies highlighted the
vital role of biostimulants in improving the efficiency of plant’s metabolism, increasing
plant tolerance and recovery from abiotic stresses, facilitating nutrient assimilation,
translocation and use, and enhancing quality attributes of the produce; by including sugar
content, color, phenols, antioxidant activity and particularly by fostering the development
of complementary soil micro-organisms [14]. In the literature, various studies about the
effect of biostimulants on plant growth and production are present [15-18], but very few
studies have evaluated the use of biostimulants on olive trees [17,19-21].

The bioactive compounds/secondary metabolites in plants are a wide range of molecules
that are generated in suboptimal growing conditions. The biosynthesis of these molecules
is intended to enhance crop tolerance to abiotic and biotic stresses and other stressful

conditions or avoid attacks from pathogens or animals [22]. Olives and oil are an important
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valuable source of natural phenolic antioxidants [23] and fatty acids content that have a
benefic role on human health [24]. In fact, an increasing number of epidemiologic and
experimental studies report that olive oil may have a role in the prevention of different
pathology [25,26]. Several studies demonstrated the effect of various biostimulants based
on protein hydrolysates, tropical plants extract, and Trichoderma strains in increasing the
content of secondary metabolites, improving fruit yield components and fruit qualitative
traits in different crops [27], fruit trees [28], and on olive drupes [29]. In this respect, the aim
of our study was to evaluate the effect of these different categories of biostimulants on
agronomic parameters and on bioactive compounds and fatty acids of Olea Europaea L.
drupes and oil, in a scenario of Mediterranean temperatures. Therefore, based on the above
mentioned, this study was designed to better understand and broaden our knowledge on
the effect of different categories of biostimulants in modulating the yield of olive trees and

the bioactive compounds of olive drupes and oil in Mediterranean conditions.

4.2. Materials and Methods

4.2.1. Plant Material, Biostimulants Treatments, and Experimental Design

The trial was conducted in an olive orchard in Castelvenere, in the province of Benevento,
Southern Italy (41.23488° N. 14.547609° E) at an altitude of 140 m msl, during the growing
season from May to October 2021. The experiment was carried out on sixteen years old olive
trees in production belonging to the cultivar “Racioppella”. The plants were trained to open
vase system and planted with an inter-row spacing of 6 m, and an intra-row spacing of 3 m.
The olive field received standard horticultural cares, and the treatments against the main
parasites were applied according to the regulation of integrated production. The
experiment set up was organized as a completely randomized block design with ten
trees/replicates per treatment. Ten untreated trees were adopted between the different
treatments to avoid any interference from the foliar treatments. The trees were selected
according to the uniformity of vegetative and productive status. For foliar treatments, an

atomizer was used, and for the radical treatment a ground injector was used. The
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experimental design was based on three commercial biostimulants treatments compared
with a control:

(1) Auxym (A) product derived from tropical plants extracts by Hello Nature® (Rivoli
Veronese, VR, Italy). The product was used as foliar application at the dose of 1.5 L ha™..

) Biohelp (B) glycine betaine-based product by Biolchim SPA (Bologna, BO, Italy), a
bio-promoter of resistance to environmental stress. The product was used as foliar
application at the dose of 10 kg ha™'.

©) Trianum-P (T) a product based on Trichoderma by Koppert Biological Systems
(Bussolengo, VR, Italy), with active ingredient Trichoderma harzianum Rifai strain T-22 (also
known as KRL-AG2¥). The product was used both as foliar application and radical
application at the dose of 2.5 kg ha™.

4)  Control (C) plants were only treated with water.

All biostimulants were applied five times during the growing season at 30 days intervals, at
the phenological stage 53, 55, 71, 79, and 81 according to the BBCH scale [30]. The
biostimulants were applied adopting a concentration recommended by the producers.

The minimum, maximum, and average temperature data recorded during the growing
season were downloaded from the meteorological station of Castelvenere (BN) Italy, where
the study was conducted.

4.2.2. Harvest Time, Production Plants™!, Maturation Index and Oil Extraction

The evaluation of the ripening of drupes was done according to the pigmentation of the
olives (Jaen index 0-7). The olive trees cv. “Racioppella” were harvested on 26 October 2021
by a vibrating comb, when 50% of the drupes reached a red-mahogany or darker skin color,
with a Jaen index of about 3. Fruits were weighed to determine the yield per plant by a
digital dynamometer (Kern & Sohn, Germany). Immediately after harvesting, the olives
were transported to a crusher where they were processed with a 3-phase continuous

malaxing machine (Pieralisi F.1li S.p.A., Ancona, Italy).
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4.2.3. Carotenoids Determination of the Drupes

The carotenoids determination of drupes was done based on a spectrophotometric method
described by Aiello et al. [31], with slight modifications. The sample (100 mg) was dissolved
in 5 mL of ethyl ether, then placed in an ultrasonic bath for 1 min and vortexed for 30 s. The
absorbance measurement was carried out using a Shimadzu UV-1601 spectrophotometer
(Shimadzu, Kyoto, Japan) at a wavelength of 470 nm. The results were expressed as mg kg™'.
4.2.4. Anthocyanins Determination of the Drupes

The anthocyanins determination of drupes was done based on the method of Raj and
Ahmad [32], with slight modifications. Briefly, 2 g of fruit epicarp was macerated in 20 mL
of 5% acidified methanol using a mortar and pestle. The extraction was repeated three times.
The extracts were collected and centrifuged at 6500 rpm for 10 min. The supernatant was
kept at dark overnight. Finally, the absorbance was measured at 520 nm using a Shimadzu
UV-1601 spectrophotometer (Shimadzu, Kyoto, Japan). The anthocyanins content was
expressed as cyanidin-3-glucoside equivalent since that is the most abundant anthocyanin
in nature [33]. The total anthocyanin was reported as mg cyanidin-3-glucoside equivalent
kg

4.2.5. Fat Extraction by Drupes

The fat content of drupes was assessed based on the method of Gongalves et al. [34], with
slight modifications. Briefly, 4 g of olive was added to 100mL solution of
chloroform/methanol (2:1; v/v) (Carlo Erba reagents, Milan, Italy) and 100mg L7 of
butylated hydroxytoluene (BHT) (Sigma-Aldrich, St. Louis, MO, USA), then a mechanical
homogenization was performed using an ultra-turrax (Janke and Kunkel, Germany, type
TP 18/10) for 6 min on ice. The extract was filtered and added to a separating funnel and the
procedure was repeated twice. The obtained volume was adjusted to 150 mL with
chloroform/methanol (2:1; v/v), and then 37.5 mL of sodium chloride (0.73%) was added.
After mixing, it was left to rest for 20 min. Then the lipidic extract was recovered and filtered
with sodium sulphate anhydrous (Na:SOs) (Sigma-Aldrich, St. Louis, MO, USA). The lower
phase was collected to previously weighted glass flasks and the solvent was evaporated

using a rotary evaporator.
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4.2.6. Chemicals, Reagents, and Material

Phenolic standards were purchased from Sigma Aldrich (St. Louis, MO, USA), whereas
hydroxytyrosol was obtained from Indofine (Hillsborough, NJ, USA), secologanoside from
ChemFaces Biochemical Co., Ltd. (Wuhan, China) and oleuropein form Extrasynthese
(France). The standard stock solutions at 1 mg mL™ in methanol were stored at —20 °C for a
period of 1 month. Mix stock solution was prepared using the individual stock solutions,
then working mix solutions were prepared by diluting the stocks in methanol in order to
build calibration curves in the range of 0.02-5 mg mL™. Methanol, hexane, and formic acid
(LC-MS grade) were obtained from Carlo Erba reagents (Milan, Italy), while acetic acid (98-
100%) was acquired from Fluka (Milan, Italy).

4.2.7. Ultrasound-Assisted Extraction of Polyphenolic Compounds of the Drupes

Based on the method of Talhaoui et al. [35], the extraction of the lyophilized samples was
done with few modifications. About 0.2 g of lyophilized sample was extracted and
centrifuged at 4000 rpm. The supernatants were collected and filtered (0.45 mm nylon
syringe membranes). Finally, the extract was dried under nitrogen flow and then solubilized
in 1 mL of methanol before high-resolution mass spectrometry analysis and antioxidant
activity tests.

4.2.8. UHPLC-HRMS Analysis of Polyphenolic Compounds of the Drupes

Polyphenolic compounds were quantified and separated using an UHPLC system (Thermo
Fisher Scientific, Waltham, MA, USA). Mass spectrometry analysis was performed by a Q
Exactive Orbitrap LC-MS/MS (Thermo Fisher Scientific, Waltham, MA, USA). According to
Dini et al. [36], where the analytical method is fully detailed, the polyphenolic compounds
were acquired.

4.2.9. Antioxidant Activity Evaluation of the Drupes

The free radical scavenging activity was carried out with a 2,2-diphenyl-1-picrylhydrazyl
(DPPH)-based assay using the procedure reported by Brand-Williams et al. [37]. The ferric
reducing antioxidant activity was measured using the FRAP assay [38], with few

adaptations. The ABTS-scavenging activity was evaluated according to the previously
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published procedures with minor modifications [39]. All the determinations were
performed in triplicates, and the values were expressed as mmol Trolox equi. kg™ dw.
4.2.10. Quality Indices of Olive Oil

Acidity (% oleic acid 100 g! oil), peroxide value (meq O: kg™ 0il), and spectrophotometric
indices (K232, K270, and AK) were determined according to the official method (EC Reg.
2568/1991 and International Olive Council (IOC) methods). The sensory analysis was carried
out by eight well-trained assessors for the evaluation of extra-virgin olive oil (EVOO)
according to the official methods of the IOC (1996) and EC Reg. 1604/2019. The panel test
was performed using the evaluation form regulated by EC Reg. 640/2008.

