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Abstract

Italian

Nella presente tesi di dottorato sono illustrati il background, le metodologie e 1 risultati del
progetto di ricerca, avente come obiettivo quello di approfondire le conoscenze sui
meccanismi alla base della capacita delle piante di percepire i composti organici volatili
(VOC). Inizialmente, ¢ stato analizzato leffetto dei VOC emessi da Solanum lycopersicum cv
Red Setter in condizioni di stress idrico su piante conspecifiche, poi sottoposte anch’esse a
stress idrico, come descritto nel Capitolo 1. Successivamente, sono stati adottati due diversi
approcci di genetica inversa per indagare il coinvolgimento di due proteine, individuate
tramite analisi bioinformatica, nella percezione dei VOC.

Un primo esperimento simile al precedente ha riguardato piante selezionate tramite
piattaforma TILLING, con una mutazione nella proteina Extra-large guanine nucleotide-
binding 3 (XLG3) (Solyc08g005310.4.1), e ha permesso di rilevare nuove possibili
implicazioni di questa importante proteina di segnale anche nei pathway mediati dai VOC.
Un lungo lavoro ¢ stato poi dedicato alla procedura di genome editing, applicando la
metodologia CRISPR/Cas9 e la trasformazione mediata da Agrobacterium tumefaciens EHA105
su piante di pomodoro appartenenti a due cultivar, S. yeopersicun cv Red Setter e S. heopersicum
cv Microtom. In questo caso l'obiettivo era di produrre piante con silenziamento della
proteina RPP13-like (Solyc03¢078300.1.1). L’esito positivo del genome editing ha permesso
I'esecuzione di un terzo esperimento che ha coinvolto una linea defRPP13-like. In questo
caso le piante sono state esposte ad un singolo VOC sintetico, il terpenoide B-ionone e
successivamente sottoposta a stress biotico tramite inoculo con Botrytis cinerea. Cio ha
permesso di evidenziare il probabile coinvolgimento del terpenoide nella regolazione della
proteina RPP13-like.

In tutti gli esperimenti, sono stati raccolti e analizzati i dati sugli effetti dei VOC esogeni sul
trascrittoma della pianta, tramite RNA-Seq, su parametri fisiologici quali gli scambi gassosi e
Pefficienza fotosintetica, utilizzando GFS-3000 (Walz, Effeltrich, Germany), e sulle emissioni
di VOC mediante PTR-Qi-TOF MS (Ionicon Analytik GmbH, Innsbruck, Austria). Per i
primi due esperimenti, sono stati acquisiti anche dati derivanti dall’analisi di immagini (High
Throughput Plant Phenomics Platform - HTP) tramite il sistema LemnaTec Scanalyzer 3D,

mentre per 'esperimento con B. ¢nerea sono stati raccolti dati diretti relativi al danno.
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English

This doctoral thesis presents the background, methodologies, and results of the research
project aimed at deepening our understanding of the mechanisms underlying the ability of
plants to perceive volatile organic compounds (VOC:s). Initially, the effect of VOCs emitted
by Solanum  lycopersicumr cv Red Setter under water stress conditions was analysed on
conspecific plants, which were subsequently subjected to water stress as well, as described in
Chapter 1. Subsequently, two different reverse genetics approaches were employed to
investigate the involvement of two proteins in VOC perception. The candidates were
identified through bioinformatic analysis focusing on their structural potential to bind VOC:s.
The first experiment focused on plants selected through the TILLING platform, carrying a
mutation in the Extra-large guanine nucleotide-binding 3 protein (XLG3)
(Sohc08g005310.4.7). This study revealed new potential implications of this important
signalling protein in VOC-mediated pathways.

Extensive work was then dedicated to the genome editing procedure, applying the
CRISPR/Cas9 methodology and .Agrobacterium tumefaciens EHA105-mediated transformation
in tomato plants (S. Aeopersicum cv Red Setter and S. heopersicums cv Microtom) with the aim
of silencing gene encoding for the second protein individuated: RPP13-like protein
(Solyc03g078300.1.7). The successful outcome of the genome editing and line propagation,
allowed for the execution of a third experiment involving a defRPP13-like line. In this case,
the plants were exposed to a single synthetic VOC, the terpenoid B-ionone, and subsequently
subjected to biotic stress through inoculation with Bo#yytis cinerea. Differences in the
transcriptome, VOCs emissions, physiological response and damage severity, allowed to
highlight the probable involvement of the terpenoid in the regulation of the RPP13-like
protein.

In all the experiments, were collected data on the effects of exogenous VOCs on the plant
transcriptome, through RNA-Seq, on the physiological parameters such as gas exchange and
photosynthetic efficiency, using the GFS-3000 system (Walz, Effeltrich, Germany), and on
the VOC emissions, using PTR-Qi-TOF MS (Ionicon Analytik GmbH, Innsbruck, Austria
were analyzed). For the first two experiments, data from image analysis (High Throughput
Plant Phenomics Platform - HTP) were also obtained using the LemnaTec Scanalyzer 3D

system, while for the experiment with B. cnerea, direct damage severity was assessed.
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Introduction

The volatile organic compounds: small molecules with multiple roles

In the last decades increasing attention has been given to the Volatile Organic Compounds
(VOCs) emitted by plants. Starting from the study of the role of these compounds mainly in
the interaction between plants and insects, many other roles have gradually been disclosed,
such as in the activation of biochemical pathways for plant protection against abiotic and

biotic stresses and in plant-plant communication 13

All living organisms emit Volatile Organic Compounds (VOCs), including alcohols, aliphatic
and aromatic hydrocarbons, aldehydes, ketones, ethers, and acids. VOCs are mostly
lipophilic molecules, with small molecular weight (50-200 Dalton) and high vapor pressure
at ambient temperature *. Plant VOCs may be categorized in three major groups, based on
their biosynthetic origin. Terpenoids, the largest family of pVOCs accounting for more than
500 compounds, are synthetized from two precursors and zia two biosynthetic pathways: a)
the mainly cytosolic mevalonic acid pathway (MAV), originating sesquiterpenes (C15), and
b) the chloroplastic methylerythritol phosphate pathway (MEP) leading to the synthesis of
hemiterpenes, monoterpenes, and diterpenes. Both pathways converge in the production of
the "activated isoprenoids" Isopentenyl pyrophosphate (IPP) and Dimethylallyl
pyrophosphate (DMAPP), which serve as the building blocks for the synthesis of all
terpenoids, including monoterpenes, sesquiterpenes, diterpenes, and carotenoids.
Phenylpropanoids/benzenoids, the second largest group of pVOCs, shate the aromatic
amino acid phenylalanine as precursor, and follow the shikimate-arogenate pathway. Finally,
fatty acid derivates, originating from C18 unsaturated fatty acids, as linoleic acid, are
associated with the lipoxygenase pathway (LOX); they include methyl jasmonate and the

green leaf volatiles (GLV) consisting of six-carbon (C6) aldehydes, alcohols and their esters

5,6

VOCs can be emitted constitutively by plants, life-long or in specific growth stages, or can
be induced by stressful conditions ", which suggests specific defensive functions for these
compounds against abiotic and biotic stresses. For example, VOCs play a crucial role in
stabilizing cell membranes under abiotic stresses ’, promoting systemic acquired resistance

8

(SAR) by signaling other organs after injury >°, and inhibiting pathogens development "

through their antimicrobial properties ''. Great attention has been given in many studies to
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crop plants, trying to understand the potential applications of VOCs to improve plant
resilience to climate change and associated stresses (e.g. heat spells, droughts, extreme
events, etc,) >'*7".

Plant VOCs (pVOCs) are involved also in plant-plant interactions. The first evidence of the
induction of herbivores resistance in healthy plants adjacent to attacked ones, was reported
forty years ago '°, and since then, VOC-driven plant-plant interaction was repeatedly
observed **'""*'. Many studies have proven that some pVOCs activate transcription factors,
triggering changes in the expression of genes involved in plant defence *. However, the

way plants can perceive the VOCs emitted by neighbouring stressed plants still needs to be

clarified, as discussed in the following section.

Role of VOCs in plant-plant communication and priming

In the last four decades the possible roles and potential applications of VOCs in plant-plant
communication have been broadly documented >"'*.

VOC-based plant-plant communication involves a series of events that generally follow a
specific sequence. First, emitting plants (emitters) release a VOC blend capable of reaching
neighbouring receiving plants (receivers). Second, the receivers receive the VOCs. Third, the
VOC triggers a series of changes that may induce modification in receivers metabolism °.
Zebelo et al. (2012) ** showed changes in Ca+ fluxes in tomato receivers cells after exposure
to VOCs emitted by plants under Spodoptera littoralis caterpillars feeding. The effects of VOCs
on the cell membrane electric potential were also confirmed in tests with synthetic VOCs (x-
pinene, B-caryophyllene and GLVs like (Z)-3-hexenal, (E)-2-hexenal e (£)-3-hexenyl acetate),
chosen among those induced by S. Zttoralis attack. Recently, the activation of Ca+ channels
have been also confirmed in a study on Arabidopsis thaliana * .

The modification in the metabolism of the receivers triggered by VOCs sometimes results
in a primed state, enabling the primed plants to mount a stronger defence if they encounter
a real threat later. Defensive responses in receivers activated by VOC exposure may involve
several steps, , starting with the modulation of gene expression and ending with production
of secondary metabolites active against forthcoming biotic or abiotic stresses ***. These
responses may directly protect against stressors > or may protect indirectly, enhancing the
“call” for other protective organisms (e.g. recruiting parasitoids) . The analysis of the

priming effects of VOCs on receiver plants is often empirical evidence of plant-plant
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communication. Moreover, it enables the formulation of hypotheses about the potential

application of VOCs in plant protection.

Mechanisms of VOCs perception in plants

In nature, the ability to perceive odorous volatile molecules has been described mainly in
insects and mammals. In both cases, volatile compounds, which are predominantly
hydrophobic, need to overcome the aqueous layer present in the mucosae of mammals and
in the antennae of insects to reach the neuronal cell membrane equipped with specific
receptors. In these two systems, odorant-binding proteins (OBPs) play a role in binding
VOC:s, solubilizing them, and transporting them to the olfactory receptors (ORs). OBPs and
ORs do not share homology between mammals and insects: mammalian OBPs have a beta-
barrel structural motif, while insect OBPs exhibit a globular structure composed of alpha
helices™. Similatly, mammalian ORs are G protein-coupled receptors (GPCRs) charactetized
by seven transmembrane o-helices and trigger the neural response via a second messenger
cascade. In contrast, insect ORs function as ligand-gated ion channels composed of two
subunits: a conserved co-receptor (Orco) and a highly variable odor-sensing subunit. In
insects the neural response is triggered directly through ion influx *'.

In plants, while it is assumed that VOCs can reach the mesophyll entering mainly from the
stomata, how the lipophilic molecules can overcome the aqueous cell wall region and reach
the cell membrane it is currently debated *. In the specific, researchers are trying to discover
whether plants own a sensing system involving nonspecific lipid transfer proteins (nsLTPs)
acting as OBP or perceive odours without OR and/or OBP.

Currently, a few proteins with the ability to bind VOCs, potentially functioning as OBPs,
have been identified in plants. One example is the receptor for the volatile moiety of the
phytohormone jasmonic acid (JA), which also exhibits high affinity for the JA ester, methyl
jasmonate (MeJA). This receptor is a COI1-JAZ complex, consisting of the coronatine-
insensitive 1 (COI1) subunit coupled with a jasmonate ZIM-domain (JAZ) protein. The JAZ
protein acts as a transcription factor suppressor; when JA or MeJA binds to COI1, the JAZ
protein is degraded, releasing the transcription factors that activate the plant response ».
Another example is salicylic acid-binding protein 2 (SABP2), an esterase capable of binding
methyl salicylate (MeSa), the volatile ester of salicylic acid (SA), and converting it into active

SA. After injury, SABP2 works in coordination with salicylic acid methyltransferase (SAMT),
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which produces MeSa from SA, to rapidly propagate the systemic acquired resistance (SAR)
signal throughout plant tissues™.

In 2019, it was demonstrated in Nicotiana tabacum that TOPLESS-like proteins can bind
sesquiterpenes, particularly B-caryophyllene **, while only recently the karrikin receptor KAI2
in petunia pistils has been identified as (—)-germacrene D binding proteins. This VOC,
binding the PAKAI2 mediates the degradation of transcriptional co-repressor SMAXT1, and

allows the correct pistils development *.

Beyond these three remarkable examples, no other OBPs or ORs have been identified in
plants. Nonetheless, the ability of plants to perceive VOCs is well-documented, and plants

themselves are among the most prolific VOC producers in nature.

Reverse genetics: TILLING and CRISPR-Cas9

Genetic manipulation has always been, consciously or unconsciously, the foundation of the
artificial selection of varieties and cultivars with traits desired by farmers and consumers.
With the advent of genetic knowledge, Mendelian principles, and later, the understanding of
genetic codes underlying phenotypes, the approach to selection in agriculture received a
significant boost. This progress made it possible to identify the genes responsible for
regulating processes such as biomass development, flowering, maturation, and more.
Forward genetics is a method used to identify genes or groups of genes responsible for a
specific phenotype in an organism. This approach begins with the observation of a
phenotype and works backward to uncover the underlying genetic cause. In forward genetics,
the biotechnological application of mutagenesis of multicellular tissues, such as seeds,
produces the first generation (M1), which is a genetic mosaic in which each line contains
unique mutations. This is the most used method to identify plants with desirable traits that
can be directly incorporated into breeding programs. Reverse genetics aims to uncover
gene functions by examining the phenotypic effects of specific engineered genetic changes.
Unlike classical genetics, reverse genetics starts with a gene or protein of interest, for which
little or no functional information is available, and proceeds by creating or detecting targeted
mutations to observe the resulting phenotypes. Key tools for reverse genetics include 7 vitro
mutagenesis and gene modification techniques.

Two main approaches can be used to pursue reverse genetics: screening a collection of
randomly generated mutants to identify variants in a gene of interest (e.g. TILLING) or using

a targeted technique, such as CRISPR-Cas9, Zinc Finger Nucleases (ZFNs) or Transcription
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Activator-Like Effector Nucleases (TALENS), to induce a gene modification helpful to

understand the gene function.

TILLING

TILLING, Targeting Induced Local Lesions in Genomes, is a method that allows researchers
to identify mutation in a collection of mutants. The creation of a TILLING platform is
consists of two main steps: the first one is the application of a chemical mutagen [typically
ethyl methane sulphonate (EMS)], to create a collection of random mutants, the second is
the high-throughput screening used to identify mutations in the desired target genes™. The
mutagenic agent EMS mostly induces point mutations (with a variable rate of 1
mutation/200-500 kb screened) in the My plants; to create a collection, M; and M,
generations are grown, DNA is extracted from individual M, plants, and DNA pools
consisting of 5-8 M2 plants are created. Finally, an Ms seed bank is established. The DNA
pools constitute the basis for screening, while the M3 seeds form the foundation for
subsequent phenotypic studies. This technique results in stable mutations and allows the
identification of loss-of-function or gain-of-function alleles. Moreover, it is particulatly
useful for non-transformable species *. TILLING has found its best application in
agricultural science, and has been used in the past twenty-five years in many studies as a tool
for crop improvement (e.g. with Zea mays, Triticum aestivum, Pisum sativum **). Nevertheless,
since it is based on random mutagenesis, the desired mutation in a target gene might never
be found. For the scope of this project the phenotype of one line of tomato S. Aeopersicum
cv. Red Setter, generated and screened following the TILLING approach, has been

investigated in relation to VOCs sensing. Details are described in Chapter 3.

CRISPR/Cas9

In 2012, the genome editing method based on Clustered Regularly Interspaced Short
Palindromic Repeats - CRISPR-associated protein 9 (CRISPR-Cas9) was demonstrated for
the first time®, and, since then, hundreds of new experiments have been conducted
wortldwide in basic and applied research, including part of the work presented in this PhD
thesis. Among the techniques used for genome editing, CRISPR-Cas9 represents one of the
most effective methods.

The CRISPR-Cas9 technique for genome editing is based on engineering the bacterial type
II immune system, which involves two main components: a strand of RNA and an

endonuclease protein, called Cas. It is worth mentioning that many Cas protein are known
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and find application in specific systems, but the Cas9 is the most widely employed thus often
the system is known as CRISPR-Cas9.

In nature, when a bacterium with the type II immune system encounters foreign DNA,
especially that of phages, it integrates a fragment of this DNA (the “spacer” sequence) into
its genome at the CRISPR locus. The bacterium retains a memory of encounters with
pathogenic viruses and actively responds during subsequent infections by transcribing an
mRNA (called CRISPR RNA, ctRNA), which contains the viral sequence, and another
mRNA called tractRNA (trans-activating ctrRNA), which anchors and activates the nuclease
Cas9. The resulting complex (Cas9 + tractRNA + crRNA) then searches for the DNA
sequences that match the spacer sequence. Cas9 contains two endonuclease domains (HNH
and RuvC), which cleave the complementary and non-complementary strands of the target
DNA, inactivating the virus. Besides the spacer, to initiate cleavage, the Cas proteins also
need to recognize a protospacer adjacent motif (PAM), a small repetitive sequence that flanks
the spacer on the foreign DNA (NGG for Cas9) but is not part of the CRISPR locus.

For biotechnological applications, the two RNA strands (ctRNA and tractrRNA) have been
combined into a single-guide RNA (sgRNA), and the possibility of easily modifying this
sequence in a few steps has made CRISPR-Cas9 one of the simplest techniques to induce
targeted mutations.

The sgRNA contains a target sequence, often called the “Guide” (corresponding to the
“spacer” of the type II immunity system), approximately 20 bp long, flanked by the specific
PAM (NGG for Cas9) the nucleotide sequence that binds to Cas9. The endonuclease moves
along the DNA molecule, unrolling and opening the double helix, searching for a match
between the sgRNA and the DNA sequence. When the sgRNA finds a complementary
sequence on the DNA, Cas9 causes a double-strand break (DSB)* (Figure int.1).

The mechanism of DNA repair can proceed via two pathways: non-homologous end joining
(NHE)), which is error-prone and can result in mutations that disrupt the gene, or homology-
directed repair (HDR), which works in the presence of a donor construct. The NHE] repair
process is serendipitously imprecise, and some nucleotides may be added or removed,
causing impactful mutations*.

Cas9-sgRNA complex is deliverd into plant cells either through physical methods
(microinjection, biolistics, membrane disruption by electroporation, protoplast
transformation, etc.”), or via Agrobacterinm tumefaciens, which inserts the genetic sequences of

Cas9 and sgRNA into the plant genome. The latter method is widely used, while other
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technologies are required for plants that are not easily transformable or when the goal is to
obtain non-GMO plants. In this thesis, plants of S. Aecopersicum cv. Red Setter and cv.
Microtom were transformed via A. fumefaciens for the introduction of the Cas9 and sgRNA
sequences containing the Guide complementary to the target genes. Details are reported in

Chapter 3.
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Figure int.1: Schematic description of the mechanisms of CRISPR/Cas9-induced genome editing.
The Cas9-sgRNA complex binds any genomic region with a PAM sequence (shown in green). If the
spacet sequence (the first 20 nucleotides at the 5' end, shown in blue) of the sgRINA is complementary
to the genomic sequence immediately upstream of PAM, the Cas9 endonuclease will make a DSB at
three nucleotides upstream of PAM (indicated by red triangles). If the DSB is repaired by the error-
prone NHE] pathway, an indel could be introduced at the DSB site. An indel within an exon or a
gene promoter knocks out the gene of interest. Alternatively, with the presence of a donor template
(single- or double-stranded), which is flanked by sequences that are homologous to the genomic
region adjacent to the DSB (indicated by the dotted lines), gene replacement can be introduced
through the HDR pathway. From:** Appl Plant Sci, Volume: 8, Issue: 1, 2020, DOI:
(10.1002/aps3.11314)

The model species: Solanum Iycopersicum L.

Tomato originates in South America, in the Andean regions, and was introduced in Europe

in the 16" century. It was desctibed with the specific name Solanum lycopersicum by Linnaeus
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in 1753, who collocated the plant in the Solanaceae family. After a revision made by Philip
Miller in the 1768, the species was relocated to the genus Lycopersicon and renamed
Lycopersicon esculentum. Recent advancements in genomics have repositioned the species into
the genus Solanum, confirming its original classification as Solanum lycopersicum *. Tomato has
been generated merging over twelve wild species, among which S. pzmpinellifolium is the closest
relative. S. Jycopersicum cerasiforme is considered an intermediate stage between wild and

cultivated forms of S. hegpersicum *°

. Like other crops (corn, rice), tomato is characterized by
high plasticity, with few loci controlling many morphological key aspects facilitating the
selection of new phenotypes and the divergence of new cultivars. At present 8812 varieties
are registered only in Europe (from EUPVP - COMMON CATALOGUE). Due to its
agronomic value and genetic features, tomato has become a model species for studies in basic
and applied research, especially in crops producing fleshy fruits. In fact, tomato plants, in
addition to producing fruits with high nutritional value, widely consumed and marketed, have
a short life cycle, are able to grow in different conditions, own a relatively small genome (950
Mb and 12 chromosomes), are diploids, self-pollinated, with high rates of homozygosity and
easily propagated through vegetative explants *. Regarding VOCs production, Tomato
plants can have up to 7 different types of trichomes in leaves, three of which are classified as
glandular trichomes (type I, VI, VII) ¥ and accumulate secondary metabolites, including
VOCs *. The presence of storage organs in the leaf surfaces makes the study of VOC
emission from tomato plants very interesting. Moreover, as a plant model for crops with
flashy fruits, tomato plants volatilome and its implications in plant defence and multitrophic
relations has been extensively explored **™*. For its agronomic value and the versatility in
biotechnology applications, S. Jcopersicum was chosen for the investigation on volatiles

receptors in the present thesis.

