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Abstract

Background: Water deficit is one of the 21st century's major challenges, agriculture being
both the cause and the victim since 70% of global available water is used for its practices.
Irrigation is fundamental but, as climate change becomes more persistent, there is a need to
conserve water and use it more efficiently. Exposure of plants to drought stress can cause
morphological, anatomical, physiological, and biochemical changes in many tissues and
organs. Drought can affect the growth and development of plant organs causing drastic
reduction in productivity and commercial performance. It is therefore crucial to identify
cultivars that can tolerate drought. When dealing with economically relevant crops like
tomatoes, this purpose is even more incisive and local agrobiodiversity is a large genetic
reservoir of promising cultivars.

Aims and Methods: Nine local Italian and four commercial tomato cultivars were considered.
All experienced approximately 20 days of drought during the vegetative and reproductive
phases. Plants were studied for three aspects. Morpho-physiology: several physio-
morphological parameters were monitored, such as stomatal conductance, photosynthesis,
water use efficiency, growth, and soil water content. The different responses and behaviors
allowed the cultivars to be divided into three groups: tolerant, susceptible, and intermediate.
The classification was also confirmed by the principal component analysis. Biochemistry: the
expression of proteins related to drought stress tolerance in four local tomato cultivars was
evaluated. Cultivars were selected after the results of previous analyses and corresponded to
different tolerance levels. Only the vegetative stage was considered in this section. The
approach consisted of extraction, separation, and immunological analysis of proteins such as
dehydrins, osmotin, HSP70s, sucrose synthase, and cyclophilin. We also analyzed the pattern
of phosphorylated proteins and the isoforms of RuBisCO. Nutraceutics: Genetic factors,
ripeness and the impact of environmental conditions lead to differences in the bio-metabolic
and nutraceutical composition of tomato fruit. We tested the hypothesis that local tomato
cultivars subjected to drought stress showed an increased capacity for biosynthesis of
compounds with antioxidant activity. The antioxidant power and the total content of
polyphenols and flavonoids in both pulp and peel were evaluated by colorimetric assays. In
addition, flavonoids (such as rutin, naringenin, and caffeic acid), vitamin C, and lycopene
were identified and quantified using HPLC methods.

Results and Conclusions: At last, the data obtained at the morphological, physiological,
biochemical, and metabolic levels indicate that specific locally adapted tomato cultivars
respond much more efficiently to drought stress, even more than widespread commercial
cultivars. In addition, this study lays the foundations for an application aspect, namely the use
of moderate and controlled drought stress conditions to increase the nutritional quality of
tomato fruits. Given that many bioactive compounds are found in the peel of tomatoes, this
supports the reuse of waste components and therefore their sustainable recovery.




Chapter 1. General introduction

Global warming, primarily due to the intense emission of carbon dioxide caused by human
activities, is constantly increasing the average temperature and is responsible for the reduction
of rainfalls in highly vulnerable areas such as the Mediterranean, which is considered a "hot
spot™ in the 21st century [1]. It is very unlikely that the world will experience an inversion in
climate changes, especially in the coming years, with the effects being even worse. It
therefore becomes pressing to determine the effects that water scarcity can cause at the level
of natural and anthropogenic ecosystems. Considering that agriculture is both the cause and
the victim of drought stress, as 70% of globally available water is used for its practices [2],
the impact that water deficit can have on the productivity of cultivated plants and the relative
costs must not be underestimated. The severity of drought conditions can be quantified
globally with the Palmer Drought Severity Index (PDSI) represented in Figure 1.1, which is
widely used to make assessments on drought and agricultural productivity. It is within this
highly uncertain context that we see population growth; therefore, water for agriculture is
expected to compete with water used in emerging industries, which are steadily increasing. At
the same time, population growth will require an intensification of agricultural productivity to
meet food needs, with an estimated 45% increase in the amount of water required for
irrigation by 2080 [3]. Given these future predictions, the study of crop responses to drought
stress takes on increased importance, through the development of mitigation and adaptation

strategies.
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Figure 1.1. Worldwide distribution of the PDSI in 2017 (https://www.climate.gov/news-features/featured-
images/2017-state-climate-global-drought). The PDSI, considering rainfall, evapotranspiration, and soil
moisture, returns a value between -4 (extremely dry) and 4 (extremely humid).

Plants have developed physiological, morphological, cytologic, and biochemical
responses to avoid and/or limit the consequences of drought stress. Plants sense the lack of

water primarily through root cells, which respond by causing an immediate increase in the
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synthesis of abscisic acid (ABA) that, once accumulated in the leaves, leads to stomatal
closure [4]. Plants commonly respond to water stress with the accumulation in the cell
cytoplasm of molecules such as osmolytes. Among the latter are proline, sucrose and other
sugars that function as osmoprotectants, interacting with proteins and preventing their
denaturation [5]. Due to stomatal closure, there is a decrease in CO; influx and an increase in
O2 concentration in the leaf, which in turn causes an increment in the production of reactive
oxygen species (ROS). ROS, being unstable compounds, are likely to react with several
molecules (proteins, lipids, DNA) causing functional alterations of the cells [6]. In response to
drought stress there are also changes in the regulation of the photosynthetic process since
photosynthesis is limited due to the low availability of reagents such as H>O and CO- [7].
Plants respond to oxidative stress by synthesizing specific enzymes able to scavenge ROS [8]
and/or by producing antioxidant molecules such as polyphenols [9].

Locally adapted cultivars are the result of a process of domestication of wild species
that have undergone selective pressures due to both contingent environmental conditions and
human needs [10]. In addition, local cultivars are adapted to the various climatic changes that
a given environment may experience and, therefore, exhibit resilient traits to changing
climatic conditions [3]. In this context, maintaining and protecting local agrobiodiversity
becomes a resource for food availability [11]. Many studies identify local cultivars as a
patrimony of genetic traits that can make plants more tolerant to abiotic stresses, such as
drought [3,12-17]. For example, in countries such as Peru, Brazil, and India, recent
repatriations of genbank accessions raise questions about whether and how crop biodiversity
can be included in production systems in climate change-prone areas [18]. Furthermore,
agrobiodiversity is one of the global keys in agriculture to ensure stable harvests and
livelihoods under changing environmental conditions [19]. The greater the supply of genetic
diversity, the greater the opportunities for farmers to adapt crops to local environmental
conditions. In this context, access to a wide range of locally adapted cultivars is and will be
critical for sustainable agriculture under extreme climate change [20]. Nor should it be
forgotten or underestimated that the search for plants more tolerant to environmental
conditions such as drought is part of sustainable development goals such as SDG12
(responsible consumption and production), SDG13 (climate action) and SDG15 (life on land)

(https://sdgs.un.org/goals).

Tomato (Solanum lycopersicum L.) is one of the most important plant crops in the
world, ranking second only to the potato [21]. Globally, almost five million hectares of
cultivated land are used for its farming, for a total of more than 180 million tons of fruits

harvested [22]. To date, Italy is among the top 10 tomato producers in the world with 5.2
2


https://sdgs.un.org/goals

million tons per year [22]. Tomatoes are particularly susceptible to water shortage because
prolonged water deficit limits growth and yield of the crop. Both the vegetative and
reproductive stages of existing tomato cultivars can be severely affected by drought, which
inhibits seed development and reduces the growth of stems and fruits [23,24].

Nowadays, a more sustainable agriculture, which therefore requires less water
resources, must consider genetic biodiversity as a key factor to improve crop yield and
quality, as well as tolerance to biotic and abiotic stresses. Previously (during my master's
thesis), | evaluated the drought resilience of seven tomato cultivars grown locally in Tuscany,
Italy [25]. In that study, plants were cultivated in a growth chamber and analyzed for some
key features related to water deficit stress. In this Ph.D. thesis, | extended the study to all nine
tomato cultivars currently cataloged in the Regional Germplasm Bank of Tuscany as at risk of
genetic erosion.

The purpose of my Ph.D. project was originally targeted at characterizing the
differences that locally adapted cultivars might exhibit in response to drought stress. Several
objectives were planned to be achieved. The first target was to carry out a screening of local
cultivars in both vegetative and reproductive stages. Thus, by studying physiological and
morphological aspects, it was possible to classify cultivars based on their tolerance to drought
stress. Among the physiological and morphological aspects, photosynthetic efficiency (Fv/Fm
and PI), stomatal conductance, stomatal density, Soil Water Content (SWC), plant growth
(i.e., growth index and stem diameter), leaf area and length and Leaf Relative Water Content
(RWC) were analyzed. A more detailed study on metabolomic aspects such as pigment, sugar,
abscisic acid, and jasmonic acid content was therefore required. Because of drought stress,
oxidative stress was also consequently measured by monitoring the leaf content of H.O», O
and determining the ROS scavenging potential through the content of antioxidants and
polyphenols. After ranking cultivars based on drought stress tolerance, a more detailed study
would then be performed on the most promising and significant cultivars. A study on
RuBisCO and proteins involved in drought response (such as HSP70, dehydrins, osmotins,
and aquaporins) was planned on this limited number of selected cultivars. During the
reproductive stage, the aim was also to qualitatively characterize the fruits and assess the
productive capacity of plants. By monitoring flower and fruit development, fruit set, and seed
germination, it became possible to assess cultivar productivity. Finally, the nutraceutical
evaluation of fruits in terms of content of antioxidants, polyphenols and flavonoids was used
to estimate the capacity of fruits to retain quality even after drought stress. Once the most

promising cultivars have been identified, it would be worthwhile and interesting to investigate



the genetic aspects in future works, thus identifying the genes that are activated during

drought stress and that confer more tolerance to specific cultivars.

1.1. Plant Material

Seeds of nine Tuscan tomato cultivars, namely ‘Costoluto Fiorentino’, ‘Canestrino di Lucca’,
‘Fragola’, ‘Rosso di Pitigliano’, ‘Giallo di Pitigliano’, ‘Pisanello’, ‘Quarantino ecotipo
Valdarno’, Tondino Liscio da Serbo Toscano’ and ‘Perina a Punta della Valtiberina’, were
obtained from the Regional Germplasm Bank of Tuscany (Tuscany, Italy). No permissions
were necessary to collect seeds. The Regional Germplasm Bank of Tuscany undertook the
formal identification of samples. Four commercial cultivars, namely 'Cuore di Bue',
'Datterino’, 'Pantano’ and 'Pearson’, were chosen among many other commercial cultivars
because of their wide commercialization throughout Italy; the corresponding seeds were

provided by local retailers.

1.2. Growth Conditions and Stress Treatment

The parameters used for plant growth and drought treatment are described in this section and
will therefore not be repeated in subsequent chapters. Seeds were germinated in Petri dishes
on filter paper soaked with distilled water at a constant temperature of 25 °C in the dark.
Afterwards, seedlings were transferred to a greenhouse (Botanical Garden, University of
Siena) and planted in a tray with wells (4 x 5 x 6 cm) at 25 °C. For each cultivar, 10 plants
were studied during the vegetative phase and 8 plants during the reproductive growth phase
(Figure 1.1). For studies at the vegetative phase, plants were transferred into square PE pots
(15 cm side, 20 cm height), while for studies at the reproductive stage PE pots had an upper
diameter of 28 cm, a base diameter of 22 cm, and a height of 24 cm. The substrate used for
repotting operations was the VIGOR PLANT® RADICOM BIO. For each cultivar and
growth phase, half of plants were used as control (CTRL) and the other half were subjected to
drought stress (DS). Until the beginning of water deficit treatment, all plants were well-
watered. For studies at the vegetative phase, the drought treatment began when plants were
30/40 cm high, corresponding to 45 d after germination; the stress condition was maintained
for 16 d and consisted in complete watering withdrawal; the CTRL group was kept in a fully
irrigated regime for the whole period. For studies at the reproductive phase, the drought
treatment began when plants were flowering, and the first fruits started to grow. Plants were
around 120 cm high at the beginning of stress, the drought treatment lasted for 20 d and
consisted in complete watering withdrawal; the CTRL group was kept in a fully irrigated
regime for the whole period.



The timing of the drought was chosen following Landi [26], Sanchez-Rodriguez [27],
Nuruddin [24] and our previous work in a growth chamber [25]. The experimental period was
divided into 3 time points for each phase: time point 0 (to) corresponds to the beginning of
stress; time point 1 (t1) is the intermediate stage of stress; time point 2 (t2) is the end of stress.
Plants in the reproductive phase were also subjected to a recovery step, consisting of full
irrigation of drought-stressed plants after t> for two weeks (recovery time point, RW). At each
time point, required parameters were taken, and samples were harvested, immediately put in

liquid nitrogen, and stored at —80 °C until use.

Figure 1.1. Pictures of the greenhouse taken during the period of plant cultivation and stress; on the left the
plants in vegetative phase, on the right the plants in reproductive phase

1.3. Temperature and Relative Humidity

Each phase was performed during July in a greenhouse with a complete randomized scheme.
The greenhouse facility prevented accidental wetting of plants but allowed solar illumination,
temperature, and humidity parameters to be comparable to those outside. However,
temperature and humidity values were collected hourly by an EBI 20-TH1 (ebro®)
datalogger, daily mean and standard deviation computed separately for day and night hours.
During the vegetative phase, the mean temperature and humidity in daytime hours were 34.7
+ 2.6 °C and 46.8 + 6.2 %, respectively; during nighttime hours, the mean temperature was
25.3 £ 1.7 °C while the mean humidity was 60.9 = 6.3 %. During the reproductive phase, an
average temperature of 32.7 + 3.8 °C and humidity of 50.7 + 8.4 % was recorded during
daytime hours, while temperature and humidity were 23.9 £ 2.1 °C and 64.7 £ 3.2 %,
respectively, during nighttime hours. The values were very close to those usually recorded in

Sienain July.



Chapter 2. Morpho-physiological traits of vegetative and reproductive
growth as a tool to classify Italian tomato cultivars according to drought
stress tolerance

Collaborators: Marco Romi, Sara Parri, Iris Aloisi, Giovanni Marino, Giampiero Cai and Claudio Cantini
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Graphical abstract: Nine local Italian cultivars of tomatoes plus four widely used commercial cultivars were
considered. These experienced about 20 d of drought, either at vegetative or reproductive phase. Various physio-
morphological parameters were monitored, such as stomatal conductance (gs), photosynthesis (A), water use
efficiency (WUE), growth (GI) and soil water content (SWC). The presence of different responses and behaviors
allowed to divide the cultivars into three groups: tolerant, susceptible, and intermediate. The classification was
also confirmed by a principal component analysis (PCA).

2.1. Introduction

Since water is fundamental for the life of plants in all the physiological processes [28],
drought triggers a multitude of different responses affecting morphological and molecular
traits in each phenological phase of plant growth [29]. Plants have evolved various adaptation
mechanisms to counteract water scarcity, one of the most important is the opening/closing of
stomata, driven by changes in guard cell shape. When roots perceive water shortage, plants
respond by increasing the synthesis of abscisic acid (ABA) [4], which leads to stomata closure
[30]. Although stomatal conductance is then partially affected, a slight decrease in
conductance has a protective effect against stress allowing plants to safeguard water
reservoirs and improve water use efficiency [4]. In addition, morphological adaptations, such
as stomatal density and leaf area, are involved in maintaining the water balance because a
decrease of stomata number [31,32] as well as of the transpiring leaf surface [33] contribute
significantly to reducing water loss. Defenses are not without side effects; when stomata close

excessively, plants were compelled to activate scavenging systems, such as the water-water
6



cycle, that counteract excess Reactive Oxygen Species (ROS) [6]. In addition, the synthesis of
carotenoids allows to capture excess energy from chlorophylls and dissipate it as heat [6]
although under extended stress conditions this process is not sufficient [34]. Drought also
affects mitosis and consequently plant development reducing both cell number and expansion
[35]. These events lead to a reduction in plant growth and yield lowering the revenues of the
crop. For all these reasons, the selection of plants tolerant to water deficit has become a high
priority. Plants were analyzed for physiological (stomatal conductance, photosynthetic
efficiency, water use efficiency, leaf relative water content) and morphological parameters
(growth index, stem diameter, leaf area, stomatal density) as well as for soil water content.
Plants were grown in a greenhouse and analyzed either at vegetative or reproductive phases.
The goal was to highlight the differences in drought tolerance that each cultivar might exhibit
specifically in relation to either developmental stage [24,36]. Therefore, this study aimed to
identify the most drought tolerant cultivars for future breeding to reduce irrigation demands in

sustainable agriculture.

2.2. Materials and Methods

2.2.1. Soil Water Content

The Soil Water Content (6g) was evaluated for each pot. Soil samples were weighted (Muet),
put overnight in an oven at 105 °C and then weighted again (mary). Soil water content was

calculated as:

where

* 0g = Gravimetric Water Content,

* mwater = Mass of water contained in the samples,
* msoil = Sample soil mass,

* myet = Wet soil sample mass,

* mgry = dry soil sample mass.

The mean and standard deviation for each cultivar and phase was calculated at to, t1 and to.

2.2.2. Relative Water Content

The leaf relative water content (RWC) was determined as follows [37,38]. Completely

expanded and mature leaves at t> were cut, leaving a petiole of about 1 cm, immediately

inserted into plastic bags with the petiole down, closed and stored in the dark. Each leaf was
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weighed with their own plastic bag (TFW-Total Fresh Weight) using a Gibertini-
EUROPE_500 balance. Then, 2-3 mL of CaCl, were added. Samples were incubated for 8 h,
allowing them to absorb the CaCl> solution. Subsequently, leaves were removed from the
plastic bag and placed between two paper towels to absorb the excess water. To determine the
turgid weight (TW-Turgid Weight), each leaf was weighed. Then, leaves were placed into a
paper bag and heated in an oven at 60 °C for 3-4 d. Finally, samples were weighed to
determine the dry weight (DW-Dry Weight). The RWC of leaves was calculated as:
(TFW — BW) — DW

RWC = TW —DW x 100,

where

* RWC = Relative Water Content,
* TFW = Total Fresh Weight,

* BW = Bag Weight,

* DW = Dry Weight,

* TW = Turgid Weight.

The mean and standard deviation for each cultivar were calculated.