4.2.11. Fatty Acid Profile of Olive oil

The determination of fatty acid profile was determined by analyzing the fatty acid methyl
esters (FAMESs) obtained after trans-esterification as mentioned in detail by Di Vaio et al.
[15]. The results were expressed as % w/w.

4.2.12. Total Polyphenols Content of the Oil

The total phenolic compounds (TPC) quantification was carried out according to the Folin—
Ciocalteau colorimetric method. The phenolic compounds extraction was performed
according to Genovese et al. [40], with modifications. The oil (300 mg) was added to 300 pL
of hexane, and the mixture was vortexed for 30 s. Subsequently, 1.5 mL of methanol:water
(60/40 v/v) was added to the sample and the obtained mixture was vortexed for 1 min, then
the sample was centrifuged at 4000 rpm for 10 min. This procedure was repeated twice. The
extract (100 uL) was added to 400 pL of water, 800 uL of 7.5% sodium carbonate (Na2COs),
and 100 pL of Folin-Ciocalteau (2 N). The samples were left for 30 min in the dark at room
temperature. For each extraction, the analyses were executed in triplicates.

4.2.13. Polyphenols Determination by HPLC of Olive oil

To determine the individual polyphenols concentration, 150 mg of sample was dissolved
with 3 mL of methanol. The mixture was shaken for 30 s and it was sonicated for 20 min
and filtered with a 0.22-um PES filter before injection into the HPLC system. HPLC analysis
was performed following the method of Romano et al. [41]. The results were expressed as
mg kg of oil.
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4.2.14. Statistical Analysis

Analysis of variance (two-way ANOVA) was applied to analyze the group means. Duncan’s
multiple range test (DMRT) was performed for means separation of each of the significant
(p < 0.05) measured variables. Principal component analyses (PCA) was executed with a

custom python script using scikit-learn 1.1.3, matplotlib, and pandas dataframe libraries.

4.3. Results and Discussion

4.3.1. Effects of Biostimulants on Production/Plant and Drupe Characteristics

Data of minimum, maximum, and mean air temperature (°C) were recorded throughout the
experimental period at the agro-meteorological station located at the “Castelvenere” (BN)
city (Figure 1). The maximum temperature was recorded in August (41.7 °C), while the
minimum temperature was recorded in October (6.5 °C). On the other hand, higher average

temperatures were recorded in August with values of around 30 °C.

50
Max —4Min Mean
40
(o)
g’
)
B
©
o
]
3
E 2
- M 1
10 h% ’hf/\&/ \
i ' |
|
Cbctlodcossns55552555553355992588555535388¢
"%7%“—‘%%55.?‘??‘?‘?222"—3'333;2<<<$@ww8992222300
~-omg<bmvnbvn"°0’$r\u'>m“sf\'"8 -—Ntbvm-omoo"‘o‘"émv—séoor\
b o -~ L -y TN -N o N T - o

-10
Figure 1. Temperature trend: maximum, minimum, and mean temperature (°C) recorded during the

growing season in the open field. The vertical red lines indicate the start and end of the trial period.

The “Racioppella” olives were harvested when the Jaen index conditions were between 2.87
and 2.99. As shown in Table 1, there are no major differences between the various treatments
in determining the fruit epicarp color. The maturation stage of collected olive fruits samples
is a very important parameter, as it sets olive oil quality, stability, and composition [42];
even if further parameters are needed to determine the exact ripening period of the olives

[43]. Several studies were reported on the efficiency of biostimulants in increasing
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production especially in horticultural plants [44]. Instead, a smaller number of studies have
been conducted on fruit plants demonstrating the efficiency of biostimulants in increasing
production, for example as reported in our previous study on “Annurca” apple [45], and on
other species as reported by Colla et al. [46]. Table 1 shows the production values of olive
trees, and an increase is highlighted following the application of biostimulants. In particular,
T treatment recorded an increase in the production by 71%, compared to the control, while
the other two biostimulants A and B reported a significant increase of 37.76% and 28%
respectively. It is well-known that Trichoderma strains can improve plant fitness especially
in suboptimal growth conditions in the field, where the fungus has a direct positive
influence on plant growth other than alleviating the effects of biotic or abiotic stresses that
may naturally occur [47,48]. Our findings are comparable to those of Harman et al. [47],
which reported an enhancement of corn yield in several trials. The plant growth promotion
induced by Trichoderma can be explained by an upregulation of photosynthesis-related
proteins and a higher photosynthetic efficiency, as well as a direct effect of an increased root
and foliar systems [48]. In the literature, it was reported that glycine betaine enhances the
endogenous levels of both GB and proline in many plant species, suggesting the positive
role of this chemical compound in enhancing drought stress tolerance by upregulating the
mechanisms involved in growth and yield production under stress conditions [49]. The
positive effect of Auxym (A) was also demonstrated by Carillo et al. [50] in a study on jute
plants, where weekly foliar application of the commercial tropical plants extract, improved
fresh yield under sub-optimal nutrient regimens, compared to control treatment. In Table 1,
the oil (%), anthocyanins, and carotenoids contents of drupes are shown. The oil content of
fruit ranged between 14.11% in B treatment and 14.64% in T treatment, showing a positive
effect on oil content, such as reported by Ahmad et al. [51] in seeds of Indian mustard. The
anthocyanins content ranged from 407.96 mg kg™ in T treatment to 451.16 mg kg™ in A
treatment. These values were higher than those showed by Di Vaio et al. [15], which
reported a concentration of 116.10 mg kg™ in drupes of “Oliva Bianca” cultivar, while they
were similar to those of Fourati et al. [52], which reported values ranging from 331 mg kg™

to 660 mg kg, depending on sampling time and treatment. Furthermore, the use of
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2442 Trichoderma reduced the anthocyanins content of drupes, similar to do Régo Meneses et al.
2443 [53], who showed a reduction of these compounds in maize treated with Trichoderma
2444 qgsperelloides. The carotenoids concentration ranged between 5.42 mg kg in B and 7.57 in T.
2445  All values were higher than that reported by Di Vaio et al. [15], that showed a concentration
2446  of 2.10 mg kg in drupes of “Oliva Bianca” cultivar, while Motilva and Romero [54] showed
2447  a concentration that ranged between 1.8 mg kg! dw and 70 mg kg™ dw, depending on the
2448  maturity time. Yorulmaz et al. [55] showed a carotenoids concentration in the range of 1.19
2449 mg kg™ to 12.87 mg kg in olive oil, depending on the cultivar and maturation time. As
2450  well, a positive effect of Trichoderma on carotenoids was shown by Ahmad et al. [51] in
2451  Indian mustard.
2452 Table 1. Production/plant, Jaen index, oil content, anthocyanins, and carotenoids at the time of
2453  drupe harvest of olive “Racioppella” cv. treated with three biostimulants: A (tropical plants extract),
2454 B (glycine betaine) and T (Trichoderma), all compared with C (control).
A B C T Significance
Jaen index 2.99 2.89 2.87 2.9
Production plant™ (kg) 3444 +251b 32.00+1.96b 25.00+0.95 ¢ 42.73+243 a e
Oil content drupe (%) 143+0.10b 14.1+0.07 b 14.3+0.14b 147+0.10a *
‘?;tghgéy;f;s 451.16+1.35a  44565+247a  42803:457b  407.96+2.72c e
Carotenoids (mg/kg) 5.97+0.09 c 542+0.14d 6.78 +0.08 b 7.57+0.16 a e
2455  Values are mean * standard error. Different letters indicate significant differences according to
2456  Duncan’s multiple-range test (p = 0.05). Asterisks indicate significant effect of biostimulants
2457  treatments according to ANOVA (ns = not significant; * = p < 0.05; *** = p <0.001).
2458
2459 4.3.2. Polyphenolic Compounds Analysis by UHPLC-Q-Orbitrap HRMS of Olive Drupes
2460  The influence of three different commercially available biostimulants, including Auxym,
2461  Biohelp, and Trichoderma on the qualitative and quantitative profile of polyphenolic
2462  compounds of olive drupes is included in Table 2. Olive drupes were collected from the
2463  control and treated plants and a polyphenolic profiling was performed by UHPLC-HRMS
2464  Orbitrap. A total of 16 metabolites were detected and identified by high resolution mass
2465  spectrometry comprising phenolic acids, flavonoids, phenolic alcohols, and secoiridoids.
2466  Some authors reported the use of the foliar product and its effect on olive oil quality [56,57].
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2467  Some authors have reported that foliar sprays of biostimulants on olive tree improved oil
2468  quality characteristics [21], mineral content [58], and fruit yield [21].
2469

2470  Table 2. Phenolic profiles and total phenolic composition in drupes treated with three biostimulants:
2471 A (tropical plants extract), B (glycine betaine), and T (Trichoderma) all compared with C (control).