Objectives

The overarching goal of this scientific project is to deepen our understanding of plant
responses to volatile organic compounds (VOCs) by integrating physiological, genetic, and

molecular approaches.

The project sought to uncover genes that may play a pivotal role in the perception of VOC:s,
shedding light on the molecular mechanisms underlying this crucial aspect of plant signalling,
and plant-plant communication. To achieve this, TILLING-mutagenized plants carrying

point mutations were employed to assess the functional involvement of candidate genes in
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VOC sensing. These mutants offer a valuable resource for elucidating the genetic basis of
plant responses to VOCs and provide critical insights into how specific genes contribute to

this process.

Furthermore, the genome editing techniques CRISPR-Cas9, was utilized to generate targeted
mutants with gene silencing for the identified genes. After creating these mutants, during the
project their ability to perceive VOCs were also tested, offering a robust experimental

framework to confirm the roles of these genes in priming and VOC signalling.

A side objective was also to identify a physiological marker of priming that was both simple
to detect and faster to assess than traditional transcriptomic analyses, providing a practical
and efficient tool for future studies. This marker would enable the monitoring of priming
processes with greater ease and precision, advancing our ability to evaluate plant stress

responses.

Through these integrated objectives, the project aims to bridge phenotypic observations with
genetic mechanisms, advancing our knowledge of plant responses to volatile signals and

paving the way for innovative applications in agriculture and plant biotechnology.
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Chapter 1: Markers of priming: preliminary experiment

on 8. Iycopersicum cv Red Setter

1.1 Introduction

At the onset of the project, a pivotal question emerged: how to determine whether a plant
has perceived a volatile organic compound (VOC), particularly when the aim is to silence a
hypothetical VOC receptor. To address this issue, the first experiment described in this
chapter was designed, building on previous studies that demonstrated VOC perception
through the priming effect . In such studies, a plant under biotic or abiotic stress,
commonly induced by insect feeding or mechanical injury, acts as a VOC emitter and shares
an airflow with a healthy plant referred to as the receiver. The receiver plant, after exposure
to the emitted VOC:s, is subjected to stress and various parameters (depending on the study)
are measured, to assess if it is able to react to the stress more effectively and thus can be
considered “primed”. This priming effect in the receiver plants is the demonstration of VOC
perception. Alternatively, some studies use an artificial source of VOCs to induce priming,

generally to study the specific effects of a volatile or of a specific blend **.

With the purpose of gathering detailed information on the plant system for the further
experiments and identify measurable effects of VOCs sensing, a pilot test using S. yegpersicun:
cv Red Setter wild type plants, was carried out. Drought stress was applied in this first
experiment: this abiotic stress in fact is known to stimulate the plant de #ovo production of
VOC s, and the effect of these volatiles in the activation of priming in neighbour healthy

plants has been demonstrated in several studies 78,

Drought stress led also to focus on the physiological aspects of the priming, which are the

first to respond to external stimuli.

1.2 Material and methods

1.2.1 Plant material

Seeds of S. heopersicum cv. Red Setter were provided by ALSIA (Agenzia Lucana di Sviluppo
ed Innovazione in Agricoltura, Metaponto, MT). The plants were grown in greenhouses

belonging to the same facility.
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A first set of plants was sown and grown under controlled conditions (photoperiod 8h
dark/16h light, temperature 26°C) for six weeks, after which water supply was reduced to
30% of the field capacity (FC). Usually, plants maintained with water level below 40% of FC
are considered to be under stressful conditions, sufficient to activate stress tolerance
responses but not severe enough to cause wilting’. Pots were weighed immediately after
manual irrigation (100% FC) and again before the subsequent irrigation. The difference
between these two weights represented the evapotranspiration and was used to calculate the
amount of water required to maintain the FC at 30%. The plants were then regularly irrigated
with a reduced amount of water (high-frequency deficit irrigation, HFDI)’. This group of

plants served as the drought stressed VOC emitters (E).

32 plants of the same cultivar were sown two weeks later, grown under the same conditions
of light and temperature, but kept well-watered until the 5" week. This group of plants was

the group of the receivers (R).

1.2.2 Experimental design

The experiment began when E plants reached seven weeks and the R plants five weeks. The
E group had been maintained in stressful condition for one week, and the effectiveness of
the water reduction was also assessed by the measurements of stomatal conductance, which
showed values of approximately 50 mmol m—2 s—1 in all E plants, using a porometer (LI-
600, Li-cor. Inc., US). two pots containing the E plants were placed in the centre of two
square, top-opened boxes (W=1.5m, H=0.6m), surrounded by eight pots containing the R
plants. Tops of the boxes were sealed with large plastic sheets to create a closed chamber
(Figure 1). Control R plants were placed in two other boxes (eight plants each) without the
presence of E plants. The plants E and R remained in contact, sealed in the boxes for 24

hours to induce VOC priming (Table 1).

One day before VOC exposure, irrigation was stopped and since then kept at the 30% of the
field capacity for 16 R plants (eight primed and eight not). These plants were not in a stressed
condition during the priming experiment but became water-stressed afterward. This timing
was established by previous tests. After 24 hours in the closed boxes, the plants underwent

the analyses described below.

26



Different data were collected at two distinct time points to evaluate the immediate effects of
priming, and long-term impact on physiology and phenotype under prolonged and
intensified stress conditions. The first measurements (T'1) were taken immediately after the
VOC exposure and in the first hours of water stress. Two months later, water stress (WS)
was intensified by completely interrupting the water supply. Measurements at T2 were taken

one week after this interruption, a few hours after a necessary rewatering (Table 2).

| ‘“ {I" rwmm e! -.-
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Figure 1: Boxes containing the plants during the priming experiment. A) Detail; B) Four boxes,
each one corresponding to one thesis.

Table 3: Scheme of the priming experiment.

BOX1 BOX 2 BOX 3 BOX 4
Priming Priming+WS | WS Control
n. Emitters | 2 2 - -
n. Receivers | 8 8 8 8
Group name P-NS P-S NP-S NP-NS
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Table 4: Summary of the measurements carried out in the two time points.

RNA VOC PHYSIOLOGICAL
PHENOTYPING
EXTRACTION SAMPLING MEASUREMENTS
TIMING T1 T1, T2, T1, T2 T1-T2
N° OF
PLANTS
3 5 3 5
(PER
THESIS)
KIND OF . _ . _
Destructive Conservative Conservative Conservative
ANALYSIS

1.2.3 RNA extraction, sequencing and analyses

Total RNA was extracted using E.Z.N.A. Plant RNA Kit according to manufacturer’s
protocol (Omega Bio-tek). The RNA extraction was performed on homogenized nitrogen
frozen plant material coming from leaves and stems of three biological replicates for each
thesis at T1. RNA concentration and purity was estimated by using the NanoDrop One”
UV-Vis spectrophotometer (Thermo Fisher Scientific®, USA).

RNA sequencing was conducted by Novogene (UK) utilizing next-generation sequencing
(NGS) technology.

The reads were aligned to the reference S. heopersicum genome ITAG release 4.0. The
mapped reads were counted and normalized into fragments per kilobase of transcript per
million (FPKM).

The differentially expressed genes DEGs were individuated using R version 4.4.2., DESeq2
R/Edge R, R packages, considering the expressed genes with a log2 fold change>1 and
adjusted p value < 0.05. The principal component analysis on all the reads (variance # 0) was

performed using DESeq2 R (v 1.46.0)

(http:/ /www.bioconductor.org/packages/release/bioc/html/) with default parameters.
The filtered DEGs were also considered for the analysis through MapMan (3.6 ORC)". This

software was used to obtain an overview of the pathways influenced by treatments in the
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four considered condition. The mapping file was created using Mercator 4.0

(https://www.plabipd.de/mercator main.html) and the reference genome ITAG 4.0.

The g:Profiler toolset'" was used to obtain the gene ontology (GO) analysis on DEGs with
log2 fold change >1/<-1 and adjusted p value <0.05 and a dot plot was generated using the
ggplot2 package in R (R Core Team, 2023). The datasets were pre-processed and reshaped

into a long format using the reshape2 package .

1.2.4 Real-Time Quantitative Reverse Transcription PCR (qRT-PCR)

To confirm the results obtained from the RNA sequencing, Real-Time Quantitative Reverse
Transcription PCR (qRT-PCR) was performed on the genes which showed differential
expression in the RNA sequencing and contribute strongly to the GO enrichment. The
selected genes are reported in Table 3. All these genes were upregulated in the three
treatments P-S, P-NS and NP-§, and involved in abiotic stress response.

Those are genes encoding two aquaporins, the tonoplast instrinsic protein 1.2 (SITIP1.2) and
plasma membrane intrinsic protein 1.7 (SIPIP 1.7), involved in water stress response and
upregulated in the three treatments P-S, P-NS and NP-S. One transcription factor ASR7
(Abscisic acid stress ripening 1) also involved in abiotic stress response and associated in
literature to the transcription of aquaporins, showing an expression trend similar to S/ITP7.2
and S/PIP 1.7, was also chosen. T'A574, encoding for a dehydrin protein, was also quantified
as considered as a typical water stress marker, coherently with RNA-SEQ results (up
regulated in the P-S and NP-S). The housekeeping gene Elongation Factor 1 alpha (S/EF7-
a) was used as an endogenous reference gene for the normalization of the expression levels
of the target transcripts. All primers were designed de novo except primers for 14574 and for

S/EF1-a which were taken (Table 3).
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Table 3: Primers used for the qRT-PCRs.

Pr. Fw sequence

Pr. Rev sequence Amplicon

Locus Gene Source
5'-3' 5'-3' size
CAAATCGGTA TCICTTCCICT
Solyc04g071610.4  ASRT AACTTGGCAC ATCTTGTGTTT 109 Designed
TG GT de novo
CAATACGGCA Chitarra
TGTTTCTTGGA
Solyc02g084850.3 T AS14  ATCAAGACCA 63 et al.,
CATGGTTTCCA
AA 2016
GGAGCATAGA
GGTGGCTCTT
Solyc03¢096290.3  S/PIP1.7 GAAGAGGATG 105 Designed
TGTAGTCCTT
TG de novo
TTGTAGGAGG GATGTTTCCA
Solyc062075650.3  S/TTP1.2 TCACATTACAC GTCCACCAGTA 115 Designed
TTT G de novo
CTCCATTGGG GGTCACCTTG Catola et
Solyc062005060.3  SIEF1-o 101
TCGTTTTGCT GCACCAGTTG al.2018

Before the application of the protocol on the experimental sample, the primers were

validated by using three different concentrations (100-200-400 nM), and the melt curve was

analysed to exclude the occurrence of aspecific amplification.

The reaction efficiency was evaluated using four scalar dilutions of RNA, (50, 25, 12.5 and

0.25 ng), using the formula:

-1

E= <1oslope> ~1
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The qRT-PCRs were performed using the Applied Biosystems™ StepOne™ Real-Time
PCR System, (Thermo Fisher Scientific, Waltham, USA). The kit Luna® Universal One-Step
RT-qPCR Kit (New England Biolabs), with SYBR Green intercalant for the quantitation of
target RNA sequences, was employed to perform qRT-PCRs. The reactions were prepared
in 20 pl, using 1X of Luna Universal One-Step Reaction Mix, 1X of Luna WarmStart® RT
Enzyme Mix, 0.4 uM of Forward and Reverse primers and 12.5 ng of RNA sample.
Following Luna® Universal One-Step RT-qPCR Kit, the cycle steps were: 1) Reverse
Transcription (55°C 10 minutes) 2) Initial Denaturation (95°C 1 minute); 3) 40 cycles of:
Denaturation (95°C 10 seconds) + Extension (60°C 10 seconds); 4) Melt Curve 60-95°C.
All reactions were performed using three independent biological and three technical
replicates. The relative quantification was performed comparing the Ct of target genes with
SIEF1-« using the 2—AACt method"”. The two-tailed Student’s t-test for independent
samples was used for the evaluation of statistical significance.

The comparison between the Log2Fold Change values, derived from the gqRT-PCRs and the

RNA-SEQ results was carried out applicating a Pearson’s Tests.

1.2.5 VOCs emission sampling and analyses

Volatile organic compounds emissions from tomato leaf samples were analyzed with a
commercial PTR-MS equipped with Time of flight and quadrupole ion guide (PTR-Qi-TOF
MS, Ionicon Analytik GmbH, Innsbruck, Austria) by using H30" as reagent ion for the
proton transfer reaction.

VOCs were measured by direct injection of the volatile mixture into the PTR-Qi-TOF-MS
drift tube via a heated (80 °C) peek inlet tube connected to a LICOR cuvette with a flow rate
of 35 sccm (standard cubic centimetres per minute) for 6 minutes (Figure 2).

The drift tube conditions were 80°C T, 3.80 mbar drift pressure and 900 V drift voltage
corresponding to an E/N ratio of about 125 Townsend (1 Td = 10" V em?) (with E
corresponding to the electric field strength and N to the gas number density). The acquisition
rate of TOF mass spectrometer was one spectrum per second.

The raw PTR-Qi-TOF-MS spectra were acquired by the TofDaq software (Tofwerk AG,
Switzerland) and processed using the R package ptairMS. To achieve a good mass accuracy
an internal calibration was performed on three calibration points: m/z =21.022 (H30+),

m/z =203.943 (1,3-diiodobenzene fragment of internal gas standard) and m/z 330.848 (1,3-
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diiodobenzene internal gas standard). Leaf VOC concentrations were expressed as
normalized count per second (ncps). The m/z signals were blank corrected by subtracting
the signal obtained from the empty LICOR cuvette. Instrumental masses were manually
removed from the data set. The statistical analyses, including Heatmap, Principal component
analysis (PCA), Analysis of Variance (ANOVA, p = 0.05) and Tukey’s HSD post hoc test (p
< 0.05) were petformed using Metaboanalyst platform (https://www.metaboanalyst.ca).
Most of the mass peaks were tentatively identified based on the available literature, while a

few were identified by the comparisons with genuine standards.

Figure 2: VOCs sampling using the LICOR cuvette.

1.2.6 Physiological parameters

The measurements of gas exchanges were carried out using a portable gas exchange system
GFS-3000 (Walz, Effeltrich, Germany). The system allows for the imposition of controlled
conditions of light, temperature, relative humidity, flow intensity, and CO2 concentration
within the cuvette (or Measuring Head). The measurements were taken on a leaf area of 3
cm? from fully developed and intact leaves, belonging to the fourth apical whorl. Three
replicates were analysed for each experimental thesis. Inside the cuvette, the following
conditions were set: temperature at 25 °C, relative humidity at 40%, air flow at 300 pmol/s,
and CO; concentration at 400 ppm. The rates of Photosynthesis rate (A) (umol m—2 s—1),

transpiration (E) (mmol m—2 s—1), stomatal conductance (GH,O) (mmol m—2 s—1),
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maximum quantum efficiency of photosystem II (Fv/Fm), leaf temperatute (T Leaf °C) were
measured between 08:00 a.m. and 12:00 p.m. The measurements were taken both in dark
and light conditions, with an incident PAR of 350 umol-m—2-s—1, except for Fv/Fm which
was measured only under dark conditions, and A, which was assessed only under light
conditions. This value was chosen based on the photosynthetic response of the leaves to
increasing PAR gradients (0, 50, 100, 150, 200, 250, 300, 350 umol'm—2-s—1).

The leaf-level gas exchange data were analysed with R version 4.4.2. After verifying the
distribution of the data and homoscedasticity, significant differences between the
experimental groups were evaluated using ANOVA with Tukey's post-hoc test in the case of
normal distribution and homoscedasticity, or through the Kruskal-Wallis test followed by
Dunn's post-hoc test with Bonferroni correction for non-normally and non-homoscedastic
data. Correlation analysis was conducted using the Pearson or Spearman test to assess the

correlation coefficient and p-value.

1.2.7 Plant phenotyping

Plant images were acquired through the High Throughput Plant Phenomics Platform (HTP)
at the Phenolab of the ALSIA (Agenzia Lucana di Sviluppo ed Innovazione in Agricoltura,
Metaponto, MT) based on the LemnaTec Scanalyzer 3D system. The system is equipped
with camera stations capable of capturing images in near-infrared (NIR), ultraviolet (UV),
and visible light (RGB). In addition, the platform includes an automatic irrigation and
weighing system and digital infrastructures for data acquisition, management, storage, and
processing. Image acquisition started on one-month-old plants and continued for the entire
duration of the experiment with two acquisitions per week. Five replicas were analysed for
each experimental thesis. Each plant was photographed from a top view (Top View, T) and
from two sides (Side View, S) with a relative angle of 90 degrees (Figure 3). Images were
captured with an RGB camera with a SONY ICX274 CCD sensor. The main phenotypic
parameters were: Projected Shoot Area, Height Above Reference, Senescence Index Side
View/Top View, Solidity Top View, Hue Circular Mean Side View/Top View, NIR Mean
(Side View), NIR standard deviation (Side View). These data were extrapolated using the
Lemna Grid software  (https://www.lemnatec.com/lemnagrid-now-with-machine-

learning/) associated with the LemnaTec Scanalyzer 3D system.
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Figure 3: Examples of three orthogonal images captured by the LemaTech Scanalyzer 3D system.
From the left: Top view, Side view 1, Side view 2.

1.3 Results

1.3.1 RNA sequencing

The RNA-Seq at T1 led to map in total 19540 genes to the reference genome. The co-
expression analysis indicates that among those genes, 17771 genes were shared in all the
conditions, while some were expressed only in treatments (P-S:106, NP-S8:105, P-NS: 328,
NP-NS:169). The condition P-NS showed the highest number of unique genes expressed
(328) (see Venn diagram Figure 4).
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Figure 4: Venn diagram showing the co-expression of genes in the different experimental
conditions

To identify the key features contributing to variability in the dataset, a Principal Component
Analysis (PCA) was performed. The first two principal components (PCs) captured a
cumulative variance of 84% with PC1 and PC2 accounting for 53% and 31% of the variance,
respectively. The scores plot (Figure 5) revealed distinct clustering of samples. Samples NP-
NS (no priming and no stress) and P-NS were clearly separated along the PC1 from stressed

samples. Moreovert, all stressed samples clustered together in the same quadrant.
p 5 p g q

PCA Plot RNA-Seq
10 P QN
A6
[ 2
AMQ\Q.NS &
.Aﬁ

o 0 A25Q
g priming
8
® @® nNP-NS
>
= @® N\P-s
® PNS
O ® pPs
a

-20

-20 -10 0 10
PC1: 53% variance

Figure 5: First two components of the PCA analysis of the RNA-Seq data. The variance explained
by each component is reported. Dots are labelled with individual plant code.
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Differential expressed genes analysis

After log2 fold change (FC) and false discovery rate (FDR) filtering, 1547, 1407, and 1206
DEGs were identified in P-S, NP-S, P-NS, compared to the control (NP-NS samples).

The analysis of differential expressed genes (DEG) with respect to the control condition
(NP-NS) highlighted that the P-S plants, the ones with the double treatment of priming and
stress showed the highest number of differentially expressed genes (1547) (Figure 6). Unlike

other groups, where over- and under-expressed genes were proportionally balanced, the

DEG

majority of differentially expressed genes (DEGs) in P-NS plants are upregulated.
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Figure 6: Bar plot showing the number of differentially expressed genes in the three treatments in
comparison to the group NP-NS

.

The software MapMan revealed differences in the general metabolic overview among the
three treatment groups (NP-S, P-S, and P-NS). Specifically, this tool highlighted that in the
NP-S group, there was a general upregulation of genes involved in light reactions, such as
the chlorophyll a-b  binding proteins  (Solyc12g011280.2,  Solyc07g063600.3,
Solyc01g105050.3, Solyc06g069730.3). Additionally, genes related to wax biosynthesis, such
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as CERT (Solyc01g088400.4.1, Solyc01g088430.4.1, Solyc02g085870.3.1), were upregulated,
along with genes involved in cell wall remodelling, secondary metabolism (including
flavonoid and terpenoid biosynthesis), and redox processes (Figure 7). ABA biosynthesis
pathway was also influenced by stress, with upregulation of two key enzymes: nine-cis-
epoxycarotenoid dioxygenase 4 (Solyc08g075490.4) and a dehydrogenase/reductase
involved in the conversion of xanthoxin to ABA-aldehyde during ABA biosynthesis
(Solyc04g071960.3). Conversely, ABA 8'-hydroxylase (Solyc082005610.3), which degrades
ABA, was downregulated (Figure 8).

In the P-S group, the double treatment appeared to induce a downregulation of genes
involved in several functions, including unexpectedly redox activity (e.g., 2-oxoglutarate
[20G]- and Fe(Il)-dependent oxygenases: Solyc09¢010000.4,  Solyc09¢010020.2,
Solyc09¢089680.4, Solyc09g089740.3), secondary metabolism, and cell wall modifications
(Figure 9). The ABA biosynthesis pathway was influenced in this group similarly to the NP-
S group.

Interestingly, the P-NS group exhibited a distinct behaviour. In this case, priming alone led
to alterations in a larger number of pathways. There was a general upregulation of genes
involved in redox activity, such as the aforementioned 2-oxoglutarate (20G)-and Fe(II)-
dependent  oxygenase  (Solyc09¢010020.2), but also  ascorbate  biosynthesis
(Solyc06g073320.3) and glutathione peroxidase 6 (GPX6) (Solyc12g056230.2) directly
involved in response to oxidative stress. Genes related to wax biosynthesis, such as the CER7
(Solyc01g088400.4.1, Solyc01g088430.4.1, Solyc12g100270.2) along with pathways involved
in cell wall remodelling, like galactinol synthase 1 (GolS1) (solyc01g100830.2) and several
cellulose  synthase like G1  (CSLGI1)  (Solyc07g043390.4,  Solyc082082650.2,
Solyc082082660.2, Solyc12¢014430.2) also resulted upregulated by the priming.