2.2.3. Growth Index
The growth index (GI) was calculated as:

h h
Glf,[‘ = s ’

where
« hs = final height,
« hi = initial height.

Heights were measured at to, t1 and t> for both vegetative and reproductive phases. The height
of each plant was measured with a meter stick parallel to the stem, from the base up to the
highest internode. Three Gls were calculated for each plant: Glio indicates the growth
between to and t1, Glo.1 between t; and t2, while the total growth is expressed by Glzo. The
mean and standard deviation of GI for each time-point, cultivar and growth phase were

computed.



For pictures on the difference in height of all cultivars in both the vegetative and reproductive

stages, click here *.

2.2.4. Stem Diameter

The stem diameter was measured with a digital caliber (POWERFIX®, Neckarsulm,
Germany) at to, t1 and to. The diameter was measured about 7 cm from the base of stems,
which was marked during the first measurement. The mean and standard deviation for each

plant and growth phase were computed.

For more information on the trend of stem diameter in all cultivars, both in vegetative and

reproductive phases, click here 2.

2.2.5. Efficiency of Photosynthesis

Photosynthetic efficiency was evaluated by using a fluorometer Handy PEA 2000 (Hansatech
Instruments King’s Lynn, Norfolk, UK) analyzing Fv/Fm and the performance index (PI).
The parameter Fv/Fm indicates the maximum quantum efficiency of Photosystem I, where
Fv is the difference between the maximum fluorescence signal (Fm) and the basic
fluorescence. The parameter Pl shows variations of the entire photosynthetic apparatus,
including photosystem | (PSI) and Il (PSII). For each growth phase and cultivar, Fv/Fm and

P1 were collected at to, t1 and to. Finally, the mean and standard deviation were calculated.

For more information on the trend of Fv/Fm and PI in all cultivars, both in vegetative and

reproductive phases, click here 3.

2.2.6. Leaf Gas Exchange: Stomatal Conductance and Photosynthesis

The LI-6400XT Portable Photosynthesis System (LI-COR Inc., Lincoln, NE, USA) equipped
with 6400-40 Leaf Chamber Fluorometer were used to analyze CO, and H>O gas exchange,
and intercellular concentration of CO; (Ci), stomatal conductance (gs), and net photosynthesis
(A) were calculated. Inside the chamber, the relative humidity (30/70) and the temperature
(set to 30 °C) were measured. The light in the chamber, the CO2 concentration was
maintained at 400 pmol mol™%, the relative humidity at 40 to 50%, temperature at 30 °C and
the PAR was set to 1500 pmol s (values close to the average growth conditions in the

greenhouse). The first fully expanded leaves from the apex of plants were used for

1 https://drive.google.com/file/d/1NgpwgcXx843hwIkbHunHJpfM8GBVOtOP/view

2 hitps://drive.google.com/file/d/1tk80fg-CFxd xh0A3K6SfV-UIBnmwxag/view

3 https://drive.google.com/file/d/AN6LYZbNLTOKrEPDv-rz6blpjitQOwWBPV8/view
9
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measurements. The measurements of each plant and phase were carried out four times: at to,
to-1 (between to and t1) t;, and at to for the vegetative phase; at to, t1, to and tr for the
reproductive phase. Finally, the mean and standard deviation were computed. The A/gs ratio,

which expresses the water use efficiency (WUE), was calculated for all cultivars.

2.2.7. Morphometric Evaluation of Leaf

In the vegetative phase, at each time-point (to, t1 e t2) and for selected cultivars, pictures of
three leaves per plant at the same developmental stage were taken. Pictures were examined
with the software ImageJ (National Institute of Health, Bethesda, MD, USA) to determine:

* Leaf Area (LA),
» Lamina Length (LaL),

* Lamina Width (LaW) (for this parameter 3 measures were taken for each leaf).

Finally, the mean and standard deviation were computed.

2.2.8. Stomatal Density

The stomatal density was calculated at t> during the vegetative phase of selected cultivars.
Three leaves from each plant were sampled at the same developmental stage. On the lower
surface of leaves, a thin layer of transparent nail polish was uniformly applied according to
Xu and Zhou [39]. Once dried, the nail polish was pulled away and the molds obtained were
put onto a microscope slide. Samples were examined with the optical microscope Zeiss
Axiophot (Oberkochen, Germany). For each mold, 10 pictures were taken, and stomata were
counted using Imagel. Stomata number per leaf area (mm?) expresses stomata density.

Finally, the mean and standard deviation were calculated.

2.2.9. Statistical Analysis

Principal Component Analysis (PCA), correlograms and the dendrogram were performed with
RStudio IDE (RStudio PBC, Boston, MA, USA). In particular, the corrplot package was used
for the analysis of correlation coefficients and their visualization. Raw data were normalized
then KMO adequacy and Bartlett’s test were performed before factor analysis while
orthogonal varimax rotation method was chosen for PCA. Clustering was performed by

UPGMA hierarchical cluster analysis on the base of Mahalanobis distance metric.
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2.3. Results
2.3.1. Vegetative Phase

2.3.1.1. Drought Stress Highlights Differences among Tomato Cultivars

At first, the multiple physiological traits were measured to perform a principal component
analysis (PCA). The complete set of measured parameters at t; was integrated to depict the
correlation between the various traits. The time-point t; (middle of stress treatment) was
considered instead of to (end of stress treatment) since the latter was not determined by a
varietal difference. Indeed, at t. all the cultivars indiscriminately showed a too high deficit in
most of the parameters examined. The first factor (PC1), to which the parameters A, gs, SWC
and Fv/Fm contribute most, explains 47.65 % of the total variance, while the second factor
(PC2), to which WUE and Ci contribute most, about 19.8 %. In total, both PCs explain 67.45
% of the total variance of all analyzed variables. Figure 2.1 indicates that photosynthesis (A),
conductance (gs), soil water content (SWC) and photosynthetic efficiency (Fv/Fm and PI)
share a positive correlation. The height of plants (h) and the diameter of stem (sd) has a
correlation between photosynthetic efficiency and Ci. The water use efficiency (WUE) is

inversely correlated to the intercellular concentration of CO2 (Ci).
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A

standardized PC2 (19.8% explained var.)

&
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2 0 2
standardized PC1 (47.6% explained var.)

Figure 2.1. Principal component analysis (PCA) for physiological and morphological traits in the stress
treatment at the vegetative stage: Water Use Efficiency (WUE), intercellular concentration of CO, (Ci),
photosynthesis (A), stomatal conductance (gs), Soil Water Content (SWC), photosynthetic efficiency (Fv/Fm),
Performance Index (PI), height (h), stem diameter (sd).

In Figure 2.2. it is possible to notice that all control plants (blue) are distributed in a
restricted area without much difference between the cultivars. On the contrary, all the stressed

plants (orange) are distributed in a much larger space that extends mostly along the PC2 axis.
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This indicates that drought stress differentiates the behavior of plants in a genotype-dependent
manner. It is important to observe that WUE and, correspondingly, Ci are the parameters that
drive the differentiation between the genotypes. Secondly, to evaluate the behavior of each
cultivar a PCA was performed with each parameter of the stressed plants in relation to their
own control (Figure 2.3). Tomato cultivars can be divided into two main groups mainly by
differences in PC1 values, which accounts for 47.3 % of variation with high loadings of Ci,
WUE, A, and gs. One group consists of Costoluto Fiorentino, Rosso di Pitigliano, Pisanello,
Pantano, Datterino, Pearson, Giallo di Pitigliano and Canestrino di Lucca; the other group
contains Perina, Cuore di bue, Fragola, Tondino. The genotypes of Quarantino and Pearson

are at an intermediate position.

PC2 (19.1% explained var.)

4 2 0 2 4

PC1 (51.7% explained var.)

Figure 2.2. Principal component analysis (PCA) for genotypes based on control (blue) and stress (orange)
indices calculated for physiological traits at t; in the stress treatment at the vegetative stage.
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Figure 2.3. Principal component analysis (PCA) for genotypes based on stress indices in relation to control
indices calculated for physiological traits at t; in the stress treatment at the vegetative stage.

2.3.1.2. Clusterization
Nine traits have been correlated for each cultivar according to their time course. Firstly, each
parameter relative to stressed plants was normalized to its own control (in percentage). Then,

a correlogram for each cultivar was constructed (for a representative example see Figure 2.4).
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Figure 2.4. Correlogram of 9 physiological and morphological traits evaluated in Perina cultivar in the stress
treatment at the vegetative stage. Each trait of DS plants is normalized to that of CTRL and then correlated
according to the time course (to, t1, t2). The filling of the cake corresponds to the value of the correlation
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coefficient (full cake means unit correlation, in absolute value) while the color indicates the sign (blue/red means
positive/negative correlation coefficient).

From the PCA previously described, WUE and Ci turned out to be the parameters that
most influenced the differentiation between cultivars. Hence, the correlations of all the traits
with respect to WUE were used to construct the dendrogram in Figure 2.5 showing the
cultivars distributed within two main clusters. One of them is clearly distinguishable and is
formed by Cuore di bue, Quarantino, Fragola, Tondino and Perina. The other is composed by
Costoluto, Rosso, Pantano, Canestrino, Datterino, Pisanello, Giallo, Pearson. A dendrogram
corresponding to correlations with respect to Ci was also obtained, but it was not reported in

this thesis as it revealed the same two distinct groups.
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Figure 2.5. Dendrogram assembled by multivariate cluster analysis using correlation coefficients of all
parameters with respect to WUE in the stress treatment at the vegetative stage.

2.3.1.3. Susceptible and Tolerant Cultivars

Analysis of clusterization and PCA revealed two very similar groups. Differentiation in these
two groups can be encompassed by individual parameters. Perina, Fragola, and the
commercial Cuor di Bue cultivars still have gs quite far from 0 at t;. While Tondino,
Quarantino, Costoluto and the commercial Pearson cultivars still have gs near to but different
from O at t; (Figure 2.6). On the contrary, the remaining cultivars had a value already equal to
0 at t1. This allowed us to find a first difference in perceiving water shortage as stress. As
suggested by Galmes [40], it is valuable to observe the stomatal conductance together with the
SWC. A non-vanishing value of gs at ti corresponds to SWC higher than 0.5 in the same
cultivars (Figure 2.7), probably indicating that water is still available. Therefore, the different
perception of water shortage as stress likely corresponds to a better management of the soil
water resource in Perina, Fragola, Tondino, Quarantino and the commercial Cuor di Bue

cultivars.
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Figure 2.7. Soil Water Content (SWC) at t; and t; in the stress treatment at the vegetative stage. The dashed line
indicates the initial SWC, at to. In black are the controls (CTRL), while in stripes the stressed (DS). Vertical bars
represent standard deviation of means of the values taken on 5 plants.

The literature reported that photosynthesis is one of the primary physiological targets
of water stress [4,40,41]. Considering the values obtained from photosynthesis, Tondino
Liscio, Quarantino, Fragola, Perina and Cuor di Bue again have A different from 0 at t;
(Figure 2.8). The parameter A can then provide an indication of the most tolerant genotypes.
WUE expresses the ability of a plant to produce biomass through photosynthesis per water
consumed [40] and is considered a parameter useful for evaluating the best performing plants
in conditions of drought stress [42]. In this study the most promising cultivars are Tondino
Liscio, Quarantino, Fragola, Perina and Cuor di Bue (Figure 2.9), that can be considered
tolerant to drought stress, while all the other cultivars are more susceptible to lack of water.

Among all the cultivars, only four were selected for the next analyses. Combining all
the results described so far, Perina and Fragola were chosen as representative of the group of
tolerant cultivars. On the contrary, Pisanello was selected to be the most representative of
susceptible traits among the local cultivars. Quarantino was selected as the medium cultivar
that has both tolerant and susceptible characteristics. First, the stomatal density at t> was
calculated. As observed in Figure 2.10, the DS of Pisanello shows a higher and significantly
different density compared to the CTRL, thus confirming a higher sensitivity to the stress
[43]. The opposite happens to Perina, which has a lower density in the DS and significantly
different from the CTRL, as to indicate an adaptation to drought stress. This result partly
justifies the trend of WUE: a lower transpiration allowed a prolonged increase in the Perina
compared to to, while the increase in stomatal density may have affected the fall of WUE in
the Pisanello cultivar. For Quarantino and Fragola the density is almost unchanged between

CTRL and DS, indicating a non-susceptibility to stress of this parameter.
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trend (CTRL) while the dashed line the stress trend (DS). Vertical bars represent standard deviation of averages
of the values taken on five plants.



WUE (A/g,)
o

-200

WUE (A/g,)
=

(=]

o o

[ary
[=]
o

-200

WUE (A/g,)
= =
[=] [=]
o o (=]

N
=]
S

2100
-200
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Figure 2.10. Stomatal density at t», in the 4 representative cultivars in the stress treatment at the vegetative stage.
In black are the controls (CTRL) and in stripes the stressed (DS). Vertical bars represent standard deviation of
averages of the values taken on 10 photos for each leaf (three per plant).

The size of leaves plays a key role in the energy and water balance of plants [44—46]
as a transpiring and photosynthesizing surface. The leaf area (LA) for the four cultivars at to,
ty and t2 is shown in Figure 11. The stability of LA in Perina during the stress, together with
the low stomatal density, confirms its excellent tolerance because it kept the
photosynthesizing surface intact while it reduces transpiration. The LA of the DS of
Quarantino and Fragola cultivars is also stable while that of Pisanello significantly decreases,
differing significantly from the CTRL at t;. The damage was clearly visible as wilting and

yellowing of plants. This confirms a strong sensitivity of Pisanello to drought stress.
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Figure 2.11. Leaf area (LA) of the 4 representative cultivars in the stress treatment at the vegetative stage. In
black are the controls (CTRL) and in stripes the stressed one (DS). Vertical bars represent standard deviation of
averages of the values taken on 3 leaves per plant.
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2.3.2. Reproductive Phase

2.3.2.1. Drought Stress Highlights Differences among Tomato Cultivars

As done for the vegetative phase, also in the reproductive phase a PCA was carried out with
the multiple physiological data collected. The complete set of parameters at t, was integrated
to depict the correlation between the various traits. Photosynthesis (A), conductance (gs) and
soil water content (SWC) have a positive correlation (Figure 2.12). There is a similar positive
correlation also with water use efficiency (WUE) that is inversely correlated to intercellular
concentration of CO». The plants’ height (h) and the stem’s diameter do not show a positive
correlation and the same occurs for Fv/Fm and PI. The first factor (PC1), to which A and
SWC contribute most, explains 49.5% of the total variance, while the second factor (PC2), to
which WUE and Ci contribute most, describes about 16.1% of total variance. Altogether, both
PCs explain 65.6% of the total variance for all analyzed variables.

swWC ) Fu Fm

standardized PC2 (16.7% explained var.)
o
& T
O

2 0 2
standardized PC1 (41.9% explained var.)

Figure 2.12. Principal component analysis (PCA) for physiological and morphological traits in the stress
treatment at the reproductive stage: Water Use Efficiency (WUE), intercellular concentration of CO, (Ci),
photosynthesis (A), stomatal conductance (gs), Soil Water Content (SWC), photosynthetic efficiency (Fv/Fm),
Performance Index (PI), height (h), stem diameter (sd).

Additionally, it was possible to clearly distinguish the control plants (blue) from the
stressed ones (orange) (Figure 2.13). However, in the reproductive phase both control and
stressed plants are distributed in a relatively large area, with some differences between the
cultivars. This indicates that each cultivar has its own physiological behavior at the adult
stage. However, drought stress indeed plays an important role since the differentiation is more

accentuated in the stressed (orange) group.
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Figure 2.13. Principal component analysis (PCA) for genotypes based on control (blue) and stress (orange)
indices calculated for physiological traits at t, in the stress treatment at the reproductive stage.

Secondly, to evaluate the behavior of each cultivar, another PCA was performed with
each parameter of the stressed plants in relation to their own control (Figure 2.14). Following
the same subdivision principle used for the vegetative phase, tomato cultivars can be divided
into two main groups according to positive or negative values of PC1. In this case, one group
consists of Costoluto Fiorentino, Pisanello, Tondino and Quarantino; the other group contains
Fragola, Canestrino di Lucca, Giallo di Pitigliano, Rosso di Pitigliano, Datterino, Pearson,

Pantano and Cuore di bue. The genotype of Perina is at an intermediate position.

4-

PC2 (21.8% explained var.)

4 -2 0 2
PC1 (47.3% explained var.)

Figure 2.14. Principal component analysis (PCA) for genotypes based on stress indices in relation to control

indices calculated for physiological traits at t; in the stress treatment at the reproductive stage.
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2.3.2.2. Clusterization

A correlogram for each cultivar was constructed (Figure 2.15) on the base of nine traits
according to their time course. The values related to stressed plants were normalized to their
own control (in percentage). Following what was done for the vegetative phase, the
correlations of all the traits with respect to WUE were used to construct the dendrogram
(Figure 2.16). In the reproductive phase two groups (clusters) are visible, but, with respect to
the vegetative phase, groups are not too different. One is formed by Fragola, Canestrino di
Lucca, Perina, Costoluto Fiorentino and Pisanello; the other is composed of Tondino, Rosso
di Pitigliano, Giallo di Pitigliano, Cuor di bue, Pantano, Pearson, Quarantino and Datterino.
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Figure 2.15. Correlogram of 9 physiologic and morphologic traits evaluated in the Perina cultivar during stress
treatment at the reproductive stage. Each trait of DS plants is normalized to that of CTRL and then correlated
according to the time course (to, t1, t2). The filling of the cake corresponds to the value of the correlation
coefficient (full cake means unit correlation, in absolute value) while the color indicates the sign (blue/red means
positive/negative correlation coefficient).
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Figure 2.16. Dendrogram built by multivariate cluster analysis using correlation coefficients of all parameters
with respect to WUE in the stress treatment at the reproductive stage.
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2.3.2.3. Susceptible and Tolerant Cultivars

The analysis of each individual parameter helps to understand the characteristics of cultivars
and the differentiation between groups. Regarding stomatal conductance, the Quarantino
cultivar has a gs equal to 0.12 mol m~2s7%, which is near to the value of its own control at t;
(Figure 2.17). The Perina, Giallo, Fragola, Canestrino, Rosso and the commercial Datterino,
Pearson and Cuor di Bue cultivars have a gs close to 0 at t2; in the commercial cultivars, the
value of stressed plants differs greatly from their own control. The remaining cultivars have
intermediate values between 0.06 and 0.09 mol m2s™%, Like the vegetative phase, there is a
correlation with the SWC. In this case, at t1 the soil of Costoluto, Giallo, Quarantino and
Pearson still contained an appreciable amount of water (Figure 2.18). Clearly at t, the
differences between CTRL and DS are amplified without an appreciable varietal difference;
only Quarantino maintains a higher SWC than other stressed cultivars. Thus, once again the
different perception of water scarcity likely corresponds to better management of the soil

water resource in Quarantino.
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control trend (CTRL) while the dashed line the stress trend (DS). Vertical bars represent standard deviation of
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Figure 2.18. Soil Water Content (SWC) at t; and tz in the stress treatment at the reproductive stage. The dashed
line indicates the starting SWC, at to. In black are the controls (CTRL) and in stripes the stressed (DS). Vertical
bars represent standard deviation of means of the values taken on 4 plants.