2472 Concentrations were expressed as pg g dw.

A B C T Significance

Hydroxytyrosol glucoside 17.10+2.29 a 12.42+131b 4.85+0.47 c 592+096c i

Hydroxytyrosol (3,4-DHPEA)  119.88 £52.19 a 116.97 £35.11 a 73.18+7.10b 148.30 £22.15 a ok

Tyrosol (4-HPEA) 13.63 + 0.88 bc 17.76 +1.39b 826+1.12c 49.16+£3.95a o
Vanillic acid 17.68 +0.61 a 18.21+2.08 a 7.52+1.03b 11.82+2.75Db o

Rutin 81.62+32.27 a 91.88+33.00 a 77.36+15.82 a 88.65+23.75a ns

Elenolic acid 25.69+1.92a 19.33+140a 20.25+2.17a 2217 +3.68 a ns
Verbascoside 8274.50 +708.05 ab 8486.11 +468.73 ab 7078.61 +618.05b 9420.64 +477.80 a ns
3,4-DHPEA-EDA 518.22+1485a 308.79 £124.3 a 391.49+181.3 a 615.32+£38.6 a ns
Ligstroside 13.31+12.39 ¢ 20.54 +16.86 bc 47.00 +23.97 ab 66.00£31.76 a *
Oleuropein 473.92+80.91 a 610.51+119.94b  582.78 +6424b  532.67 +122.40 ab *

p HPEA-EDA 10.10£0.95b 14.09+0.73 a 10.51+1.35b 15.04+4.83 a ns
Hydroxy-Oleuropein-aglycon 8.57 +2.45 ab 973+1.77a 5.52+1.66b 8.50 £4.52 ab ns

Luteolin 20.49 £ 1.61 bc 31.31+10.39b 14.92+2.23 ¢ 6720+£22.79 a ot
3,4-DHPEA-AC 56.59 £ 44.83 a 4292 +33.15 ab 1227 +1.84b 65.38 £33.09 a *
DHPEA-EA 412.82 +147.25bc 22598 +9442ab 19358 +109.45a  478.94+89.65c o
p-HPEA-EA 17.04£3.16 a 17.84+£595a 8.37+0.95b 17.14+157 a *

Total polyphenols 10,081.16 + 812.41 ab10,044.36 + 544.34 ab 8535.46 + 698.45b 11,612.85+534.10 a o

2473 Values are mean * standard error. Different letters indicate significant differences according to
2474  Duncan’s multiple-range test (p = 0.05). Asterisks indicate significant effect of biostimulants
2475  treatments according to ANOVA (ns = not significant; * = p <0.05; ** = p < 0.01; **=p <0.001).

2476

2477  The content of polyphenolic compounds is an important parameter in olive oil quality due
2478  to their high antioxidant effects. In our research, the studied biostimulant treatments,
2479  showed significant differences in phenolic compounds content, with Trichoderma treatment
2480 having the highest total phenolic content and reaching a value of 11,612.85 ug g™ dw. The
2481  treatment with Trichoderma influenced the metabolic response in drupes, in terms of
2482  polyphenol biosynthesis, compared to the control, showing a significant increase in the
2483  concentration of these compounds of about 41.04%. On the other hand, the treatment with
2484  Auxym and Biohelp also had a positive effect on the content of polyphenols in the olive
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drupes reaching in both cases an increase of about 21%, but not significantly different from
the Control and T treatment.

Our results are consistent with those reported previously by Dini et al. [29], who mentioned
that the treatment of olive plants with Trichoderma strains promoted the activation of plant
defense mechanisms, including the production of secondary metabolites such as phenolic
compounds. In addition, in our previous work [20] it was reported the effect of some
agronomic practices such as the application of antitranspirants on biometric, eco-
physiological, and nutraceutical parameters in young olive trees. Rouphael et al. [59]
highlighted the importance of biostimulants in increasing biosynthesis of primary and
secondary metabolites, including carotenoids, polyphenols, and ascorbic acid, thus
improving the nutritional and nutraceutical quality of the edible products. As for olives, in
line with our results, Lobianco and Massenti [60] reported that the foliar application of
SUNRED® Biostimulant containing phenylalanine, methionine, monosaccharides, and
oxylipins, lead to an increase in oleocanthal and 3,4-DHPEA-EDA in olives.

3.3. Antioxidant Activity of Extracts of Olive Drupes

The antioxidant activity of the drupes is illustrated in Figure 2. FRAP and ABTS showed a
similar trend, where A treatment engendered a lower antioxidant activity compared to C. B
treatment engendered significantly lower antioxidant activity based on the ABTS assay,
whereas T treatment caused the opposite trend. Instead, the DPPH method highlighted the
efficiency of all biostmulants in significantly increasing the antioxidant activity of olive
drupes. Once again, better results were obtained with T application, which caused an
increase of 42.23% compared to the control, while A and B showed an increase of 18.95%
and 17.17% respectively. In literature, Dini et al. [36] reported a similar trend for antioxidant
activity measured with DPPH assay, highlighting that the Biostimulant treatment on olive
trees had a positive effect on the antioxidant activity of the olive leaf samples and of the
EVOO samples obtained from the olive trees treated with Trichoderma harzianum (strain
M10). On the other hand, Del Buono et al. [61] reported that the application of Megafol, a

commercial plant biostimulant, on olive plants subjected to severe saline stress caused an
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increase of the activity of some key antioxidant enzymes, thus avoiding the accumulation

of hydrogen peroxide and lipid peroxidation.
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Figure 2. Antioxidant activity (FRAP, ABTS, and DPPH) of olive drupe treated with three
biostimulants: A (tropical plants extract), B (glycine betaine), and T (Trichoderma) all compared with
C (control). Values are mean + standard error and different letters indicate significant differences

based on Duncan’s test (p = 0.05).

4. 3.4. Quality Indices of Olive Oil

In Table 3, the quality indices of olive oil are presented. Free acidity ranged from 0.28% in
C to 0.31% oleic acid 100 g™ both in A and in B, while peroxide value ranged from 5.34 meq
O2/kg oil in C to 9.08 meq Oz/kg in A. Ko ranged from 1.30 in B to 1.76 in T, while AK was
less than 0.01 in all analyzed sample and Kz ranged from 0.17 both in A and B to 0.25in T.
So, all the analyzed samples of olive oil quality indices (free acidity, peroxide value and K2z,
K27 and AK index), were within the range for characterizing the oil as “extra virgin” (EEC
regulation no. 2019/1604). Furthermore, among the used biostimulants, the treatment with
Trichoderma resulted more similar to control and so the value of acidity and peroxide both

resulted lower than the treatment used with the other biostimulants.
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Table 3. Quality indices of analyzed oils treated with three biostimulants: A (tropical plants extract),

B (glycine betaine), and T (Trichoderma) all compared with C (control).

Oil Quality Index A B C T
Acidity (% oleic acid 100 g oil) 031+0.01a 031+001a 0.28+0.01b 029+0.01b
Peroxide value (meqO:2 kg™) 9.08+0.04a 74+0.04b 5.34+0.03d 7.01+0.03 c
Kono 0.17£0.00 c 0.17+0.00 ¢ 0.20+0.00 b 0.25+0.00 a
Koz 1.61+0.01b 1.30+0.01d 1.46 £0.00 c 1.76 £0.00 a
Delta K -0.01+0.00b 0.00+0.00 a 0.00+0.00a -0.01+0.00b

Values are mean + standard error. Different letters indicate significant differences according to

Duncan’s multiple-range test (p = 0.05).

4.3.5. Oil Sensorial Analysis

In Table 4, the results about the panel test are presented. The sensory analysis carried out
by the panel did not report defects in all analyzed oil. The oil obtained with Trichoderma
treatment resulted the most pungent and the less fruity with value pungency of 6.2, while
the most bitter oil was the oil obtained by drupes treated with biostimulant of tropical plants
extract (sample A) with a value of 6.4. The taste of bitterness and pungency was reported to
be related to the phenols content [62] and in this way, both T and A had shown a higher
TPC compared to C (529.81 mg GAE 100 g* in A and 584.69 mg GAE 100 g in T).
Furthermore, Servili et al. [63] reported that both bitterness and pungency of Italian oils
were correlated with TPC, and in particular low perception was found with 50-200 mg GAE
kg™, medium with 200-500 mg GAE kg™, and high with 500-1000 mg GAE kg™.

Table 4. Panel test of oils treated with three biostimulants: A (tropical plants extract), B (glycine

betaine), and T (Trichoderma) all compared with C (control).

Panel Test A B C T
Fruity 6.6 5.4 7.2 3.6
Bitterness 6 54 3.6 5.8
Pungency 6.4 4 4.6 6.2
Heating/Sludge 0 0 0 0
Winey/Acid/acidic/sour 0 0 0 0
Rancid 0 0 0 0
Mold/moisture/ground 0 0 0 0
Frozen olive 0 0 0 0
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4.3.6. Fatty Acids Composition of Oil

In Table 5, the fatty acids composition of different oils is presented. The most present fatty
acids in olive oil were palmitic, oleic acid, linoleic, and stearic acid, similar to what is
reported by Noorali et al. [64] and Di Vaio et al. [15]. The fatty acids composition was
influenced by plant treatments, except for behenic acid. In particular, the concentration of
palmitic acid was the lowest in T (12.66%) and the highest in A (14.00%). The palmitic acid
content, in all analyzed samples, was in line with Noorali et al. [64] findings, that reported
a range from 7.5% to 20% depending on the analyzed cultivar. Interestingly, the use of
biostimulants increased the oleic acid content with the highest concentration under T
treatment (71.53%) suggesting an 8% increase compared to C. Moreover, the linoleic acid
concentration decreased in samples treated with biostimulants compared to C, with the
highest decrease in T (-4%). A similar result was obtained by Marra et al. [65] on soybean
seeds that under Trichoderma (T22) treatment produced soybean seeds richer in oleic acid
(C18:1) and a reduced content of linoleic acid (C18:2) compared to the control. Furthermore,
Chouliaras et al. [21] found an increase in oleic acid and a reduction in linoleic acid in olive
oil sample treated with seaweed extract applied foliarly, in addition to soil application of
nitrogen and boron fertilizers. On the other hand, Hernandez-Hernandez et al. [66] did not
find any significant difference in fatty acids composition of olive oil obtained from plants
treated with biostimulants, maybe due to the high density growing of olive plants. So, the
environmental conditions such as soil type and climate as well as the use of biostimulants
may have influenced the results. Anyway, to the best of our knowledge, this is the first study
reporting the ability of Trichoderma strains to influence lipid content of drupes and modity
the fatty acid profile of olive oil.