The secondary metabolism was greatly influence by the VOC sensing, specifically it was
observed the upregulation of several genes involved in flavonoid biosynthesis, such as
anthocyanidin 3-O-glucosyltransferase (Solyc09g089585.1), and terpenoid biosynthesis, like
farnesyl pyrophosphate synthetase (Solyc10g005820.3)(Figure 10).
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Figure 7: NP-S vs NPNS MapMan metabolism overview, considering all the DEGs of the NP-S
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Figure 9 P-S MapMan metabolism overview, considering all the DEGs of the P-S group, emerged
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Figure 10: P- NS MapMan metabolism overview, considering all the DEGs of the P-NS group,
emerged by the comparison with NP-NS, control group.

Enrichment analysis

The Enrichment analysis revealed substantial differences in the Biological Processes (BP)
and Molecular Functions (MF) in the three conditions compared to the control group NP-
NS.

Among the 1547 DEGs identified in the P-S group, a total of 864 were included in the
enrichment analysis. Similarly, 655 out of 1206 DEGs identified in the P-NS group and 815
out of 1407 DEGs in the NP-S group were included.

Interesting, the molecular function water channel activity (MF GO:0015250) resulted
enriched in all the treated groups (Figure 11). In particular this GO resulted enriched because

of the upregulation of several aquaporins: plasma membrane intrinsic protein 1.7
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(Solyc03g096290.3); tonoplast intrinsic protein 1.1 (Solyc06g074820.3); tonoplast intrinsic
protein 2.3 (Solyc06g060760.3); tonoplast intrinsic protein 1.3 (Solyc10g083880.2); tonoplast
intrinsic  protein 1.2 (Solyc06g075650.3) and NOD26-like intrinsic protein5.1
(Solyc08g013730.3).

Focusing on the differences among the groups, the NP-S group showed the enrichment
(Figure 11) of the biological process (BP) photosynthesis, light harvesting in photosystem I
(GO:0009768) and the molecular function (MF) chlorophyll binding (GO:0016168), due to
the upregulation of chlorophyll a-b binding proteins (Solyc12g011280.2, Solyc07g063600.3,
Solyc01g105050.3, Solyc062069730.3), as previously reported. Additionally, the BP steroid
biosynthetic process (GO:0006694) and the related MFF oxidoreductase activity, acting on
the CH-CH group of donors, NAD or NADP as acceptor (GO:0016628) were enriched due
to the upregulation of specific reductases, such as 2-alkenal reductase (Solyc07g045080.3), 7-
dehydrocholesterol  reductase  (Solyc06g074090.3), and Delta(14)-sterol reductase
(Solyc09g009040.3).

Regarding the enrichment of downregulated genes, in NP-§ plants (Figure 12), a reduction
in broad categories related to essential biological functions for plant defence and
development was observed. These include the BP cellular response to organic substance
(GO:0071310), enriched due to the downregulation of 25 genes, and the BP cell
communication (GO:0007154) and biological regulation (GO:0065007), enriched due to the
downregulation of 41 and 97 genes, respectively. These broad categories share many
important genes, such as calcium-dependent protein kinase 2 (Solyc03g113720.3); gibberellin
receptor (Solyc08g066350.2); auxin response factor (Solyc12g096960.2); ethylene response
factor (Solyc12g010570); calcium-binding protein CML38 (Solyc08¢007830.1); WRKY
transcription  factor  (Solyc06g073830.1);  jasmonate  ZIM  domain  protein
(Solyc07g063940.2); and proton pump-interactor 1-like (Solyc05¢013710.3).

The P-S group shared with the NP-S group the enrichment of the BP steroid biosynthetic
process (GO:0006694) and the MF oxidoreductase activity, acting on the CH-CH group of
donors, NAD or NADP as acceptor (GO:0016628) due to upregulation of the
aforementioned genes. In this group, the BP water-soluble vitamin metabolism
(GO:0006767), primarily driven by the upregulation of thiamine thiazole synthase, THI4
(Solyc07g064160.3), was also enriched. In the P-S group, some broad BP categories were

enriched for gene downregulation. In particular, the BP signal transduction (GO:0007165)
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and the BP transmembrane receptor protein serine/threonine kinase signaling pathway
(GO:0007178) were enriched due to the downregulation of several MAP kinases
(Solyc04g079400.3, Solyc10g009060.1, Solyc02g064980.1, Solyc07g051890.1,
Solyc07¢065250.3), ethylene response factors (Solyc12g056590.2, Solyc04g012050.3,
Solyc10g050970.1), and lectin receptor kinases (Solyc10g084860.1, Solyc09g005000.1,
Solyc05¢053010.1).

The DEG enrichment analysis for the P-NS group highlighted some terms enriched
exclusively in this group, such as the BP phenylpropanoid metabolic process (GO:0009698),
due to the upregulation of several oxygenases [e.g., 2-oxoglutarate-dependent dioxygenase
(Solyc07g043420.3);  gibberellin ~ 20-oxidase-2 (Solyc06g035530.3);  peroxidase
(Solyc112010120.2)], two laccases (Solyc04¢072280.3, Solyc07g049460.3), and cytochrome
P450 (Solyc10g078220.2). Thiamine thiazole synthase, THI4 (Solyc07g064160.3) was also
upregulated in this group, with the enrichment of the BP water-soluble vitamin metabolism
(GO:0006767).This group exhibited the fewest enriched terms due to gene downregulation,
with the notable exceptions of the BP cellular response to organic substance (GO:0071310)
and the BP cysteine biosynthetic process from serine (GO:0006535), driven by the
downregulation of regulators such as 1-aminocyclopropane-1-carboxylate oxidase 2
(Solyc07g049550.3), two-component response regulator ARR3 (Solyc03g113720.3), and
histidine-containing phosphotransfer protein 4 (Solyc082066350.2). Other enriched
categories included the BP response to cytokinin (GO:0009735) and the BP serine family
amino acid biosynthetic process (GO:0009070), primarily driven by the downregulation of
cysteine synthase (Solyc01g094790.3) and two serine acetyltransferases (Solyc07g065340.1,
Solyc02g082850.3).
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Figure 11: Bubble plot providing an overview of the molecular functions (MF) and biological
processes (BP) enriched for upregulated genes across the three conditions (P-S, P-NS, and NP-S)
compared to the controls (NP-NS). Each circle represents a GO term, with different colors indicating
p-values and the significance of the enrichment reliability. Circle sizes are proportional to the number
of genes associated with each category.
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Figure 12: Bubble plot providing an overview of the molecular functions (MF) and biological
processes (BP) enriched for downregulated genes across the three conditions (P-S, P-NS, and NP-S)
compared to the controls (NP-NS). Each circle represents a GO term, with different colors indicating
p-values and the significance of the enrichment reliability. Circle sizes are proportional to the number
of genes associated with each category.
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1.3.2 qRT-PCR

All the used primers gave an efficiency between 99% and 111%: ASR1= 105%; TAS14=
111%,; SIPIP1.7= 109%; SITIP1.2= 99%; EF1-a= 111%. 400 nM was assessed as the best
primer concentration for the reactions. The relative expression levels of the target genes
were calculated using the 2**“ method", normalized against the reference gene elongation
factor S/EF7-a. The expression in treated samples (NP-S, P-NS, P-S) was compared to the

untreated control (NP-NS). Relative fold changes [27%%“] are shown in the Figure 13.
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Figure 13: Bar plot showing qRT-PCR results. Bars represent Fold Change 2-24¢t mean + SE. Bars
labelled with different letters indicate statistically significant differences (p < 0.05 according to the

pairwise t-test).

Three out of four qRT-PCR results obtained were concordant with the RNA Seq data. A
correlation analysis between microarray and qRT-PCR expression data (normalized as Log 2

Fold Change) yielded a Pearson’s value of 0.828 (»<<0.001).
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1.3.3 VOC analysis

Firstly, the VOCs produced by the emitters were analysed and compared to VOCs emitted
by healthy plants (NP-NS). The principal component analysis (PCA) on “Emitters” and
“NP-NS” VOC data, based on 196 detected masses, cumulative explained 81.5% of total
variation (72% PC1 and 9.5% PC2) and showed a clear separation between the two
conditions (Figure 14-A). The #fest between “Emitters” and “NP-NS” identified 163 masses
that varied significantly. The volatilome profiles (Figure 14) showed that “Emitters” released
a higher number of VOC at higher concentration in comparison to the control condition,
including many compounds of chemical classes such as aldehyde, ketones alcohols.

Some of the VOCs over emitted in response to drought stress were putatively identified (p.i.)
(Figure 14-C): as Benzyl alcohol (m/z 109.063), Styrene (m/z 105.0686), Methylsalycylate
(m/z 153.0543). Among the aldehydes were p.i. the Hexanal (m/z 101.0855), Nonanal (m/z
143.1432) as well as Heptanal fragment (m/z 97.1), Octanal fragment (111.1157), Nonanal
fragment (m/z 123.1158) and Kaurene (m/z 273.258).
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Figure 14. Volatilome analysis of the Emitters and controls during priming: A) Principal component
analysis on Emitters and Controls (NP-NS). The variance explained by each component is reported
in brackets. B) Heat map showing the volatilome profiles of the two groups. The colour scale
represents normalized counts per second (CPS) for each detected mass. C) Box plot of masses with
significant differences between the two groups, putatively annotated as: m/z 109.063, p.i. as Benzyl
alcohol; m/z 105.0686, p.i. as Styrene; m/z 153.0543, p.i. as Methylsalycylate; m/z 101.0855 p.i. as
Hexanal; m/z 143.1432 p.i. as Nonanal; m/z 273.258 p.i. as Kaurene. Boxes labelled with different
letters indicate statistically significant differences (ANOVA, p < 0.05 and Tukey’s HSD post hoc

test p < 0.05).
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When comparing VOCs emitted by the four groups of receivers at T1, the PCA showed a
clear separation between the P-S and the remaining conditions on the PC1, and a separation
of the NP-NS (controls) group on the PC2 (Figure 15). The volatilome profiles showed that
P-S reduced the emission of VOCs in comparison to the other conditions (Figure 14). The
ANOVA and Tukey’s post hoc test identified 130 masses that varied significantly between
the conditions analysed. Among the putative masses identified, related to drought stress, a
reduction in P-S of the m/z 105.0686 (p.i., Styrene), m/z 273.258 (p.i. as Kaurene) that in
the “Emitters” and NP-S were identified as emitted at higher level (Figure 14 and 15 C), was
observed. In addition, other masses were identified as related to stress such as the m/z
143.1035 (p.i. as Hexenyl acetate, 2,3-Octanedione) and the m/z 129.1263 (p.i. as Octanal,
Octanone) that in P-S were emitted at lower level in comparison to the other conditions. On
the other hand, the m/z 109.0632, that in the “Emitters” was released at higher levels, was

emitted at lower level in both primed conditions.
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Figure 15. Volatilome analysis at T1: A) First two components of the PCA analysis of volatilomes
of the different groups. The variance explained by each component is reported in brackets. B) Heat
map showing the volatilome profiles. The colour scale represents normalized counts per second
(CPS) for each detected mass (individual plants codes are labelled at the bottom of the graph). C)
Box plot pf masses putatively annotated as involved in drought response as well in general stress:
m/z 109.063 p.i. as Benzyl alcohol; the m/z 105.0686, p.i. as Styrene; the m/z 101.0855, p.i. as
Hexanal; the m/z 143.1035 p.i as Hexenyl acetate, 2,3-Octanedione; m/z 129.1263 p.i as Octanal,
Octanone and m/z 273.258 p.i. as Kaurene. Boxes labelled with different letters indicate statistically
significant differences (ANOVA, p = 0.05 and Tukey’s HSD post hoc test p < 0.05).
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At T2 (following two months of water deficit and the severe drought), PCA analysis revealed
a more distinct separation among the groups (Figure 16), with P-NS and NP-S remaining
closer to each other (as at T1), and a separation between the controls NP-NS and P-S. The
P-S group was characterized by a general reduction in total VOC emissions, as indicated by
the heatmap (Figure 16-B). The ANOVA and Tukey’s test identified 202 masses that varied
significantly among the conditions. Among the masses related to drought stress we identified
the m/z 153.0529 (p.i. as Methylsalycylate), the m/z 101.0902 (p.i. as Hexanal), the m/z
85.0995 (p.i. as Hexanol fragment, Hexene).
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Figure16: Volatilome analysis at T2: A) Principal component analysis. B) Heat map showing the
volatilome profiles. The colour scale represents normalized counts per second (CPS) for each
detected mass (individual plants codes are labelled at the bottom of the graph). C) Box plot pf masses
putatively annotated as involved in drought response as well in general stress: m/z 153.0529 p.i. as
Methylsalycylate, the m/z 101.0902 p.i. as Hexanal, the m/z 85.0995 p.i. as Hexanol fragment,
Hexene. Boxes labelled with different letters indicate statistically significant differences (ANOVA,
p = 0.05 and Tukey’s HSD post hoc test p = 0.05).
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1.3.4 Measurement of gas exchange at leaf level

Measurements carried out at T1, 24 hours after the priming experiment, did not show

significant differences in the values of Photosynthesis rate (A) (umol m—2 s—1) and

maximum quantum efficiency of photosystem II (Fv/Fm) between the experimental groups,

indicating the absence of detectable effects in terms of physiological stress (ANOVA

£>0.05).

The P-NS group showed, on average, higher values than the other groups in stomatal

conductance (GH2O) (mmol m—2 s—1) and transpiration rate (E) (mmol m—2 s—1), and at

the same time a slightly lower value of leaf temperature. However, these differences were not

statistically significant (ANOVA p > 0.05 for GH-O, Kruskal Wallis for E p >0.05) (Figure

17).
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Figure 17: Bar plots with mean and standard deviation of the variables measured at T1 on three
replicates: Maximum quantum efficiency of photosystem II (Fv/Fm); stomatal conductance (GH20),
Leaf temperature (Tleaf). Transpiration rate (E), Photosynthesis rate (A). (ANOVA p < 0.05;

Tukey's post-hoc test p < 0.05).
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Measurements carried out at T2 showed clear differences between stressed and non-
stressed plants mainly in the values of transpiration rate (E) (mmol m—2 s—1), stomatal
conductance (GH20) (mmol m—2 s—1) and maximum quantum efficiency of photosystem
IT (Fv/Fm). Stressed plants showed, as expected, significantly lower values than non-
stressed plants (Figure 18).
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Figure 18: Bar plots with mean and standard deviation of the variables measured at T2 on three
replicates: Maximum quantum efficiency of photosystem II (Fv/Fm), Stomatal conductance
(GH:0), Transpiration rate (E). Bars labelled with different letters indicate statistically significant
differences (ANOVA p < 0.05; Tukey's post-hoc test p < 0.05).

At T2 correlation analysis between Photosynthesis rate (A) and stomatal conductance
(GH20) and leaf temperature (T leaf) and stomatal conductance (GH2O) was performed,
highlighting distinct clustering patterns for each experimental group. Figure 19 shows the
relationship between CO2 assimilation (A) (variable Y) and stomatal conductance (GH,O)
(variable X): both in the P-NS and NP-NS groups, data follow a positive linear trend, with a
high Pearson correlation coefficient (P-NS: R* = 0.9, p value= 0.28; NP-NS: R* = 0.96, p
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value= 0.10), indicating that the increase in stomatal conductance is associated with an
increase in Photosynthesis rate. However, no appreciable separation emerged between the
Primed and No Primed groups, suggesting that priming did not induce obvious physiological
changes without stress.

In the case of plants subjected to stress, P-S and NP-S, the points of A and GHO are
distributed towards lower values compared to plants not subjected to stress and the
correlations between the two parameters are positive (P-S: R* = 0.98, p value=0.09 ; NP-NS:
R?=0.98, p value=0.09). In this case, it is possible to appreciate a separation pattern between
the two groups, with the P-S group presenting lower values than the NP-S group, suggesting
that the priming treatment and the stress reduced stomatal conductance and Photosynthesis
rate. The correlations between the analysed parameters were all positive, but not statistically

significant, probably due to the limited sample size for each group.
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Figure 19: Scatter plot 1 showing the relationship between Photosynthesis rate (A) (variable Y) and
stomatal conductance (GH:0) (variable X) in the four groups.

Figure 20 shows the relationship between stomatal conductance (GH2O) (variable X) and
leaf temperature (TLeaf) (variable Y) in the four experimental groups.

In unstressed plants, the values overlap and distribute towards a higher stomatal conductance
and a lower leaf temperature, with strongly negative correlations between the two variables

(P-NS: R? = -0.8, p-value = 0.38; NP-NS: R? = -0.99, p-value = 0.00).
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Among stressed plants, leaf temperature in P-S plants is higher than in NP-§, suggesting that
priming together with stress can induce a greater stomatal closure influencing

thermoregulation. Here too, a separation pattern between the two groups and a negative

correlation is observed (P-S: R* = -0.99, p-value = 0.05; NP-S: R* = -0.01, p-value = 0.98).
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Figure 20: Scatter plot showing the relationship between stomatal conductance (GH2O) (variable X)
and leaf temperature (TLeaf) (variable Y) in the four experimental groups.

1.3.5 Plant phenotyping

The trend observed at T1, after 24 hours of priming towards a greater stomatal opening and
a lower leaf temperature in the Primed No Stress group through gas exchange analyses at
leaf level was confirmed by image analysis, in particular, through the extrapolation of the
NIR (Near-Infrared) parameter (Figure 21). Statistical analysis (Tukey's post-hoc test)
highlighted a significant difference in leaf temperature between P-NS and NP-NS plants,

with the former resulting significantly cooler (p-value = 0.00).
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Figure 21: Bar plot showing the mean NIR reported in the four groups at T1 (Tukey's post-hoc
test).

At T2, Principal component analysis (PCA) of phenological parameters (Figure 22) showed
that PC1 explained 25.8% of the total variance and captured most of the variations related
to the physiological state of plants as it effectively separated stressed plants (negative regions
of PC1) from non-stressed plants (positive regions of PC1). PC2 explained 14.7% of the
variance, but it was not sufficient to provide an internal differentiation between subgroups

within the stress categories (P and NP).

PCA Plot phenological parameters

10-

Groups
NP-NS

[4] nps
P-NS

[ =k ‘ P-S

PC 2 (14.7%)

10 05 0.0 05 10 15
PC1(25.8%)

Figure 22: PCA plot of phenological parameters, showing a separation between the stressed and not
stressed groups.

Discussion

This first experiment revealed important aspects of plant-plant interactions mediated by

VOCs. Moreover, the analysis of VOCs produced by the emitters led to the putative
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identification of well-known bioactive compounds, including methyl salicylate (m/z
153.0543), hexanal (m/z 101.0855), and nonanal (m/z 143.1432)>'*"°. In the Emitter plants,
despite the low stomatal conductance that can affect the VOC release ', more VOCs were
detected, and at higher concentrations, compared to control plants. This result demonstrates
that water stress strongly influenced the rate of VOC production and, consequently, VOC
release'’. These VOCs (methyl salicylate, hexanal, nonanal) along with many others in the
significantly altered blend emitted by the stressed plants, constitute the priming input
delivered to the two groups of receiver plants (P-S and P-NS). This blend of VOCs had
detectable effects on the transcriptome within the first few hours after priming, although

these differences were not always apparent at the macroscopic level.

RNA-Seq carried out at T1, revealed a clear separation between the control group (NP-NS)
and the other groups highlighting those transcriptomic modifications occurred during the

experiment due to both the VOC sensing and the water stress.

One of the first effects observable, and highlighted from the GO enrichment analysis was
significant overexpression of genes related to “water channel activity” (MF: GO:0015250),
commonly associated with processes that manage water transport across cell membranes,
particularly in response to water or osmotic stress'®. Aquaporins are responsible for water
transport in the whole plant, but they are also essential for the regulation of stomatal
movement in the guard cells, and their upregulation is typically associated to the water stress
response Y. The overexpression of several Aquaporins (S/I1P1.2; S/PIP1.7; S/TIP1.1;
SITTP4.1, SITIP2.3, S/TIP1.3, SINIP5.7), in both stressed groups (P-S and NP-S) could be
trivial, but overexpression in the P-NS group is notable because this group, while not directly
stressed, was exposed to volatile organic compounds (VOCs). The qRT-PCR analysis
confirmed the upregulation of aquaporins S/PIP7.2 and S/I'1P7.7 in the three experimental

groups compared to the controls.

Moving deeper on observations made in each group, the data collected in NP-S plants led
to highlighting the transcriptomic changes occurred only due to the water deficiency. The
DEGs analysis comparing NP-S with NP-NS plants, showed that in this group there was a
general stronger downregulation with 908 genes downregulated, and 598 upregulated. The
deeper analysis performed with metabolism exploration using the MapMan software and GO
enrichment, led to observe the upregulation of genes involved in light reactions, as

chlorophyll a-b binding proteins (Solyc12g011280.2, Solyc07g063600.3, Solyc01g105050.3,
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Solyc06¢069730.3), and light dependent NADH protochlorophyllide oxidoreductase, which
can have a role in the photosystems protection in stressful conditions ***. Also genes
involved directly in the mechanical plant defence from water stress resulted upregulated, as
well as the genes involved in wax production, cell wall modification via lignin production
#2and maintenance of membrane homeostasis, through sterol modifications*. Moreover,
a clear alteration of ABA metabolism, with upregulation of the enzymes necessary to ABA
biosynthesis and the downregulation of ABA hydroxylases, is a clear signal of plant stress
response, due to the well-known role of ABA in osmotic stress response and in stomatal
movements™. The great number of downregulated genes, and the broad enriched categories,
could be indeed attributable to a general reallocation of the resources and on pathways
modifications. NP-§ plants reacted to water stress as expected at transcriptomic level, but no
significant differences were highlighted analysing the physiological measurements at T1,
while at T2, after prolonged stress the effects on stomatal conductance and photosynthesis
rate become observable and statistically significant, in comparison with NP-NS group. VOC
emissions sampling also gave clearer results at T2, when it was possible to observe high

emission of well-known stress induced VOCs, as methylsalicylate, hexanal and hexene.