The RWC was calculated for the aerial part of the plant. This parameter provides an
interpretation of how water stress might affect plants differently [47]. Costoluto,
Giallo,Pisanello, Quarantino and Datterino cultivars show a decrease in RWC compared to
their own controls (Figure 2.19). RWC was established as an indicator of water status balance
[48]. The decrease in RWC usually indicates a worse resistance to drought stress [49,50] and
the cultivars maintaining RWC values comparable to their control are Canestrino, Fragola,

Perina, Rosso, Tondino, Pearson, Pantano and Cuore di Bue.

Costoluto F. Canestrino  Fragola Giallo P.
L.

mCTRL DS

Figure 2.19. Relative Water Content (RWC) at t, in the stress treatment at the reproductive stage. In black are
the controls (CTRL) and in stripes the stressed (DS). Vertical bars represent standard deviation of means of the
values taken on 3 leaves per plant.

As regards photosynthesis in the reproductive phase, the Quarantino cultivar has a
value of A equal to 6.3 umol m2s™* at t,, a value like its own control (Figure 2.20). The
cultivars Tondino, Perina, Pisanello, Costoluto and the commercial Pantano have a positive A
greater than 2. However, in the commercial cultivar, the value at t. differs particularly from its
own control. The other cultivars have an A close to 0 showing that this parameter seems to be
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particularly affected by stress. Once again, the WUE in the reproductive phase shows that the
Quarantino maintains values comparable to control, indicating that it is not particularly
affected by water stress (Figure 2.21). Other cultivars with a WUE value close to the control
at to are Tondino, Pantano and Cuor di Bue. The cultivars Perina, Pisanello and the
commercial Pearson also keep a comparable value. On the contrary, Giallo, Canestrino,
Rosso, Costoluto, Datterino, and most of all Fragola are more sensitive to water stress as
regards the WUE, as they have an extremely low value at t,. In general, there is an increase in

WUE in all cultivars after a few days from the beginning of the stress (t1).
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Figure 2.20. Course of photosynthesis (A) for the reproductive phase. The black straight line indicates the
control trend (CTRL) while the dashed line the stress trend (DS). Vertical bars represent standard deviation of
averages of the values taken on four plants.
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Figure 2.21. Water Use Efficiency (WUE) trend for the reproductive phase. The black straight line indicates the
control trend (CTRL) while the dashed line the stress trend (DS). Vertical bars represent standard deviation of
averages of the values taken on four plants.

2.4. Discussion

The number and diversity of responses to drought define the ability of a plant species or
cultivar to tolerate this abiotic stress [51]. Consequently, lower or higher susceptibility to
drought is necessarily related to the plant genotype. Building on these facts, we screened
tomato cultivars cataloged in the Regional Germplasm Bank of Tuscany and therefore
adapted to the climatic and soil conditions of Tuscany. Plants were analyzed during both the
vegetative and reproductive phases; behind that was the question of whether a given cultivar
was specifically more tolerant in one phase than the other. This could disclose even more

specific mechanisms of tolerance. To obtain the sought information, tomato plants were
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evaluated for several physio-morphological parameters that were subsequently integrated and
correlated with each other.

In plants, the first perception of water deficit results in the closure of stomata, which
leads to the decreasing of stomatal conductance. We found that the gs of tomato plants is
lower in stressed samples than in the corresponding control, suggesting that drought stressed
plants strongly perceive stress and consequently adapt [40,49]. Nevertheless, not all tomato
cultivars behave the same way. Just to briefly summarize, in the vegetative phase the local
cultivars Costoluto Fiorentino, Giallo di Pitigliano, Rosso di Pitigliano and Pisanello as well
as the commercial Datterino show gs close to zero at mid-stress. On the contrary, the cultivars
Perina, Fragola, Tondino, Quarantino and the commercial Cuor di Bue are more tolerant,
showing a non-varying conductance in the middle and final phase of stress. In the
reproductive phase, the situation differs partially because the cultivars Perina, Giallo, Fragola,
Canestrino, Rosso and the commercial Datterino, Pearson and Cuor di bue have a gs close to
zero at the mid time. The cultivar Quarantino also achieves to maintain an adequate
conductance as well as the cultivars Costoluto, Pisanello, Tondino and the commercial
Pantano.

Photosynthesis is another physiological target of primary importance for drought
[4,40,41]. In the vegetative phase, Tondino, Quarantino, Fragola, Perina and Cuor di Bue
show an A value different from zero, while photosynthetic activity is strongly affected at mid-
stress in the other cultivars. This suggests that the five cultivars mentioned above are the most
tolerant. However, distinctions are present in the reproductive phase because Canestrino,
Fragola, Giallo, Rosso, Cuore di Bue, Datterino and Pearson show an A value close to 0, thus
a strongly reduced photosynthesis. In contrast, the other cultivars have a positive A; since the
A value of Quarantino at t2 is like the control, this is another indication of its higher drought
tolerance. Because there are no studies on the same cultivars in the literature, we can refer to
the work of Zhou [49], in which the tomato cultivar Arvento showed an A value different
from 0 already at the first-time interval of combined stress (heat and drought) and was the
most drought-tolerant cultivar.

In this study, as observed by Mishra [52], none genotype showed differences in
photosynthetic efficiency (Fv/Fm and PI) between stressed and control plants after eight days
of stress. In an earlier study on Tuscan tomato cultivars under drought conditions, Conti [25]
found that photosynthetic efficiency decreased from the fourteenth day of stress. Indeed, a
brief period of drought usually does not affect the Fv/Fm parameter [34,52]. This is because
the first response to drought (i.e., stomata closure) does not affect the ability of PSII to reduce

the first electron transporter, Qa. In fact, the water-water cycle and photorespiration initially
28



allow stressed plants to accomplish electron transport in a way comparable to control plants,
avoiding photodamage to PSII [34]. In contrast, Pl is a more drought-sensitive parameter than
Fv/Fm [53]. In all stressed genotypes (except Perina, Rosso di Pitigliano, and Tondino
Liscio), PI decreased significantly, differing from control values after 16 days of stress in the
vegetative stage. In the reproductive phase, Pl values show the same course as Fv/Fm. The
cultivars Costoluto, Canestrino, Fragola and the commercial cultivar Datterino show a decline
of PI already at t; with a stronger reduction at to. The cultivars Giallo and Quarantino differ
from the other cultivars when their performance is compared to the control. On the contrary,
the cultivars Perina, Pisanello, Rosso, Tondino and the commercial Pearson and Pantano have
a PI that markedly decreases after t:.

At the vegetative stage, all photosynthetic parameters indicate Perina and Cuor di Bue
(followed by Fragola, Quarantino, and Tondino) as the cultivars capable of maintaining
photosynthetic activity. The reduction of A value in these cultivars is less significant than in
the others and does not correspond to an irreversible damage of photosystems. On the
contrary, the photosynthetic system is more compromised in the cultivars Pisanello,
Canestrino, Giallo, and commercial Datterino.

In the reproductive phase the situation is slightly different. It is straightforward to
establish that the most tolerant cultivar is Quarantino because it shows excellent values for all
the photosynthetic parameters. It is also equally simple to recognize the most susceptible
cultivar, i.e., Fragola, because all photosynthetic parameters are negative or quite different
from the control. The classification of other cultivars, such as Perina, on the base of the
photosynthetic parameters is more complicated since in the stressed plants they indicate both
better or worse condition compared to control.

Plant growth is clearly linked to photosynthesis as the decrease in photosynthesis rate
leads to reduced biosynthesis of carbohydrates that are used for growth [54]. In all tomato
cultivars at the vegetative phase, a sharp decrease in growth was observed after eight days of
stress (Gl,0), except for Perina, Canestrino, Quarantino and Cuor di Bue. Significant
differences have been found for the commercial Pantano and the cultivars Costoluto, Tondino,
Giallo and Pisanello (Figure 2.22a). For the Gl,), the growth index at the end of stress, a
significant decrease was shown for all cultivars except for Quarantino, which is still
comparable to its own control (Figure 2.22b). An earlier work of our group on a subset of the
tomato cultivars showed a difference in growth only after 16 days of stress [25]. In that case,
however, the study was carried out in a growth chamber under controlled conditions while in
this study plants were grown under natural-like conditions, especially in terms of temperature.

We believe this might affect the time plants perceive water deficit. However, the cultivars
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whose growth was mostly affected by stress correspond when comparing this study to the
earlier one. In the reproductive phase at the middle of stress, the Gl1,0) does not show relevant
data and values of most stressed cultivars are similar to their own control, except for
Pisanello, Giallo and commercial cultivar Pantano, which show a significant decrease in
growth (Figure 2.23a). At the end of the stress (Gl,0) drought significantly affected plant
growth. In particular, the cultivars Costoluto, Pisanello, Tondino, Cuor di Bue, Datterino and
Pantano suffered the most, with a marked difference in growth between control and stressed
plants. On the other hand, the Canestrino, Fragola, Giallo, Perina, Quarantino, Rosso and
Pearson cultivars showed a slighter difference in growth, but also high standard deviations
like all other cultivars, thus data are difficult to interpret (Figure 2.23b). However, in general,
plant growth is not particularly affected by cultivar type or stress condition because all data
decrease in stressed plants compared to controls.

The WUE parameter (A/gs) expresses the photosynthetic capacity of plants to produce
biomass per unit of water consumed [40] and is considered a useful parameter for evaluating
the best performing plants under water deficit conditions [42]. In the vegetative phase, Perina
and Fragola maintain a high WUE during the stress period. On the contrary, Pisanello shows
an extremely low value of WUE already at mid-term stress. In the reproductive phase,
Quarantino shows a high WUE value even at tz, indicating it as the most tolerant cultivar
during this growth period. An adequate WUE value is also achieved by the cultivars Tondino,
Perina, Pisanello and by the commercial Cuor di Bue, Pantano and Pearson. However, WUE
increases in all cultivars during the first days of water deficit and then gradually decreases.
Similar responses (i.e., increase of WUE in the first days of stress) were found for grapevine
[54], potatoes [55], where a rapid decrease in WUE occurred at the end of stress, and for
tomato cultivars in the Mediterranean area of study [40]. The increase in WUE under
moderate drought conditions, such as those in the first days of stress, is due to the slow
relative decrease of A in comparison to gs, which decreases more rapidly; for simplicity, we
can assume a higher permeability of plants to incoming CO- rather than outgoing H20.

One approach to increase WUE is changing the stomatal density: indeed, decrease in
stomatal density triggers lower levels of gs in drought-stressed plants with the same
photosynthetic activity [43]. In our work, the Pisanello cultivar shows a higher density of
stomata when subjected to drought, confirming a higher susceptibility to stress. Exactly the
opposite case occurs for Perina, which has a lower stomatal density under stress, implying an
adaptation to water deficit. The stomatal density of Quarantino and Fragola is unchanged
between control and stressed plants, indicating less susceptibility to stress. By combining all

data, we can discriminate the nine local cultivars into those most susceptible to drought and
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those most tolerant. We assume that the difference between susceptible and tolerant cultivars
is because of drought tolerant cultivars having more efficient and protective mechanisms
[17,56].

The data also allowed us to differentiate cultivars on the basis of vegetative and
reproductive stages. We used the PCA tool to identify tolerant and susceptible genotypes;
PCA has already proved to be useful in many other studies [51,57,58]. Analysis by PCA and
the correlogram data-derived dendrogram confirmed the classification of cultivars into two
groups (one tolerant and the other susceptible) at the level of vegetative stage. The cultivars
Perina and Fragola are those that perform better to drought stress and can therefore be
recognized as the most tolerant; on the other hand, the cultivar Pisanello is the most
susceptible to drought, while the cultivar Quarantino shows an intermediate behavior. At the
reproductive stage, the situation is different. The first PCA revealed that drought affects and
distinguishes controls from stressed plants. The second PCA differentiates two groups, and
the detailed analysis of all parameters indicates that Quarantino is the most tolerant cultivar,
while Fragola is the most susceptible. Clustering does not reflect the groups obtained by PCA.
We hypothesize that cultivars at the reproductive growth stage do not exhibit well-
standardized behavior. Because clustering was done by referring to plant behavior during the
entire stress period and not just at tp, this affected the distinction into groups. In the
reproductive phase, distinction between genotypes occurs just at the end of stress. For this
reason, the cluster division obtained by PCA at t> is more relevant than the parameter-based

clustering during the entire stress period.
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Figure 2.22. Growth Index (GI) for the vegetative phase. Controls (CTRL) are in black while stressed (DS)
samples are in stripes. Error bars represent standard deviation of means of values taken on four plants. (a) The

Gl,0) indicates the growth between to and t;. (b) The Gl indicates the growth between t; and to.
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Chapter_3. Distinct tomato cultivars are characterized by a differential
pattern of biochemical responses to drought stress

Collaborators: Marco Romi, Claudio Cantini and Giampiero Cai
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Graphical Abstract: This study aimed to investigate the biochemical mechanisms of plant defense against
drought by focusing on specifically involved proteins such as osmotin, dehydrin, and aquaporin (PIP) as well as
those involved in the general stress response, such as HSP70 and cyclophilins (CYP). Other proteins involved in
sugar metabolism, such as RuBisCO and sucrose synthase (SUSY), were included in our study because it is
worth mentioning that sugars also act as osmoprotectants in plant cells. The results of our investigation show
crucial differences in biochemical behavior among the selected cultivars and highlight that the more tolerant
tomato cultivars adopt quite different biochemical strategies than the more susceptible ones.

3.1. Introduction

For plant organisms, water scarcity is an abiotic stress (drought stress). This adverse condition
leads to various damages in plants, including incorrect folding of proteins, alterations in
enzymatic functions, and increased production of reactive oxygen species (ROS) [59]. The
first response of plants to water deficit consists in the closure of the stomata mediated by
abscisic acid (ABA) [30]. ABA plays a key role in the control of ABA-dependent gene
transcription, allowing the production of proteins specifically suited to counteract drought
stress [60]. In addition to the production of specific hormones able to make plants more
tolerant to water stress, other physiological/biochemical defensive activities consist in the
production of osmoprotectants (which prevent proteins from denaturing and retain water in
the cells) [5] and in enhancing the activity of antioxidant systems, able to reduce the levels of
ROS [61].
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Among the proteins whose synthesis is induced by ABA are Heat Shock Proteins
(HSPs), a class of chaperones involved in protein folding and thus relevant in the defense
mechanisms against abiotic stresses [62,63]. HSPs are expressed especially in heat stress
conditions, but also in case of drought, salinity stress and pathogen infections [64—66]. HSPs
of 70 kDa (HSP70) are more involved in tolerating heat and drought stresses [67].

Cyclophilins (CYPs) is another type of chaperone protein, they are ubiquitous and
involved in a wide range of cellular processes [68—70]. CYPs have an enzymatic activity of
peptidyl-prolyl cis-trans isomerase by which they catalyze the cis-trans isomerization of the
amide bond between a proline residue and the previous amino acid residue, which is essential
for the correct folding of proteins [71]. Due to their catalytic activity, CYPs can accelerate the
folding of different proteins in response to various biotic and abiotic stresses [72,73].

The synthesis of Late Embryogenesis Abundant (LEA) proteins is also induced by
ABA [74]. Dehydrins belong to the family II of LEA proteins and are involved in the plant’s
response to dehydration and, more generally, to abiotic stresses [75]. They can protect the
activity of proteins by preventing their denaturation [76,77]. In addition, they can bind to
phospholipids of cell membranes, such as phosphatidic acid, whose level increases in
response to ABA [78]. Moreover, in the presence of zinc ions, dehydrins can even bind to
DNA, which can therefore be repaired or protected from damage caused by environmental
stresses, as observed in Japanese mandarins [79].

Abiotic stresses activate many intracellular signals which lead to the accumulation of
osmoprotectants and production of Pathogenesis-related (PR) proteins [80]. Osmotin is a 24
kDa protein belonging to the PR-5 family. In addition to having a significant antifungal and
antibacterial activity, it can increase the resistance of plants to various abiotic stresses, such as
salt and drought stress [81]. It induces the expression of genes involved in proline
biosynthesis, causing its accumulation within cells, thus providing plants with increased
tolerance to drought stress [82—85]. Moreover, osmotin can protect chlorophyll and the
photosynthetic machinery in conditions of water scarcity [86].

Proteins also important to the efficiency of photosynthesis are the aquaporins. These
are known as water and COg transporters [87]. According to their structure and localization,
they are classified into five groups, and plasma membrane intrinsic proteins (PIPs) are the
ones most involved in CO2 and H.O transport. Indeed, some work has shown that
overexpression of PIPs in Arabidopsis, rice, or tobacco results in enhanced CO> assimilation
in leaves [88-90]. Furthermore, overexpression of PIPs in several cultivated plants led to a

better response to drought stress [91]. For example, overexpression of a PIP1;2 in bananas
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increased tolerance to both drought and salt stress [92]. In tomatoes, overexpression of PIPs
also resulted in improved drought stress tolerance [93,94].