The oleic/linoleic ratio ranged from 4.71 in C to 6.73 in T, and this value increased with
biostimulant treatment, as well as total MUFA; whereas total PUFA was reduced. The
oleic/linoleic acid ratio was similar to that obtained in “Oblica” cultivar that ranged from
4.17 to 4.96 depending on the production year. While it was lower than the olive oil obtained

by “Leccino” cultivar that ranged from 9.66 to 11.59 depending on the production year [67].
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2584  The MUFA/PUFA ratio ranged from 4.38 in C to 6.16 in T. This ratio increased equally under
2585  all the other biostimulants, indicating a possible reduction of oxidative susceptibility of oil
2586  [68]. The value was similar to that stated by El Qarnifa et al. [69], which showed a range
2587  from 4.36 to 10.82. Similarly, the ratio MUFA/SFA increased with biostimulants treatments,
2588  and this ratio ranged from 3.78 in C to 4.46 in T treatment. These values are similar to those
2589  obtained in “Oblica” and “Leccino” cultivars in different production years (range 4.17-4.96
2590 and 4.14-4.41, respectively) [67]. Finally, the MUFA/SFA ratio and the MUFA/PUFA ratio
2591  were relatively low; but the high phenol content could indicate that oil quality was
2592  preserved without lipid deterioration, in harmony with the report of Pinelli et al. [70].
2593  Table 5. Fatty acid composition of analyzed oils treated with three biostimulants: A (tropical plants
2594  extract), B (glycine betaine), and T (Trichoderma) all compared with C (control).
% Fatty Acids A B C T Significance
Palimitic (C16) 14.00+0.04 a 13.67+0.03 b 13.90 + 0.06 a 12.66 +0.02 c i
Palmitoleic (C16:1) 1.43+0.01a 1.28+0.02b 1.10+0.01c 0.82+0.00d i
Heptadecanoic (C17) 0.06 £0.00 ¢ 0.19+0.01 a 0.20+0.00 a 0.11+0.00b e
Stearic (C18) 2.14+0.01c 2.77+£0.02b 290+0.02a 272+0.01b i
Oleic (C18.1n9c¢) 68.81£0.04b 67.15+0.01 c 66.23 £0.00 d 71.53+£0.03 a i
Linoleic (C18:2 29, 12) 12.15+0.04 c 13.34+0.05b 14.06 +0.04 a 10.63+£0.01d i
Arachidic (C20) 0.33+0.01d 0.36+0.01c 0.39+0.00 b 0.41+0.00a i
Linolenic (C18:3n3) 0.96 £0.02b 1.12+0.02 a 1.08 £0.00 a 0.98+0.01b i
Behenic (C22) 0.11+0.00 a 0.14+£0.00 a 0.14+0.00 a 0.14+0.01a ns
MUFA 70.24 +0.03 b 68.43 +0.03 c 67.34+0.01d 72.35+0.03 a i
PUFA 13.12+0.02 c 14.46 +0.03 b 15.14+0.04 a 11.61+0.01d i
SFA 16.65+0.05 c 17.11+0.00 b 17.53£0.04 a 16.04+0.03 d i
MUFA/PUFA 535+0.01b 4.64+0.01c 438+0.01d 6.16 +0.00 a ok
MUFA/SFA 422+001b 3.92+0.00c 3.78+£0.01d 446+001a ok
Oleic/linoleic 5.66+0.01b 5.03+0.02c 471+0.01d 6.73+0.00 a e
2595  Values are mean * standard error. Different letters indicate significant differences according to
2596  Duncan’s multiple-range test (p = 0.05). Asterisks indicate significant effect of biostimulant
2597  treatments according to ANOVA (ns = not significant; *** = p < 0.001).
2598
2599  4.3.7. Polyphenols Content of Olive Oil
2600 In Table 6, the individual polyphenol content and total polyphenol content are presented.
2601  Regarding the phenolic compounds, tyrosol, p-coumaric, ferulic, and vanillic acid were
2602  found in all the analyzed samples. The tyrosol content ranged from 8.17 mg kg™ in C to 9.43
2603  in Bmgkg. The tyrosol content was in harmony with Toric et al.’s [71] study which showed
2604  arange from 4.57 mg kg™ to 9.26 mg kg™ depending on the analyzed cultivar, and with Palla
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et al.’s [72] study, which showed a concentration that ranged from 4.1 mg kg™ to 86.7 mg
kg depending on the storage time. The use of biostimulants increased the phenols content
in olive oil. In particular, tyrosol and vanillic acid concentrations were the highest in T, while
p-coumaric and ferulic acid were highest in B. The tyrosol concentration was higher than
that stated by Tovar et al. [73], who showed a concentration ranging between 0.23 mg kg™
and 0.37 mg kg™! depending on the irrigation method. Similarly, Gomez-Alonso et al. [74]
showed a concentration ranging from 0.2 mg kg™ to 6.1 mg kg™. The results are partially in
accordance with Dini et al.’s [75], which showed a positive effect of the biostimulants on
vanillic, ferulic, and p-coumaric contents, while the tyrosol concentration was reduced in
their case. While Dini et al. [75] showed an increase of tyrosol concentration in olive oil of
“Leccino” and “Carolea” cultivar after the treatment with Trichoderma.

The second most present compound was p-coumaric acid with a concentration ranging
between 4.31 mg kg™ with C treatment and 4.70 mg kg™ with B treatment. The concentration
was in line with El Riachy et al.’s [75] study, that showed a range between 1.87 mg kg™ and
6.04 mg kg™, depending on progenies from crosses of olive. Ferulic and vanillic acid were
present at concentrations <1.0 mg kg. The polyphenols content of oil is influenced also by
region growth, olive tree age, olive maturation, and processing of olive fruit and oil [76].
The TPC ranged from 442.31 mg kg™ in C to 584.69 mg kg™ in T. These values were higher
than that of Baiano et al.’s [73] study, that showed a range from 26.53 mg GAE kg™ to 322.18
mg GAE kg depending on both the cultivation zone and storage time, and higher than
those showed by Mafrica et al.’s [77] that reported a maximum concentration of 457.90 mg
GAE kg™. The use of biostimulants increased the TPC in all sample compared to the control
and the increase was in the range of 7.76% in B to 32.19% in T samples. Moreover, Dini et al.
[78] and Leogrande et al. [79] showed an increase in TPC in oil obtained by olive treated
with biostimulants. The increase of TPC with biostimulants treatment and the reduction of

linoleic acid could increase the oxidative stability of oil.
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2633  Table 6. Polyphenols content of analyzed oils treated with three biostimulants: A (tropical plants
2634  extract), B (glycine betaine), and T (Trichoderma) all compared with C (control).
Compounds (mg/kg) A B C T Significance
Tyrosol 8.52+0.06b 943+0.13a 8.17+0.11c 9.25+0.09 a ok
p-coumaric acid 453+0.00b 470+0.01a 431+0.01d 443+0.01c ok
Ferulic acid 0.76+0.01c 0.87+0.01a 0.81+0.01b 0.70+£0.00d ok
Vanillic acid 0.40 = 0.00 bc 0.38+0.00 c 0.42+0.01b 0.58+0.00 a ok
Oleuropein <LOD <LOD <LOD <LOD
Total polyphenols 529.81+7.52b 476.64+1193c 44231+10.77d 584.69+3.93 a ok
2635
2636  Values are mean + standard error. Different letters indicate significant differences according to
2637  Duncan’s multiple-range test (p = 0.05). Asterisks indicate significant effect of biostimulants
2638  treatments according to ANOVA (ns = not significant; *** = p <0.001). LOD: limit of detection.
2639
2640  4.3.8. Principal Component Analysis (PCA)
2641  To obtain a broad overview of the drupes and oil parameters characterizing “Racioppella”
2642  cultivar following the biostimulants treatments, two principal component analyses were
2643  conducted. The Figure 3 shows a principal component analysis of all the analyzed
2644  parameters of the drupes. The first two principal components (PCs) disclosed 88.56% of the
2645 cumulative variance, with PC1 detailing for 59.82% and PC2 for 28.74%. The figure clearly
2646  shows the correlation between the three biostimulants and the individual parameters
2647  analyzed. PC1 was positively correlated with hydroxytyrosol glucoside, hydroxytyrosol
2648  (3,4-DHPEA), tyrosol (4-HPEA), vanillic acid, rutin, elenolic acid, verbascoside, DHPEA-
2649  EDA, ligstroside, oleuropeina, p HPEA-EDA, hydroxy-oleuropein-aglycon, luteolin, 3,4-
2650 DHPEA-AC, DHPEA-EA, p-HPEA-EA, and total polyphenols, while it was negatively
2651  correlated with ligstroside, it instead shows a positive correlation with PC2. The control is
2652  placed in the upper left quadrant, and it is correlated only with ligstroside, T is placed in
2653  the upper right quadrant and it is correlated with verbascoside,l uteolin, tyrosol, 3,4-
2654 DHPEA-EDA, Hydroxytyrosol (3.4-DHPEA),DHPEA-EA, p HPEA-EDA, 3.4 DHPEA-AC;
2655  while A and B are in the same lower right quadrant and they are correlated with elenolic
2656  acid, rutin, oleuropeina, p-HPEA-EA, vanillic acid, hydroxytyrosol glucoside, hydroxy-
2657  oleuropein-aglycon.
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Figure 3. Principal component analysis (PCA) of drupe parameters: hydroxytyrosol glucoside (HG),
hydroxytyrosol (3,4-DHPEA) (H), tyrosol (4-HPEA) (T), vanillic acid (VA), rutin (R), elenolic acid
(EA), verbascoside (V), DHPEA-EDA (DE), ligstroside (L), oleuropeina (O), p HPEA-EDA (pH-E),
hydroxy-oleuropein-aglycon (H-O-A), luteolin (LU), 3,4-DHPEA-AC (3,4-D-A), DHPEA-EA (D-E),
p-HPEA-EA (p-H-E), and total polyphenols (TP). C = control, T = trichoderma, B = glycine betaine, A
= tropical plants extract.