The observations made on the P-NS group allow us to highlight the important effect of the
VOCs sensing alone and not associated with stress. The RNA-Seq analysis at T1 revealed
that this group differed from the other primarily because the number of upregulated genes
(862) was higher than the number of downregulated genes (344). Among the upregulated
genes many were in common with the stressed plants, as genes involved in cell wall
modification as CER7 (Solyc01g088400.4.1, Solyc01g088430.4.1, Solyc12¢100270.2), or
involved in redox activity®, as 2-oxoglutarate (20G)-and Fe(Il)-dependent oxygenase
(Solyc09¢010020.2), but also ascorbate biosynthesis®" (Solyc06g073320.3) and glutathione
peroxidase 6 (GPXO0) (Solyc12g056230.2). This observation may be explained as a direct
consequence of the pre-alerted state induced in the plants by the VOC exposure and of the

plant-plant communication.

The secondary metabolism also resulted strongly altered by the VOCs sensing at T1, with
upregulation of several genes involved in the biosynthesis of important plant antioxidants as

28,29

flavonoids (anthocyanidin 3-O-glucosyltransferase, Solyc09g089585.1), and terpenoid™
(farnesyl pyrophosphate synthetase, Solyc10g005820.3). In this group, thiamine thiazole

synthase, THI4 (Solyc07g064160.3), involved in the thiamine biosynthesis was also
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upregulated. All these alterations can be considered consistent with results obtained on
physiologic measurements and plant phenotyping. In fact, even if without statistical
significance, the trends observed in stomatal conductance, transpiration rate, leaves
temperature, suggest that in the P-NS plants VOCs sensing caused a stomatal opening in the
first hours after the treatment, at T1. This is corroborated by the NIR emissions observed
on the phenotyping platform, which was lower that all the other conditions, indicating lower
temperatures due to higher transpiration rates *'. The upregulation of aquaporins, which are
highly expressed in guard cells”, along with THI7 upregulation—a component of the ABA
signalling pathway in guard cells”>— might further support these observations. At T2 P-NS
group did not differ significantly from the NP-NS group for the considered parameters.

The analysis of data in the P-S group led to focus on the cumulative effect of the VOC
sensing and stress application. The transcriptomic analysis led to observe in general a strong
gene downregulation (1028 and 519 respectively down and upregulated compared to NP-NS
plants), as observed in the NP-S plants. Also, similarly to that group were observed the
modification of the ABA biosynthetic pathway and steroid biosynthetic process, but no
upregulation of genes involved in cell wall modification was observed. Moreover, in the P-S
plant upregulation of genes involved in the production of antioxidants observed in the P-NS
plants was not observed. This group thus share some features with both the other groups,
P-NS and NP-S, has expected being subjected to the double treatment. A very low VOCs
emission has been registered only in this group. However, the physiological measurements

and plant phenotyping did not allow to highlight significant differences at T1.

Conversely the measurements taken at T2 were primarily aimed at observing the long-term
effects of priming on plant resistance to prolonged stress, were more clear in separating the
stressed and not stressed conditions. The plants in fact were regulatly irrigated with a reduced
amount of water (HFDI), maintaining the field capacity (FC) at 30% for two months
following priming. In this case, the results on P-S plants were consistent but also somewhat

unexpected.

The volatilome analysis highlighted a clear separation of the four groups, with generally lower
VOC emissions in the P-S group, as also observed in the T1 measurement. It is worth noting
that the emissions of the P-S group consistently differed from those of the NP-S group,
indicating that this difference is primarily attributable to the effect of priming rather than

stress. This observation alone could represent a “memory effect” of the priming occurred
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about 60 days before the measurement. This reduction of VOCs in the primed-stressed
plants could seem counterintuitive, since the production of VOCs is one of the earliest
responses in plants facing abiotic stresses *****, but during water deficiency episodes, VOC
emissions are influenced by two contrasting factors: i) stress-induced de novo VOC
biosynthesis, and ii) increased resistance to VOC emissions due to stomatal closure. These
contrast may lead to an increase or a to decrease in total VOC emissions, driven by the plant
genetic background or on the severity of the stress . Typically induced VOCs have emission

30,36

rates directly proportional to the severity of the stress *, and the biosynthesis regards VOCs

helping plants cope with drought, as isoprene, monoterpenes and sesquiterpenes (antioxidant

and membrane stabilizers) 7%,

To clarify the picture emerging from the analysis of VOCs at T2, however, it is necessary to
further consider the data related to physiological measurements and their role in determining
the observed differences. Data collected with the gas exchange system GFS-3000 show in
fact that the P-S group was the most stressed, exhibiting the lowest maximum quantum
efficiency of photosystem II (Fv/Fm), the lowest photosynthesis rates (A), and the highest
leaf temperature (T leaf) and again the lowest stomatal conductance (GH2O). Since VOCs
are primarily released through stomata®, the enhanced stomatal closure caused by ptiming,

combined with stress conditions, drastically reduced VOC emissions in this group.

These results allow us to formulate some hypotheses. At T1, within the first hours after
priming, observable effects included enhanced stomatal responsiveness. This
responsiveness increased stomatal opening in primed plants not stressed (P-NS). This effect
could serve as our “marker” of priming, even if the direct role of VOCs in this pattern still

needs to be clarified.

Several studies had demonstrated the effect of VOCs on membrane potentials, modifying its
permeability to the ion fluxes and triggering the signal cascade *'. Changes in Ca?* fluxes
were observed in tomato cells following exposure to VOCs emitted by plants under
caterpillars feeding, and the effects on the electric potential of cell membranes were further
observed using synthetic VOCs, such as a-pinene, B-caryophyllene, and GLVs*. More
recently, these findings have also been corroborated in studies on Arabidopsis thaliana **.

However, VOC sensing can strongly alter plant transcriptome, with almost opposite effects

in case of further stress application or not, and the fact that the same blend of VOCs can
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induce opposite mechanisms in presence or absence of stress may indicate a more complex

signalling pathway linked to these volatile molecules.

The second hypothesis regards the long-term effect of priming: this experiment in fact led
us to observe a VOC memory effect. Even if data on more plants are needed, the difference
of status of highlighted in the P-S plants, two months after priming, can be the beginning of
new research on prolonged VOCs effect. Despite this relevant outcome, after two months
of water deficiency the primed and stressed plants resulted more stressed than the NP-S,
likely due to oxidative damage in the photosystem. This fact may suggest that the pre-alert
and the stronger plant response resulting from priming might not necessarily be
advantageous for the plant. More experiments, involving maybe the study of yield and
productivity would clarify the beneficial effects of this kind of VOC priming. Additional
experiments, possibly involving the study of yield and productivity, would help clarify the

potential beneficial effects of this VOC priming.

Conclusions

The findings of this study suggest that volatile organic compounds (VOCs) may play a role
in plant-plant communication and priming responses. Exposure to VOCs appeared to induce
transcriptomic changes, such as the upregulation of aquaporins and genes involved in
antioxidant biosynthesis, potentially enhancing the plant’s capacity to manage stress.
However, the effects of VOC priming varied depending on the context, with primed plants
showing improved short-term stomatal responsiveness but experiencing greater
physiological stress after prolonged water deficiency compared to non-primed stressed
plants. The observed "memory effect”" of VOC priming, reflected in altered VOC emissions
and stress responses after two months, raises intriguing questions about the long-term impact
of such priming. Future research focusing on yield, productivity, and resilience could help

clarify the benefits and potential trade-offs of VOC-mediated priming.
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Chapter 2: Priming experiment using XLG3 mutants
identified in a TILLING collection of S. Lycopersicum

cv. Red Setter

2.1 Introduction

TILLING, Targeting Induced 1ocal 1esions in Genomes, is a powerful method that enables
researchers to identify mutations in a collection of mutants. This approach involves two key
steps: first, the application of a chemical mutagen—typically ethyl methane sulphonate
(EMS)—to generate a collection of random mutants by inducing point mutations'. Second,
a high-throughput screening process is employed to identify mutations in specific target
genes. TILLING produces stable mutations and has proven particularly valuable in
agricultural science™, where it facilitates genetic characterization and reverse genetic
approaches. These approaches aim to uncover gene functions by examining the phenotypic
effects of specific genetic changes.

In the context of plant volatile organic compounds (VOCs) and their roles in defence and
communication, the TILLING approach offers an opportunity to investigate the genetic
basis of VOC perception, including the discovery of elusive odorant binding proteins (OBPs)
in plants. Reverse genomic strategies could be particularly instrumental in identifying and
characterizing OBPs, as they allow researchers to link genetic modification to the altered
phenotypic changes after VOC sensing,.

Plant-emitted volatile organic compounds play central roles in diverse ecological and
physiological processes. These small, lipophilic molecules, exhibit high vapor pressure at
room temperature, allowing them to easily disperse through the air. VOCs encompass a wide
range of chemical groups, including alcohols, hydrocarbons, aldehydes, ketones, ethers, and
acids, and are synthesized through distinct pathways, such as terpenoids,
phenylpropanoids/benzenoids, and fatty acid derivatives. While some VOCs are
constitutively emitted (e.g., isoprene), others are released in response to stress, such as methyl
jasmonate. VOCs have multiple roles and are not only vital for plant-insect interactions, such
as pollinator attraction and herbivore deterrence, but are also critical in plant defences.
VOCs also play a key role in plant-plant communication. Many studies have proven that
stressed plants release VOC blends, including methyl salicylate, green leaves volatiles (GLVs),

and terpenoids, which can prime neighbouring plants for enhanced stress tolerance® .
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Transcriptomic changes triggered by VOC exposure in receiver plants enhance their ability
to withstand both biotic and abiotic stressors. Despite substantial evidence supporting VOC-
mediated communication, the molecular mechanisms of VOC perception in plants remain
largely elusive. Unlike the well-characterized mechanisms of odorant perception in insects
and mammals, how plants perceive VOCs is not fully understood. In plants, three primary
hypotheses have been proposed’: OBPs in the apoplast may transport VOCs to membrane-
bound ORs, similar to insect olfactory systems; 2) VOCs might directly interact with ORs
on the cell membrane, activating downstream signalling pathways; 3) VOCs could alter
membrane polarization, initiating signalling cascades.

To date, only a few proteins with odorant-binding activity have been identified in plants,
showing affinity for ethylene, methyl salicylate, methyl jasmonate, and sesquiterpenes’™.
Despite significant advances, the precise molecular mechanisms underlying VOC perception
and signalling in plants remain unresolved. Understanding these processes could unlock new
strategies for enhancing plant defences and resilience. Whether through direct antimicrobial
activity, systemic resistance activation, or interplant communication, VOCs hold great
promise for sustainable agricultural applications.

In the previous chapter it has been described the experiment designed to determine whether
a plant perceives a blend of VOCs coming from stressed plants, exploiting the priming effect
112 a5 tool to individuate eventual VOC perception. Given the good results obtained, the
same experiment described in Chapter 1 has been performed on mutant plants coming from
a Solanum lycopersicum cv Red Setter TILLING platform", and it is described in the following
paragraphs.

2.2 Materials and methods

2.2.1 In silico analyses for the candidate genes identification

To identify candidate proteins with odorant-binding activity in plants, an 7 si/zco analysis was
performed.
The initial step was carried out with an initial database queries using well-established

databases  like  UniProt  (https://www.uniprot.org/uniprotkb) —and  NCBI = (

https://www.ncbi.nlm.nih.cov/), to search for odorant-binding proteins (OBPs) and

odorant receptors (ORs). The motifs (protein sequence patterns) of OBPs and ORs across
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different species (insects, vertebrates, and plants) were then compared to identify conserved
functional domains,

These conserved domains were then used as query sequences to search against the entire set
of Viridiplantae proteins.

Due to the high structural variability of OBPs and ORs, approximately 150.000 plant proteins
spanning 19 different protein families were identified. To refine the results, an e-value
threshold of le-11 was applied to filter the dataset, yielding a shortlist of 78.410 sequences.
Eight protein families (PF00233: Glycosyl hydrolases family 1, PF00275: Protein kinase
domain, PF01395: Major facilitator superfamily, PF02949: ABC transporter transmembrane
region, PF03392: Cytochrome P450, PF10165: DUF2406, PF13695: DUF4151, PF13853:
DUF4191) were subsequently selected for detailed functional domain screening across 2.087
sequences.

To identify candidates with potential odorant-binding functions, the analysis focused
primarily on the presence of binding sites (e.g., for ions, organic cyclic compounds, and
heterocyclic compounds), their involvement in plant defence responses, roles in signal
transduction, and participation in cellular communication.
Finally, 129 homologous candidate proteins were found in Solanum lycopersicum by comparing
the  selected  Virdiplantae — proteins  against  tomato  proteome  databases

(https://solgenomics.net/, https://www.uniprot.org/, https://www.ncbi.nlm.nih.gov/).

The identified proteins were then subjected to structural modeling to predict their ability to

bind volatile compounds, and their potential interactions in collaboration with CNR-ISA.
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List of functional domains in OBPs and ORs
(insects and vertebrates)

List of proteins in Viridiplantae containing the selected
functional domains: 19 protein families, ~150.000 sequences

Blast analysis against S. lycopersicum protein database: 129
proteic/genomic sequences

Uniprot/NCBI/ Solgenomics

Figure 23: Scheme of the followed bioinformatic pipeline.

2.2.2 Screening of the TILLING platform

For all candidate genes individuated from the bioinformatic analysis (see paragraph 2.3.1) a
couple of primer covering a region of ~300 bases was designed
(https:/ /www.primer3plus.com/ ).

Approximately 3000 families of the mutant tomato population generated by chemical
mutagenesis with EMS (Ethyl Methane Sulfonate) were screened at ALSIA (Agenzia Lucana
di Sviluppo ed Innovazione in Agricoltura, Metaponto, MT) laboratory following a Next

Generation Sequencing (NGS) approach, as described in Tramontano et al. (2019)™.

2.2.3 Plant material

Seeds of S. heopersicum cv. Red Setter mutant line 6120 (see 2.3.1) were provided by ALSIA
and the plants were grown in greenhouses belonging to the same facility. As described in

the Chapter 1, a first set of wild type (WT) (8. Aeopersicum cv. Red Setter) plants was sown
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and grown under controlled conditions (photoperiod 8h dark/16h light, temperature 26°C
8:10) for six weeks, after which water supply was reduced under stressful threshold, up to
the 30% of the field capacity (FC)". Pots were weighed immediately after manual irrigation
(100% FC) and again before the subsequent irrigation. The difference between these two
weights represented the evapotranspiration and was used to calculate the amount of water
required to maintain the FC at 30%. The plants were then regularly irrigated with a reduced
amount of water (high-frequency deficit irrigation, HFDI)". This group of plants served as
the drought stressed VOC emitters (E).

32 RS-6120 plants were sown two weeks later, grown under the same conditions of light and
temperature, but kept well-watered until the 5™ week. This group of plants was the group of

the receivers (R).

2.2.4 Experimental design

The experiment was designed as described in chapter 1. It started when E plants reached
seven weeks and the 6120 plants five weeks. The E group plants, maintained under stress

2 s7! measured with a Licor LI-

conditions for a week (stomatal conductance ~50 mmol m”~
600), were used to test VOC-induced priming in healthy 6120 plants. In two top-opened
boxes (1.5 m wide, 0.6 m high), two E plants were placed at the centre, surrounded by eight
receiver (R) plants, and the boxes were sealed with plastic sheets to create closed chambers.

Control R plants belonging to 6120 line were placed in separate boxes without E plants. The

E and R plants remained sealed together for 24 hours to facilitate VOC priming (Table 4).

Irrigation was halted one day before the experiment and maintained at 30% field capacity for
16 R plants (eight primed, eight controls). While not stressed during the priming experiment,
the plants became water-stressed afterward. Following 24 hours in the closed boxes, analyses
were conducted as described in Chapter 1, to assess both the immediate effects of priming
and its long-term impact under prolonged stress. Measurements were taken at two time
points: T1, 24 hours after priming, and T2, one week after water stress was intensified by

stopping irrigation entirely, followed by rewatering (Table 5).
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Table 4: Scheme of the priming experiment on the mutant line 6120

BOX1 BOX 2 BOX 3 BOX 4
Priming Priming+WS WS Control
n. Emitters (WT) 2 2 - -
n. Receivers (6120) 8 8 8 8
Group name 6120 P-NS 6120 P-S 6120 NP-S 6120 NP-NS

Table 5: Summary of the measurements carried out in the two time points

RNA VOC PHYSIOLOGICAL
PHENOTYPING
EXTRACTION SAMPLING MEASUREMENTS
TIMING | T1 T1, T2, T1,T2 T1-T2
N° OF
P s 3 pl 5 pl 3 pl 5 pl
ants ants ants ants
(PER p p p p
THESIS)
KIND OF
Destructive Conservative  Conservative Conservative
ANALYSIS

2.2.5 RNA extraction, sequencing and analyses

Total RNA was extracted from nitrogen-frozen leaf and stem samples (three biological
replicates per group) using the E.Z.N.A. Plant RNA Kit (Omega Bio-tek), following the
manufacturer’s protocol. RNA concentration and purity were measured with a NanoDrop
One C spectrophotometer (Thermo Fisher Scientific). RNA sequencing was performed by
Novogene (UK) using next-generation sequencing (NGS). Reads were aligned to the S.
heopersicum reference genome (ITAG release 4.0) and normalized as fragments per kilobase

of transcript per million (FPKM).

The differentially expressed genes DEGs were individuated using R version 4.4.2., DESeq2
R/Edge R, R packages, considering the expressed genes with a log2 fold change>1 and
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adjusted p value < 0.05. The principal component analysis on all the reads (variance # 0) was
performed using DESeq2 R (v 1.46.0)

(http:/ /www.bioconductor.org/packages/release/bioc/html/) with default parameters.

The filtered DEGs were also considered for the analysis through MapMan (3.6 ORC)"’. This
software was used to obtain an overview of the pathways influenced by treatments in the

four considered condition. The mapping file was created using Mercator 4.0

(https://www.plabipd.de/mercator main.html) and the reference genome ITAG 4.0.

2.2.6 Real-Time Quantitative Reverse Transcription PCR (qQRT-PCR)

To confirm the results obtained from the RNA sequencing the Real-Time Quantitative
Reverse Transcription PCR (qQRT-PCR) was performed adopting the same primers employed
on the WT and reported in the Table 3 (Chapter 1).

The genes chosen in the previous experiment showed differential expression in the RNA
sequencing and contribute strongly to the GO enrichment of the RS WT plants. In this
experiment the same genes were chosen also to highlight different expression patterns in the
6120 line: two aquaporins, the tonoplast instrinsic protein 1.2 (SITIP1.2) and plasma
membrane intrinsic protein 1.7 (SIPIP 1.7), the transcription factor ASR7 (Abscisic acid
stress ripening 1) and T.4574. The housekeeping gene Elongation Factor 1 alpha (§/EF7-q)
was used as the endogenous reference gene for the normalization of the expression levels of

the target transcripts.

2.2.7 VOCs emission sampling and analyses

Volatile organic compound (VOC) emissions from tomato leaf samples were analysed using
a PTR-Qi-TOF-MS (Ionicon Analytik GmbH, Austria) equipped with Time-of-Flight and
quadrupole ion guide, utilizing H30+ as the reagent ion. VOCs were measured by direct
injection into the drift tube through a heated (80 °C) inlet connected to a LICOR cuvette,
with a flow rate of 35 sccm for 6 minutes. The drift tube conditions were set at 80 °C, 3.80
mbar, and 900 V, corresponding to an E/N ratio of ~125 Townsend. Spectra were acquired
ata rate of one per second using TofDaq software (Tofwerk AG, Switzerland) and processed
with the R package prairMS. Internal calibration was performed using m/z points at 21.022

(H30+), 203.943, and 330.848 (internal gas standard fragments).
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Leaf VOC emissions were expressed as normalized counts per second (ncps), with blank
correction applied by subtracting the signal from an empty cuvette. Instrumental masses were
excluded from the dataset. Statistical analyses, including Heatmaps, PCA, ANOVA (p =
0.05), and Tukey’s HSD post hoc test, were conducted using the MetaboAnalyst platform
(https://www.metaboanalyst.ca). Most mass peaks were tentatively identified through

literature or comparison with authentic standards.

2.2.8 Physiological parameters

Gas exchange measurements were performed using a GFS-3000 portable system under
controlled conditions (25 °C, 40% relative humidity, 300 pmol s-1 airflow, and 400 ppm
COg) on 3 cm? leaf areas from fully developed fourth-stage leaves. Measurements included
COy; assimilation (A) (umol m—2 s—1), transpiration rate (E) (mmol m—2 s—1), stomatal
conductance (GH:O) (mmol m—2 s—1), maximum quantum efficiency of photosystem II
(Fv/Fm), leaf temperature (T Leaf °C), and were taken between 08:00 a.m. and 12:00 p.m.
under both dark and light conditions (PAR: 350 pumol-m™+s™"). Data analysis was conducted
in R, using ANOVA or Kruskal-Wallis tests depending on data distribution, with post-hoc

tests and correlation analyses applied as appropriate.