Other biochemical adaptations of plants consist of the regulation of the photosynthetic
process. Photosynthesis might be limited due to the scarce availability of substrates such as
H>O and CO.. In the dark phase (the Calvin cycle), the leading enzyme is Ribulose 1,5-
Bisphosphate Carboxylase/Oxygenase (RuBisCO) which catalyzes the carboxylation reaction
that initiates the fixation of CO». The catalytic activity of RuBisCo progressively decreases
with increasing duration and severity of the drought conditions [95]. This can be explained by
a partial loss of the protein during stress [96]. The degradation of RuBisCO generates
fragments of the enzyme, which can be detected by two-dimensional electrophoresis [97].
Furthermore, RuBisCO, through the carboxylation reaction, generates substrates for the
synthesis of sucrose, which is crucial for the growth of plants. Any damage to RuBisCo
activity or quantity has consequently significant impacts on plant biomass.

At the level of sink tissues, sucrose can enter cells in at least two ways. It can be split
by the activity of cell wall invertases into glucose and fructose, which in turn are transported
into cells by monosaccharide transporters [98]. Sucrose can also enter cells directly through
the activity of sucrose transporters. Once imported into cells, sucrose can be cleaved by both
soluble invertase but also by sucrose synthase (SuSy) with energetically different results
[99,100]. The SuSy activity is relevant under drought stress conditions because of the splitting
of sucrose, which increases the concentration of hexose sugars. The latter are precious
osmoprotectants and detoxifying molecules with a key role in plant’s protection against
oxidative stress [101].

In this study, we analyzed the biochemical response of tomato plants subjected to
drought stress conditions. Tomato is a widely grown plant that can suffer dramatically from
water stress conditions [24]. Although the genetic response of tomatoes to drought stress is
partly known [102—-104], the involvement of specific proteins in the defense of water scarcity
has yet to be carefully evaluated. It should also be considered that different tomato cultivars
may show dissimilar biochemical responses in relation to their specific genetic background.
We have already observed that locally adapted Tuscan tomato cultivars may have different
responses in physiological terms (Chapter 2.) [25,105], as well as in the content of
polyphenols and antioxidants at the fruit level (Chapter 4.) [106]. The aim of this work was to
test the hypothesis that drought susceptibility or tolerance in tomato cultivars is based on a
different production of metabolic proteins, such as RuBisCO and sucrose synthase (SuSy) that

regulate the level of osmoprotective sugars, and a simultaneous change in the content of
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proteins more involved in the stress response, such as HSP70, cyclophilins, osmotin, dehydrin

and aquaporin.

3.2. Materials and methods

3.2.1 Growth conditions of tomato plants and stress treatment

The plants studied in the present work are a subset of the thirteen tomato cultivars previously
analyzed (Chapter 2.) from a morpho-physiological point of view; therefore, plants followed
their same growth and drought stress conditions (Chapter 1.) hereby briefly summarized. For
each cultivar, 10 plants were studied during the vegetative phase, five plants were used as
control (CTRL) and five subjected to drought stress (DS). The stress condition was
maintained for 16 days and consisted in complete watering withdrawal; the CTRL group was
kept in a fully irrigated regime for the whole period. From the morpho-physiological results it

was possible to identify the following four cultivars of interest.

e Perina and Fragola, the most tolerant cultivars,
e Quarantino, the cultivar with medium tolerance,

e Pisanello, the most susceptible.

The analysis in this chapter was carried out on the above four cultivars. Biochemical aspects
related to proteins involved in the defense mechanisms against drought stress were
investigated. All samples were taken at the final stress phase (after 16 days of drought stress)

and were immediately stored at -80 °C.

3.2.2. Protein extraction

Protein extraction was performed as described from Faurobert [107]. Leaves were ground in
liquid nitrogen, 1 g of sample was weighed and resuspended in 3 mL of Extraction Buffer
(500 mM Tris-HCI, 50 mM EDTA, 700 mM sucrose, 100 mM KCI, 2% [3-mercaptoethanol
and 1 mM of protease inhibitors, pH 8.0). Samples were vortexed and incubated on ice for 10
min with gentle agitation to allow for sample resuspension. An equal volume of Tris-buffered
phenol (Amresco-Interchim, Biotechnology Grade) was then added, vortexed for 3-5 min and
incubated for 10 min at room temperature (RT) with gentle agitation. The mixture was
centrifuged at 5500 g for 10 min at 4 °C and the upper phase was taken to which 3 mL of
Extraction Buffer were added; samples were vortexed for 3 min and centrifuged at 5500 g for
10 min at 4 ° C. The upper phase was collected and supplemented with four volumes of
precipitation solution (0.1 M ammonium acetate in methanol), mixed by inversion, and

incubated at -20 °C for at least 4 hours or overnight. The mixture was centrifuged at 5500 g
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for 10 min at 4 °C and the supernatant was removed. The pellet was washed with the
precipitation solution, centrifuged at 5500 g for 5 min at 4 °C and the supernatant was
removed. This last step was repeated twice. The last pellet was washed with cold acetone,
centrifuged at 5500 g for 5 min at 4 ° C and the supernatant was removed. Samples were then
dried at RT under a fume hood for 10 min. Afterwards, 100 uL of 0.2 M NaOH were added
and samples incubated for 2 minutes for more effective solubilization. A volume of 200 pL of
LSB1X for 1-D electrophoresis and 200 puL of Rehydration Buffer (RB) for 2-D
electrophoresis were added to the samples. Finally, samples were centrifuged for 15 minutes
at 10000 g at RT, the supernatants were collected, and the protein concentration was
calculated using the 2-D Quant Kit (GE, USA).

3.2.3. 1-D Electrophoresis and immunoblotting

Electrophoresis was conducted on 10% bis-Tris SDS-PAGE [108] at pH 6.5-6.8. VVolumes
containing 30 ug of protein from the CTRL and DS samples of the four cultivars were loaded
into each gel. Electrophoresis was carried out on a Criterion cell (Bio-Rad Laboratories,
Segrate, Italy) equipped with a Power Pac BioRad 300 at 200 V for approximately 45 min.
XT MOPS (Bio-Rad Laboratories, USA) was used as a running buffer. Transfer of proteins
from gels to nitrocellulose or PVDF (for osmotin and dehydrins) membranes was performed
using a Trans-Blot Turbo Transfer System (Bio-Rad Laboratories, Segrate, Italy) according to
the manufacturer’s instructions (using the setting for low molecular weight proteins). After
blotting, membranes were blocked overnight at 4 °C in 5% ECL Blocking Agent (GE
HealthCare Dornstadt, Germany) with 0.1% Tween-20 in TBS (20 mM Tris pH 7.5, 150 mM
NaCl). After washing with 1X TBS, membranes were incubated with the primary antibody for
1 h (Table 3.1). Subsequently, membranes were washed twice with 1X TBS and then
incubated with peroxidase-conjugated secondary antibodies for 1 h (Table 3.2). After rinsing
the membranes with 1X TBS, the immunological reactions were visualized with ClarityTM
Western ECL Substrate (Bio-Rad Laboratories, United State). Images of blots were acquired
using a Fluor-S apparatus (Bio-Rad Laboratories, Segrate, Italy) and analyzed with the
Quantity One software (Bio-Rad Laboratories, Segrate, Italy). Finally, densitometric analysis
was performed with the same software for a relative quantitative evaluation of band intensity

(expressed as Integrated density).
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Table 3.1. List of primary antibodies used in this work

Name Source Antigene Type Dilution
Anti-HSP70 (ADI-SPA-820-D) Enzo Life Sciences HSP70 Mouse monoclonal 1:5000
Anti-Cyclophilin (CYP) [109] CYP Rabbit polyclonal 1:3000
Anti-Osmotin (AS19 4336) Agrisera Osmotin Rabbit polyclonal 1:1000
Anti-Dehydrin (AS07 206A) Agrisera Dehydrin Rabbit polyclonal 1:1000
Anti-Aquaporins (AS09 489) Agrisera Aquaporins Rabbit polyclonal 1:1000
Anti-RuBisCO Agrisera RuBisCO Rabbit polyclonal 1:10000
K4 anti-SuSy [110] SuSy Rabbit polyclonal 1:1000

Table 3.2. List of secondary antibodies used in this work

Code Source Antigene Type Dilution
#1706515 Bio-Rad Anti-rabbit 1I9G Polyclonal 1:3000
#1706516 Bio-Rad Anti-mouse 1gG Polyclonal 1:3000

3.2.4. 2-D electrophoresis and immunoblotting of RuBisCO

Samples were supplemented with 18 mM DTT and 10% IPG Buffer, then brought to the
volume of 200 pL with RB to obtain a protein concentration of 1.5 mg/mL. Samples were
loaded into the Immobiline DryStrip Reswelling Tray (Pharmacia Biotech) and Readystrip
IPG pH 5-8 (Bio-Rad) were placed on top of samples. After 30 minutes, strips were covered
with mineral oil (Bio-Rad) and allowed rehydrating for 24 hours. Strips were then positioned
on the Focusing Tray (Bio-Rad) and were covered with mineral oil; the tray was positioned in
the Protean IEF Cell (Bio-Rad) and run was carried out at 20 °C following an increasing
voltage program: from 0 to 500 V in 1 h, 500 V constant for 1 h, from 500 V to 4000 V in 2 h,
4000 V for 2 h, from 4000 V to 8000 V in 2 h, 8000 V constant up to 15000 V/hour, from
8000 V up to 500 V in 30 min and 500 V until strips were removed. For separation in the
second dimension, strips were washed with Equilibration Buffer 1 (130 mM DTT, 6 M Urea,
2% SDS, 0.375 M Tris-HCI pH 8.8 and 20% glycerol) for 10 minutes and then with
Equilibration Buffer 2 (130 mM lodoacetamide, 6 M Urea, 2% SDS, 0.375 Tris-HCI pH 8.8
and 20% glycerol) for 10 minutes. At the end, strips were placed in the well of 10% Criterion
XT PreCast gel (Bio-Rad) and immobilized with agarose gel. The electrophoretic run was
performed in a Criterion Cell (Bio-Rad) at 200 V for 1h using XT MOPS buffer (Bio-Rad).
Gels were transferred to nitrocellulose membranes for immunoblotting. The membranes were
blocked overnight at 4 °C with 5% ECL Blocking Agent (Bio-Rad) in TBS (20 mM Tris pH
7.5, 150 mM NaCl) plus 0.1% Tween-20. Membranes were incubated for 1 h at RT with a
primary anti-RuBisCO antibody, diluted 1:10000 (Agrisera). After washing in 1X TBS,
membranes were incubated for 1 h with a secondary goat anti-rabbit antibody, diluted 1:3000
and conjugated to peroxidase. Visualization of the immunological reaction was performed
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using ClarityTM Western ECL Substrate (Bio-Rad Laboratories, United State). Images of
blots were acquired using a Fluor-S apparatus (Bio-Rad Laboratories, Segrate, Italy)
controlled by Quantity One software (Bio-Rad). For the comparison of immunoblots, the

PDQuest software (Bio-Rad, version 8.0) was used.

3.2.5. Analysis of soluble sugars

High Pressure Liquid Chromatography (HPLC) was used for the analysis of sugars (pectins,
sucrose, fructose, and glucose). Briefly, 100 mg of leaf samples powdered with liquid
nitrogen were added to 1 mL of distilled H2O. Samples were homogenized by Ultra-Turrax®
T-25 basic (IKA®-Werke GmbH & Co. KG, Staufen im Breisgau, Germany), centrifuged at
3000 RCF for 5 min; the supernatants were transferred to 2 mL Eppendorf® tubes and then
centrifuged again at 12000 RCF for 5 min (Eppendorf® Microcentrifuge 5415D, Hamburg,
Germany). Samples were filtered (0.45 um) and 20 pL of each extract was injected into a
Waters Sugar-Pak | ion exchange column (6.5 x 300 mm) at a temperature of 90 °C. The
mobile phase consisted of MilliQ H.O (pH 7) with a flow of 0.3 mL mint. The overall
duration of the separation was 30 min. Identification of components was done using a Waters
2410 refractive index detector by comparing the retention times with those of reference
standards. The experiment was conducted in three technical replicates for each sample.
Finally, the mean and standard deviation were calculated. To verify the significance of the
data obtained, the t-test (* p < 0.05, ** p <0.01) were carried out.

3.2.6. Phosphoprotein profiling

Pro-Q® Diamond Blot Reagent & Buffer (Thermo Fisher) was used to highlight the
phosphoprotein patterns. Proteins were separated by electrophoresis and then transferred to
PVDF membranes (pre-moistened in methanol). After electroblot, membranes were allowed
to dry completely. Proteins were fixed on membranes by dipping it face down in 25 mL of Fix
Solution (7% acetic acid, 10% methanol) for 10 minutes. Membranes were washed by
immersion in 25 mL of dH20 for 5 minutes (three times). Proteins were stained by immersing
the membrane in 25 mL of the diluted Pro-Q® Diamond Phosphoprotein Blot solution for 15
minutes. Membranes were de-stained by washing them in 30 mL of Destain solution (50 mM
sodium acetate, pH 4.0, 20% acetonitrile) for 5 minutes (three times). Fluorescent
phosphoproteins could be visualized by the Fluor-S apparatus (Bio-Rad Laboratories, Segrate,
Italy) by illuminating membranes with UV light using a 615 nm bandpass filter; exposure
times were 10-30 seconds. The resulting electrophoretic lanes were scanned by Quantity One

software (Bio-Rad).
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3.3. Results and Discussion

In this chapter, we focused on four tomato cultivars characteristic of the Tuscany Region
(Italy). This study is based on the previous chapter [105] in which a larger number of cultivars
had been selected and analyzed for drought stress tolerance. The previously collected data
allowed defining a tolerance/susceptibility profile of the various tomato cultivars. This
allowed the identification of a few cultivars of more interest, i.e., the four that are under study
in this chapter. In fact, they have been selected to be the most resistant (Perina and Fragola),
the most susceptible (Pisanello) and that one with intermediate resistance traits (Quarantino).
The choice to focus the analysis on four tomato cultivars as opposed to the 13 previously
studied should not be seen as reducing the value of this thesis, but as an attempt to focus on
cultivars with distinct characteristics. The protein analysis, which is in addition to the
previously performed studies, helps to define the tolerance/susceptibility profile of the four
selected cultivars. We chose to analyze proteins involved in general stress responses (such as
HSP70 and cyclophilin), in drought resistance (such as dehydrins, osmotin, aquaporins), and
in more strictly metabolic aspects (RuBisCO and sucrose synthase).

3.3.1. Levels of HSP70 increase after drought stress

The antibody used in this study was directed against HSP70 purified from human HeLa cells.
It recognizes protein homologues in plants and its efficiency has been confirmed in citrus and
pepper plants [111] as well as in leaves of olive trees [112]. Figure 3.1A shows the blotting
with anti-HSP70 antibody. Expression of the protein is detectable in each of the 8 samples
examined. This result shows constitutive basal-level expression of HSP70 even in samples
from plants that were irrigated normally. Figure 3.1B shows the result of densitometric
analysis carried out on the HSP70 bands detected after immunoblotting. It can be observed
how HSP70 levels increase in stressed plants compared with controls for each cultivar. This
finding is not surprising because many studies have reported that under abiotic stress
conditions the content of HSP70 increases to protect the structure of proteins and cell
membranes as well as to counteract the increase in ROS levels [63,66]. In addition, a direct
correlation has been observed between drought stress and the accumulation of HSP70
(Augustine et al.,2015).

Comparing the expression of HSP70 in DS samples of the four cultivars, the increase
in protein levels from the most tolerant cultivar to the most susceptible cultivar is evident. The
cultivar Perina showed lower expression levels than the others, especially compared to
Pisanello. It can be observed that even in the CTRL samples, the expression levels of HSP70

increased from the most tolerant cultivar to the most susceptible one. Furthermore, in the
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control samples, basal levels of HSP70 in Perina are lower than in Quarantino or Pisanello.
Therefore, results cannot be interpreted only in terms of quantity, but it is necessary to focus
on the increase of these proteins from CTRL to DS. Both the cultivars Perina and Fragola
increase HSP70 expression more than 200 % in DS plants compared to those in the CTRL
group, whereas in Quarantino, HSP70 levels increase about 50 %. In contrast, Pisanello, while
having a more abundant basal expression of HSP70, shows a smaller increase than the other
cultivars. Therefore, it is inferred that the expression of HSP70 in Pisanello under drought

stress is the lowest among all cultivars analyzed.
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Figure 3.1. Content of HSP70 in leaves of the four tomato cultivars from both control (CTRL) and stressed (DS)
samples. (A) Immunoblotting with anti-HSP70 antibody. The arrow indicates the band with molecular weight
between 70-75 kDa. Lane 1, Perina CTRL; lane 2, Perina DS; lane 3 Fragola CTRL; lane 4, Fragola DS; lane 5,
Quarantino CTRL; lane 6 Quarantino DS; lane 7, Pisanello CTRL; lane 8, Pisanello DS. Here and in all
subsequent gels an equal amount of protein (40 pg) was loaded into all lanes. (B) Quantitation of the relative
content of individual bands in different samples. Green bars indicate control samples, red bars those that are
drought stressed.

Consistent with morpho-physiological analysis (Chapter 2.) [105], the cultivars
Fragola and Perina experience much less lack of water as stress due to a more efficient
molecular response. An opposite situation occurs for Pisanello, which shows unstable and
ineffective responses to drought stress from the first days of treatment. These results confirm

the protective role of HSP70 in drought and osmotic stress, demonstrating how the most
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tolerant tomato cultivars respond with increased expression of this protein to restore cell
function and recover from drought stress. An increase in this protein has been repeatedly
observed under abiotic stress conditions, for example in tomatoes subjected to high
temperatures [113] and in sugarcane under drought stress conditions [67]. Although the
increase in HSP70 under abiotic stress is not actually surprising, the difference observed in
the analysis between several tomato cultivars is noteworthy; this again highlights how
different genotypes can exhibit different responses in terms of chaperone proteins.

3.3.2. Cyclophilin levels also trend upward in drought-stressed cultivars

The antibody against cyclophilins (CYPs) was raised against a 172-residue polypeptide of
Solanum sogarandinum O. [114]. Our workgroup has also successfully tested it on Pyrus L.
pollen [109]. Figure 3.2A shows that the anti-cyclophilin antibody cross-reacts with at least
three polypeptides (at 25, 23 and 15 kDa) in the stressed and control plant samples of each
cultivar.