Figure 4 shows the principal component analysis of all the analyzed parameters of the oil.
PCA was performed on all the analytical data to examine differences between oils. These
two principal components account for 88.4% of the variance among the four oil samples,
with PC1 and PC2 accounting for 64.61% and 23.79%, respectively. The differences between
oil samples suggested that the type of biostimulant treatment has significant influence on
oil composition. Indeed, the T sample, showed the highest content of oleic acid, arachidic
acid (Table 5), tyrosol, vanillic acid, and total polyphenols (Table 6). C and B samples were
present in the same quadrant and C was positively correlated with heptadecanoic, stearic
and behenic, linolenic, linoleic acids, PUFA, and SFA (Table 5), while sample B was
positively correlated also with ferulic acid (Table 6). In addition, samples belonging to A

treatment, forms a distinct cluster in the lower right quadrant.
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Figure 4. Principal component analysis (PCA) of oil parameters: linolenic (Lic), PUFA (P), SFA,
linoleic (Li), ferulic acid (Fa), behenic (B), stearic (S), heptadecanoic (H), p-coumaric acid (p-c a),
palmitic (Pa), palmitoleic (Po), arachidic (A), vanillic acid (Va), tyrosol, oleic acid, oleic/linoleic
(O/Li), MUFA (M), MUFA/SFA (M/S), MUFA/PUFA (M/P), total polyphenols (TP). C = control, T =

trichoderma, B = glycine betaine, A = tropical plants extract.

4.4. Conclusions

The Mediterranean area is increasingly affected by a climate change scenario where high
temperatures compromise the yield and quality of agricultural products, including olives
and olive oil. In our study we evaluated the impact of different biostimulants to reduce
climate damage and improve the performance of plants and the quality of the derived
product. In this study, the biostimulants increased the production per plant, in particular
the Trichoderma by about 70%, which positively influenced the carotenoids content and
polyphenols biosynthesis in the drupes as well. All the oils analyzed showed quality
parameters that fell within the parameters of an extra virgin olive oil. Biostimulants based
on tropical plant extracts and trichoderma reported changes to the flavor (bitter and spicy),
due to an increase in the total polyphenol content in the oil by 32.1% and 19.8% respectively.
All biostimulants influenced the oil fatty acid content. In conclusion, our study
demonstrated that it is possible to state that biostimulants affect some qualitative-

quantitative aspects of both the oil and the drupes, improving, in some cases, fundamental
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parameters that determine the consumer satisfaction of a good product, as well as their

antioxidant capacity and nutraceutical potential. A second year of testing is currently

underway in order to confirm the results obtained in the first year.
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Abstract Ower the years, the use of ostimulants has become |.n:=:.un.nﬁly wi&spﬂzad duoe b
their proven efficiency in improving plant productivity and quality of fruits and mitigating the
effects mlaed to emvironmental stress. The aim of the present study was to evaluate the efiect of
three bicstimulants on ail yield, production of drupes per plant, and nutraceutical companents of
olive drupes and oil (fotal palyphencls, anthocyanin, and fatty adds %) for “Racioppella™ cultivar
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extract (A) containing aming acids, vitamins, phytochelatins, macro- and microelements,
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polyphenals content by 21587% on average compared to C. All thee hicstimulanes showed posithve
effect by increasing the amount of paly phenals in olive cil compared ta CT showed an increase of
321%%, B 7.76%, and A 1978% Bicstimulant application proved weeful in beosting fundamental
parameters that determine betier drupe and odl in erms of antioddant cxpacity and nutraceutical
Polﬂ'vﬁ.:l,. other than an ncreassd Pmd.ucﬁm
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L Introduction

Global warming is predicted b0 have a generally negative effect on plant growth
dus to the damaging effect of high temperatures on their development. The inceasing
threat of extreme climatic events, including high temperatumes might kead to lower crop
productivity and quality loss [1]. Abiotic stresses cause morphological, physiological,
biochemical, and molkecular changes that negatively impact plant grow th and yield. The
rising threat of climak change is aleady having a substantial impact on agricultuml
production worldwide, as heat waves can cause significant yield losses threakning futun:
global food security [2]. Momover, the environmental conditions of the Medigrmanean
basin are expected to change soon [1]. In particular, the mean air emperature is projected
to rise drastically in the range of 2-5 *C in the next 30 years [3-5].

Olive trees ane considersd one of the most suitable and best-adapied species to the
Mediterranean-type climag [6], characterized with long, warm, and dry summers, with
mild and wet winters [7]. In addition, olive orchards in the Mediterranean basin am
normally subjected to high kevels of solar radistion, especially in spring and summer
seasons. Nowadays, olive trees face new challenges and threats, namely related to climate
change. In fact increased temperatures and drought and a frequent ocourrence of extreme
weather events such as heatw aves, am amongg the problems that groveers will have o deal
with in the upcoming decades [8], a¢ high kemperatunes influence some parametens such as
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Chapter 5. High Temperature and Humidity Affect Pollen
Viability and Longevity in Olea europaea L.

Abstract: Olea europaea L. is a crop typical of the Mediterranean area that has an important
role in economy, society, and culture of this region. Climate change is expected to have
significant impact on this crop, which is typically adapted to certain pedo-climatic
characteristics of restricted geographic areas. In this scenario, the aim of this study was to
evaluate the time-course response of pollen viability to different combinations of
temperature and humidity. The study was performed comparing flowering time and pollen
functionality of O. europaea from twelve cultivars growing at the same site belonging to the
Campania olive collection in Italy. Pollen was incubated at 12°C, 22°C, and 36°C in
combination with 50% RH or 100% RH treatments for 5 days. The results highlighted that a
drastic loss of pollen viability occurs when pollen is subjected to a combination of high
humidity and high temperature, whereas 50% RH had less impact on pollen
thermotolerance, because most cultivars preserved a high pollen viability over time. In the
ongoing climate change scenario, it is critical to assess the effect of increasing temperatures
on sensitive reproductive traits such as pollen viability to predict possible reduction in crop
yield. Moreover, the results highlighted that the effect viability of temperature increase on
pollen thermotolerance should be evaluated in combination with other environmental
factors such as humidity conditions. The screening of olive cultivars based on pollen
environmental thermotolerance is critical in the ongoing climate change scenario, especially
considering that the economic value of this species relies on successful fertilization and
embryo development, and also that production cycle of Olea europaea can be longer than a
hundred years.

5.1. Introduction

Climate change will severely impact the Mediterranean Basin with an expected rise in
temperatures in the range of 2-5 °C [1-3]. Besides substantial warming, it has been estimated
that climate change will result in a significant decrease in precipitation in this region [3,4],

which might cause serious economic and ecological changes, influencing plant growth, the
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attack of pests and weeds, and ultimately, crop yield [5]. The olive (Olea europaea L.) is one
of the most characteristic crops of the Mediterranean Basin, having a remarkable economic,
social, and cultural impact. This species is widely spread and well adapted to the
environmental conditions of the Mediterranean Basin. However, the predicted increase in
ambient temperature due to global warming may affect plant physiology, phenology, and
reproductive biology of this crop, ultimately reducing its yield [6,7]. The Mediterranean
region is characterized by a changeable climate, especially in spring season, when daily
temperatures can vary considerably. Moreover, it has been shown that inter-annual climate
variations can affect flowering time and pollen production [8]. Indeed, previous studies
have shown that the flowering time of O. europaea is highly dependent on yearly spring
temperatures, which are rising steadily over time due to global warming [9,10]. In this
scenario, the olive phenology may provide useful indications to evaluate the influence of
climate change on plant growth for the whole Mediterranean region, since the geographical
limits of this cultivation approximately delimit the extent of the Mediterranean climate in
Eurasia and North Africa [11,12]. Since the different olive varieties are adapted to specific
climatic, edaphic, and lithological conditions, the possible variations occurring in a climate
change scenario would have a significant impact on the distribution of these varieties and,
consequently, on their growth and productivity [13,14]. This is especially expected for some
old varieties cultivated in narrow geographic niches with specific micro-climatic
characteristics [15]. Indeed, it has been shown that these varieties exhibit greater
vulnerability to both short-term climate variability and long-term climate change [16]. The
olive has significant phenotypic and genetic variability [17,18]. Factors including plant
longevity, limited selection pressure, and limited replacement with new genotypes have
reduced genetic erosion and favored the preservation of genetic diversity of olive varieties
[19]. Italy has the richest olive collection, including about 700 different varieties. Among the
Italian regions, Campania has one of the largest collections [20,21], and many of these
varieties are characterized by an extensive morphological diversity and adaptation to local
environmental conditions [22]. Olive plants can produce an abundant number of flowers,