2.2.9 Plant phenotyping

Plant phenotyping was conducted using the High Throughput Plant Phenomics Platform
(HTP) at ALSIA’s Phenolab, employing the LemnaTec Scanalyzer 3D system. This
platform captures images in near-infrared (NIR), ultraviolet (UV), and visible light (RGB),
and includes automated irrigation, weighing, and digital data management systems. Starting
from one-month-old plants, images were taken twice weekly throughout the experiment,
with five replicates per group. Each plant was photographed from a top view and two side

views (90° apart) using an RGB camera equipped with a SONY 1CX274 CCD sensor.
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2.3 Results

2.3.1 The candidate genes

The bioinformatic pipeline resulted in the identification of nine proteins in S. Aeopersicum
with functional domains similar to those of OBPs and ORs (Table 6).

The TILLING screenings via NGS allowed the identification of point mutations in four out
of the nine analyzed regions. The gene Dil9 (Solyc01g065550.3.1) resulted mutated in a
3’UTR region; The genes Sulfotransferase (Solyc04g028380.1.1) and Receptor Kinases (RKs)
(Solyc02g081050.4.1) showed silent mutations.

In the gene at locus Solyc082005310.4.1 two missense mutations, with aminoacidic
substitution as allelic variants, were individuated and validated though Sanger sequencing.
The mutations were: A/472/T and G/575/A, found in two mutant lines, called line 784 and
line 6120, respectively. Only line 6120, carrying the mutation in homozygosity was chosen
for the current experiment. Figure 24 shows the position of the amino acid changes at the

protein level.

Table 6: The nine proteins identified by the bioinformatic analysis.

Locus Protein putative function

Solyc03¢078300.1.1 | RPP13-like

Solyc02g082480.3.1 | Glutamate receptor-like
Solyc082006500.4.1 | Glutamate receptor-like
Solyc012065550.3.1 | Dehydration- Induced 19
Solyc08g005310.4.1 | XLG / G-protein complex
Solyc04¢028380.1.1 | Sulfotransferase

Solyc112033270.2.1 | MAPKKK gene family
Solyc02g081050.4.1 | Receptor Kinases (RKs)
Solyc02g079890.2.1 | Terpene synthase, metal-binding domain
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WT TVNRSERKMADVENRVFPEYVGVSKEKKKKKKSRFCCRCGKGKWENKESCLVCDAKYCINCVLRAMGSMPEGR

Tilling line: n.784
Mutation: A/472/T TVNRSER'MADVENRVFPEYVGVSKEKKKKKKSRFCCRCGKGKWENKESCLVCDAKYCINCVLRAMGSMPEGR
Plsnts available: 14 N

fiteo 1 . Lysina/Asparagine
Tilling line: n.6120

Mutation: G/575/A  TVNRSERKMADVENRVFPEYVGVSKEKKKKKKSRFCCRCGKJKWENKESCLVCDAKYCINCVLRAMGSMPEGR

Plants available: 14 LT
Glycina/Glutamic acid

Figure 24. Amino acid change positions in the tomato TILLING lines 784 and 6120.

Solyc08g005310.4.1 codifies for a subunit of an Extra-large guanine nucleotide-binding
protein 3-like (XLLG Protein complex), classified as a subunit of a G-complex, closely
resembling Ga proteins, including 5 G-box motifs. The Extra-large guanine nucleotide-
binding protein 3-like protein corresponds to the sequence with UniProt code AOA3Q7H]47
trom §. heopersicum (Tomato). The presence of XLGs, classified as an atypical Ga subunit
(beside Ga, GB and Gy subunits) makes G-protein signalling unique in plants. The C-
terminus of XL.Gs resembles the canonical Ga subunits, while the N-terminus harbours a
nuclear localization signal and is rich in cysteine. XL.G are involved in many plant processes
(e.g. flowering, in embryos and seedlings development, root morphogenesis, stamen
development, stomatal opening)'’. Moreover, the XL.Gs are also known to initiate signalling

cascades able to prime plants against several abiotic and biotic stresses'®.

In literature potential interactors for XLG3 in Arabidopsis thaliana, which shares 63.20%
sequence identity with the protein encoded in the locus Solyc08g005310.4.1, have been
identified", and all of them are linked to stress response mechanisms.

The 3D modelling of the protein highlighted that the diversity of potential interactors and
the protein functional versatility may be influenced by the presence of disordered regions'’.
The mutations in the lines 6120 and 784 fall on these disordered regions, (G/N 192 in the
initial coil of the Zinc Finger Domain and K/N158 in the first large, disordered region,
Figure 25) and might lead to altered or novel interactions compared to those observed in the
wild-type protein.

As for the potential binding of VOCs at these sites, such interactions seem less probable.

Due to the unstructured and dynamic nature of these regions, they are not well-suited for

72



direct receptor activity. However, it is more plausible that the protein could be activated
through interaction with VOC associated transporters.
Due to the position of the mutation and the availability of Mshomozygous plants line 6120

was chosen for the priming experiment.

Figure 25: 3D model of the Extra-large guanine nucleotide-binding protein 3-like (XLG Protein
complex) protein. In the red circles the position of the two missense mutations at the beginning of
the disordered region.

2.3.2 RNA sequencing

The RNA-Seq led to map in total 19853 genes to the reference genome. The co-expression
analysis on the 6120 plants, indicates that among those genes, 17634 genes were shared in all
the conditions, while some were expressed only in treatments (P-S:189, NP-S:110, P-NS:
181, NP-NS:329). The condition P-NS showed the highest number of unique genes
expressed (329) (see Venn diagram Figure 206).
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Figure 26: Venn diagram showing the co-expression of genes in the different experimental

Gene co-expression

S. lycopersicum RS-6120 during experimental conditions

P-S P-NS
NP-NS 189 181
118 = 60
329 230 204
17634
105 128
56 138

52

conditions.

NP-S

110

To identify the key features contributing to variability in the dataset, a Principal Component

Analysis (PCA) was performed. The first two principal components (PCs) captured a

cumulative variance of 85% with PC1 and PC2 accounting for 75% and 10% of the variance,

respectively. The scores plot (Figure 27) revealed distinct clustering of samples. Samples 6120

NP-NS (no priming and no stress) were clearly separated along the PC1 from all other

samples.
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Figure 27: First two components of the PCA analysis of the RNA-Seq data. The variance explained

by each component is reported. Dots are labelled with individual plant codes.
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Differential expressed genes analysis

After log2 fold change (FC) and false discovery rate (FDR) filtering, 3094, 2906, and 2337
DEGs were identified respectively in 6120 plants P-S, NP-S, P-NS, compared to the control
(6120 NP-NS samples).

The analysis of differential expressed genes (DEG) with respect to the control condition
(NP-NS) highlighted that also the 6120 P-S plants, the ones with the double treatment of
priming and stress showed the highest number of differentially expressed genes (3094), as
already seen in Chapter 1(Figure 27). In all the comparisons the number of downregulated
genes was higher than the upregulated ones.

Cross-referencing the six DEG gene lists (up NP-S, down NP-§, up P-NS, down P-NS, up
P-S, down P-§) it was possible to identify the genes common or specific for the various
intersections. From this comparison, 856 DEG genes resulted downregulated in all three
comparisons, while 695 genes were commonly upregulated across all three comparisons
(Figure 29). Therefore, all the groups share a large proportion of DEG genes and was not
possible to notice the remarkable differences observed in the WT plants (Chapter 1) with the
enrichment analysis. Despite this, it was possible to individuate some genes specifically
upregulated or downregulated in a single comparison, or genes that exhibit opposing

expression patterns between the different comparisons.

Hup ®down

1254
1652
1223
1508
1586

1114

NUMBER OF GENES

NP_S VS NP_NS P_NS VS NP_NS P_S VS NP_NS
COMPARISONS

Figure 28: Bar plot showing the number of differentially expressed genes in the three treatments in
comparison to the group NP-NS
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Figure 29: UpSet plot illustrating the number of differentially expressed genes (DEGs) compared to
the NP-NS group. The black bars represent the number of DEGs shared across different conditions.
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Among the genes with opposing trends, for example, a gene from the Regulator of
Chromosome Condensation (RCC1) family (Solyc09g011160.4), is upregulated in P-S and
downregulated in NP-S, and a Glutathione S-transferase gene (Solyc10g084400.2) that is
upregulated in NP-S and downregulated in P-S.

Among the genes specifically upregulated in NP-S, there is annexin 4 (Solyc01g097540.4)
and glutathione peroxidase (Solyc082006720) both related to the oxidative stress response™.
Among the genes specifically upregulated in the P-NS condition, 6 genes encoding for
Chlorophyll a-b binding proteins have been found. Among the genes specifically upregulated
in P-§, a large number of Histone proteins, Histone-lysine N-methyltransferases, and GDSL
esterase/lipases was noticed.

DEGs were further explored from a functional perspective by mapping them to metabolic
pathways. This analysis provides an overview of cellular metabolism, encompassing both

primary and secondary metabolism. The comparison between NP-S and NP-NS (Figure
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30) primarily shows an upregulation in NP-S of genes involved in photosynthesis, redox

reactions, and genes encoding proteins associated with the cell wall.

Among the upregulated photosynthesis-related genes, we identified Chlorophyll a-b binding
proteins, as well as Photosystem II and Photosystem I reaction centre proteins. For genes
involved in oxidative stress response, notable examples include Glutathione peroxidases,
Glutathione S-transferases, and members of the 2-oxoglutarate (20G) and Fe(Il)-dependent
oxygenase superfamily.

Regarding cell wall-related genes, which also display high log,FFC values, examples include
Leucine-rich repeat (solyc04g078560.1, log FC = 3.11), Alpha-1,4-glucan-protein synthase
[UDP-forming] 1 (Solyc02¢089170.4, log FC = 2.08), Proline-rich protein
(Solyc10g054900.2, log FC = 3.33), and a Fasciclin-like arabinogalactan protein 9
(Solyc07g053540.1, log FC = 1.26).

Additionally, among the DEGs involved in pectin metabolism—including Pectin lyases,
Pectinesterases, and Pectin acetylesterases—11 are upregulated and 5 are downregulated.

Notably, Pectin acetylesterases are exclusively upregulated in NP-S.
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Figure 30: Metabolism overview of DEGs emerged by the comparison NP-S vs NP-NS of 6120
plants.
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The comparison between P-NS and NP-NS reveals some differences compared to the
previous NP-S comparison (Figure 31). Specifically, a greater number of photosynthesis-
related genes, including Chlorophyll a-b binding proteins, are upregulated, while a noticeable
downregulation of redox-related genes is observed.

Regarding cell wall proteins, while the upregulation of the Leucine-rich repeat
(solyc04g078560.1) is shared with the NP-S comparison, it exhibits a lower log,FC value
(2.36). Conversely, there is a strong downregulation of a Leucine-rich repeat family protein
(Solyc10g007830.1, logFFC = -3.58).

In the P-NS condition, genes involved in pectin metabolism are exclusively downregulated.
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Figure 31: Metabolism overview of DEGs emerged by the comparison P-NS vs NP-NS of 6120
plants.

Comparison between P-S and NP-NS (Figure 32) again shows the activation of the Proline-
rich protein (Solyc10g054900.2, logFC = 3.30), which was also activated in NP-S.
Photosynthesis-related genes remain activated, although involving a smaller number of genes
compared to the P-NS condition but a larger number compared to NP-S.

In this condition, 12 genes involved in pectin metabolism are upregulated, while 5 are
downregulated. As in previous cases, Pectin acetylesterase is exclusively upregulated.

In all three comparisons, there is consistent downregulation of genes implicated in

phenylpropanoid (lignin) metabolism.
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Figure 32: Metabolism overview of DEGs emerged by the comparison P-S vs NP-NS of 6120 plants.

2.3.3 qRT-PCR
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The relative expression levels of the target genes were calculated using the 2**“ method®,

normalized against the reference gene elongation factor S/EF7-a. The expression in treated

samples (NP-S, P-NS, P-S) was compared to the untreated control (NP-NS). Relative fold

changes [274“] are shown in the Figure 33. The relative quantification results are comparable

with the RNA-Seq quantification.
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Figure 33: Bar plot showing qRT-PCR results. Bars represent Fold Change 2724¢t mean + SE. Bars
labelled with different letters indicate statistically significant differences (p < 0.05 according to the
pairwise t-test).

2.3.4 VOC analysis

At'T1, the PCA plot (Figure 34-A) showed a separation between the stressed and not stressed
plants, while the effect of the priming it is not appreciable. It was observed that the mass
identified as Methyl salycylate (m/z 153.0543) and related to the stress was significantly
higher in both NP-S and P-S conditions (Figure 34-B), while Hexenyl acetate (m/z
101.0855), also associated to stress, was higher in NP-S than in P-S. The heatmap showing
ncps of the different masses detected, also shows a clustering but only between stressed and
not stressed plants (Figure 34-C). No influence of the priming was then observed in VOC

emissions at Tl for the mutants 6120.

80



VOC emissions from RS6120 «Receivers» at T1
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Figure 34. Volatilome analysis of 6120 plants at T1: A) First two components of the PCA analysis
of volatilomes of the different groups. The variance explained by each component is reported in
brackets. B) Box plot pf masses putatively annotated as involved in drought response as well in
general stress: the m/z 143.1031, p.. as Hexenyl acetate and m/z 153.0529 p.1. as Methyl Salicilate.
Boxes labelled with different letters indicate statistically significant differences. C) Heat map showing
the volatilome profiles. The colour scale represents normalized counts per second (nCPS) for each
detected mass.

Measurements taken at T2, after two months and prolonged stress, highlighted a very similar
situation. The general clustering between stressed and not stressed plant was still highlighted
in the PCA analysis and visualized via the clustering of heatmap (Figure 35 A and C), and
again stronger emissions of Methyl salycylate (m/z 153.0543) wete reported only in stressed

plants. Hexanal (m/z 101.0855), resulted low emitted only in the NP-S plant.
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Figure 35. Volatilome analysis of the 6120 plants at T2: A) First two components of the PCA analysis
of volatilomes of the different groups. The variance explained by each component is reported in
brackets. B) Box plot pf masses putatively annotated as involved in drought response as well in
general stress: the m/z 101.0855, p.. as Hexanal and m/z 153.0529 p.i. as Methyl Salicilate. Boxes
labelled with different letters indicate statistically significant differences. C) Heat map showing the
volatilome profiles. The colour scale represents normalized counts per second (nCPS) for each
detected mass.

2.3.5 Measurement of gas exchange at leaf level

Measurements carried out at T1, 24 hours after the priming experiment, did not show
significant differences in the values of maximum quantum efficiency of photosystem II
(Fv/Fm), leaf temperature (Tleaf) and Photosynthesis rate (A) between the experimental
groups, indicating the absence of detectable effects in terms of physiological stress (ANOVA
$>0.05). Interesting the primed groups P-NS showed, on average, a lower values of stomatal
conductance (GH>O) and transpiration rate (E), while an opposite reaction was observed in
the WT (Chapter 1). The P-S group showed a behaviour similar to the P-NS. However, these
differences were not statistically significant (ANOVA p > 0.05 for GH,O, Kruskal Wallis for
E p >0.05) (Figure 306).
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Figure 36: Bar plots with mean and standard deviation of the variables measured on three replicates
at T1 on 6120 mutants: maximum quantum efficiency of photosystem II (Fv/Fm); stomatal

conductance (GH2O), Leaf temperature (Tleaf), Transpiration rate (E), Photosynthesis rate (A).
(ANOVA p < 0.05).
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Measurements taken at T2 did not show clear differences between stressed and non-stressed
plants in the values of maximum quantum efficiency of photosystem II (Fv/Fm), leaf
temperature (Tleaf). However, for what concerns photosynthesis rate (A), transpiration rate

(E) and stomatal conductance (GH20) (Figure 37) stressed plants showed, on average lower
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values than non-stressed plants and a slight effect of the priming can be observed given the
higher value registered of P-S plants in comparison to NP-S plants, although not statistically

significant.
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Figure 37: Bar plots with mean and standard deviation of the variables measured at T2 on 6120
mutants: maximum quantum efficiency of photosystem II (Fv/Fm); stomatal conductance (GH:O),
Leaf temperature (Tleaf), Transpiration rate (E), Photosynthesis rate (A) (ANOVA p < 0.05).
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2.3.6 Plant phenotyping

he plant phenotyping carried out from T1 to T2 did not allow to highlight statistical relevant
differences among the four considered groups except for NIR emission, higher in the

stressed plants at T2 (Figure 38).
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Figure 38: Bar plot showing the mean NIR (on five replicates) measured in the four groups at T2.

Discussion

The bioinformatic approach developed in this project led to the identification of some
proteins with a hypothetical role in VOC sensing. Through the screening of the TILLING
population a line with a mutation in one of the identified proteins was isolated. It shows a
mutation in an XLG3 protein, that belongs to a large protein family covering multiple roles
in plant signalling and responses™. Despite the challenge posed by the possible wide role of
this protein, the priming experiment identified many relevant aspects, expanding the results

obtained in the pilot experiment on the RS WT described in chapter 1.

Firstly, 6120 mutants exhibited a similar clustering in transcriptomic data as WT plants under
different treatments (NP-NS separate from NP-S, P-NS, P-S), but the differences between
the three treated conditions were much more difficult to identify. Both the metabolism
overview through MapMan and the attempt to highlight key features via the enrichment

analysis did not allow efficient separation of functions in the treatments as was possible in
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WT plants. However, slight differences in expression patterns were individuated, as in the
6120 NP-S was individuated the upregulation of genes involved in photosynthesis, redox
reactions, and encoding proteins associated with the cell wall remodelling, all modifications
that can be attributed to the drought stress*”****. The priming alone caused the upregulation
of a greater number of photosynthesis-related genes, but in this case redox-related genes
resulted downregulated. Conversely in 6120 P-S plants a smaller number of photosynthesis-
related genes compared to the 6120 P-NS genes were upregulated. The transcriptome of the
three 6120 treated groups, resulted clearly separated from the control NP-NS, in fact NP-§,
P-NS and P-S plants show all a general alteration compatible with a stressed status; however
the limited differences among the three treated groups did not allow to observe relevant
effects of the priming, of the stress and of the combination of the two at transcriptomic

level.

At T1, also results regarding physiological measurements, like stomatal conductance, were
less distinct than in WT plants. In particular, the trend of stomatal opening observed in the
WT P-NS plants after priming was not detected in this experiment, nor were other
differences in 6120 P-S plants.

Similarly, through analysis of VOCs, no effect of the priming was detectable at T1. This
contrasted with WT plants, where priming-induced VOC changes were observed since the
first measurements 24h after priming (see 1.3.3).

At T2, when the long-term priming effects on stress responses could be observed, and the
WT exhibited a clear and significant separation between stressed and non-stressed plants,
the mutants 6120 showed a less pronounced separation for what concerns physiological
measurements, with no significant differences between stressed and not stressed plants.

On the contrary, a clustering based on VOC profiles with differences in the blend emitted
by 6120 stressed (NP-S, P-S) and non-stressed (NP-NS, P-NS) groups was observed. But
the effect of the priming on plants volatilome, that was detectable in the WT plants also at

T2 especially on P-S plants, did not emerge in 6120.

The differences in response between WT and 6120 plants may be explained by the mutations
in the 6120 lines, which affected a disordered region of the XLLG3 protein. It is hypothesized
that this mutation likely disrupted interactions with stress-responsive pathways, reducing the

effectiveness of both stress adaptation and VOC-mediated priming.
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The XLGs are known to have several interacting partners, which regulate the localization of
XLG proteins inside the cells”, and are related to the broad activity of this protein, which is
involved in flowering, embryo and seedling development, root morphogenesis, stamen
development, cytokinin-induced development, and stomatal opening”. However, XLG
proteins are also known to initiate signalling cascades capable of prime plants against several
abiotic and biotic stresses. XLG proteins are, in fact, not only involved but necessary for the

26

plant response to abscisic acid (ABA), ethylene (ET), and auxin®. Ttiple mutants (x/g7/2/3

silencing) show hypersensitivity to metals such as cadmium and other toxic chemicals**.
Interestingly, this class of proteins has been found to be involved in the transition from a
steady homeostatic state to a stress-ready condition®, resulting in stronger ABA responses
and phenylpropanoid pathway activation to safeguard the plant from further challenges™.
The mainly cytosolic localization of this protein and its role as a messenger between
membrane receptors and internal modifications (hormonal, transcriptional, etc.) have been
widely demonstrated' ™.

The results obtained in the present study regarding the altered stress response in mutant 6120
can be explained as the consequence of a signal disruption due to a modification in a region
of the protein at the interplay with membrane receptors or other interactors. Interestingly,
these results may also link this important signalling protein to VOC sensing and the VOC-
induced signal cascade, which was found to be completely altered in comparison to the WT
counterpart examined in Chapter 1.

Despite the relevant results, further investigation and experiments are necessary to

corroborate these hypotheses and to deeply understand the involvement of XLLG3 protein

in the VOC signalling pathway.