As in the previous case, blottings were subjected to densitometric analysis (Figure
3.2B). This analysis shows that cyclophilin levels increased in drought-stressed samples
compared to controls. The levels of all three cyclophilin bands expressed by the DS group of
the cultivar Perina increased relative to CTRL. The same occurs for the cultivar Fragola,
although less pronounced. In contrast, in the cultivar Quarantino the intensity of bands in the
DS sample decreases relative to CTRL. Finally, the cultivar Pisanello behaves in a peculiar
way, drastically decreasing the amount of the 25 kDa and 23 kDa bands but increasing the
amount of the 15 kDa band.

The cultivars Perina and Fragola were selected in previous studies based on their
tolerance to drought stress; however, the cultivar Quarantino showed both traits of tolerance
and susceptibility [25,105]. The higher expression of cyclophilins in drought-stressed
cultivars Perina and Fragola compared to levels in Quarantino is consistent with the study by
Barik [72]. A correlation between cyclophilins and resistance to abiotic stresses has been
described in several cases; for example, in Arabidopsis, cyclophilin encoded by the ROC3
gene is positively correlated with resistance to drought stress, as cyclophilin Roc3 appears to
regulate the levels of reactive oxygen species and stomatal opening [115]. A correlation
between drought stress and increased expression of specific cyclophilins was also found in
wheat [116].

The role of cyclophilins in resistance to drought, as well as to other abiotic stresses, is
further supported by the overexpression of a pigeon pea gene in transgenic Arabidopsis
plants, which consequently acquired increased tolerance to abiotic stresses [117]. Also in
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sorghum, application of drought stress induced expression of a 20-kDa cyclophilin in a
cultivar-dependent manner [118]. In rice, drought and salt stress induce considerable
expression of a specific cyclophilin; furthermore, overexpression of this protein in transgenic
rice and Arabidopsis plants increased drought tolerance [119]. Therefore, it can be
hypothesized that the tolerance of the tomato cultivars is due to a high expression of
cyclophilins, which, through their enzymatic activity, accelerate the process of protein folding
under stress conditions. The Pisanello cultivar has been reported to be the most susceptible to
drought stress. It is likely that the low stress tolerance could be due to down-regulation of
transcription of the 25- and 23-kDa cyclophilin genes, which could be important protective

factors.
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Figure 3.2. Content of the cyclophilin family in the four tomato cultivars in both control (CTRL) and drought-
stressed (DS) samples. (A) Immunoblot analysis of cyclophilin with the three bands identified at 25, 23, and 15
kDa. Lane 1, Perina CTRL; lane 2, Perina DS; lane 3 Fragola CTRL; lane 4, Fragola DS; lane 5, Quarantino
CTRL; lane 6 Quarantino DS; lane 7, Pisanello CTRL; lane 8, Pisanello DS. (B) Quantitative analysis of the
relative content of the three cyclophilin bands in the different samples. In green the control samples, in red the
stressed samples.
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3.3.3. Cultivars under drought stress exhibit a significant increase in dehydrin levels

The antibody used binds to the dehydrin family, which are proteins involved in protective
reactions against dehydration. Specifically, the antibody binds to the k-segment peptide
sequence (TGEKKGIMDKIKEKLPGQH) conserved in a wide range of different plant
species. The reactivity of this antibody has also been confirmed in Solanum lycopersicon L.,
as well as in other species such as Pistacia vera L. and Cucumis sativus L. [120-122].

Figure 3.3A shows the blotting performed with the anti-dehydrin antibody; five
polypeptide bands corresponding to the molecular weights of 33.7, 30, 22, 17.8, and 15 kDa
can be highlighted. The presence of numerous bands was predictable because dehydrins are a
family of proteins classified into at least five different structural types based on the number
and order of the three conserved distinctive motifs, the K, Y, and S segments [123]. The blot
shows that expression increases significantly under drought stress conditions. This result is
expected and consistent with findings by Borovskii [124] who demonstrated the relationship
between dehydration and increased dehydrin levels.

Furthermore, it is evident that the increase in dehydrin expression in stressed samples
is inversely proportional to the tolerance of the cultivar toward drought stress (Figure 3.3B).
The intensity of bands increases significantly from the cultivar Perina (identified as the most
tolerant in previous studies) to the cultivar Pisanello, which on the contrary was the most
susceptible to stress [105]. This result can be compared with that obtained by Velasco-Conde
[125], in which a drought-resistant variety of pine (Pinus pinaster) was shown to express
higher amounts of dehydrins when subjected to drought stress. Dehydrins are proteins
traditionally associated with resistance against drought and other stressful conditions. In fact,
they are capable of increasing water retention capacity, have positive effects on chlorophyll
content and preserve the photosynthetic machinery, as well as increasing detoxification of
reactive oxygen species and promoting the accumulation of compatible solutes [126].
Supporting data were also obtained in soybean; dehydrins of 28 and 32 kDa were found after
water deprivation in developing seeds, but not in seeds from well-watered plants [127]. A
case comparable to our findings in tomato was described in wheat, where analysis of several
cultivars revealed that a specific 24-kDa dehydrin accumulated in distinct cultivars under
water stress, whereas no accumulation was detected in control wheat plants [128]. Different
soybean varieties under drought stress also showed distinct accumulation of specific antibody-
detected dehydrins, again emphasizing that varietal response can be quite distinctive [129]. In
the case of tomato cultivars, Pisanello (the most susceptible) appears to require higher
amounts of dehydrins to cope with stress damage. On the contrary, the most tolerant
genotypes do not suffer particularly severe damages and produce less dehydrins than the most
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susceptible cultivars. Most notably in the case of Perina and Fragola, an increase in the 33.7

and 30 kDa bands is noted, supposedly the dehydrins most used to control drought stress.
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Figure 3.3. Content of dehydrins in both control and stressed plants of the four tomato cultivars. (A)
Immunoblotting in leaves of the four tomato varieties analyzed. Lane 1, Perina CTRL; lane 2, Perina DS; lane 3
Fragola CTRL; lane 4, Fragola DS; lane 5, Quarantino CTRL; lane 6 Quarantino DS; lane 7, Pisanello CTRL;
lane 8, Pisanello DS. The major dehydrins identified have molecular weights of 33.7, 30, 22, 17.8, and 15 kDa.
(B) Relative content of dehydrins in the four tomato cultivars in both control (CTRL, in green) and drought-
stressed (DS, in red) samples. Please note that in this graph the green bars of control samples are superimposed
on the red bars of stressed samples.
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3.3.4. Osmotin levels increased only in the Pisanello cultivar under drought stress

To cope with various abiotic stresses, plants possess several defense mechanisms including
the protein osmotin, which belongs to the PR-5 family of pathogenesis-related (PR) proteins
[130]. The antibody to osmotin is derived from the Nicotiana tabacum L. protein sequence,
ranging from amino acid 22 to 246. The predicted reactivity is also on Solanum lycopersicum
L.

The blot in Figure 3.4A shows that only the cultivar Pisanello had detectable levels of
osmotin in both the CTRL and DS samples. The other three cultivars, namely Perina, Fragola,
and Quarantino, which exhibited higher drought tolerance, did not show immunoreactive
bands. It is likely that the Pisanello cultivar, being the most susceptible to drought and the
most damaged in terms of photosynthetic apparatus, is the only cultivar to need the expression
of osmotin. Indeed, this protein has a protective activity against chlorophyll and the entire
photosynthetic apparatus as damaged, for example, by osmotic stress [86].

Densitometric analysis in Figure 3.4B showed that the osmotin levels detected in DS
samples of the Pisanello cultivar are significantly higher than in CTRL samples. This data is
consistent and confirms what has been demonstrated by previous studies [131,132], where
osmotin production in tomatoes was found to be induced by endogenous levels of ABA and
therefore by severe drought. The importance of osmotin is also demonstrated by transgenesis
experiments in which the tobacco osmotin gene was expressed in tomato plants. The results
showed increased tolerance to salt and drought stresses in transgenic plants, with higher
relative water content, higher chlorophyll, and proline content [81]. The same protective
effect of overexpressing the tobacco osmotin gene in tomato plants was also observed in
response to cold treatment, suggesting that osmotin is important in all conditions related to a
lack of water uptake [133]. The results show that osmotin is a highly discriminating protein
for selected tomato cultivars, especially regarding Pisanello, the most susceptible one. It is not
clear why only the Pisanello cultivar should express osmotin in a stress-dependent manner.
The only reasonable conclusion is that the other more tolerant cultivars do not need to
implement this protective mechanism. Only the cultivar Pisanello, which is defective in other
responses to drought stress, therefore induces an increased expression of osmotin to

counteract the deleterious effects of stress.
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Figure 3.4. Content of osmotin in the leaves of the four tomato cultivars. (A) Immunoblotting with the anti-
osmotin antibody. Lane 1, Perina CTRL; lane 2, Perina DS; lane 3 Fragola CTRL; lane 4, Fragola DS; lane 5,
Quarantino CTRL; lane 6 Quarantino DS; lane 7, Pisanello CTRL; lane 8, Pisanello DS. The arrow indicates the
position of the only immunoreactive band. (B) Relative quantization of the immunoblotting signal in controls
(CTRL, green bar) and stressed samples (DS, red bar).

3.3.5. Aquaporins
Aquaporins are proteins located in the plasma and intracellular membrane and are well known
transporters of H,O and COy, the two important substrates for photosynthesis [87]. The
immunogen for aquaporin antibody is a KLH-conjugated synthetic peptide derived from N
terminus of Raphanus sativus L. The peptide is conserved in PIP1;1, PIP1;2, PIP1;3 N-
terminus of Raphanus sativus L. and in all 5 isoforms (PIP1;1, PIP1;2, PIP1;3, PIP1;4,
PIP1;5) of Arabidopsis thaliana L. The reactivity in Solanum lycopersicum L. is not
confirmed but predicted.

The blot in Figure 3.5A shows quite different protein expression between cultivars.
Three major immunoreactive bands were identified, at 50, 37, and 25 kDa. Bands were not
present in all samples but showed an extremely specific distribution with respect to both
individual cultivars and molecular weights. Densitometric analysis in Figure 3.5B shows a
clear increase of the 50-kDa aquaporins in the Perina DS cultivar compared to its control. On

the contrary, the cultivar Fragola is characterized by a decrease of both 50- and 37-kDa
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aquaporins in stressed samples. Finally, in Quarantino and Pisanello no relevant difference
between the CTRL and DS samples is evident.

The role of aquaporins in plants under drought conditions has not yet been fully
investigated. Aquaporins were placed in relation to salt stress in tomatoes [134], also in
relation to plant-fungus interactions in mycorrhizae [135]. The expression of aquaporins in
tomato seeds was also related to the specific irradiation light and the presence of metals such
as mercury [136]. However, given their role as water transporters, aquaporins are likely
involved in several physiological processes, such as the movement of water and solutes that
results in the subsequent control of stomata opening and the maintenance of hydraulic
conductance between roots, stems, and leaves [137]. Consequently, a correlation between the
expression of aquaporins and plant susceptibility or resistance to drought stress is expected
[138]. This is also confirmed by genetic analyses revealing that the expression of aquaporins
can be related to a high tolerance to drought stress in tomatoes [139].

Forty-seven genes encoding for aquaporins have been identified in tomatoes.
Regarding the family of plasma membrane intrinsic proteins (PIPs), among the five forms
recognized by the antibody only one is present in mature tomato leaves, namely PIP1;3. The
PIP1;1 protein is strongly expressed in roots and fruits, PIP1;2 in the young leaf and root,
PIP1;5 only during fruit development, and PIP1;4 is not present in tomatoes [140]. In addition
to the role as water carriers, PIP family members facilitate the diffusion of CO: in the
mesophyll [88,90]. Considering the data and results obtained, it can be concluded that the
higher expression of PIPs in the Perina cultivar might allow for higher stress tolerance; this is
likely related to increase of both CO2 and H2O transport and more efficient photosynthesis.
This hypothesis is also strengthened by work on transgenic tomato plants expressing a
drought-inducible aquaporin gene PIP1;3, which derived from Malus domestica Borkh [94].
These plants exhibited a slower rate of water loss than the wild type and stomata closed faster

to respond to drought.
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Figure 3.5. Aquaporin content in leaves of the four tomato cultivars under both control and stressed conditions.
(A) Immunoblotting with anti-aquaporin antibodies in the four cultivars, control samples (CTRL), and stressed
samples (DS). On the right, molecular weights of the three main bands identified. (B) Relative quantization of
blotting expressed as integrated density (y-axis). Green bars indicate control samples, red bars indicate drought-
stressed samples.

3.3.6. RuBisCO levels decrease significantly in the Pisanello cultivar while the four cultivars
make differential use of RuBisCO isoforms

The immunogen for the RuBisCO antibody was a synthetic KLH-conjugated peptide
preserved in all known plant, algal and cyanobacterial protein sequences. Reactivity was
confirmed and predicted on several plant species but not on Solanum lycopersicum L.

However, the reactivity against tomato was evaluated in a previous work on the Micro-Tom
cultivar [141].
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Ribulose 1,5-bisphosphate carboxylase/oxygenase (RuBisCO) is the first enzyme in
the Calvin-Benson cycle. It catalyzes the carboxylation reaction that initiates CO> fixation.
This enzyme can account for up to 50% of the protein content in a leaf. There is no need to
emphasize that it is an extremely critical enzyme in the metabolism and life of plants and that
any alteration in the levels or activity of this enzyme has major consequences in the
production of plant biomass.

Figure 3.6A shows the RuBisCO content in the leaves of the four cultivars as revealed
by the antibody reaction. RuBisCO levels seem to increase or only slightly decrease in the
most tolerant cultivars. On the contrary, they decrease drastically in the most sensitive
cultivar, Pisanello. Figure 3.6B confirms the visual data and highlights the drastic drop (about
80%) of RuBisCO in the Pisanello cultivar. As a term of comparison, the study by Hasanagié¢
[142] showed that RuBisCO decreases in tomato leaves after an extended period of drought
stress. At the same time, the decrease in intracellular CO2 concentration caused by stomata
closure induces an increase in the oxygenase activity of RuBisCO [4]. To initiate the process
of photorespiration, the enzyme uses O, which helps to keep the light phase of
photosynthesis active. Under drought stress conditions, decreased transcription of genes
encoding for minor subunits may occur, thus leading to the loss of enzyme stability [95]. In
addition, the catalytic activity of RuBisCo progressively decreases with increasing duration
and severity of drought conditions [95], and this may be due to a partial loss of the protein
during stress.

Figure 3.6C, on the other hand, is the master blot (or virtual blot) obtained from the
sum of all spots present in the four cultivars under both control and drought stress conditions.
The virtual blot provides a complete picture of all isoforms in the leaves of the tomato
cultivars. The graphs below (Figure 3.6D-E-F-G) compare quantitatively the isoforms of
RuBisCO in the four cultivars. The analysis revealed eight protein isoforms, but they differed
among tomato cultivars. Loss of RuBisCO isoforms is associated with plant susceptibility to
drought stress as reported, for example, in wheat [97] and sunflower varieties [143]. This may
be explained by the degradation of the most susceptible isoforms or by the fact that plants
modulate biosynthetic activity by using the isoforms most adapted to drought conditions.
Either of these explanations would imply that RuBisCO isoforms in DS groups correspond to
those more resistant to water stress conditions.

Analysis by 2D electrophoresis and immunoblotting on RuBisCO revealed a series of
spots, whose total number is shown in the virtual master blot in Figure 3.6C. The 8 spots
identified are more or less present in every case analyzed, at cultivar level as in the

comparison between control and stressed sample. However, some substantial differences
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emerge. From a qualitative point of view, the differences between cultivars are minimal.
Some cultivars are characterized by spots present only in stressed samples. For example, the
cultivar Perina expresses the isoform 9905 only in the stressed sample. Even the cultivar
Fragola shows a typical expression with the isoforms 9904 and 9905 represented only in the
stressed samples. Others, such as the cultivar Quarantino, lack a specific spot, in this case
9906. Pisanello differs in the fact that some spots, such as 9904, are present only in the
stressed sample, while 9905 is represented only in the control sample. Apart from the
qualitative aspect, it is also noteworthy that the four cultivars differ in terms of the quality
(usage) of individual spots. In the cultivar Perina some isoforms are represented in a
corresponding manner between the control and stressed samples while others are more typical
of the control sample, such as spot 9902, while 9905 is typical of stressed samples. The
cultivar Fragola differs substantially from Perina because spots can be categorized in two
ways, those almost exclusive to the control sample (such as 9901, 9902, 9906, 9907) and
those exclusive to the stressed sample, such as 9904, 9905 and 9908. The cultivar Quarantino
has a behavior similar to the cultivar Perina, while the cultivar Pisanello is similar to the case
of the cultivar Fragola with spots almost exclusive to the control sample and two spots (9904
and 9906) exclusive to the stressed sample. It is worth noting, in the case of Pisanello, the
absence of spot 9908.

In summary, the data indicate that the 9905 RuBisCO isoform is typical of the most
resistant cultivars (Perina and Fragola) and is therefore preferentially used; this isoform is
partially expressed in Quarantino and is completely absent in the most susceptible cultivar
(Pisanello). RubisCO is an enzyme characterized by several potential co-/post-translational
modification sites [144]. It is assumed that upon stress, modifications can generate RubisCO
isoforms that are better suited to cope with a demanding situation. In support of this
hypothesis, similar work on olive leaves subjected to UV-B stress [112] and a paper on
Micro-Tom leaves subjected to heat stress [141] can be cited. In both cases, the stress
treatment altered the profile of RuBisCO isoforms resulting in a more targeted use of

isoforms, those most capable of functioning in the altered environmental conditions.
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Figure 3.6. Content and isoform composition of RuBisCO in control and stressed plants of the four tomato
cultivars. (A) 1D immunaoblotting of RuBisCO in the four cultivars analyzed. Lane 1, Perina CTRL; lane 2,
Perina DS; lane 3, Fragola CTRL; lane 4, Fragola DS; lane 5, Quarantino CTRL; lane 6 Quarantino DS; lane 7,
Pisanello CTRL; lane 8, Pisanello DS. (B) Relative quantitative analysis of 1D immunoblotting in both control
(green bar) and stressed samples (red bar). (C) Master (virtual) blot of RuBisCO isoforms after 2D
electrophoresis. Each sample contained 300 ng of protein. The blot contains all the spots detected by the anti-
RuBIisCO antibody, which are numbered automatically by the PDQuest software. Relative percentage content of
RuBIisCO isoforms in both control and stressed samples of Perina (D), Fragola (E), Quarantino (F) and Pisanello
(G) cultivars. Again, green bars represent control samples and red bars indicate stressed samples.