but generally, only a small percent (1-2%) of them set normal fruits that reach maturity
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[23,24]. The success of a flower to become a fruit mainly depends on the pollination and
fertilization processes. Previous studies reported that pollen germination and pollen tube
growth are sensitive to elevated temperatures [25,26]. Moreover, it has been shown that the
combination of relative humidity (RH) and temperature can affect pollen viability of other
species [27-29]. Temperature also influences both drupe development and oil composition
in olive. For example, in very hot sites, olives can show early pigmentation due to the rapid
degradation of chlorophyll due to high temperatures [30], whereas in sites with lower
temperatures, olive oil has a high content of unsaturated fatty acids [31]. Temperature can
also influence the aromatic components of olive oil, reducing the content of volatile
substances [32]. Hence, it is arguable that the growing environment is crucial in expressing
the typical characteristics and quality of olive cultivars [33]. In most crop species, including
Olea europaea L., the production of fruits and seeds relies on pollen functionality. Since
pollen viability and germinability are both essential to ensure fertilization, the interaction
of pollen with extreme weather events can significantly limit crops productivity in the
current climate change scenario [34]. Among extreme weather events, heat waves during
early stages of pollen development can reduce pollen functionality in Solanum lycopersicumL.,
resulting in a drastic loss of pollen germinability [35]. Most of the studies evaluating the
effect of environmental factors on olive pollen mainly focused on temperature [26,36],
whereas very few studies evaluated the combined effect of temperature and humidity [37].
Specifically, Koubouris et al. [37] studied the effect of pre-incubation temperature and
humidity on olive pollen before in vitro germination. However, authors did not test the
combined effect of high temperature and high humidity, which could severely affect pollen
functionality. Among protocols to assess pollen functionality, the use of diaminobenzidine
(DAB) reaction is an efficient method to assess pollen viability responses towards
environmental factors [38,39]. Due to its ease of use, the DAB method can be useful for large
screening of pollen viability, such as the case of studies with numerous cultivars. In the
current climate change scenario, the aim of this study was to highlight possible differences
among different olive cultivars in the time-course response of pollen viability to different

combination of temperature and humidity treatments. We used pollen from 12 olive
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cultivars belonging to germplasm of the Campania region in Southern Italy and growing at
the same site. We hypothesized that both temperature and humidity would affect pollen
viability with possible changes due to treatment duration and cultivars. Moreover, we
hypothesized that high humidity would enhance the negative effect of high temperature on

pollen viability and longevity.

5.2. Materials and Methods

5.2.1. Plant Material and Flowering Monitoring

The experiment was performed using pollen from 12 olive cultivars of Campania region.
Plants belong to the open-field collection conserved at “Improsta” Regional Experimental
Farm in Eboli (SA) (40°33'29 N; 14°5828” E at 15 m.a.m.s.l.). We selected olive cultivars
representative of 4 provinces of Campania region and covering the bioclimatic diversity of
the whole area (Table 1).

Table 1. Cultivars of Olea europaea L. from 4 provinces of Campania region in Italy.

N Province Name

1 Marinese
2 Avellino Ravece

3 Ogliarola
4 Ortice

5 Ortolana

Benevento
6 Racioppella
7 Femminella
8 Caserta Caiazzana
9 Biancolilla
10 Carpellese
Salerno
For 11 Pisciottana each

12 Salella

cultivar, the duration of flowering was determined by a procedure reported by Rapoport
and Rallo 1991 [40] with some modifications: the flowering phenology of three different
branches with south exposure and approximatively 100 flowers per branch was observed.
We considered the first day of flowering to be when 10% of flowers per each branch were
open, and the last day to be when 100% of flowers per branch were open. The duration of

flowering (number of days) was then averaged based on measurements on the three
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different branches. In the field, data of minimum, maximum, and medium temperature (
°C) and RH (%) during May 2021 were recorded from the agro-meteorological regional
station of Eboli (SA), located at “Improsta” Regional Experimental Farm. The collection of
pollen samples was carried out from 18 to 28 May 2021. Pollen was shed from the
inflorescences in Petri dishes using pollen vibrators. Sampling was performed in the
morning, Petri dishes were placed inside a thermal bag at 5 °C and transported to the
laboratory in few hours. For each cultivar, pollen was collected from branches with north,
south, east, and west exposure from three different plants.

5.2.2. Temperature and Humidity Treatments

Pollen samples were incubated under six different combinations of temperature and
humidity for a total of 5 days. According to the temperature measured during the flowering
season at the experimental farm, three temperature treatments were tested: 12 °C, 24 °C and
36 °C. More specifically, 12 °C and 24 °C were tested to simulate the averaged minimum
and maximum temperatures of May, whereas 36 °C was chosen to simulate a possible
scenario of global warming and heat waves. In combination with temperature treatments,
the pollen from the 12 cultivars was incubated at 50% RH and 100% RH to simulate the
effect of dry-sunny and wet-rainy days occurring during the flowering season.
Temperature treatments were performed using three separated incubators (VELP, FOC 200
IL) set with 12°C, 24°C, 36°C respectively. In each incubator, to achieve 50% or 100% RH
conditions we enclosed the bulk samples of pollen in two separated plastic containers
containing: a) a beaker with Mg (NO3)2 saturated solution to reproduce 50% RH, b) wet
tissues to achieve 100% RH.

5.2.3 Analysis of pollen viability

Pollen thermotolerance and longevity of the 12 olive cultivars were assessed performing
viability tests at 1-, 3-, and 5-days incubation. Pollen viability was assessed through
diaminobenzidine (DAB) reaction [38,39]. Each pollen sample was gently collected with a
brush from the petri dish and placed onto 10 uL droplet of water on a microscope slide. One
droplet of 10 uL of DAB reagent was then added on each sample. Successively, the

microscope slides were gently warmed on a heating plate (set at 50°C) and mounted with a
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cover slip. The viability of pollen at sampling (To) was assessed to compare possible
differences in initial pollen functionality among cultivars and to have a reference point for
comparing the effect of temperature, RH, and their interaction throughout the incubation
period. We scored as viable the pollen grains stained black/brown and as not viable the ones
that remained faint/colourless. The percentage of pollen viability was measured at different
incubation time, counting at least 100 pollen grains per microscope slide on a total amount
of 6 slides per cultivar per treatment.

5.2.4 Data analyses

Data were analysed using Excel ver. 16 (Microsoft Corp., Redmond, USA) and SPSS
Statistics ver. 21 (IBM Corp., Chicago, USA). Percentage data of pollen viability was
preliminary converted with arcsine function. The Shapiro Wilk’s and Levene’s tests were
used to assess the normality and homogeneity of variance, respectively. The influence of the
different categorical independent variables (i.e., cultivar, time, temperature, and humidity),
and their possible interactions on pollen viability was analyzed using the ANOVA. Pairwise
comparisons were performed with Tukey’s HSD test (P > 0.05) to identify differences among

treatments and cultivars.

5.3. Results

5.3.1 Climatic parameters

Temperature and humidity data recorded in May 2021 at the experimental farm are shown
in Figure 1. The average values of the daily minimum, medium, and maximum temperature
were 11.8 °C, 17.7 °C, and 23.3 °C, respectively. The highest temperature was recorded on
May 24, reaching a peak value of 31.8 °C, while lowest temperature was 7.5 °C and was
recorded on May 21. On average, the daily minimum, medium, and maximum RH values
were 50.6%, 73.1%, and 91.29%, respectively. Overall, the daily RH values were comparable
between the different days, except for a considerable decrease of daily RH values that was

recorded from 20 May to 25 May (Figure 1).
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Figure 1. Daily trend of maximum (red line), minimum (green line) and mean (blue line)
temperature and humidity measured in May 2021 at "Improsta” Regional Experimental Farm, in

Eboli (SA) (40 ° 33 '29 "N; 14 ° 58' 28" E, at 15 m.a.s.L.).

5.3.2 Flowering time

Figure 2 shows the duration of flowering time of the different olive cultivars considered in
this study. On average, the flowering time among cultivars was 7 days. Moreover, the
shortest and the longest duration of flowering were recorded in ‘Pisciottana’ (3 days) and

‘Femminiella” (10 days), respectively (Figure 2).

Caiazzana 7.3
Carpellese 8
Biancolilla 6.3
Salella 5
Pisciottana 3.3
Ogliarola 6.7
Ravece 6
Marinese 7
Femminella 10
Racioppella 6.3
Ortolana 9
Ortice 7.7

0 1 2 3 4 5 6 7 8 9 10 11
Days

Figure 2. Duration of flowering in 12 olive cultivars from Campania region in Italy.

5.3.3 Pollen viability
According to the ANOVA, all factors tested in this study (i.e., cultivar, temperature, and
humidity) had a significant effect on pollen viability over time (Table 2). The viability tests

performed on pollen at To showed significant differences between the 12 cultivars (Figure
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3). However, despite these differences, pollen viability of all cultivars at To ranged between
84% and 95%, except for ‘Marinese’ in which pollen viability was 64%.

Table 2. Analysis of variance for the effects of cultivar, relative humidity (RH), temperature, or their

interaction on pollen viability of Olea europaea.

Factor Sum of Squares Sig.

Cultivar 165,808.8 R

Time 548,079.9 wh

RH 157,134.8 wh
Temperature 28,848.1 R
Temperature x RH 27,0599 R

RH x Cultivar 8670.5 NS
Temperature x Cultivar 13,972.0 NS
Temperature x RH x Cultivar 14,478.7 NS

NS, or *** indicate nonsignificant or significant at P <0.001, respectively.