Conclusions

The 6120 mutants, with their altered XLG protein complex, resulted less responsive,
particularly in terms of priming effects. The WT plants (Chapter 1) exhibited stronger and
more specific responses to both stress and priming, probably driven by enhanced VOC
sensing and signalling pathways. This suggests that XI.G3 proteins might play a crucial role

not only in stress adaptation but also in VOC-mediated plant responses.
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Chapter 3: Generation and characterization of CRISPR-

Cas9 RPP13-like mutants

3.1 Introduction

Volatile Organic Compounds (VOCs) emitted by plants (pVOCs) are pivotal in various
ecological and physiological processes. VOCs are small, lipophilic molecules (50-200
Daltons) with high vapor pressure at room temperature, allowing them to disperse easily in
the ait'. They include alcohols, hydrocarbons, aldehydes, ketones, ethers, and acids, and are
produced through distinct biosynthetic pathways categorized into terpenoids,
phenylpropanoids/benzenoids, and fatty acid derivatives™. Plant VOCs can be emitted
constitutively, as seen with isoprene, or induced by stress, such as methyl jasmonate release®.
While extensively studied for their roles in plant-insect interactions, such as pollinator
attraction and herbivore deterrence, VOCs also function in direct and indirect defences. For
instance, herbivore-induced plant volatiles (HIPVs) attract predators of herbivores, aiding in
biocontrol™’. Additionally, VOCs help plants withstand abiotic stress by stabilizing cell
membranes’, scavenging reactive oxygen species (ROS), and activating systemic acquired
resistance (SAR) across tissues®. Their antimicrobial properties further inhibit pathogen
development *"

The role of VOCs in plant-pathogen interactions has been widely investigated, highlighting
their potential applications in agriculture, including early infection detection, elicitation of
defensive responses, and antimicrobial actions. The Solanum lycopersicum-Botrytis cinerea
pathosystem, has often been studied as model in research on plant-VOC-pathogen
interactions, showing that the plant VOC emissions after infections, depend on the signalling
pathways activated. When responding to necrotrophic pathogens (like B. cinerea) plants in
fact typically employ the jasmonate (JA) signalling pathway, which leads to the release of
green leaf volatiles (GLVs), that are also involved in the regulation of stomatal closure to
limit the pathogen spread'’. In some instances, it has been observed that tomato plants may

1213 2nd emissions of

feature a hypersensitive response with the activation of the SA pathway
other VOCs such as (E,E)-4,8,12-trimethyl-1,3,7,11-tridecatetraene '*. Regarding the
potential antimicrobial actions of VOCs, recently B-ionone, a carotenoid-derived C13

terpenoid, has gained attention. 8-ionone can be formed during B-carotene oxidation by the
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ROS, or by enzymatic activity of the carotenoid cleavage dioxygenases (CCDs) and is
typically released by green tissues and flowers'. Its involvement in plant protection against
pathogens has been reported both i vitro against in Aspergillum niger'°, and in vivo on Hordenm
vulgaris against Blumeria graminis'" and on Arabidopsis thaliana against B. cinerea’. These
observations made this compound a good candidate for further investigations on .
lycopersicum.

Beyond these roles, VOCs are also involved in plant-plant communication, enabling stressed
plants to ptime neighbouring plants for enhanced resistance”'. This priming effect could
represent an evolutionary strategy for a population-level defence, as volatiles are easily
transmitted among tissues and between plants™*”. Stressed emitter plants release VOC
blends, including methyl salicylate, green leaf volatiles (GLVs), and terpenoids, which trigger
transcriptomic changes in receiver plants, preparing them to respond more effectively to

future stress®* %

. Although VOC-mediated communication is well-documented, the
mechanisms by which plants perceive VOCs remain largely unresolved.

In insects and mammalian some specific proteins with the function of odorant binding and
odorant receptors are well known. Insects are provided with odorant binding proteins
(OBPs) contain 6 highly conserved cysteine residues, which form 3 disulfide bonds, while
mammalian OBPs have a beta-barrel structural motif”’”. The insect odorant receptors (ORs)
are composed of two subunits: a conserved co-receptor (Orco) and a highly variable odour-
sensing subunit®, while mammalian ORs are G protein-coupled receptors (GPCRs)
characterized by seven transmembrane a-helices. At present three primary hypotheses
attempt to explain VOC sensing®”: 1) OBPs can be in the apoplast and transport VOCs to
odorant receptors ORs on membranes, similarly to olfactory systems in insects and
mammals®; 2) VOCs can directly interact with ORs, located on the cell membrane, activating
downstream signalling pathways; 3) Simply membrane polarization mechanisms, where
VOCs can interfere with membrane potential initiating signal cascades. Up to now few
proteins with odorant binding activity have been identified, with specific affinity for
ethylene, methyl salicylate, methyl jasmonate, and sesquiterpenes**~".

Experimental observations led to assess the VOCs role in alteration of calcium fluxes and
membrane potential changes in tomato plants exposed to VOCs™. Similarly, in Arabidopsis
thaliana, exposure to green leaf volatiles like (Z)-3-hexenal and (E)-2-hexenal from damaged

conspecifics demonstrated rapid cellular responses™. Despite progtess, identifying the

precise molecular pathways of VOC perception remains a significant challenge.
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Understanding this process could provide insights into how plants coordinate defences at
the cellular and systemic levels.

Reverse genetics, which involves studying gene function starting from its sequence, offers
valuable tools for unravelling the mechanisms of VOC perception. In this context, the
CRISPR-Cas9 genome editing technique has emerged as a groundbreaking method.
Developed in 2012, CRISPR-Cas9 is based on the bacterial type II immune system. It uses
a single-guide RNA (sgRNA) integrated into the protein Cas9, containing a guide, a small
sequence that make the protein able to detect the target gene, and to apply the double strand
break (DSB). The precise editing through DSBs is followed by error-prone non-homologous
end joining (NHE]) repair, which introduces mutations.

This chapter describes the application of the CRISPR-Cas9 methodology to induce gene
silencing and produce lines of S. Jegpersicurz with mutation in target genes with potential
odour-binding capabilities. Experimental activities were then conducted on an M; generation
mutant line to evaluate if and how gene silencing influenced their ability to perceive and

respond to VOC:s, in particular testing the bioactive VOC (-ionone.

3.2 Materials and Methods

3.2.1 Insilico analyses and candidate identification

The bioinformatic pipeline described in section 2.2.1, which led to the identification of 9
candidate genes, also serves as the basis for selecting genes for the CRISPR/Cas9 application.
Indeed, while TILLING mutants were not found for all the genes, other interesting
candidates were identified from that list (see paragraph 2.3.1). In collaboration with CNR-
ISA, the proteins encoded by the selected genes were modelled to assess their potential
interaction with volatile compounds. Once the protein structures were modelled, docking

simulations were performed using geraniol, methyl jasmonate, and -ionone.

3.2.2 Cas9 Guides design

To applicate the CRISPR-Cas9 method, the first step was to individuate the guides. These
are short sequences, formed by about =20 bases, paired/mitrored to the target gene coding
sequence (CDS) and followed by a PAM (protospacer adjacent guide). For each candidate
gene (see 3.3.1) (Solyc03g078300.3.1, Solyc02¢082480.3.1, Solyc082006500.2.1.1,
Solyc01g065550.2.1) two or three guide RNAs (sgRNAs) were designed in order to induce
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loss of function of the target gene. The sgRINAs were designed 2 silico using the online tool
CRISPOR ". Selection criteria included a low number of off-target sites (i.e., non-specific
sequences in the tomato genome that could be mistakenly recognized and cleaved by Cas9)

and a position close to the 5’ end of the gene to enhance disruption efficiency.

3.2.3 Vector assembly

The first step for vector assembly was the introduction of the guide into a scaffold sgRNA.
The sequence reported in Table 1 to the chimeric single-guide RNA by PCR. The primers
containing the target sequence of table 1
(GTGGTCTCAATTGrargetsequence GTTTTAGAGCTAGAAATAGCAAG) coupled with
the sgRNA_REV (TGTGGTCTCAAGCGTAATGCCAACTTTGTAC) were used to the
guide sgRNA using pICLS70001 plasmid as a template. The PCR was performed using
Q5" High-Fidelity DNA Polymerase (NEB), and the cycle settings were: initial denaturation:
98°C, 307; 25x (denaturation: 98°C, 10”; annealing; 58°C, 10”; extension: 72°C, 15”) final
extension 72°C, 10”.

The PCR products were charged on electrophoresis gel and subsequently purified using the
kit NucleoSpin® Gel and PCR Clean-up, to obtain the complete sgRNA integrating our
guides.

These products were then cloned into a Golden Gate level 1 acceptor containing the lacZ
sequence and ampicillin resistance (pICH47732 and pICH47742), under the control of the
synthesized U6-III promoter sequence coming from the donor plasmid pICSL90001. The
digestion-ligation reactions were performed using the enzymes T4 and Bsal, setting the
following temperatures: 37°C, 207; 27x (37°C, 107; 16°C, 107; 50°C, 157); 80°C, 10’. The
reaction products were cloned into Escherichia coli DH5a (50 ul) through heat-shock
transformation. The transformed E. ¢/ cells were plated on petri dishes containing LBA, X-
Gal (20 ug/ml), IPTG (5 mM) and ampicillin (100 ng/ml). After 24 h at 37° the blue-white
colony growth was observed, and the white colonies were picked, inoculated in LB broth
and cultured in agitation at 37°C for 24h, subsequently the plasmid was extracted through
miniprep protocol (QIAprep Spin Miniprep Kit, Qiagen). The correct insertion of the guides
into the scaffolds was assessed through Sanger sequencing. Once one or two combinations
of pICH47732 containing one guide and pICH47742 containing another guide were obtained
for each gene, a second digestion ligation was performed (Level 2 according to Golden Gate

cloning method).

93



The final vector was a Level 2 acceptor, pICSL002203, containing the Cas9-expression
cassette, the kanamycin-resistance-expression gene (Npzll), and the ccdB gene sequence. This
last gene induces cell death in E. co/z strain DB3.1, and in a correct dig-lig reaction is replaced
by our sequence, thought the activity of the enzymes T4 and BBS1. The end-linker plasmid
pICH41744 was also added to the reaction.

The products were cloned into E. ¢co/i DB 3.1 (50 ul) through heat-shock transformation. The
transformed E. co/i cells were plated on petri dishes containing LBA and Kanamycin (50
ug/ml) . The survived colonies were picked and cultured in liquid medium for subsequent
extraction zza miniprep kit.

The reactions were performed in order to create 1 or two vectors containing the Cas9
sequence and the Guides sequences. Tables 7 and 8 report the details of each reaction

performed.

Tables 7-8: Details of the two digestion-ligation reactions performed following the Golden Gate
assemble method. 7) 1st Digestion-Ligation, to obtain the intermediate plasmids, containing the
promoter and the sgRNA scaffold with one guide; 8) 2nd Digestion-Ligation to obtain the final
plasmid, containing the promoters, the Cas9 sequence, two sgRINA scaffolds+guides and the Np#i
gene for the resistance to Kanamycin.

Table 7 1st Digestion-Ligation

Sequence Plasmid Plasmid
Enzimes Products Code

cloned donor acceptor
pICSL90001  Pich47732 pICH47732

sgRNA-G1 T4/Bsal Gla
(Uo6-11T) (lacZ) (sgRNA-G1-U6-11I)
pICSL90001  pICH47742 pICH47742

seRNA-G2 T4/Bsal G2b
(Uo6-11T) (lacZ) (sgRNA-G2-U6-11I)
pICSL90001  pICH47742 pICH47742

seRNA-G3 T4/Bsal G3b
(U6-111) (lacZ) (sgRNA-G3-U6-111)
pICSL90001  pICH47742 pICH47742

seRNA-G7 T4/Bsal G7b
(Uo6-111) (lacZ) (sgRNA-G7-U6-11I)
pICSL90001  pICH47732 plCH47732

seRNA-G8 T4/Bsal G8a
(Uo6-111) (lacZ) (sgRNA-G8-U6-11I)
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pICSLI0001  pICHAT7742 pICHA47742

sgRNA-G4 T4/Bsal G4b
(U6-111) (lacZ) (seRNA-G4-UG-11I)
pICSLY0001  pICH47732 pICH47742
sgRNA-G5 T4/Bsal Gba
(UG-T1D) (lacZ) (seRNA-G5-U6-11I)
pICSLY0001  pICH47732 pICH47732
sgRNA-G6 T4/Bsal Go6a
(UG-T1D) (lacZ) (seRNA-G6-UG-11I)
pICSL0001  plCH47732 pICH47732
seRNA-G9 T4/Bsal G9a
(UG-T1D) (lacZ) (seRNA-G9-UG-I1I)
pICH47732
pICSL.90001 pICH47742
seRNA-G10 T4/Bsal  (sgRNA-G10-U6- G10b
(UG-11D) (lacZ)
111)
pICH47732
pICSLY0001  pICH47742
sgRNA-G11 T4/Bsal  (sgRNA-G11-U6- G11b
(U6-111) (lacZ) )

Table 8: 2nd Digestion-Ligation

Plasmid Plasmid Plasmid Plasmid

Enzimes Products Code
donor donor helper acceptor
pICSL.002203 pICSL002203
pICH41744 (ccd-B,  Cas9, (Cas9, nptll, G1,
Gla G2b nptll) T4/BBS1 G2) FG1G2
pICSL002203 pICSL002203
pICH41744 (ccd-B,  Cas9, (Cas9, nptll, G1,
Gla G3b nptll) T4/BBS1 G3) FG1G3
pICSL002203 pICSL002203
pICH41744 (ccd-B,  Cas9, (Cas9, nptll, G9,
G7b G8a nptll) T4/BBS1  G10) FG7G8
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pICSL002203

pICSL002203

pICH41744 (ccd-B,  Cas9, (Cas9, nptll, GO,
G4b Gb5a nptlT) T4/BBS1 G4) FG4G5
pICSL002203 pICSL002203
pICH41744 (ccd-B, Cas9, (Cas9, nptll, GO,
G4b Go6a nptlT) T4/BBS1  G5) FG4Go6
pICSL002203 pICSL002203
pICH41744 (ccd-B, Cas9, (Cas9, nptll, G9Y,
G9a G10b nptll) T4/BBS1 G11)
pICSL002203 pICSL002203
pICH41744 (ccd-B,  Cas9, (Cas9, nptll, G9,
G9a Gl11b nptlT) T4/BBS1 G11)

3.2.4 Plant stable transformation mediated by Agrobacterinm tumefaciens

The plant stable transformation was carried out at Diamante, a spin-off company of the
University of Verona (Dept. Biotechnology) during the months spent there in compliance
with the requirements set by the PON call. The stable plant transformation was carried out
choosing two genes: the first, found at locus Solyc03g078300.3.1 encoding for Disease
resistance RPP13-like protein 1, and the second S/GILLR3.5, (locus: Solyc02¢082480.3.1)
encoding for Glutamate receptor like 3.5. For the editing of RPP13 like was chosen the
vector FG1G2, containing the two guides complementary to sequences close to the 5 of the
gene and distant 121 bp from each other. For the editing of Gene 2 was used the only
available vector FG7GS8, with the two guides pairing on two different exons 928 bp apart.
The protocol was followed on two different tomato cultivars: 1) S. yeopersicunz cv Red Setter
(RS), which is a processing tomato variety, suitable for mechanical harvesting, high, highly
productive and used for industrial purposes; this cultivar was chosen in the attempt to have
a comparison with the previous experiments (see Chapter 1 and 2). 2) S. heopersicum cv
Microtom (MT), the miniature dwarf tomato cultivar, broadly employed in biotechnology
applications due to its easiy management and rapid life cycle.

Starting from a single colony culture, the Agrobacterinm tumefaciens EHA105 (AT) strain was

made electrocompetent by conventional method. A 40 ul aliquots of the electrocompetent
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AT were then transformed through electroporation with the five available constructs using
1 ul of the plasmid vector [40-100 ng/ul].

Immediately after electroporation, liquid LB was added and the whole samples. After about
60 minutes of recovery, 200 ul of the solution containing transformed AT were plated, using
different dilutions (TQ, 1:100) on LB substrate containing the proper antibiotics (Kanamycin
for the plasmid resistance, and Rifampicin, for bacterium resistance). The plates were kept
for 48h at 28°C. To assess the correct integration of the plasmids into the AT, colony PCRs
were carried out, targeting the Cas9 sequence (see Table 9).

Positive colonies were transferred on liquid LB and incubated at 28° with agitation (210 rpm)
for 24 hours. Once reached the desired OD600 comprised between 1.2-1.5, the culture was
spun down (3000 rpm for 10°) and resuspended to reach a final OD600=1 in liquid KCMS
(containing Murashige-Skooge, sucrose, thiamine, acetosyringone, 2,4-
dichlorophenoxyacetic acid, kinetin, potassium dihydrogen phosphate - KH;POy; pH: 5.7).
This solution was further diluted to the optimal infection OD=0.1 and employed for the
infection of tomato seedlings explants.

Seeds were sterilized and sown on MS medium (Figure 39-A). After 8 days, when the two
cotyledons were fully developed (Figure 39-B), the seedlings were cut into 0.5 cm portions
(Figure 39-C), and those explants were plated on solid KCMS medium (on Whatman sterile
paper). The plates were kept in the dark for 24 hours prior to the infection (Fig 39-D).
Explants were soaked into the AT solution previously described for 15 minutes, then dried
and placed again on KCMS for 48h in the datk at 22-25°C for co-culture.

After the co-culture explants were moved on the first regeneration medium (RM1) (Figure
39-E), containing hormones and antibiotics to break down the bacterium and to selectively
support the development of calli that had integrated the desired T-DNA (RM1: sucrose, MS,
zeatin, Naphthaleneacetic acid (NAA), Nitsch vitamins, Amoxicillin/clavulanic acid,
kanamycin, agar; pH: 5.8). Sealed plates were stored in growth chamber, at temperature of
25°C * 2 °C with a photo petiod of 16 hours light and 8 hours dark. All the plates were
checked daily to prevent contaminations potentially damaging the explants.

After two weeks the explants were moved on fresh RM1, and after four weeks, when calli
were already observable, on RM2, containing a reduced amount of amoxicillin. About 6-8
weeks after infections the calli showed the first shoots (Figure 39-G) and were ready to be
sectioned (Figure 39-I) and eventually moved on the rooting medium still containing the

selective antibiotics (Figure 39-H).
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Pre-infection phases: A) sterile sow; B) full grown seedlings; C) Example of cutting sites
on seedlingg; D) Explants acclimatation

Post-infection phases: E) Infected explants on RM1; F) Explants producing calli and
regenerating G) Full and complete shoots with meristems; H) Shoots on radication
medium.

Figure 39: Panel showing different phases of the stable plant transformation process.

The shoots that had developed correctly, growing and forming a root system, were gently
transferred from the magenta boxes containing MS medium to small pots (8 cm in diameter)
filled with sterile soil mixed with 20% sand and 10% perlite for better drainage. The plants
were placed in a phytotron at a temperature of 25-27°C with a 12:12 photoperiod. During
the first week of acclimatization, the leaf surfaces of the transplanted plants were kept highly
hydrated through vaporization, and the plants were protected from air drafts with plastic
sheets to prevent desiccation. After acclimatization, leaves and tissues were analysed for the
molecular screening (paragraph 3.2.5 and 3.3.4).

Approximately three weeks after acclimatization, the plants well-formed and resulted positive
to the molecular screening were transferred to larger pots (12 cm in diameter) and grown in

the same conditions, with regular manual irrigation until flowering and fruit development.
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3.2.5 Molecular screening
The molecular screening was also performed at Diamante, (University of Verona - Dept.
Biotechnology) during the months spent there in compliance with the requirements set by
the PON call. To assess the correct insertion of the Cas9 sequence into the plant genome,
and the eventually occurred cutting in the target gene sites, a protocol for a molecular
screening was developed. For the DNA extraction 50-100 mg of leaf tissue was taken from
each plant and placed into 1.5 ml tube. Immediately after the tissue sampling, the extraction
buffer (composed by Tris-HCL, pH 8, 200 mM, NaCl 250 mM, SDS 1%, B-mercaptoethanol
10 mM and EDTA 25 mM) was added into the same tube and the material accurately
homogenized with a pestle. The samples were then centrifuged to remove the coarse material
and cold isopropanol (kept at -20°C) was added. After 20 minutes at -20°C samples were
centrifuged, the pellet rinsed twice with ethanol 70% and dried. The extracted material was
resuspended in sterile deionized water._The extracted DNA was employed to perform
polymerase chain reactions (PCR) targeting different genes: 1) CAC (Clathrin adaptor
complexes medium subunit) a housekeeping gene used as positive control; 2) Cas9 gene, to
verify the correct integration into the plant genome after transformation; 3) Target genes
(RPP13-like or S/GLR3.5) , with primers designed to flank the Cas9 cutting sites, to verify

the effectiveness of the Cas9 action on the target sites.

Table 9: Primers employed for the screening of the transformed plants

Gene Pr. Fw 'seq'[uence Pri. Rc'ev 'sequence Amphco Tm
5'-3 5'-3 n size
GGGTTGTTACATCACCAAA | GTGCTGGTGTGATTGCAT 58°
CAC 120
GC CcC C
ACTTGCACACCACCATAGA | CTCTTCTTCTTGGGGTCAG 58°
Cas9 153
CA CcC C
RPPI3 like TGCTCCAAACTGGGTGTG | TGAGCTTTCAGGGTGATC 540 60°
Guides 1-2 ATG GT C
SIGLR3.5 |TAAGCCGCCAAATCGTTCC | TCACGGTGTGAGACAACA 771 60°
Guide 8 T TCA C
SIGLR3.5 TCAGCACCTTTGGCCGTAT | TCACGGTGTGAGACAACA 502 60°
Guide 7 T TCA C

The CAC and Cas9 amplification was performed on all the plants extracted material. The

plants with the correct integration of the Cas9 undergo deeper investigations, with
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amplification and sequencing through NGS technique (Eurofins Scientific) of the gene

region comprising the target cutting sites.

The enzyme GoTaq® DNA Polymerase (Promega) was employed, and the thermocycler
conditions were adapted following the indications of manufacturer. PCR products were
checked by agarose gel electrophoresis, stained with SYBR Safe dye, and visualized under
UV light. The sequences were analyzed using BioEdit bioedit sequence alignment editor v.
7.2.5 and the tool ICE Analysis - SYNTHEGO ICE (https://ice.synthego.com/).

3.2.6 Line propagation and characterization

After the molecular screening, plants showing the corrected integration inf the Cas9 alone
or in combination with a genome editing (see Results) were cultivated with regular irrigation
until flowering and fruit production.