3.3.7. Pisanello cultivar exhibits the most consistent increase in sucrose synthase

The antibody against SuSy was made in the Zea mays L. on the complete protein [145]. SuSy
is a key enzyme in sucrose metabolism as it cleaves sucrose producing UDP-glucose and
fructose. While fructose can be directed toward respiration, UDP-glucose provides a
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conservative form of energy that can be redirected toward both intracellular metabolic
processes and in the building of cell wall polysaccharides [146]. Thus, a consistent change in
the amount or activity of SuSy impacts multiple aspects of cellular physiology.

As can be seen in Figure 3.7A, the expression of SuSy increases in plants subjected to
water deprivation, compared to plants treated with normal irrigation. In addition, the signal
intensity of SuSy (Figure 3.7B) as detected in drought-stressed plant samples increased
significantly in the cultivar most susceptible to drought stress (Pisanello) than in those more
tolerant. These results are consistent with findings in the literature; because SuSy catalyzes
the cleavage of sucrose into its hexose monomers (UDP-glucose and fructose), more
susceptible varieties may have a more pressing need to positively regulate SuSy expression to
achieve increased levels of free sugars, which act as osmoprotectants under osmotic stress
conditions [101]. A direct correlation between water deficiency and sucrose synthase was also
observed in selected species of the genus Populus. Although levels of soluble sugars did not
show a direct correlation with increased sucrose synthase, it was evident that sucrose synthase
increased in response to a water-deficient condition [147].

Indeed, the accumulation of Susy can also be attributed to an increased production of
fructose that accumulates in plants under drought stress, as in the case of wheat [148].
However, it is worth noting that drought stress does not always result in an increase in sucrose
synthase. For example, in wheat seedlings undergoing water shortage both invertase and
sucrose phosphate synthase increase in response to drought, whereas sucrose synthase levels
are unaffected between tolerant and susceptible plants [149]. An increase in sugar content and
enzyme activity (such as sucrose phosphate synthase, sucrose synthase, and acid invertase)
was also observed in soybean cultivars subjected to drought stress. Simultaneously, a decrease
in starch, fructose, and glucose content and a parallel increase in sucrose content were found.
This supports the evidence that an increase in enzymes that metabolize sucrose does not
necessarily result in a subsequent reduction in levels of the disaccharide [150]. Although in
the roots (thus not in the leaves) tomato plants can compensate for reduced energy production
by targeting the sucrose synthase pathway, which is more energy conservative [151].
Consideration can also be given to the hypothesis that increased sucrose cleavage by SuSy
results in higher levels of UDP-glucose, which in turn can be directed toward the synthesis of
trehalose, a much-studied component in abiotic stress resistance [152,153].
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Figure 3.7. Content of sucrose synthase (SuSy) in the leaves of the four cultivars, both in control (CTRL) and in
stressed samples (DS). (A) Immunoblotting; the arrow indicates the position of the cross-reactive SuSy. Lane 1,
Perina CTRL; lane 2, Perina DS; lane 3 Fragola CTRL; lane 4, Fragola DS; lane 5, Quarantino CTRL; lane 6
Quarantino DS; lane 7, Pisanello CTRL; lane 8, Pisanello DS. (B) Quantitative analysis of immunoblotting to
SuSy. It should be noted that the level of SuSy in the control samples of Perina, Fragola and Quarantino was
extremely low, almost indistinguishable from the background.

SuSy is just one of the many enzymes regulated by phosphorylation events [154]. In
general, phosphorylation/dephosphorylation mechanisms mediated by kinases and
phosphatases control numerous metabolic enzymes and proteins involved in signal
transduction. Indeed, metabolic adaptations are very delicate processes that must be finely
regulated [155]. It follows that the activity of proteins examined in this work might depend on
their regulation by phosphorylation in addition to their concentration. For this reason, we
carried out a preliminary analysis by determining the changes in protein phosphorylation in
the leaves of the four tomato cultivars (Figure 3.8). Phosphorylation levels were analyzed on
proteins separated on gels, transferred to membranes, and stained with a phosphoamino acid
specific dye. We found differences in the phosphorylation levels of proteins expressed in
plants subjected to water stress compared to controls. The result is consistent with what was
found by Raghavendra [155] in tomatoes where protein phosphorylation levels change under
drought stress conditions. The Perina cultivar is characterized by slight changes in protein
phosphorylation levels after drought stress; this would confirm that the Perina cultivar is the
most tolerant to drought stress not requiring major post-translational protein modifications to

55



increase drought tolerance. In contrast, the Fragola and Quarantino cultivars show significant
changes in protein phosphorylation levels in the water-deprived sample compared to control.
Finally, in the Pisanello cultivar phosphorylation levels are drastically reduced in samples
subjected to drought stress compared to control samples. This may suggest that the most
efficient responses against drought stress involve protein phosphorylation mechanisms and

that the Pisanello cultivar is not capable of implementing adequate phosphorylation

mechanisms.
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Figure 3.8. Profiling of phosphorylated proteins extracted from tomato leaves of the four cultivars, separated by
1D electrophoresis and labeled for phosphoamino acids in both control (CTRL, in green) and drought-stressed
(DS, in red) samples. Intensity is reported as integrated density. The x-axis reports relative protein movement
expressed as Rf. (A) Perine; (B) Fragola; (C) Quarantine; (D) Pisanello.
3.3.8. Sucrose, glucose, and fructose increase differentially in drought-stressed cultivars
Carbohydrates produced by photosynthesis in plant leaves provide energy and building blocks
for growth and productivity. In addition to their energetic action, soluble carbohydrates (e.g.,
sucrose, fructose, glucose) are known to act as important osmoregulatory substances capable
of maintaining cell turgor under conditions of osmaotic stress such as that caused by drought
and salt stress [156]. Therefore, the regulation of soluble carbohydrate concentrations in plant
cells is an important adaptation of plants to water deficit.

Sucrose is the main product resulting from reactions involving 3-carbon sugars
generated by photosynthesis; it represents a form of energy storage and transport [100].
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Figure 3.9A shows an increase in this sugar in DS cultivars as well as a higher amount of
sucrose in the Pisanello cultivar compared with Perina or Fragola. In contrast, dissimilar data
were obtained for glucose (Figure 3.9B) and fructose (Figure 3.9C), respectively. Again, we
observed an increase in these two carbohydrates in drought-stressed plants, but unlike
sucrose, Pisanello was the cultivar with the lowest amount of glucose and fructose. In
contrast, the cultivars Perina, Fragola, and Quarantino showed a significant increase in both
sugars.

In addition to being cleaved into glucose and fructose, sucrose can be cleaved into
fructose and UDP-glucose by sucrose synthase (SuSy) [100]. In leaves, sucrose levels are also
influenced by biosynthesis activity. Therefore, a direct correlation between drought stress
tolerance and sucrose level is not straightforward. As described above, sucrose cleavage by
SuSy has the advantage of conserving some of the energy of sucrose, which has significant
implications in recovery from stress conditions [149]. It should also be considered that most
stress conditions (especially drought) result in carbohydrate accumulation in leaves, which
may play a key role in osmoprotection and osmotic adaptation [157]. Thus, in this case, it can
be assumed that the more tolerant cultivars attempt to break down sucrose to have more
available osmoprotectants. In contrast, the tolerance mechanism of the Pisanello cultivar is
not as efficient because Pisanello continues to produce sucrose while also hypothetically
reducing the synthesis of osmoprotectants, at the same time gaining less energy to counteract
the effects of stress.

Because the content of sucrose and related sugars in leaves is the result of different
metabolic pathways, the data on sugar content do not perfectly match the expression of SuSy
(Figure 3.7). In particular, Pisanello, while showing an increase in SuSy, does not exhibit a
comparable increase in free sugars, such as fructose and glucose, which would also be
excellent osmoprotectants. Consequently, the increased content of SuSy does not always
correspond to a direct cleavage of sucrose. We can speculate that the increase in SuSy does
not imply higher enzyme activity. This could be related to the lower levels of phosphorylation
observed in Pisanello.

The analysis of soluble sugars in tomato cultivars was also extended to water-soluble
pectins (Figure 3.9D). Generally, drought stress conditions can impact cell wall composition.
Although it is challenging to draw a general picture, water deficiency induces cell wall
strengthening through increased production of hemicelluloses and reduced activity of pectin-
degrading enzymes such as polygalacturonases [158]. The latter finding is not constant;
indeed, in cucumber conditions of water stress induce an increase in the expression of the

polygalacturonase gene and therefore probably a higher degradation of pectins [159].
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Strengthening of the cell wall could allow the cells to counteract the loss of water and to
maintain an adequate level of turgidity even at low water potential. This is coupled with
increased pectin biosynthesis, sometimes even increased branching resulting in enhanced
binding to water molecules, as well as improved cross-linking with other polysaccharides
[160]. Nor can it be excluded that a remodeling of pectins can be perceived as a signal of
stress conditions and initiate response mechanisms [161].

Figure 3.9D shows an increase in water-soluble pectins in the cultivars Fragola,
Quarantino, and Pisanello, but not in the cultivar Perina. However, in both Fragola and
Quarantino differences are not statistically significant. First, this suggests that each cultivar
performs differently in terms of soluble pectin production. In addition, the finding implies that
the most tolerant cultivars (Fragola, Perina, and Quarantino) do not need to increase the level
of water-soluble pectins, a fact that could contribute to its tolerance to drought stress.
However, a significant increase in water-soluble pectins is only found in the Pisanello
cultivar, the most susceptible among those examined. This might suggest that the damage
observed in the Pisanello cultivar is also due to excessive production and release of water-

soluble pectins.
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Figure 3.9. Content in mg per g of sucrose (A), glucose (B), fructose (C) and water-soluble pectins (D) in leaves
sampled from control (green bars) and drought stressed (red bars) plants belonging to four Tuscan tomato
cultivars. Asterisk indicates significant difference between control and stressed plants with p < 0.05 (*) or p <
0.01(**).
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Chapter 4. Pulp and Peel of Italian Tomato Cultivars Show Different
Content of Bioactives under Drought Stress
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Graphical Abstract: The present study analyzes drought stress as a tool to increase the content of secondary
metabolites and thus to improve the quality of tomato fruits. The nutraceutical characterization of fruits was
performed by analyzing the content of antioxidants, polyphenols, flavonoids, lycopene, ascorbic acid (vitamin
C), rutin, caffeic acid and naringenin. At the same time, the susceptibility of plants to stress during the
reproductive phase was monitored in terms of flower abscission, fruit drop and seed germination. Perina turns
out to be the tomato cultivar with the best nutraceutical properties in the absence of stress while the Quarantino
cultivar is for the content of flavonoids (control plants) and the content of lycopene and vitamin C (stressed
plants). Perina has the highest concentrations of bioactives and, together with Quarantino, is included in the
cultivars with the best response to drought. Quarantino responds more effectively to stress in the reproductive
phase. Data confirm that drought stress increases bioactive production in some local tomato cultivars, which
produce higher quality fruits.

4.1. Introduction
Tomato fruits have good nutritional qualities as they contain active biomolecules and
elements beneficial to human health, for example vitamin C, potassium, folic acid,
carotenoids [162,163], polyphenols such as hydroxycinnamic acids (caffeic acid, chlorogenic
acid) and flavonoids such as rutin, quercetin, and naringenin [164,165]. Indeed, many studies
have linked the dietary consumption of tomatoes to the prevention and lower risk of
cardiovascular and coronary heart disease, as well as cancer [166]. This protective action is
attributed to secondary metabolites such as antioxidants, polyphenols, flavonoids, and
anthocyanins [167].

Genetic factors, ripeness, and environmental conditions lead to differences in the bio-

metabolic and nutraceutical characteristics of tomatoes [168]. Differences in biomolecule
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content have often been found between the exocarp, mesocarp, and endocarp of tomato fruits.
Examples can be found in the cultivar Camone [165], where the peel contains the highest
concentration of polyphenols while the mesocarp contains about four times less. The most
abundant flavonoid in Camone is rutin, present in the peel. In another study, three commercial
New Zealand tomatoes were shown to contain higher levels of polyphenols, flavonoids,
lycopene, and ascorbic acid in the fruit peel than in the pulp and seeds [169].

Various stress conditions (including drought) can induce a significant increase in
bioactive molecules. For plants, these molecules are of critical importance in the defense
against abiotic stress [9]. In the case of drought, production of reactive oxygen species (ROS)
or free radicals is a consequence of stress and leads to oxidative damage to proteins, DNA,
and lipids[35,162]. Antioxidants have the function of scavenging free radicals, and they
include flavonoids, ascorbate, glutathione, carotenoids, and tocopherols [170]. However, the
exposure to drought stress causes morphological, anatomical, physiological, and biochemical
changes and, consequently, affects the growth and development of organs. Drought (as well
as heat stress) damages the reproductive stage, leading to pollen sterility and reduced flower
development with consequent decrease in seed and fruit production [23,24,171]. When
drought stress occurs during seed formation, this leads to reduced seedling vigor and
germination [7]. In crops, drought drastically reduces production and thus commercial
performance [29]. Just to name a few examples, drought stress in sunflowers during
germination compromises yield before the seeds even germinate [172,173]; in wheat, drought
stress prior to flowering causes a decrease in grain number and size [174]. In tomato, drought
stress significantly affects yield [175,176] as well as fruit volume, diameter, and composition
in nutrients and biomolecules [177]. The tomato plant is sensitive to lack of water during
reproductive development, especially during flowering and fruit growth [103]. Under drought
stress conditions, tomato plants exhibit reduced leaf area and growth, flower drop, mineral
deficiency, reduced fruit size, fruit breakage, and calcium deficiency-related physiological
disorders such as flower rot and poor seed viability [178].

Today, a more sustainable agriculture, which requires fewer water resources, must
take into account genetic biodiversity as a fundamental factor for improving yield and quality
of crops, as well as resistance to biotic and abiotic stress. In the long term, this would allow
farmers to sustain productivity even in drastic environmental conditions. This requires the
identification and use of species/cultivars best adapted to their growing area.

Indeed, local cultivars are a source of unique genetic traits derived from adaptation to
their area of origin, are often more resistant to biotic and abiotic stresses, and have high

content of phytochemicals beneficial to human health [179-181]. In Italy, several tomato
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cultivars are present, adapted to growing environments and selected for agronomic traits of
interest, such as productivity, transportation durability, and marketability [182]. Italy, and
specifically the Tuscany region, is also characterized by locally adapted cultivars that show
marked genetic variability (compared to commercial cultivars) [25]. In previous chapters
[25,105], we have analyzed locally adapted Tuscan tomato cultivars to prove their tolerance to
water deficiency while identifying the most tolerant and susceptible. The previous data at
morphological and physiological levels have allowed us to catalog the Tuscan cultivars based
on their resistance to drought. However, analyses stopped at the vegetative and reproductive
phase without considering the phytochemical content of fruits. The content of bioactive
compounds in fruit pulp and peel was correlated with seed set and the development of flowers
and fruits, to get an indication of the susceptibility to drought stress and to highlight the most
promising cultivars (both under stress and non-stress conditions) in terms of nutraceutical
compounds. The starting hypothesis is that tomato peel extracts represent a reliable source of
bioactive molecules that can protect human health from oxidative stress [183]. In this chapter,
we evaluated whether locally adapted (and drought stressed) Tuscan tomato cultivars can
biosynthesize more antioxidant compounds in fruits. Thus, the tomato defense mechanism
could be exploited to increase the production of secondary antioxidant metabolites useful for

human health.

4.2. Materials and Methods

4.2.1. Plant Growth and Drought Conditions

The plants studied in the present chapter are previously analyzed (Chapter 2) from a morpho-
physiological point of view; therefore, plants followed their same growth and drought stress
conditions (Chapter 1). For each cultivar, eight plants were studied during the reproductive
growth phase. Plants were divided into two groups: four plants were subjected to drought
stress (DS) while four were the controls (CTRL) [184]. All plants were positioned in the
greenhouse according to a randomization plan. The CTRL group was irrigated regularly,
while the DS group was subjected to a total lack of water for 20 days. The DS treatment was
based on existing literature [26,27]. Fruits, when fully ripe (total red fruit), were sampled and
stored at —80 °C.

4.2.2. Development of Flowers and Fruits
To study flower development during drought stress, at the beginning of stress (to) plants of
each cultivar were marked with differently colored strings (pink for open flowers, blue for

fertilized flowers, green for small green tomatoes (period of cell division), red for large green
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unripe tomatoes (period of cell expansion close to the ripening period), which are shown in
Figure 4.1, these phases-marking steps were taken from Azzi [185] and Mazzucato [186].
The temporal development of each flower and fruit was monitored by counting them at the
middle (10 days, t1) and end (20 days, t2) of drought stress. For each marker, counts made at t;

and t> were reported as a percentage of those at to.

Figure 4.1. An example of marking made at various developmental stages on the same plant: (a) pink for
opening flowers, (b) blue for fertilized flowers, (c) green for small green tomatoes, and (d) red for large unripe
green tomatoes

4.2.3. Germination of Seeds

Seeds were removed from three fruits of each cultivar, washed with water, dried on tissue
paper, and then stored in polyethylene bags at room temperature. The germination test was
performed by placing 100 seeds on two layers of moist filter paper in Petri dishes. Seed
germination was calculated daily for eight days. A seed was considered germinated when a 3—
4 cm long rootlet was visible outside the seed coating [7]. Percentage of germination and

shoot length were recorded.