For each cultivar, time-course response of pollen viability was affected by the different
combinations of temperature and RH over 5 days incubation. As concern treatments with
50% RH, pollen viability showed no significant decrease over time compared to pollen at To
in all cultivars. Notably, pollen preserved a high viability (~80%) both at high (24 — 36 °C)
and low (12 °C) incubation temperature over time (Figure 4). A lower pollen viability was
found only in “‘Marinese’ but it was comparable to pollen viability at To. Differently from
treatments with 50% RH, pollen subjected to 100% RH showed a significant decrease over
time in all cultivars with differences due to the incubation temperature. Overall, results
showed a drastic loss of viability when pollen was subjected to a combined effect of high
humidity (100%) and high temperature (36 °C). Indeed, pollen grains incubated at 100% RH
and 36 °C completely lost their viability after 3-days incubation in almost all cultivars. Pollen
viability was preserved for more than 3-days incubation at 100% RH and 36 °C only in

‘Biancollilla’, although with low values (~20%) (Figure 4).
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Figure 3. Pollen viability of 12 cultivars of Olea europaea L. at sampling time (To). Letters indicate

significant differences between cultivars (P < 0.05). Each data represents the mean + SE (n = 6).
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Figure 4. Viability of pollen from 12 olive cultivars incubated at six different combinations of
temperature and humidity for 5 days (Ti-T5) from sampling (To). Each line shows the mean + SE (n =
6).

A drastic loss of pollen viability also occurred when pollen was subjected to 100% RH and
24 °C, showing considerable variability over time depending on the cultivar. Compared to
pollen at 100% RH and 36 °C, pollen at 24 °C showed higher viability over time and
preserved its viability longer than under 36 °C. Indeed, pollen under 100% RH and 24 °C
remained viable up to 5-days incubation in most of the cultivars except for ‘Marinese’,
‘Caiazzana’ and ‘Ortolana’, in which pollen grains become unviable at 3-days incubation
(Figure 4). Differently from 24 °C and 36 °C, the combination of 100% RH and 12 °C showed
a more gradual loss of pollen viability over time in most of the cultivars. More specifically,
pollen viability remained high over 3-days incubation and never decreased below 60%,
except for ‘Femminella’. Interestingly, pollen incubated at 100% RH and 12° C showed no
significative difference compared to treatments with 50% RH up to 3-days incubation
(Figure 4).

5.4. Discussion

5.4.1. Climatic Parameters and Flowering

Recent studies indicate that nearly all European regions will be affected by the impact of
climate change [27,41,42]. In this scenario, the Campania region in Italy has already
experienced an increase in minimum temperatures of approximately 1.4 °C from 2005 to
2017 [43]. This situation, in agreement with research showing a dramatic global warming
since the 1980s [13,44], poses concerns regarding the impact that climate change can have
also on restricted geographical areas such as that of the Campania region. O. europaea is a
typical Mediterranean species whose economic production cycle is extremely long, and fruit
production relies on pollen efficiency and fertilization success. Therefore, studies on the
interaction between flower biology and environmental parameters involved in climate
change scenario are relevant. Our results on flowering period (time and duration) are
comparable with those reported for several olive cultivars of the Campania region in the

year from 2009 to 2010 [45], who showed that the average duration of flowering was 7 days
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and occurred during the second half of May. It is known that environmental factors can
affect many aspects of inflorescence development, pollination, and fertilization; in
particular, high temperatures can influence the timing of phenological phases such as leaf
formation and flowering in many species including O. europaea [46—48]. Our data showed
that, in the last decade, the flowering time and duration of the olive cultivars considered in
this study did not change. However, studies on other species highlighted that short periods
of high temperature do not affect flowering phenology but can reduce pollen lifespan so
drastically that grains are already dead at the time of anther dehiscence [35]. Indeed, it has
been shown that the formation of pollen tetrads and bi-nucleate olive pollen is very sensitive
to small increments in temperature in May, when the heat demand for flowering is nearly
fulfilled [49]. In addition, besides the satisfaction of heat requirements, it is possible that
different olive cultivars require the fulfilment of other conditions for starting the flowering
process, such as a mean temperature above 15 °C during the week before the anthesis
[12,49]. It should also be considered that the suitable temperature range for metabolic
process in O. europaea is rather narrow, with an optimal temperature interval of
approximatively 10 °C (from 20° C to 30°C) [50]. Therefore, when new cultivars are
introduced in specific areas, it is critical to consider climatic requirements and flowering
time of these cultivars.

5.4.2. Pollen Viability

The response of pollen to environmental factors is critical in O. europaea

, considering that self-incompatibility represents a common phenomenon in most of the
olive cultivars [51]. Indeed, olive pollen from different cultivars needs to survive along its
journey from the stamen to the stigma of different flowers to ensure the formation of seeds
and drupes. Considering the great genetic diversity of olive cultivars in the Campania
region, pollen viability represents a crucial feature for the selection of cultivars to be used
as pollen donors in a climate change scenario. Our results showed that the decrease in pollen
viability over time is highly dependent on the exposure to different combinations of
temperature and RH. Pollen viability at sampling time exceeded 80% in almost all cultivars

tested in this study. Interestingly, pollen viability of these cultivars was higher compared to
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most commercial cultivars from Europe, which generally range between 60% and 70% [52—
54]. The low genetic erosion due to the limited replacement of typical olive cultivars with
new genotypes in Campania region may have conserved relevant reproductive traits such
as pollen viability. On the other hand, commercial cultivars have mostly been selected to
overcome self-incompatibility issues to increase plant productivity [55], but probably
overlooking reproductive traits such as pollen viability during breeding programs. Our
results are in agreement with previous studies, showing that high temperatures can reduce
pollen viability more than low temperatures [29,54]. It has already been reported on that
temperatures above 22 °C can reduce by 50% the initial pollen viability of O. europaea in 1—
3 days [54]. However, previous studies mostly overlooked the effect of humidity, since RH
was not explicated or fixed, and its effect could not be evaluated. Conversely, our study
focused on the effect of different combinations of temperature and humidity to disentangle
their effects on pollen functionality. Overall, with this approach, we found that RH has a
substantial influence on pollen thermotolerance over time. Previous studies have shown
that the exposure of olive pollen to high RH during preincubation can significantly decrease
pollen germinability in vitro at low temperatures [37]. Contrastingly, our results showed
that high humidity severely increase pollen sensitivity to both low and high temperatures.
Specifically, the combination of high temperature (36°C) and high RH (100%) significantly
reduced pollen viability already after 1 day of exposure, and pollen was completely
unviable after 3 days in most of the cultivars. Conversely, pollen exposed to low RH (50%)
preserved high viability (~80%) both at higher (24-36 °C) and lower (12°C) incubation
temperatures over 5 days. These differences in pollen longevity could be related to specific
mechanisms adopted by pollen to survive hostile environmental conditions [56]. Indeed,
pollen grains under low humidity environments can enter a state of complete or partial
arrest of metabolic processes associated with a high resistance to environmental stresses
[56]. This phenomenon might explain the significant differences of pollen thermotolerance
to high or low humidity. Water content of pollen grains generally decrease after flower
anthesis and anthers dehiscence when pollen is exposed to the environment [57]. Therefore,

from anthesis on, the possibility of pollen to enter in a quiescent state of development and
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resist to unfavorable temperatures depends on pollen exposure to environmental humidity.
Indeed, especially in self-pollinating species, pollen is dispersed in a well-hydrated state
and remains metabolically active; this pollen is generally more sensitive to environmental
stresses and has reduced viability, since it needs to germinate rapidly upon landing on the
stigma of the same flower [58—60]. Contrastingly, in cross-pollinated species such as the O.
europaea, pollen needs to survive for a relative long time, and therefore, it needs to reduce
its water content to maintain a metabolically inactive state during its journey to the stigma
of other flowers. In this case, the balance between the content of water, osmolyte
compounds, and stabilizing proteins in pollen grains make the cellular content “glassy” and
all the metabolic activities slow down [61]. However, this “glassy” state, responsible for
increasing pollen longevity, is influenced by both humidity and temperature exposure of
pollen grains [62,63]. Indeed, when pollen is exposed to low temperatures, this state of
glassy cytoplasm can also be achieved in conditions of high humidity, and this would
explain why pollen exposed to 12 °C and 100% RH preserved a high viability up to 5 days
in most of the cultivars we tested. As regards temperatures of 24 °C or 36 °C, their negative
effects on pollen viability becomes evident over time only when in combination with
exposure to high RH. Overall, the differences in thermotolerance found between the
different olive cultivars can be linked to the capability of pollen in adopting specific
strategies to face heat stress including dehydration, accumulation of osmolytes, and
synthesis of protective molecules such as heat-shock proteins (HSPs). Numerous studies
have highlighted the key role of HSPs in activating heat-stress responses in reproductive
cells of several plant species [64-68]. To date, HSPs have been identified in O. europaea but
only in vegetative tissues [69]. In the present study, it is likely that the different responses
of pollen to temperature and humidity found between cultivars are due to differences in
heat-stress response pathways. In this regard, the screening of HSPs gene expression and
synthesis of olive cultivars would provide a better understanding of the molecular
mechanisms adopted by pollen to cope provide with heat stress. Moreover, such insights
could be useful to select suitable olive cultivars as pollen donor to be used in a climate

change scenario.
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5.5. Conclusions