One particular line of the cultivar Microtom, MT1-15a (defRPP13-like) was the first chosen
for propagation and characterization. Fifty seeds were sown, and germinated plants were
kept in a greenhouse with natural daylight and temperatures ranging from 20 to 25°C.
Simultaneously, fifty WT seeds were also sown. All plants were manually measured weekly,
focusing on height, internodal distance, and the presence and timing of inflorescence.
Differences between WT and mutant plants were statistically analysed using a paired two-
tailed Student's ~test. For the flowering stages, scores were assigned to each plant and used
to estimate significance according to the Student's #test. The scoring system was as follows:
0 = no flower buds; 1 = flower buds; 2 = one inflorescence fully open; 3 = two inflorescences
fully open; 4 = more than three inflorescences fully open. All plants were also genetically

characterized through sequencing to assess the stability of the mutation.

3.2.7 Priming experiment
3.2.7.1 Plant material

For the experiments, defRPP13-like plants (S. Aeopersicun: cv Microtom) in the M; generation,
derived from the MT15a line (Mo), were used. All plants retained the mutation with predicted
Genel-RPP13-like silencing (see Results 3.3.4 for details on the mutation). A total of 16
plants were used and compared with 16 control Microtom WT plants. The experiment

started when all plants were five weeks old.
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3.2.7.2 Priming conditions
For this experiment it was decided to employ the VOC B-ionone (Sigma-Aldrich®), chosen

for its activity in plant biotic stress response known from literature, and especially based on
the results of the 7 si/ico analysis, showing a strong binding energy between 3-ionone and the
RPP13-like protein (see Results, Docking in silico 3.3.2.1). Starting from data in the
literature'’, it was decided to expose the plants to a final concentration of 75 ppb of VOC
(15 pg/L). Considering the volume of the box where the priming would be performed (216
L), the air flow of 1 LPM (1 liter/minute) and the will to expose the plants to the VOC for
24h, it was possible to calculate the amount of compound needed to fill the air in the box
and maintain the concentration for 24 h. Due to the viscous nature of the pure VOC, several
tests were conducted prior the experiment to observe the volatilization time of 3-ionone
under the experimental conditions. Finally, 22.5 pl of B-ionone, divided in four drops of 5.5

ul (£0.2) and placed on as many glass slides, were employed (Figure 40-B).

3.2.7.3 Experimental design
The plants, defRPP13-like and WT were initially divided in two groups, each comprising 8

mutant plants and 8 WT. Each mixed group was closed in a glass cubic box (60cmx60cmx60)
(Figure 40-A). A small cable (0.5 cm diameter) was connected to the boxes to keep a
continuous air flow, using a peristaltic pump (400 rpm).

In one box was added the synthetic VOC B-ionone as described in the previous paragraph
to a final concentration of 75 ppb. Those condition were kept for 24 h. Control plants were

kept in the same conditions, but without the addition of the synthetic VOC.

+ B-ionone | Control B + B-ionone
puynih | ,

Figure 40: A) The two boxes containing the MT plants (WT and defRPP13-like) during the
exposition to B-ionone (left) or controls (right). B) Detail of the box with B-ionone.
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After 24 h, the plants were again divided: eight plants exposed to B-ionone (four mutants
and four WT), were inoculated with a 5 ml spore suspension of Botrytis cinerea spores (1x10°
spores/mL) and closed in plastic bags (conditions favourable to the B. enerea infection
development). These become the P-S groups. The remaining four mutants and four WT
were sprayed with deionized sterile water and closed in the plastic bags, these become the P-
NS group.

The plants coming from the other box, not exposed to 3-ionone, were divided following the

same scheme, and become the NP-S and NP-NS group (Figure 41).

Primed + B-ionone Not primed

o' eI oY B B
Tt Ty (T
e I 1EIE
« 7R} TR 7R} TR
&'Z’(\ ;;ig“\ ;:Z&irk\ V3 ;‘g'gk\
O b~ B = ey | T
3337
Biotic Coriral Biotic Control

stress + stress

Figure 41: Scheme reporting the eight experimental conditions.

Different data were collected at two distinct time points to evaluate the immediate effects of
priming, its influence on changes in gene expression, and its long-term impacts on pathogen
spread and damages (Table 10). The first measurements (T'1) were taken 24 hours after B. cinerea
infection. Measurements at T2 were taken four weeks after the priming.

The development of the plants and the damages spread was monitored twice a week for six

weeks.
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Table 10: Summary of the measurements carried out in the two time points.

RNA PHYSIOLOGICA
TRACTI VOLATILE L DAMAGE
EX ON SAMPLING MEASUREMEN ASSESSING
TS
TIMING T1 T1, T2, T1, T2 T1-T2
N° OF
PLANTS
(PER 3 4 4 4
THESIS)
KIND OF Destructive Conservative Conservative Conservative
ANALYSIS | on two leaves

3.2.7.4 RNA extraction, sequencing and analyses
Total RNA was extracted using E.Z.N.A. Plant RNA Kit according to manufacturer’s

protocol (Omega Bio-tek). The RNA extraction was performed on homogenized nitrogen
frozen plant material coming from leaves of three biological replicates for each thesis. RNA
concentration and purity was estimated by using the the NanoDrop One® UV-Vis
spectrophotometer (Thermo Fisher Scientific®, USA).

RNA sequencing was conducted by Novogene (UK) utilizing next-generation sequencing
(NGS) technology.

The reads were aligned to the reference S. heopersicum genome ITAG release 4.0. The
mapped reads were counted and normalized into fragments per kilobase of transcript per
million (FPKM).

The differentially expressed genes DEGs, considering the two genotypes for each treatment,
were individuated using R version 4.4.2., DESeq2 R/Edge R, R packages, considering the
expressed genes with a log2 fold change=1 and adjusted p value < 0.05. The principal

component analysis on all the reads (vatiance # 0) was petformed using DESeq2 R (v 1.46.0)

(http:/ /www.bioconductor.org/packages/release/bioc/html/) with default parameters.
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3.2.7.5 V' OCs emission sampling and analyses

VOCs sampling and analysis procedures were carried out as previously described in Chapter
1. VOCs emitted from tomato leaf samples were analysed using a PTR-Qi-TOF MS (Ionicon
Analytik GmbH) with H30" as the reagent ion (Figure 42). VOCs were introduced via a
heated inlet tube connected to a LICOR cuvette, and spectra wete acquired at an E/N ratio
of ~125 Td. Data processing and internal mass calibration were performed using the R
package prairMS, and VOC concentrations were reported as normalized counts per second
(ncps), corrected for blank measurements. Statistical analyses, including heatmaps, PCA,
ANOVA, and Tukey’s HSD, were carried out on the MetaboAnalyst platform, with mass

peak identification based on literature or standards.

Figure 42: VOCs sampling using PTR-Qi-TOF MS (Ionicon Analytik GmbH) (A) with inlet tube
connected to a LICOR cuvette (B).

3.2.7.6 Physiological parameters

The measurements of gas exchanges were carried out using a portable gas exchange system
GFS-3000 (Walz, Effeltrich, Germany) as previously described in Chapter 1. The
measurements were taken on a leaf area of 3 cm? from fully developed and intact leaves
(Figure 43). Three replicates were analysed for each experimental thesis. Inside the cuvette,
the following conditions were set: temperature at 25 °C, relative humidity at 40%, air flow at
300 pmol-s-1, and CO, concentration at 400 ppm. Photosynthesis rate (A) (umol m—2 s—1),
transpiration (E) (mmol m—2 s—1), stomatal conductance (gs) (mmol m—2 s—1), maximum

quantum efficiency of photosystem II (Fv/Fm), leaf temperature (T Leaf °C) were measured
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between 08:00 a.m. and 12:00 p.m. The measurements were taken both in dark and light
conditions, with an incident PAR of 350 umol-m—2-s—1.

The leaf-level gas exchange data were analysed with R version 4.4.2. as described in Chapter

1.

Figure 43: Physiological measurements using the GFS-3000 (Walz, Effeltrich, Germany).

3.2.7.7 Disease Development Determination

The disease development was monitored weekly during three weeks after infection. Damages
were scored using the following scale: 0 = no gray mold symptoms; 1 = gray mold symptoms
as spots; 2 = gray mold symptoms covering up to the 20% of the leaf area; 3 = gray mold
symptoms covering from 20 to 50% of the leaf area; 4 = gray mold symptoms covering 50

to 80% of the leaf area; 5= gray mold symptoms on more than 80% of the leaf area. The
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disease severity was calculated based on the results of the disease development scoring

adapting the formula of Mc Kinney index (IM):
IM=[X(xn)]*100/NxC

Where: c= damage score (1-5); n= frequency score c; N= total number of leaves observed;

C= number of score classes(=5).

The damage was assessed also on flowers. In this case, due to the impossibility to score the
damage on flowers, which were healthy or completely covered by the grey mold, the severity

was estimated as a simple damage rate (N° of damaged flowers/N° of total flowers).

3.3 Results

3.3.1 The candidate genes

The bioinformatic pipeline resulted in the identification of nine proteins in S. Acopersicun with
functional domains similar to those of OBPs and ORs (Table 11). Four were chosen for the

CRIPR/Cas9 apply.

Table 11: These nine proteins with annotated putative functions underwent deeper bibliographic
research, and four were selected as candidate genes to applicate the CRISPR-Cas9 protocol for gene
silencing,.

Locus Protein putative function

Solyc03g078300.1.1 |RPP13-like
Solyc02g082480.3.1 | Glutamate receptor-like
Solyc082006500.4.1 | Glutamate receptor-like
Solyc01g065550.3.1 | Dehydration- Induced 19
Solyc08g005310.4.1 XLG / G-protein complex
Solyc04¢028380.1.1 | Sulfotransferase
Solyc11g033270.2.1 | MAPKKK gene family
Solyc02g081050.4.1 | receptor kinases (RKs)

O© 0 1 & Ut B W IN =

Solyc02¢079890.2.1 | Terpene synthase, metal-binding domain
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In particular, the identified genes were:

Gene 1: Locus: Solyc03g078300.3.1 encoding for Disease resistance RPP13-like protein
1: this protein presents NB-ARC-LRR domains (Nucleotide-Binding domain shared
with APAF-1, various R-proteins and CED-4, Leucine Reach Repeat) and is located in the
plasma membrane™. According to recent literature these domains, common to many disease
resistance (R) proteins™ can be found in two states, active or not, cycling between ADP (off
state) and ATP (on state) -bound forms, depending on the perception of an external
elicitor’™®. A study in maize on a RPP13-like indicate also its possible involvement in the
production of the signalling molecule 37,5 -cyclic adenosine monophosphate (cAMP), a
second messenger involved in many biological processes including stress responses to adapt
to unfavourable environmental conditions ». The specific role and function of the .
lyeopersicurr RPP13 like gene is still unclear, but it is believed to be involved in plant response
to stress *. Recently this protein has been associated to the regulation of photosynthesis-
related genes and the dynamic balance of reactive oxygen species within the chloroplast
during stress in potato*'.

Gene 2: SIGLR3.5, Locus: Solyc02g082480.3.1 encoding for Glutamate receptor like 3.5:
this protein belongs to the glutamate-gated ion channel family, is located into the plasmatic
membrane and possesses a ligand-gated monoatomic ion channel activity, facilitating the
Ca+ fluxes. The activation of the ion flux has usually been associated to the presence of the
ligand glutamate (a common amino acid) or to GABA *. This receptor has been associated
also to the tomato chilling tolerance and in the regulation of redox homeostasis *.
Orthologous genes of SIGLLR3.5 in A., thaliana are involved in wound and water stress
response .

Gene 3: S/GLR 2.6, Locus Solyc08g006500.4.1. encoding for Glutamate receptor like 2.6.
This protein also belongs to the glutamate-gated ion channel family. Homologous of
AT2G29120 involved in water stress response, potentially involved in various stress
signalling *.

Gene 4: Locus: Solyc01g065550.3.1 encoding for a predicted Protein Dehydration-
Induced 19 (Di19) homolog 4. This protein is not yet fully characterized **; however, Dil9
proteins are are known to function as transcription factors involved in signal cascades during
drought responses. They are responsible for the up-regulation of several PR proteins, which

enhance drought tolerance. These proteins are also upregulated following external
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treatments, such as salicylic acid analogs®. Nevertheless, the precise mechanism of their

activation remains uncleat.

3.3.1.1Docking in silico
The 3D modelling of the candidate genes gave the best results regarding the RPP13-like

protein. The 3D model of this structure closely resembles the SPK1/coronatine complex, a
key component of the COI/JAZ jasmonate receptor (a solenoid-like structural organization)
(Figure 44).

Literature data suggested that geraniol could induce transcriptome alterations, and docking
with this compound revealed the possibility of binding to the protein with an energy of -4.31
kcal/mol. B-ionone showed a binding energy of -6.1 kcal/mol while methyl jasmonate

showed a binding energy of -6.2 kcal/mol.

Jasmonate receptor:

COI/IAZ RPP13-like

S aE s
(i
! : X ! 4
5

Figure 44: 3D Model of the RPP13 like protein, with solenoid structure similar to the COI/JAZ

receptor.

For the three ligands, an attempt was made to identify a possible interacting protein that,
similar to the JAZ protein in the jasmonate receptor, could interact with the RPP13-like
protein and the ligand. By analogy with RPP13 proteins present in maize and A. zhaliana, for
which some interactors had been annotated, several potential target proteins were selected.

Among these, many did not exhibit good interacting energy with the protein under

108



investigation; others, despite showing moderate interaction, did not bind in a position
suitable for interacting with the ligand.

Specifically, for geraniol and methyl jasmonate no satisfactory results have been obtained in
in this case. Using B-ionone, on the contrary, the protein Anthranilate Synthase Alpha
Subunit 2 demonstrated good interaction energy and an interface positioning capable of
interacting with both the RPP13-like protein and the ligand (Figure 45). Specifically, the
heterodimerization energy was estimated to be -8.7 kcal/mol, while the ligand/heterodimer

complex energy was -14.40 kcal/mol.

Anthranilate
Synthase

RPP13-like

Figure 45: Docking in silico of the B-ionone molecule, and interaction between RPP13-like and
Anthranilate Synthase protein.

3.3.2 Vector construction and tomato transformation efficiency

For each candidate gene two or three guide RNAs (sgRNAs) were designed in order to

induce loss of function of the target gene. Details of each guide are provided in Table 12.
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Table 12. Table showing the Guides details, PAM, the score related to the number and type of off

targets.
GUIDES GENEI1 - Solyc032078300.3.1 (RPP13 LIKE)
EXO POSITIO
NAME SEQUENCE GUIDE OFFTARGETS
N N PAM | score NOTES
TTAATCTGTTCCGAGGACG 0-0-1-0 | > OTonlyonintrons:
1 109 / fw gl AGG 1 (2 mismatch); 2 (4
G -2
mismatch)
7 OT, only introns
GTGACGAAGATATTCGGA 0.0.0-1 and intragenic
1 217 / fw g2 TGG 6 regions: 1 (3
cT ‘ mismatch), 6 (4
mismatch)
TCTGAGTCTACCAGTAACA 0-0-0.0 | 2T 1 oneon2
1 694 / fw g3 TGG 5 intergenic region; 3 (4
€ _ mismatch)
GUIDES GENE 2 - Solyc02g082480.3.1 (GLU-RECLike 3_5)
EXO POSITIO OFFTARGETS
NAME SEQUENCE GUIDE PAM | SCORE
N N NOTES
TTAAAAGATGGTCCTAGCC 0-0-0-0 | 6OT only on introns,
2 110 / tev g7 TGG A
G -6 6(4 mismatch)
CTAATACGCCTAATCACAG 3 OT, 1 on exon, 2
5 2/ rev g8 AGG | 0-0-0-0 on introns: 3 (4
C 3 ‘
- mismatch)
GUIDES GENE 3 - Solyc08g006500.2.1.1 (GLU-RECLike 2_6)
EXO POSITIO OFFTARGETS
NAME SEQUENCE GUIDE PAM | SCORE
N N NOTES
3 OT only on introns,
TAGAGGTGATCCTATCGG 0.0-0-1 )
6 2/ rev g4 AGG 1 (3 mismatch), 2(4
GA -2 )
mismatch)
AGACTGTTCGCGGAGTCCT 0-0-0-0 | 1OT only on introns,
6 407 / fw o5 AGG ‘
C -1 1(4 mismatch)
TTTGTCGCCATCCGAATGA 0.0.0.0 | 2O lonexond
2 215 / rev g6 TGG on introns: 5 (4
T -5
mismatch)

GUIDES GENE 4 - Solyc012065550.2.1 (predicted Dil9)
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EXO POSITIO OFFTARGETS

NAME SEQUENCE GUIDE PAM | SCORE
N N NOTES

GGCATTGGCATGCACTCCA 0-0-0.0 | #OT>Tonexon 3on

5 378 / fw g9 TGG introns: 4(4
C -4
mismatch)
4 OT, lon exon, 3 on
AGCAGCCAGCGAAATGGC 0-0-0-1 introns: 3(4
5 363 / fw gl0 TGG ]
AT -3 mismatch), 1 (3

mismatch)

AGTTTGCAGTCCATCCTGG | GG | 0-0-0-0 | 3 OT only on introns:

3 359 / fw gl ‘
G G -3 3(4 mismatch)

For RPP13 like and for S/GLR 2.6 two vectors with two different combinations of sgRNA
were constructed. For S/GILR3.5 one vector with a combination of two guides was

constructed. Unfortunately, despite various tentative the final vector was never accomplished

for Di19 (Table 13).

Table 13: Summary of the obtained vectors.

Gene - Locus n°® Guides n° Final constructs available
' 2
1
SIGLR3.5 - Solyc02g082480.3.1 2 (FG7G8)
2
SIGLR 2.6 - Solyc08g006500.4.1 3 (FGAGS5, FGAGH)
Di19 - Solyc01g065550.3.1 2 0

The transformation protocol was carried out on two S. Aeopersicum cultivars, RS and MT. MT
explants presented a notably higher regeneration rate, with 82.86% of explants producing
shoots with well-formed meristems for RPP13 like (only 31.67% in the RS), and 94.91% of
regeneration rate for SIGLR3.5 (25.56% in RS). The transformation protocol for Genel led
to a final production of 14 MT plants and 18 RS potted plants, but only five of them for
each cultivar successfully integrated the Cas9. Among these, two RS plants exhibited gene
mutations (see section 5.3), but they were infertile, making it impossible to propagate these

lines. On the contrary, four MT lines had target gene mutation and two of them produced
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seeds. The plant transformation of the S/GLR3.5 resulted in the production of 11 RS potted

plants, five of which had integrated the Cas9. However, none of them showed mutations on

the target gene. Slightly better results were obtained in the MT, with 35 MT plants in soil, 21

with Cas9 integration but only one showing mutation. Unfortunately, this plant did not

produce seeds. Detailed information is reported in Table 14, 15.

Table 14: Detailed information of the plant stable transformation of the two cultivars, related to the

gene encoding for RPP13-like.

RPP13-like
RS MT
N infected explants 620 280
N° explants on RM2 540 210
% Transformation 87.1% 75.0%
Plant on Rooting M 171 174
% Regeneration 31.67% | 82.86%
Plants in soil 18 14
% Rooting 10.53% 8.05%
Plants integratig Cas9 5 5
% Cas9 integration 27.78% | 35.71%
Plants showing Genome 2 3
Editing

Table 15: Detailed information of the plant stable transformation of the two cultivars, related to

SIGLR3.5.

SIGLR3.5
RS MT
N infected explants 585 420
N° explants on RM2 489 334
% Transformation 83.6% 79.5%
Plant on Rooting M 125 317
% Regeneration 25.56% | 94.91%
Plants in soil 11 35
% Rooting 8.80% 11.04%
Plants integratig Cas9 5 21
% Cas9 integration 45.45% | 60.00%
Plants showing Genome
Editing 0 1
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3.3.3 Molecular and sequencing results

RPP13 like: Out of the five RS tomato plants that tested positive for the presence of Cas9,
only two exhibited significant mutations. Electropherogram analysis revealed the presence
of two or more distinct peaks, indicating heterozygous mutations. One individual (code:RS1-
2x) showed a deletion of 1 nucleotide, in one of the DNA filaments in the cutting sites of
both the guides, and one (RS1-102a) showed a deletion of 4 and 7 nucleotides on the two
cutting sites (Figure 46). Out of the five MT plants that tested positive for the correct
integration of Cas9, only three also exhibited significant genome editing. The plant MT1-13a
presented the insertion of two bases on one cutting site (g1). The analysis of the sequences
of the plant MT1-13x revealed the deletion on 3 nucleotides on one cutting site (g1) (Figure
47). Finally, the analysis of the sequence of the plant MT1-15a showed an indel biallelic with
the insertion of 1 nucleotide on the cutting site of the guide 2, different on both the alleles

(Figure 48). This last plant was the only one with confirmed genome editing able to produce

7 ..

seeds.

PAM ]
1
WT TTGGTTCAJCCARGTCCGAATATCTTCGTCAFAAATTTGCT
RS1-48a TTGGTTCAGLCAAGTCCGAATATCTTCGTCACAAATTTGCT
RS1-54b I‘TGGTTCAGCCAAGTLLGAHTHTLTTLGTCA CAAATTTGCT
RS1 - 2x I‘TGGTTCZ—‘AGCCAAGTCECCAAA
RS1-102a TTGGTTCAGCCAAGTCI CTAATA
RS1-102b TTGGTTCAGCCAAGT ""’GAnTnTLTI‘LGTLALAAHTTTGLT

|
F TGEGGOGT TCAGCCAAGT QCCAAAT ATCT CATTA

Figure 46: Alignment of the sequences of the five RS individuals showing Cas 9 integration. The
plants RS1-2x and RS1-102a show an interruption of the sequence after the cut site, due to the
presence of at least three different strains after the genome editing (as demonstrated to the
electropherogram of RS1-102a).
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PAM |I’ G1
1
WT GATCT'IIGCCECCG’I‘I CCTCGGAACAGATTAHGGAAATCAC
MT1-17d GATCTTGCCTCCGICCTCGGAACAGATTAAGGAAATCAC

MT1-10a GATCTTGCCTCCG,}I‘CCTCGGAACAGATTAAGGAAATCAC
MT1 - 13x GATCTTGCCTCCG:'I‘CC GAAC

MT1-13a GATCTTGCCTCCTICCTCC

MT1-15a i

G/\TCTTGCCTCCGiTCCG/\/\C/\/\/\TT/\/\TGA/\G/\C

Figure 47: Alignment of the sequences of the five MT individuals showing Cas 9 integration on the
guide 1. The plants MT1-13x and MT1-13a show an interruption of the alignment after the cut site,

due to the presence of at least two different strains after the genome editing (as demonstrated to

the electropherogram of MT1-13a).