4.2.4. Preparation of Samples for Colorimetric Analysis

For each tomato cultivar, five fruits were selected randomly and chopped. Then, 1 g of peel
and 1 g of pulp were weighed and 6 mL (for peel) and 3 mL (for pulp) of 70% acetone were
immediately added. Samples were homogenized by Turrax (UltraTurrax® T25 based IKA,
Saint Louis, MO, USA) for 5 min, then placed in a sonicator (ElIma Transsonic T 460/H,
Wezikon, Switzerland) for 15 min and then homogenized again by Turrax. Samples were then
centrifuged at 4000xg for 5 min (Eppendorf® 5415D centrifuge, Hamburg, Germany).

Finally, supernatants (i.e., the extract) were transferred to 2 mL Eppendorf tubes.

4.2.5. Determination of the Antioxidant Power

The total antioxidant potential of tomato peel and pulp extracts was determined using the
FRAP (ferric reducing antioxidant power) assay reported by Benzie and Strain [187]. The test
is based on reduction of Fe**-2,4,6-Tri(2-pyridyl)-s-triazine (TPTZ) to a blue Fe?*-TPTZ. The
absorbance was read at 593 nm (Perkin Elmer spectrophotometer, Lamba 25, Waltham, MA,
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USA). The FRAP value of extracts, expressed as pmol Fe?*/g of fresh weight (FW), was
determined using a standard curve of ferrous sulphate. The experiment was conducted in three
technical replicates for each sample. Finally, the mean and standard deviation were calculated.
To verify the significance of the data obtained, the t-test (* p < 0.05, ** p<0.01) were carried

out.

4.2.6. Determination of Phenolic Content

The total polyphenol content (TPC) of tomato peel and pulp extracts was determined in fruits
by the spectrophotometric method of Folin—Ciocalteu [188]. This assay is based on electron
transfer in alkaline medium from phenolic compounds to phosphomolybdic/phosphotungstic
acid complexes, which are read at 765 nm. Results were expressed in gallic acid equivalent
(GAE), a universally accepted standard for polyphenols, to determine the value of TPC in
mg/100 g of fresh weight (FW). Actually, the reagent used in the Folin—Ciocalteu method is
not strictly specific to phenolics and can react with other substances. Therefore, the results of
the assay should more generally be interpreted as an estimate of the reducing capacity. The
experiment was conducted in three technical replicates for each sample. Finally, the mean and
standard deviation were calculated. To verify the significance of the data obtained, the t-test

(* p<0.05, ** p<0.01) were carried out.

4.2.7. Determination of Flavonoid Content

Flavonoids are determined by the aluminum chloride assay. Complexes of aluminum chloride
with flavonoids cause the solution to turn yellow, which is read by a spectrophotometer at 415
nm [189]. The data obtained were compared to a calibration curve obtained with the quercetin
standard. Values were expressed as mg of total flavonoids in 100 g of fresh weight (FW). The
experiment was conducted in three technical replicates for each sample. Finally, the mean and
standard deviation were calculated. To verify the significance of the data obtained, t-tests (* p
<0.05, ** p<0.01) were carried out.

4.2.8. Determination of Lycopene

Extraction of lycopene was made according to Barba [190]; 0.3 g of tomato peel and pulp
(taken from the pull described previously in Section 4.2.4) were added to 10 mL of a solvent
solution made by hexane/acetone/ethanol (50:25:25 v/v/v) and homogenized with Ultra-
Turrax (IKA®). Subsequently, 1.5 mL of distilled water was added, and the samples were
vortexed. The upper layer (1 mL) was dried under vacuum and the dry extract was
resuspended in 0.4 mL of tetrahydrofuran (THF)/acetonitrile (ACN)/methanol (15:30:55
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v/Iviv). The mobile phase for HPLC (Perkin EImer Nelson 3200 Series) analysis consisted of
methanol/ACN (90:10 v/v) and 9 mM triethanolamine (TEA) at a flow rate of 0.9 mL/min,
using a RP-C18 column (SUPELCO Kromasil 100A-5u-C18 4.6 mm x 250 mm); the
absorbance was set at 475 nm and the run time was 20 min. Quantification was carried out
using a standard calibration curve consisting of five points at increasing concentrations (6.25,
12.5, 25, 50, and 100 pg/mL) of lycopene standard (Sigma Chemical, St. Louis, MO, USA).
The experiment was conducted in three technical replicates for each sample. Finally, the mean
and standard deviation were calculated. To verify the significance of the data obtained, t-tests
(* p<0.05, ** p<0.01) were carried out.

4.2.9. Determination of Vitamin C

Extraction of ascorbic acid was carried out using 1 g of both tomato peel and pulp (taken from
the pull described previously in Section 4.2.4) in 2 mL of distilled water; samples were
homogenized with Ultra-Turrax (IKA®), then filtered through a 0.45-um membrane filter
[191]. For HPLC analysis, an RP-C18 column (SUPELCO Kromasil 100A-5u-C18 4.6 mm x
250 mm) was used. The mobile phase consisted of 0.01 mol/l KH2PO4 buffer solution (pH =
2.6 with o-phosphoric acid), with a flow rate of 0.5 mL/min and an absorbance set at 250 nm.
The quantification was carried out using a standard calibration curve consisting of five points
at increasing concentrations (6.25, 12.5, 25, 50, and 100 pg/mL) of ascorbic acid standard
(Sigma Chemical, St. Louis, MO, USA). The experiment was conducted in three technical
replicates for each sample. Finally, the mean and standard deviation were calculated. To

verify the significance of the data obtained, t-tests (* p < 0.05, ** p < 0.01) were carried out.

4.2.10. Determination of Rutin, Quercetin, Naringenin, and Caffeic Acid

Determination of rutin, quercetin, naringenin, and caffeic acid was performed with an RP-C18
column (SUPELCO Kromasil 100A-5u-C18 4.6 mm x 250 mm). Sample extraction was
performed according to Tokusoglu [192], with some modifications. Samples of peel and pulp
fruit (1 g, taken from the pull described previously in Section 4.2.4) were added to 1 mL of
70% acetone containing 1% (v/v) HCI and 0.02 mg/mL TBHQ (tert-Butylhydroquinone). The
mixture was then homogenized by Ultra-Turrax (IKA®) and 0.2 mL of 1.2 M HCI was added.
The mixture was incubated at 90 °C for 2 h under continuous stirring. Samples were then
cooled at room temperature and sonicated for 3 min. Finally, extracts were centrifuged for 5
min at 3000x g and filtered through a 0.45-um membrane filter. The HPLC method was
performed according to Kumar [193], with slight modifications. The mobile phase was water
(phase A) and acetonitrile with 0.02% trifluoroacetic acid (TFA) (phase B); elution was
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performed with a linear gradient of 80% A and 20% B (0-5 min), 60% A and 40% B (5-8
min), 50% A and 50% B (8-12 min), 60% A and 40% B (12-17 min), 80% A and 20% B
(17-21 min). The flow rate was 1 mL/min, and the absorbance was set at 365 nm for rutin and
quercetin, 325 nm for caffeic acid, and 280 nm for naringenin; the run time was 21 min.
Quantification was carried out using standard calibration curves consisting of five points from
5 to 80 pg/mL using standards of rutin, quercetin, naringenin, and caffeic acid (Sigma
Chemical, St. Louis, MO, USA). The experiment was conducted in three technical replicates
for each sample. Finally, the mean and standard deviation were calculated. To verify the

significance of the data obtained, t-tests (* p < 0.05, ** p <0.01) were carried out.

4.3. Results

4.3.1. Development of Flowers and Fruits

Analysis of flower and fruit development throughout the drought stress period provided an
indication of the reproductive (and thus productive) performance of plants [194]. In general,
drought stress induces early flowering, which could be due to rapid phenological development
aimed at completing the life cycle under unfavorable environmental conditions.

The results obtained on the development of open flowers (pink thread) reveal that in
most cultivars the loss of open flowers is less than 50% both for the CTRL and DS groups
(Figure 4.2). Major differences are found between CTRL and DS in cultivars such as Giallo,
Perina, and Pisanello, where loss is higher in DS samples with 57% total loss compared to
10% in the CTRL group. By contrast, in cultivars such as Tondino and Rosso the loss in the
DS group is less than the CTRL group or even no loss at all. Lower ratio of abscised flowers
in tolerant genotypes could also be due to maintenance of efficient photosynthesis [177].
Indeed, reduced photosynthesis decreases the availability of sugars and their contribution to
floral organ development leading to their abscission [195,196]. Development of fertilized
flowers (blue thread) shows a general delay in the DS group compared to the CTRL, and loss
is always higher in the DS. An exception is the cultivar Perina for which both loss and
development time are comparable to the CTRL group. In contrast, in the cultivars Rosso,
Datterino, and Pantano flowers in the DS group develop earlier, whereas for Datterino there is
substantial loss in the DS group compared to CTRL. In contrast, there is no fruit drop in the

stages marked with green wires, i.e., those that monitored small green fruits.
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Figure 4.2. The bar chart illustrates the flowers and fruits development during drought stress. The colors of the
bars in the graphics correspond to the different colored strings with which the plants of each cultivar were
marked at the beginning of stress (t0): PINK for open flowers (OF), BLUE for fertilized flowers (FF), GREEN
for small green tomatoes (SGT), RED for large green tomatoes (LGT). The heights of the bars correspond to the
number of flowers and fruits at each developmental stage to, t1 (10 days) and t; (20 days). The values are
expressed as a percentage of the total number at to.

However, for the cultivars Rosso, Tondino, and Fragola, development is delayed in the
DS groups compared to the CTRL; the cultivar Costoluto shows early development in the DS
group while the cultivar Perina exhibits development similar to the CTRL group. Red thread
(marking the growth and ripening of large green fruits) does not reveal major losses in plants
subjected to drought stress. In most cultivars there is early ripening in the DS group, but for
the cultivars Costoluto, Giallo, Perina, Datterino, and Pearson, development times in the DS
group are remarkably similar to the CTRL group.

4.3.2. Seed Germination

Seed germinability is an index of the productivity and reproductive efficiency of plants. This
aspect was tested to monitor the effect of drought stress on the production capacity of the
cultivars under examination.

Differences between the cultivars were already visible after 4 days (Figure 4.3A). The
Datterino, Pearson, Fragola, and Pisanello cultivars show a clear progress in the germination
of seeds from tomatoes that suffered stress. This does not occur in the case of seeds of control
tomatoes. The Pantano, Canestrino di Lucca, Rosso, and Tondino cultivars show a progress of
germination in seeds from stressed plants, but the performance remains similar to that of

controls. In the Quarantino cultivar, after 4 days no differences in the germination rate
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between control seeds and seeds of stressed plants are observed. On the contrary, the
germination rate of the Costoluto Fiorentino and Giallo cultivars is low for both CTRL and
DS. The Perina cultivar shows no differences because after 4 days neither the CTRL seeds nor
the DS seeds are germinated.

After 8 days, the germination rate is adequate for all cultivars but with some
differences (Figure 4.3B). Datterino, Pearson, Pantano, Fragola, and Pisanello cultivars
exhibit a fair percentage of germination in both the CTRL and DS; for the latter the
percentage is slightly higher, probably because of early germination of seeds. The opposite
occurs for Canestrino di Lucca, Costoluto Fiorentino, and Perina in which the percentage of
germinated seeds of the DS group is lower than the CTRL. The highest germination rate in
CTRL is found in Perina. Rosso, Giallo, Tondino, and Quarantino cultivars show a nearly

equal germination rate between CTRL and DS.
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Figure 4.3. (A) Seed germination after 4 days expressed in percentage. (B) Seed germination after 8 days
expressed in percentage. In black the percentage of non-germinated seeds and in gray the percentage of
germinated seeds. CTRL indicates the control group of tomato, and DS the drought-stressed group.
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4.3.3. Antioxidant Power in Peel and Pulp

Analysis of the peel (Figure 4.4) showed that stressed plants of the three commercial cultivars
exhibit a decrease in antioxidant power compared to controls. The three commercial cultivars
have similar values: in stressed plants the antioxidant power is around 20 pmol/g, while in the
control group it is around 25 pmol/g. More precisely, the stressed Pearson cultivar has the
lowest value (17.86 umol/g) and undergoes a drastic decrease compared to the control (27.17
pmol/g). Among local cultivars, Perina has the highest antioxidant power for both the CTRL
group (48.19 umol/g) and the DS group (53.30 pmol/g). In this case, the antioxidant capacity
in the peel of stressed plants is higher than in control plants. The cultivar Quarantino, on the
other hand, has the lowest value under drought stress (12.10 pumol/g), a value below that of
the CTRL group (18.32 pmol/g). Finally, the cultivar that most clearly increases the
antioxidant content in the peel under drought stress is Giallo di Pitigliano, which shows an
extremely low content in the control group (11.37 umol/g) but it doubles in the stressed group
(22.54 pmol/g). The overall picture in the pulp (Figure 4.5) remains the same as in the peel,
with antioxidant contents being significantly lower in the pulp. The cultivar Perina has the
highest antioxidant power in both the control (12.85 umol/g) and the stressed group (14.65
umol/g). A difference from the peel is observed for the cultivars Quarantino and Datterino,

which have higher antioxidant content in the pulp in the CTRL group than in the DS.
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Figure 4.4. Total antioxidant (expressed as umol/g of FW) in tomato peel of 9 Italian cultivars and three
commercial cultivars. Controls (CTRL) in green and drought-stressed group (DS) in red. The bars indicate the
standard deviation. A significantly difference is shown between CTRL and DS of each cultivar by * for a p <
0.05 and ** for p < 0.01.
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Figure 4.5. Total antioxidant (expressed as umol/g of FW) in tomato pulp of 9 Italian cultivars and three
commercial cultivars. Controls (CTRL) in green and drought-stressed group (DS) in red. The bars indicate the
standard deviation. A significantly difference is shown between CTRL and DS of each cultivar by * for a p <
0.05 and ** for p < 0.01.

4.3.4. Polyphenol Content

In the peel (Figure 4.6), the highest polyphenol content is found in the cultivar Perina (709.44
mg/100 g in the DS group and 477.77 mg/100 g for the CTRL group). The lowest content
among stressed plants is found in the cultivar Quarantino (116.56 mg/100 g), where the
amount of polyphenols is reduced if compared to when plants are hydrated (172.85 mg/100
g). The opposite situation occurs for Rosso di Pitigliano, which significantly increases
polyphenol content under drought stress (361.33 mg/100 g) compared to the control (152.47
mg/100 g). In the pulp (Figure 4.7), the cultivar with the highest polyphenol content is Rosso
di Pitigliano (80.88 mg/100 g for DS group plants and 67.46 mg/100 g for CTRL). The

cultivar Perina maintains high values in both DS and CTRL groups.
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Figure 4.6. Total polyphenol content (expressed as mg/100 g of FW) in tomato peel of 9 Italian cultivars and
three commercial cultivars. Controls (CTRL) in green and drought-stressed group (DS) in red. The bars indicate
the standard deviation. A significant difference is shown between CTRL and DS of each cultivar by * for a p <

0.05 and ** for p < 0.01.
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Figure 4.7. Total polyphenol content (expressed as mg/100 g of FW) in tomato pulp of 9 Italian cultivars and
three commercial cultivars. Controls (CTRL) in green and drought-stressed group (DS) in red. The bars indicate
the standard deviation. A significantly difference is shown between CTRL and DS of each cultivar by * for a p <
0.05 and ** for p < 0.01.

4.3.5. Flavonoids Content

The highest flavonoid content recorded in the peel is found in the CTRL group of the cultivar
Quarantino with 193.98 mg/100 g (Figure 4.8), a value that far exceeds the content of the
corresponding stressed group (59.09 mg/100 g). The cultivars Costoluto, Canestrino, Fragola,
and the commercial Pantano follow the same trend. In contrast, the cultivars Giallo, Perina,

Pisanello, Rosso, Datterino, and Pearson showed an increase in drought-stressed plants. The
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highest flavonoid content for stressed plants was found in the cultivars Perina and Datterino,
with about 140 mg/100 g. The stressed Perina cultivar had a particularly high flavonoid
content compared to the control (48.67 mg/100 g). For the pulp, results are different (Figure
4.9). Stressed cultivars such as Costoluto, Canestrino, Giallo, Rosso, Datterino, and Pearson
show increased flavonoid content compared to the control. Pisanello, Tondino, and Pantano
cultivars show no clear differences between plants in the CTRL and DS groups. Fragola and

Perina are the only two cultivars showing a decrease in stressed plants compared to controls.
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Figure 4.8. Total flavonoids content (expressed as mg/100 g of FW) in tomato peel of 9 Italian cultivars and
three commercial cultivars. Controls (CTRL) in green and drought-stressed group (DS) in red. The bars indicate
the standard deviation. A significantly difference is shown between CTRL and DS of each cultivar by ** for p <

0.01.
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Figure 4.9. Total flavonoids content (expressed as mg/100 g of FW) in tomato pulp of 9 Italian cultivars and
three commercial cultivars. Controls (CTRL) in green and drought-stressed group (DS) in red. The bars indicate
the standard deviation. A significantly difference is shown between CTRL and DS of each cultivar by * fora p <
0.05 and ** for p < 0.01.