Despite the increase in temperature in Campania region over the last decade, no significant
change in flowering time of O. europaea was found compared to previous studies. However,
a drastic loss of pollen viability was found under high temperature and humidity
conditions. Overall, the decreasing trend of pollen viability under the different
combinations of temperature and humidity was comparable between cultivars, except for
few cases. Specifically, most of the olive cultivars showed a significant decrease of pollen
viability already after 24 h incubation under 36 °C and 100% RH, and a complete loss of
viability after 3 days’ incubation in the same conditions. Interestingly, pollen exposed to
low RH (50%) preserved high viability both at high and low incubation temperatures over
5 days, indicating that pollen thermotolerance is affected by humidity conditions. In a
current scenario of climate change, it is critical to evaluate the effect of temperature on
reproductive traits to predict the future impact of global warming on crop yield; on the basis
of the results obtained, we could therefore state that the cultivars that showed greater
tolerance to extreme temperatures and humidity was Biancolilla (RH 100%-T 36°C), while
‘Carpellese’, ‘Ortice’, ‘Racioppella’, ‘Ravece’, ‘Ogliarola’, ‘Pisciottana’, and’Salella” also
showed good tolerance in conditions of RH 100% and 24 °C. However, it becomes evident
that other environmental factors such as humidity must be considered when evaluating
pollen thermotolerance. Moreover, considering the key role of the heat shock proteins in
heat-stress responses, further studies must investigate the molecular mechanism adopted

by olive pollen to cope with environmental stresses.
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Abstract: (e ewropaen L. is a cop typical of the Mediterranean amea that has an important role
in economy, society and culture of this mgion Cimate change is expecied to have significnt
impact on this coop, which is ty pically adapied to certain pedo-dimatic characteristios of restriceed
geographic areas. In this senario, the aim of this stady was to evaluaie the Hmecoure response of
pollen viability to different combinations of temperature and humidity. The stady was performed
comparing fowering time and pollen functionality of 0. europaer from twelbve coltivars grow ing at
the same site belonging to the Campania olive collection in Italy. Pollen was incubated at 12 °C, 2270
arsd 3 "C in combination with 50% KH or 100% RH treatments for 5 days. The results highlighted that
a drastic loas of pallen viability ocours when pallen is subjected to a combination of high bumidity
and high temperature, whereas 500 BRH ha.dl:nim]:ul:tun Fu:-]lcn thermotoleranos, because most
cultivars preserved a high pollen viability cver time. In the cngoing climate change scenario, it s
critical to assss the effect of increasing temperatures on sensithve reproductive raits such as pelien
wviability to predict possible reduction in crop yield Moremver, the msults highlighied that the effect
of iemperature increzse on pollen thermotoleranoe should be evaluated in combination with cther
environmental factors such as humidity conditions. The scresning of olive cultivars bassd on pollen
thermotoleranae is oritical in the cngping cdimate change scenario, espedally considering that the
economic valee of this :pe:ie: meli=s on successful fertiltration and eumqrn d:v\dq:rment, and also
that production cycle of (e arropees can be langer than a hundred ye=ars.
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L Introduction

Climate change will severely impact the Me dike rranean Basin with an expected rise
in emperatures in the range of 2-5 “C [1-3]. Besides substantial warming, it has been
estimaged that climate change will sesult in a significant decoease in precipitation in this
ragion [3A] which might cause serious economic and ecological changes, influencing plant
l.-;rmvlh, the aﬂacb.ul‘pes-hz anl weeds, and ulﬁm.ahl_\-; crop _\riel;d 151

The olive (e eropiea 1) is one of the most characteristic crops of the Mediterranean
Bagin, ha\-'inl.-, a remarkable economic, social, and culharal impact. This species is wi:.lely
spread and well adapted to the environmental conditions of the Mediterranean Basin.
However, the predicted increase in ambient temperatun: duwe to global warming may affect
plant physiology, phenolegy, and e produwctive biology of this crop, ultimately reducing its
yield [5,7)

The Mediterranean region is characterized by a changeable climate, especially in spring
season, when daily temperatures can vary considerably. Momeover, it has been shown
that inter-annual climate vadations can atfect Aowering time and pollen production [2].
Indeed, previous studies have shown that the Bowering time of 0. arropaea is highly
dependent on yearly spring emperatures, which are rising steadily over time due to global
warming [9,10]. In this scenario, the olive phenology may provide wseful indications to
v aluate the mfluence of climate change on plant growth for the whele Medite rransan
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Chapter 6. General conclusions

Crops are affected by environmental fluctuations that can drastically decrease yields and
quality crops. For this reason, many studies aim to develop novel practical, and sustainable
systems to reduce the various problems caused by climate changes. Future climatic changes
have great importance for the agricultural sector, and the olive tree sector in particular. At
present, new agriculture offers a lot of molecules that affect plant responses to abiotic
stresses. In this regard, using natural products proved to be a promising tool to improve
tolerance to heat stress and drought and it is possible to do analyses about differences
among different olive cultivars in the time-course response of pollen viability to a different

combination of temperature and humidity treatments.

This PhD thesis was designed to satisfy the demand for a more innovative, more efficient,
and secure agriculture suited for future climate challenges. It aimed to improve the
resistance of olive trees to abiotic stresses in particular the quality of drupes and oil using
of biostimulants and anti-transpirant products, and to do a screening of Campania cultivars
most tolerant to extreme conditions of temperature and humidity. In this work, we obtained
novel and interesting results that which could be a solution to mitigate the effects of climate

change on olive trees by also improving some qualitative and quantitative aspects.

The first part of this research focused on a preliminary test carried out in the greenhouse on
young olive plants (Chapter 2), and the results highlighted the importance of biostimulants’
application to mitigate the effects of abiotic stresses (high temperatures and drought), with
different effects shown between the two watering regimes (100% and 50%). Biostimulants’
effects were evident in conditions of water stress, and glycine betaine treatment and algae
products (micro-algae and seaweed mix) were reported to improve some agronomic and

eco-physiological parameters. Particularly interesting results were obtained with kaolin
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applications that caused a considerable two-fold increase in the total polyphenols content
in the leaves compared to the control, and a significant increase as well in the antioxidant
activity. These results are interesting for improving the quality of olive oils characterized
with low phenolic and antioxidant components, with the addition of leaves rich in
polyphenols that can be used equally for pharmaceutical purposes. These results have been
published in the Journal “Agriculture” (Graziani et al. 2022).

Another preliminary greenhouse test was conducted to emphasize the importance of using
products based on kaolin and pinolene to improve the biometric, physiological and
nutraceutical characteristics of young olive trees subjected to high thermal stress. (Chapter
3). As tentative results, foliar application of the anti-transpirant pinolene-based product
improved the biometric parameters. Plants sprayed with the tested preparation were
characterized by a higher relative water content (RWC) in leaves and a higher value of
efficiency of photosystem II (PSII); this positive effect of 1-p-menthene on vegetative growth
and development may be due to improved plant water status related to lower transpiration.
Kaolin application also reduced stomatal conductance and like the V application, recorded
higher values of leaf chlorophyll concentrations (SPAD) at the end of the vegetative season.
Interesting effects were recorded with the use of kaolin on the nutraceutical compounds of
olive leaves; high contents of total polyphenols were recorded compared to control plants
and this product showed a higher value of the antioxidant activity. These results have been
published in the Journal “Agronomy” (Cirillo et al. 2021).

The second part of this study was carried out in full field on plants in production. We
evaluated the impact of different biostimulants to reduce climate damage and improve the
performance of plants and the quality of the derived product (Chapter 4). In this study, the
biostimulants increased the production per plant, in particular the Trichoderma by about
70%, which positively influenced the carotenoids content and polyphenols biosynthesis in
the drupes as well. Biostimulants based on tropical plant extracts and trichoderma reported
changes to the flavor (bitter and spicy), due to an increase in the total polyphenol content in
the oil by 32.1% and 19.8% respectively. All biostimulants influenced the oil fatty acid

content. Our study demonstrated that it is possible to state that biostimulants affect some
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qualitative and quantitative aspects of both the oil and the drupes, improving, in some cases,
fundamental parameters that determine consumer satisfaction of a good product, as well as
their antioxidant capacity and nutraceutical potential. These results have been published in
the Journal “Agriculture” (Cirillo et al. 2022).

The aim of the last study was a varietal screening of the Campania olive cultivars in extreme
ambient conditions. A drastic loss of pollen viability was found under high temperature and
humidity conditions (Chapter 5). Overall, the decreasing trend of pollen viability under the
different combinations of temperature and humidity was comparable between cultivars,
except for few cases. Specifically, most of the olive cultivars showed a significant decrease
of pollen viability already after 24 h incubation under 36 °C and 100% RH, and a complete
loss of viability after 3 days’ incubation in the same conditions. Interestingly, pollen exposed
to low RH (50%) preserved high viability both at high and low incubation temperatures
over 5 days, indicating that pollen thermotolerance is affected by humidity conditions. In a
current scenario of climate change, it is critical to evaluate the effect of temperature on
reproductive traits to predict the future impact of global warming on crop yield; based on
the results obtained, we could therefore state that the cultivars that showed greater tolerance
to extreme temperatures and humidity was Biancolilla. However, it becomes evident that
other environmental factors such as humidity must be considered when evaluating pollen
thermotolerance. These results have been published in the Journal “Agronomy” (Iovane et

al. 2021).

Altogether, three were the main finding of this PhD thesis: (1) evaluation of biostimulant
and antitrasspirant products' effects in influencing ecophysiological, biometric and
nutraceutical parameters in young olive trees grown in greenhouses; (2) evaluation of
biostimulants products' effects in improving qualitative-quantitative parameters of drupes
and oil, in olive trees in full production; (3) varietal screening of Campania olive cultivars

that are more resistant to extreme temperatures and humidity.
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Based on the results obtained from these studies it is possible to state that the strategies used
in the present study have been shown to be effective in improving the productive and

qualitative characteristics of olive tree in a scenario of climate change.
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