73



4.3.6. Vitamin C
The content of ascorbic acid in the skin of different cultivars is shown in Figure 4.10. For

most genotypes, stressed fruits have lower vitamin C content than controls. This is
particularly evident for Fragola, Pisanello, Giallo, Pantano, and Pearson. For other cultivars,
such as Quarantino, Perina, Tondino, and Datterino, the ascorbic acid content of stressed
fruits is similar to that of controls. On the other hand, the cultivar Rosso has a slightly higher
content in stressed fruits than the control. In contrast, a few differences are found in the pulp
(Figure 4.11). The stressed Rosso cultivar increases the content of vitamin C, as in the peel,
and the Datterino cultivar behaves similarly. Giallo, Pantano, and Pearson decrease the
ascorbic acid content in the pulp of stressed fruits just as in the peel. The concentration of
vitamin C in the control of Giallo cultivar differs because the value in the pulp is also
comparable to those in the peel.
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Figure 4.10. Vitamin C (ascorbic acid) content in tomato peel of 9 Italian cultivars and three commercial
cultivars. Controls (CTRL) in green and drought-stressed group (DS) in red. The bars indicate the standard
deviation. A significantly difference is shown between CTRL and DS of each cultivar by * for a p <0.05 and **
for p<0.01.
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Figure 4.11. Vitamin C (ascorbic acid) content in tomato pulp of 9 Italian cultivars and three commercial
cultivars. Controls (CTRL) in green and drought-stressed group (DS) in red. The bars indicate the standard
deviation. A significantly difference is shown between CTRL and DS of each cultivar by * for a p < 0.05 and **
forp<0.01.
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4.3.7. Lycopene
Lycopene is the most common carotenoid present in tomatoes. In the peel (Figure 4.12) the

concentration is extremely high for all genotypes except for the Giallo cultivar. This was
already inferred from the yellow color of its fruits, since higher amounts of lycopene provide
a reddish color. The cultivars Quarantino, Tondino, Pantano, and Datterino show an increase
in lycopene concentration in stressed fruits compared to controls. The opposite occurs for
Perina, Rosso, and Costoluto. In the other cultivars, there are no significant differences
between CTRL and DS. In the pulp, lycopene concentration is generally lower than in the
peel, except for the cultivar Giallo, which conversely shows a higher content for both CTRL
and DS (Figure 4.13). The cultivars Quarantino, Tondino, Pantano, and Datterino show an
increase in lycopene in the pulp of stressed fruits as well as in the peel. The opposite occurs
for Perina, Rosso, and Fragola. In all other cultivars there are no differences in lycopene

concentration between CTRL and DS.
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Figure 4.12. Lycopene content in tomato peel of 9 Italian cultivars and three commercial cultivars. Controls

(CTRL) in green and drought-stressed group (DS) in red. The bars indicate the standard deviation. A

significantly difference is shown between CTRL and DS of each cultivar by * for a p <0.05 and ** for p <0.01.
200

mg/100g

150

50| | ‘ ‘
0
N S %
7, % I Dy
w3 % 3
% o

S
%

mg/100g
=
[=]
(=]

%
3
[+]

o g
2
>

R T %

Z 7, Z, k) 2
% % A
o e (o) Z 43‘.’

o

Figure 4.13. Lycopene Content in tomato pulp of 9 Italian cultivars and three commercial cultivars. Controls
(CTRL) in green and drought-stressed group (DS) in red. The bars indicate the standard deviation. A
significantly difference is shown between CTRL and DS of each cultivar by * for a p < 0.05 and ** for p <0.01.
4.3.8. Rutin, Caffeic Acid and Naringenin

Rutin is the flavonoid most found in tomatoes [164,165]. Chemically, it is a glycoside
composed of the flavonol quercetin aglycone and the disaccharide rutinose. In this study, rutin
was not identified in the pulp, while it was found in high amounts in the peel of all cultivars
(Figure 4.14). These showed an increase in the concentration of rutin in the peel of stressed
tomatoes, except for the cultivars Perina and Costoluto in which the stressed peel underwent a
decrease in concentration. In the cultivars Rosso and Giallo there are no clear differences

between CTRL and DS. Quercetin was not found in any of the considered samples.
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Figure 4.14. Rutin content in tomato peel of 9 Italian cultivars and three commercial cultivars. Controls (CTRL)
in green and drought-stressed group (DS) in red. The bars indicate the standard deviation. A significant
difference is shown between CTRL and DS of each cultivar by * for a p <0.05 and ** for p <0.01.

Caffeic acid is part of the hydroxycinnamic acids and belongs to the family of
polyphenols. In the present work caffeic acid was found only in four cultivars: Perina, Rosso,
Quarantino, and Pisanello (Figure 4.15). High concentrations were found in the peel of Perina
and Rosso cultivars, with higher values in drought-stressed plants. Small concentrations were
instead found in the pulp of the cultivar Perina, both CTRL and DS, while in the cultivar
Rosso caffeic acid was found only in the pulp of the CTRL group. In the cultivar Quarantino
caffeic acid was found only in the pulp with lower contents in the DS group than in the
CTRL. The cultivar Pisanello contains caffeic acid only in the pulp of control fruits while it is

absent in stressed fruits.
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Figure 4.15. Caffeic acid content in 4 Italian tomato cultivars. The concentration of peel in full color and pulp in
stripes color. CTRL indicates the control group of tomato and DS the drought-stressed group. The bars indicate
the standard deviation. A significant difference is shown between CTRL and DS of each cultivar by * for a p <
0.05 and ** for p < 0.01.

Naringenin is a flavanone belonging to the flavonoid family. Figure 4.16 shows that
in most cultivars, naringenin is present only in the fruit peel. The cultivars Fragola, Costoluto,
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and the commercial Datterino are the only cultivars that also show naringenin in the pulp.
While the Fragola and Datterino cultivars show the presence of this flavonoid only in the pulp
of control fruits, Costoluto contains naringenin also in the pulp of stressed fruits. The highest
content of naringenin is present in the peel of cultivar Perina, both CTRL and DS, with an
increase in the peel of stressed fruits, as well as for cultivar Giallo. In the cultivars Tondino,
Pearson, and Pantano, naringenin is only present in the peel of control fruits while it is not
present in stressed fruits. In contrast, in the cultivars Costoluto and Datterino, naringenin is
present only in the peel of the DS group and not in the CTRL. The cultivars Rosso, Pisanello,
and Fragola do not show major differences in the concentration of naringenin between control

and stressed peels.
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Figure 4.16. Naringenin content in tomatoes of 9 Italian cultivars and three commercial cultivars. The
concentration of peel in full color and pulp in stripes color. CTRL indicates the control group of tomato and DS
the drought-stressed group. The bars indicate the standard deviation. A significant difference is shown between
CTRL and DS of each cultivar by * for a p < 0.05 and ** for p < 0.01.

4.4. Discussion

Climate change leads to increasingly sudden adverse events that can damage agriculture and
the food livelihood of the population. These critical climatic conditions are also likely to
affect southern Europe, including Italy [197]. Several physiological, biochemical, and
molecular changes occur in plants because of stressful conditions; for example, the scarce
availability of water reduces metabolic processes such as photosynthesis [198].

In Chapter 2. we investigated how local tomato cultivars (the same as in the present
study) respond to drought in morpho-physiological terms [105]. The previous study found that
drought stress causes a decrease in plant growth and photosynthetic efficiency; however,
some local cultivars have proven to be tolerant of stress. The Perina and Quarantino cultivars
were the most tolerant, with the first cultivar more tolerant in the vegetative phase while the

second cultivar was in the reproductive phase. It should be noted that a higher demand for
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water supply is necessary for tomato plants just at the flowering stage [24] and a water
shortage during flowering not only reduces flower development, but also increases their fall
[199]. This is also confirmed in the present work, which highlights a fall of flowers, both open
and fertilized, and a general delay in their development in stressed plants. For all cultivars, a
general decrease in the ripening and developmental time of fruits in stressed tomato plants
was observed. The cultivars exhibiting this behavior are expected to complete their life cycle.
The different behaviors observed between control (CTRL) and stressed (DS) plants are less
evident in the Perina and Quarantino cultivars, where development remains similar between
CTRL and DS groups.

Earlier germination is generally observed in stressed samples compared to controls,
except for Quarantino, where germination is similar, and Perina, where no germination is
observed after four days in both CTRL and DS. After eight days, germination remains similar
between CTRL and DS for Quarantino and most cultivars, while Perina shows a lower
germination rate in stressed samples. When stress affects the final stage of fruit ripening,
germination decreases while no effect is noted when stress acts early in fruit development [7].
Under conditions of environmental stress, it is also well-known that germination is delayed or
completely inhibited depending on the intensity of stress and the timing of initiation [200].

Oxidative damage (i.e., the production of reactive oxygen species, ROS) is one of the
main consequences of water deficit. Plants have an innate antioxidant system that mitigates
the effects of stress and involves the synthesis of antioxidant molecules, as already shown in
the cultivars under study [25]. Nevertheless, differences have been found between cultivars so
that plants of different genotypes do not implement the same mechanisms and consequently
the amounts of antioxidant molecules can be different [25]. Drought-induced oxidative stress
does not only have downsides: following stressful conditions, plants can increase the content
of antioxidant molecules in fruits, resulting in improved quality and thus benefits to human
health. In this study, analyses were performed on the tomato fruit by separating the peel from
the pulp, which can have very different concentrations of biomolecules. In the peel, which is
normally considered a waste, there is a higher concentration of biomolecules; this is not
surprising because the peel is in direct contact with the environment and pathogens/parasites
[165]. In general, the data obtained in the present study indicate that total antioxidants
increase in the stressed group for most local cultivars, while the stressed group of commercial
cultivars often exhibit a decrease in antioxidant concentration compared to controls. Among
the stressed cultivars with a higher antioxidant power, both in the peel and in the pulp, the

cultivars Perina and Canestrino di Lucca exhibit a high value even in the control group.
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Data about total polyphenols reveal a situation like the one outlined for the antioxidant
power, with an increase in the stressed group compared to the control. From the analysis of
peel, the cultivar with the highest concentration of polyphenols is Perina. Compared to all
other cultivars, Rosso di Pitigliano increases the concentration of polyphenols in the stressed
group. A lower concentration of these compounds in the stressed group is shown in the
cultivar Quarantino, both in the peel and in the pulp; it should be remembered that this
cultivar tolerated better drought stress during the reproductive phase. A countertrend observed
with respect to other compounds is the flavonoid content. The CTRL group of Quarantino is
the cultivar with the highest concentration in the peel while Datterino and Perina are those
with the highest concentration in the DS group. Thus, from the data of the present study, it is
possible to state that the increase in the above molecules varies among cultivars, in agreement
with other work in the literature. For example, work on Cucumis melo L. showed that
antioxidant power is affected by genotype [201]. In our case, the cultivars with a marked
increase in antioxidant molecules are Perina and Rosso di Pitigliano.

The most abundant compounds present in tomato fruits are flavonoids, such as rutin,
quercetin, naringenin and caffeic acid, and vitamin C while the most abundant carotenoid is
lycopene [163]. These compounds have beneficial effects on human health; in fact, several
studies confirm that lycopene plays a role in the prevention of prostate cancer and
cardiovascular disease. This is because lycopene may have an inhibitory effect on cholesterol
synthesis and may increase the degradation of LDL [202]. In this study, lycopene content in
the peel was much higher than in the pulp, but most cultivars decrease lycopene content due
to irrigation conditions. There is conflicting data in the literature on this topic. Riggi [203],
Atkinson [204], and Klunklin [205] found that drought stress lowers lycopene content
compared to well-watered plants. In contrast, Theobald [206] stated that lycopene content
increases by more than 27% in drought-stressed fruits. An increase in lycopene content has
also been found in tomato fruits grown in southern Italy [207].

Vitamin C is a potent antioxidant that contributes to immune defense by supporting
various cellular functions of the innate and adaptive immune systems. Vitamin C also
promotes oxidative scavenging activity in the skin, thereby protecting cells from oxidative
stress [208]. In our work, there is no increase in vitamin C in stressed plants compared to
controls for most cultivars, as with lycopene. This behavior agrees with Seminario [209],
where drought stress was shown to cause a reduction in ascorbic acid biosynthesis in soybean
plants. The data are also in agreement with Shao [210], in which no increase was reported in
tomatoes after drought stress. Other studies have shown that vitamin C increases in relation to

water depletion, especially during fruit ripening [207,211], although the magnitude of this
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effect may also be cultivar dependent [212]. The vitamin content values found in these
cultivars are comparable to those described by Ilahy [213].

Rutin is important for several pharmacological activities, including antioxidant,
cytoprotective, vasoprotective, anticarcinogenic, neuroprotective, and cardioprotective
activities [214]. The analysis of rutin, naringenin and caffeic acid in this study revealed that
their concentration in the pulp is extremely low, if not completely absent. In general, it turned
out that the exocarp (peel) is the part where these molecules are most abundant. This was
expected since the peel is the part of the fruit most exposed to environmental stresses. The
results showed that cultivars behave very differently from each other, with the content of
rutin, naringenin, and caffeic acid depending on both genotype and stress conditions. These
differences can be attributed to the genetic biodiversity of the cultivars investigated. Perina
contains the highest concentration of caffeic acid and naringenin, and large amounts of rutin
(highest among controls). For most cultivars, the concentration is higher in stressed fruits than
in the control. On the whole, the reported values are higher than those found in the literature
[215].

The results of the present work show general agreement with those of Klunklin and
Savage [205], i.e., different tomato crops respond differently and therefore generate different
concentrations of metabolites when affected by abiotic or biotic stress. Tomato peel, which is
much more enriched in bioactives than pulp, is usually considered a waste by processing
industries. Actually, the data contained in this work and others indicate that it could be
recycled and valorized. In support of this is to mention the recent work of Grassino et al.
[216], in which the authors propose the exploitation of the peel for the recovery of bioactives.
Approximately 8.5 million tons of peel waste is discarded globally by tomato processing
industries; however, valuable bioactive constituents such as lycopene would allow for the

revalorization of tomato byproducts that could be incorporated into functional foods [217].
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Chapter 5. Conclusions

In this Ph.D. thesis, a detailed analysis of different physiological, morphological, and
biochemical parameters was performed, highlighting critical differences of Tuscan tomato
cultivars in drought responses. This made it possible to classify tomato cultivars based on
their tolerance capacity. Local cultivars show a more pronounced genotype-dependent
response to drought than commercial cultivars, both in vegetative and reproductive growth
phases, thus emphasizing a different behavior for all nine local and four commercial cultivars.
Two groups of plants have been identified: one composed of the cultivars most tolerant to
drought, the other of more susceptible plants. In the vegetative phase, the most tolerant
cultivar is Perina while in the reproductive phase the cultivar showing more adequate
responses is Quarantino. This indicates that the relationship between plants and water deficit
also depends on the individual growth phase. Perina and Quarantino are the cultivars that
perform at intermediate level (that is, they exhibit an average tolerance) respectively in the
reproductive and vegetative phase. In the vegetative phase, four cultivars representative of the
tolerant group (Perina and Fragola), of the susceptible group (Pisanello) and of the
intermediate group (Quarantino) have been identified. These four Tuscan tomato cultivars
were characterized using a biochemical analysis panel. The results revealed critical
differences between cultivars in the drought response. Some mechanisms, such as increasing
HSP70 and cyclophilin levels, are common and implemented by all cultivars, although with
some differences (for example, Perina increases the content of HSP70 more than Pisanello or
does not use the same cyclophilins). These data confirm the important protective role of
HSP70 and cyclophilins in the correct folding of proteins. Indeed, considering the previous
data on the morpho-physiological aspects of the cultivars mentioned above, Perina was the
most tolerant cultivar, while Pisanello was the most susceptible.

The content of dehydrin and osmotin is highest when plants are severely affected by
drought stress. While dehydrins are substantially expressed by all the cultivars under stress,
osmotins are found only in Pisanello. This can be related to the fact that the Pisanello
cultivar, identified as the most susceptible, is mostly affected in the photosynthetic system.
Therefore, Pisanello is the only cultivar that requires the expression of osmotin, which is
known to play a role in the protection of chlorophyll. Analysis of RuBisCO confirmed this
hypothesis. Indeed, a drastic decrease in the content of RuBisCO is observed in the Pisanello
cultivar under drought stress. In addition, the 9905 isoform of RuBisCO is apparently typical
of the most tolerant cultivars (such as Perina and Fragola) but apparently Pisanello does not

use it. RuBisCO is an enzyme with several co/post-translational modification sites; therefore,
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under stress these modifications can generate isoforms more suitable to counteract a
challenging situation such as drought. This concept is further supported by the evidence that
Pisanello, compared to other cultivars, shows a very pronounced generic dephosphorylation
pattern. Phosphorylation/dephosphorylation contributes to an increase or decrease in sucrose
synthase (SuSy) activity. The content of this enzyme increases in all stressed cultivars,
especially in Pisanello. SuSy allows the cleavage of sucrose into fructose and UDP-glucose,
thus feeding the biosynthesis pathway of osmoprotective sugars. However, the Pisanello
cultivar still produces sucrose in large quantities without breaking it down into glucose and
fructose, which could be beneficial during stress.

At the biochemical level we have confirmed the results previously obtained from
morpho-physiological analyses on the tolerance or susceptibility of tomato cultivars to
drought stress. More specifically, we examined the biochemical mechanisms that are activated
by drought and that increase tolerance. The Perina cultivar is confirmed as the most tolerant,
as it can activate all the mechanisms necessary for tolerance. In particular, it keeps the
photosynthetic system active by probably selecting the best RuBisCO isoforms and increasing
the content of aquaporins, beneficial for the transport of CO; and H-O.

At the reproductive stage, the experimental evidence of this dissertation showed that,
in the absence of drought, Perina is the tomato cultivar with the highest antioxidant power and
polyphenol content. On the other hand, the cultivar Quarantino is characterized by a high
content of total flavonoids in control and lycopene and vitamin C in stressed plants. It is worth
noting that Perina and Quarantino show, although with differences, an improved response to
drought. In particular, Quarantino responds more effectively to stress during the reproductive
phase. This suggests that specific Tuscan tomato cultivars may be better suited to proper
irrigation water management without affecting natural resources and contributing to
sustainable agriculture. The second perspective concerns bioactive phytochemicals, such as
sterols, carotenes and polyphenols extracted from tomato by-products that could be useful to
formulate functional foods and to prevent diseases (such as cardiovascular and Alzheimer's).
In fact, the processing waste (peels) of tomato subjected to drought could have an antioxidant
action even at low concentrations once integrated into the diet.

From a more general point of view, the data of this PhD thesis confirm that
biodiversity is a huge reservoir from which to recover crucial genetic traits, both in terms of
productivity and tolerance to abiotic stresses. In the future, the most drought-tolerant tomato
cultivars could be selected for breeding programs, also according to their productivity.
Another point in favor of using drought-tolerant plants is that sustainable agriculture could

benefit more from drought stress-tolerant cultivars because, when used in combination with
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appropriate irrigation plans, they can improve agrobiodiversity and save significant amounts

of irrigation water.
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