PAM A}O G2
WT !GTTCAG CCQI%GTQCGAATATCTTCGTC%CAAATTTGCTGG.
MT1-17d GTTCAGCC Ci CITTCGTCACAAATTTGCTGG.
MT1-10a }GTTCAGCCAAGTC;:GAATATCTTCGTCACAAATTTGCTGG
MT1-13x |[GTTCAGCCAAGTCILGAATATCTTCGTCACARATTTGCTGG.
MT1-13a GTTCAGCCAAGTCLGAATATCTTCGTCACARATTTGCTGG
MT1-15a [GTTCAGCCAAGTTCGGA

GTTCAGCCAAGTT:CCGAAGATCTACCTCCCACATT
1

e

bl

Figure 48: Alignment of the sequences of the five MT individuals showing Cas 9 integration on the
guide 2. The plants MT1-15a an interruption of the alignhment due to the presence of two different

strains after the clear insertion of 1N exactly on the cut site and consequent genome editing
(as demonstrated to the electropherogram of MT1-15a).
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The individual MT1-15a showing the clear insertion of 1N (A on one strain and T on the
other) in biallelic mutation could only produce mutated progeny. In both cases, the A
insertion or the T insertion would represent a deregulation in protein translation due to the

early insertion of stop codon into the amino acidic sequence (Figure 49)

WT

MDIGLTVGGAFLSSTLQVLFDRLTPQCDFLNLFRGRRQDQRLLKKLHTNLLALRAVVHHIEIQQICDEDIRTWLNQL
QDAVDTADNLLDEISYEVLRVSGEETSRFCYLDSMMPKLEETIETLQDLETQINCLTITLKAQ

/+T/

MDIGLTVGGAFLSSTLQVLFDRLTPQCDFLNLFRGRRQDQRLLKKLHTNLLALRAVVHHIEIQQICDEDIR|YLAEP
TSGCCGHCR*LIR*DQL*SFESIW*GNKSFLLLRLHDAQIGRDH*NVARLGNTN*LPHDHPESS

/+A/

MDIGLTVGGAFLSSTLQVLFDRLTPQCDFLNLFRGRRQDQRLLKKLHTNLLALRAVVHHIEIQQICDEDIR |NLAEP
TSGCCGHCR*LIR*DQL*SFESIW*GNKSFLLLRLHDAQIGRDH*NVARLGNTN*LPHDHPESS

Figure 49: RPP 13 Like aminoacidic sequence in WT and in the MT1-15a progeny. The biallelic
mutation causes in both the cases a protein translation interruption with eatly stop codon.

SIGLR3.5: Among the 11 RS plants produced, five tested positive for the presence of Cas9,
verified through PCR and subsequently sequenced. Sequence analysis revealed that no
genome editing occurred in these five plants, and the gene S/GLR3.5 was identical to the
WT. However, one RS plant was able to produce seeds, raising the possibility that mutations

might have occurred in the M; generation, which has not yet been propagated.

Among the 35 MT plants, 21 showed correct integration of Cas9. Similarly to the RS plants,
the S/GLR3.5 sequences in these plants were identical to the WT, indicating that Cas9 was
unable to induce genome editing in all plants except one. The plant with genome editing did
not produce seeds, while seeds from the other non-edited plants containing Cas9 were
preserved. These seeds will be propagated to verify the occurrence of editing in the M

generation.
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3.3.4 Line propagation and characterization

MT1-15a produced 60 seeds. Forty were sowed but only 18 germinated.
The plants showed significant phenotypical differences in comparison with WT. In particular

they were significantly smaller that WT and produced flowers later and in a minor quantity

(see Figure 50 and Table 16).

Table 16: morphological differences between the mutated Microtom plants (MT1-15a line) and WT.
p values calculated using a paired two-tailed Student's t-test. P values <0.05 are in bold. The plant height
was the most influenced value, in particular due to the short first internode.

n° leaves Plant Internode  Internode Internode Flowering
eight I height II height  III height
DAS p value
35 0.80502 0.00012 0.00298 0.009640967
42 0.26136 0.00001 0.00056 0.03387 0.048835536
49 0.54340 0.00001 0.00584 0.74180 0.39948246
56 1.00000 0.00003 0.12062 0.45537 0.63762 0.014625798

WT g - MT1-15a

Figure 50: Microtom plants at 42 days: on the left the wild type plants, on the right the mutants of
the M; line MT1-15a with a mutation in the gene encoding for the RPP13 like protein.

The molecular sequencing and analysis confirmed that all the MT1-15a progeny retained the
genome editing. In three plants (MT1-15a-3, 4, 5), Cas9 activity resulted in an additional
mutation, characterized by the insertion of a foreign 109 bp fragment between the two

guides. In another three plants, the M biallelic mutation was fixed in homozygosity (MT1-
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Table 17: results of the sequencing analysis on the M plants derived from MT1-15a

15a-6, 7, 16), while all the remaining plants retained the biallelic mutation, with at least the

insertion of one base (T/A) at the cut site of Guide 2 (g2). Details ate reported in Table 17.

M,

Biallelic mutation. Insertion of a T/A base at Guide 2

MT1 - 15 HET (G2_217). Insertion of a T/A base at Guide 1 (G1_109)
M,
HET Biallelic mutatic_m. Insertion of a T/A bgse at Guide 2
MT1 - 152a-1 (G2_217). Insertion of a T/A base at Guide 1 (G1_109).
HET Biallelic mutation. Insertion of a T/A base at Guide 2
MT1 - 15a-2 (G2_217).
Insertion of an entire 109 bp fragment between the two
MT1 - 152-3 HOM guide cleavage sites.
Insertion of an entire 109 bp fragment between the two
MT1 - 152-4 HOM guide cleavage sites.
Insertion of an entire 109 bp fragment between the two
MT1 - 152-5 HOM guide cleavage sites.
HOM Homozygous rnutation.: Insqtion of a base (A fw) at Guide
MT1 - 152-6 2 (G2_217) and insertion of a T fw at Guide 1.
HOM Homozygous rnutation.: Insqtion of a base (A fw) at Guide
MT1 - 152-7 2 (G2_217) and insertion of a T fw at Guide 1.
HET Biallelic mutation. Insertion of a T/A base at Guide 2
MT1 - 152-8 (G2_217).
HET Biallelic mutation. Insertion of a T/A base at Guide 2
MT1 - 15a-9 (G2_217).
HET Biallelic mutation. Insertion of a T/A base at Guide 2
MT1 - 15a-10 (G2_217).
HET Biallelic mutation. Insertion of a T/A base at Guide 2
MT1 - 15a-11 (G2_217).
HET Biallelic mutation. Insertion of a T/A base at Guide 2
MT1 - 152-12 (G2_217).
HET Biallelic mutation. Insertion of a T/A base at Guide 2
MT1 - 152-13 (G2_217).
HET Biallelic mutation. Insertion of a T/ A base at Guide 2
MT1 - 15a-14 (G2_217).
HOM Homozygous mutation: .Insert.ion of a base (Afw) at Guide
MT1 - 15a-16 2 (G2_217) and insertion of a T at Guide 1.
HET Biallelic mutation. Insertion of a T/A base at Guide 2
MT1 - 15a-17 (G2_217).
HET Biallelic mutation. Insertion of a T/A base at Guide 2
MT1 - 15a-18 (G2_217).
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3.3.5 Priming experiment
3.3.5.1 RINA sequencing and analyses

The RNA-Seq led to the identification of a total of about ten thousand genes expressed in
each thesis (MT: NP-NS: 10143 genes; P-NS: 10124 genes; P-S: 10135 genes; NP-S: 10153
genes; WT: NP-NS: 10153 genes; P-NS: 10147 genes; P-S: 10156 genes; NP-S: 10163)
(Figure 51).

235 207 175 216
54 49
96 61 91 70
233 235 206 220
12 136 116 87
9376 9440
74 67 61 91
134 81 104 87
58 49

Figure 51: Venn diagrams showing the co-expression of genes among WT groups (left) and
defRPP23-like groups (right) in the different experimental conditions.

Principal Component Analysis (PCA) was performed to identify the key factors driving
variability within the datasets. The analysis, conducted both separately for WT and mutants,
as well as cumulatively, yielded comparable results. When considering both genotypes
together, the first two principal components (PCs) explained a cumulative variance of 67%,
with PC1 accounting for 55% and PC2 for 12%. When analysed separately, PC1 explained
52% and 68% of the variance for WT and defRPP13-like mutants, respectively, while PC2
accounted for 17% and 12%.

The scores plot (Figure 52-A) revealed distinct clustering patterns among the samples.
Stressed samples were cleatly separated from non-stressed samples along PC1. Furthermore,

when analysed separately (Figure 52-B for mutants and Figure 52-C for WT), differences in
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the distribution of P-S and NP-S samples became evident. Specifically, WT samples were

tightly grouped, while mutant samples were more dispersed along PC2.

PCA Plot RNA-Seq
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Gene expression analysis

The analysis of differentially expressed genes (DEGs) between the two genotypes under the

same treatment revealed that, after applying a filter of log2 fold change >1 or <-1 and an

adjusted p-value < 0.05, the list of DEGs was significantly reduced (Figure 53).
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Figure 53: Bar plot showing the number of differentially expressed genes in the four defRPP13-like

treated groups, compared to their respective WT groups

These small differences between genotypes did not allow for enrichment analysis or the

identification of major metabolic differences using the MapMan software. Consequently, the

entire gene lists were explored. The relevant genes identified are shown in the following

Table 18.

Table 18: List of genes potentially involved plant-pathogen interactions extrapolated from the DEGs

lists in the considered comparisons among genotypes and treatments.

protein 12

protein

UP NP-NS MUT vs WT DOWN NP-NS MUT vs WT
. log2Fol
gene id Annotation ITAG  log2Fold gene id Annotation [ITAG 4.0 dChan
4.0 Change @
Solyc12g087830.2 MADS._b(.)X 2.311 Solyc08g074630.2 Polyphenol oxidase -2.371
transcription factor
pathogenesm.— Cysteine protease-
Solyc01g106620.2 related protein 1- 1.031 Solyc03¢006210.2 . . -4.163
. like protein
like
Solycl2gooor303  receptor-like 1.832 | Solyc09¢089540.4  Proteinase inhibitor ~ -2.467
protein 12
Pathogenesis-related
Solyc07g0435503 D P-glucose 4- 1148 | Solyc08g080660.1  thaumatin family 2.929
epimerase .
protein
Glutathione S- .
Y 20. cll 250.2 -
Solyc06g075520.3 transferase 1.285 | Solyc11g066250 Carboxypeptidase 1.097
cecentorlik HXXXD-type acyl-
Solyc12g0097203  'eCepror-like 4.024 | Solyc12g096790.1  transferase family 3711
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leucine-rich repeat

Solycogniasans  ulene Response o4 | 10000755901 extensin-like protein  -1.254
Factor 1
Solyc06g0080802  Cullin-1 5.027 | Solyc04g078110.1 }S)‘rl:tt:;zlenslgf; 7 -1.367
Hydroxyproline- HXXXD-type acyl-
Solyc02g063410.3  rich glycoprotein 1.288 | Solyc12g096770.1 transferase family -1.665
family protein protein
Solyc12g013680.3 ;icc?;tsrl ;ke 1.893 | Solyc09091000.4 ijé?;iegﬁf_‘;elated -1.340
G-type lectin S-
Solyclog011990.1  L-cctin receptor 1225 | Solycodgoosaons  Feceptor-like -1.621
kinase serine/threonine-
protein kinase
G-type lectin S-
Solyc02g0795402  "ecepror-like 2.085 | Solyc052052280.3  Peroxidase -1.546
serine/threonine-
protein kinase
Solyc12g099080.3  recepror-like 1.002 | Solyc09g0075203  Peroxidase 2,934
protein 12
Solyc03g044100.4  Peroxidase -1.333
Solyc10g084240.3  Peroxidase -3.799
Hypersensitive
Solyc07g006560.3  response assisting -4.515
protein
UP NP-S MUT vs WT DOWN NP-S MUT vs WT
. log2Fol
gene id AﬂﬂomZoZ [TAG /ég/ngld gene id Annotation [TAG 4.0 dChan
. ange ge
MADS-box 3-ketoacyl-CoA -
Solycl2g087830.2 transcription factor ~ 2.214 S0lyc07g0e5780.3 synthase} 1.7591
Solyc04¢079210.3 Patatin 1.100
Glucan endo-1,3-
Solyc01g059965.1 beta-glucosidase 1.595
P-NS MUT vs WT DOWN P-NS MUT vs WT
. log2Fol
gene id Aimaz‘a;‘iog [rAG loég/f;;/j gene id Annotation ITAG 4.0 dChan
ge
Disease resistance
Solyc04g039980.3 protein (TIR-NBS- Solyc06g061200.1 glycine-rich protein 1~ -1.022
LRR class) 1.232
Solyc10g055810.2 Chitinase 1.045 | Solyc04g014320.1 protein PELPK2-like -1.190
Xyloglucan Tyramine n-
Solyc09¢092520.3  endotransglycosylas Solyc08g068730.1 hydroxycinnamoyl -1.043
e 1.082 transferase
Leucine-rich repeat
Solyc03g026040.4  receptor protein Solyc03g025380.3  Peroxidase -1.017
kinase 1.283
Solyc0lgoose204  O1ucan endo-1.3- Solycolglosoros  PCEVII6G -1.058
beta-glucosidase 1.643 peroxidase precursor
Rhamnogalacturon Tyramine N-
Solyc11g011310.3  ate lyase family Solyc08g006730.1  feruloyltransferase -1.177
protein 3.224 10/30
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Solyc07g054310.3  Cell wall protein 1.459 | Solyc08g014000.3  lipoxygenase -1.269
Serine . .
Solyc08g068665.1 Solyc02g070890.3 -
olyc08g! decarboxylase 1.093 olyc02g Flagellin Sensing 2 1.034
G-type lectin S-
Solyc03g095650.3  MLO-like protein Solycognugans  recepror-like -1.250
serine/threonine-
1.446 protein kinase
G-type lectin S-
Solyc0lg01aszoz  recepror-like -1.965
serine/threonine-
protein kinase
UP P-S MUT vs WT DOWN P-S MUT vs WT
. log2Fol
gene id Annotation ITAG  log2Fold gene id Apnnotation [TAG 4.0 dChan
4.0 Change 2
MADS-box Glutamate
Solyc12g087830.2 Solyc01g005000.3 -1.
oves transcription factor  1.904 ovee decarboxylase 1.283
Serine Serine
Solyc04g071140.3 Solyc04g077640.4 . -2.
oy decarboxylase 1.266 oy carboxypeptidase 2.637
Xyloglucan
Solyc02g092580.3  Peroxidase Solyc09g008320.4  endotransglucosylase  -1.073
1.186 /hydrolase
F-box protein Phenylalanine
Solyc12¢010900.1 Solyc10g086180.2 -
oves MAX2 1.337 overe ammonia-lyase 1558
Trehalose-6- Cafteoyl CoA O-
Solyc02g072150.3 Solyc10g050160.2 -
oves phosphate synthase  1.154 overs methyltransferase L7
receptor-like Ethylene responsive
Solyc12g009720.3 Solyc09g089930.3 -J.
e protein 12 2342 | TOVE factor E.2 3633
coiled-coil domain-
Solyc12g042793.1 containing protein Solyc09g089540.4  Proteinase inhibitor -1.700
18 4.574
SNlt:1—riliated Glutathione S-
Solyc02g030525.1 ~ PrOtEIR KINASE Solyc07g056470.3  transferase-like -1.959
regulatory subunit cotein
beta-3 3.560 P
Subtilisin-like Protein trichome
Solyc01g087770.4 Solyc02¢065610.3 -1.
overe protease 1.161 oveE birefringence-like 21 1542
G-type lectin S-
Protein trichome receptor-like
Solyc01g079400.3 . . . Solyc01g014530.2 . . -Z.
oves birefringence-like 6 overs serine/threonine- 2117
1.055 protein kinase
Solyc10g055200.1  Dirigent protein -1.180
TOMATO
Solyc01g107820.2  WOUND- -1.094
INDUCED 1

The comparison between the two genotypes defRPP13-like and WT in control conditions

(NP-NS), led to highlight that the mutant plants show the basal upregulation of many

genes involved in plant response to biotic stress, such as pathogenesis-related protein 1-like
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(Solyc01g106620.2) several receptor-like protein 127 (Solyc12g009730.3, Solyc12g009720.3,
Solyc12¢013680.3, Solyc12g099980.3). Many genes also correlated to plant stress response
as Glutathione S-transferase®, which detoxifies reactive compounds during oxidative stress,
MADS-box transcription factor (Solyc12g087830.2), regulating gene expression during plant
development and responses to various stimuli, including biotic and abiotic stress. Ethylene
Response Factor® (Solyc04g014530.1), a transcription factor regulated by ethylene, involved
in activating defence genes and stress adaptation also resulted upregulated, as well as lectin
receptor kinase™ (Solyc09g011990.1) despite the stress was not applied to this group.
However, also many genes involved in the plant stress response resulted downregulated in
the defRPP13-like plants. Among these, can be mentioned Polyphenol oxidase
(Solyc08g074630.2), Proteinase inhibitor (Solyc09g089540.4), which inhibits proteases from
insects or pathogens during biotic attacks, Pathogenesis-related thaumatin family protein
(Solyc08g080660.1) and Subtilisin-like protease®® SBT1.7 (Solyc04g078110.1), involved in
signalling pathways during stress, all indicating a general basal alteration of the response

pathways in the mutant plants.

Looking at the gene expression in the NP-S group, it was possible to observe the lowest
differences between mutants and WT plants. The stress in fact altered only 13 genes in total,
and among these Patatin, which is activated upon pathogen infection or environmental
stress”  (Solyc04g079210.3)  and  Glucan  endo-1,3-beta-glucosidase ~ which
catalyse hydrolysis of glucosidic linkages in fungal cell walls™, (Solyc01g059965.1) resulted
upregulated in the mutant plants. Among the three downregulated genes, interesting was
observed the 3-ketoacyl-CoA synthase (Solyc09g065780.3) involved in wax biosynthesis,

usually stimulated by stress™.

The P-NS comparison let to highlight the differences in gene expression that emerged in the
two genotypes due only to the B-ionone exposure. Interestingly in both groups it was
registered an alteration in genes involved in pathogen response. In the mutant plants resulted
upregulated genes related to the direct biotic defence, as the disease resistance protein (TIR-
NBS-LRR class) (Solyc04g039980.3), chitinase (Solyc10g055810.2), to cell wall remodelling
as Xyloglucan endotransglycosylase (Solyc09g092520.3), Rhamnogalacturonate lyase family
protein (Solyc11g011310.3) and cell wall protein (Solyc07g054310.3), but also gene involved
in stress signalling and response as Leucine-rich repeat receptor protein kinase

(Solyc032026040.4) and MLO-like protein (Solyc03g095650.3).
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The defRPP13-like plants, after VOCs sensing downregulated genes involved in the innate
plant immunity as Flagellin sensing 2 (Solyc02g070890.3) and lectin kinases
(Solyc04g008400.1, Solyc01g014530.2), or in the production of defensive compounds like
phenolics and oxylipins (e.g. tyramine n-hydroxycinnamoyl transferase Solyc08g068730.1
and tyramine N-feruloyltransferase, Solyc08g006730.1). The expressions of peroxidases
(Solyc032025380.3) and lipoxygenases (Solyc08g014000.3) active in the mitigation of damage
from oxidative stress, and of G-type lectin S-receptot-like serine/threonine-protein kinase
(Solyc04g008400.1, Solyc01g014530.2) involved in molecular signalling for the activation of

defensive responses, were also downregulated.

In the P-S group a general wide alteration in the expression of genes involved in the biotic
stress response was observed. Comparing the defRPP13-like plants to the WT in the same
condition, it was observed the upregulation of genes involved in the response to biotic or
abiotic stress (MADS-box transcription factor Solyc12¢087830.2), in resistance to oxidative
stress (e.g. Peroxidase, Solyc02¢g092580.3), in hormone response and stress signalling as (F-
box protein MAX2, Solyc12g010900.1, Receptor-like protein 12, Solyc12¢009720.3), in cell wall
components remodelling (Protein trichome birefringence-like 6, Solyc01g079400.3). In this
group was also observed the upregulation of genes involved in energy metabolism and stress
tolerance, as Trehalose-6-phosphate synthase (Solyc02¢072150.3), or SNF1-related protein
kinase regulatory subunit beta-3 (Solyc02g030525.1), which regulates energy metabolism and

stress adaptation by activating enzymes responsible for managing the energy state.

As observed in the other comparisons, also among the downregulated genes in the P-S
mutant group, many were involved in biotic response. For example, we can mention again
the Xyloglucan endotransglucosylase/hydrolase (Solyc09g008320.4), involved in cell wall
remodelling, as well as Caffeoyl CoA O-methyltransferase (Solyc10g050160.2), and Protein
trichome  birefringence-like 21 (Solyc02g065610.3).  The  Proteinase  inhibitor
(Solyc09g089540.4), as well as Glutathione S-transferase-like protein (Solyc07g056470.3), G-
type lectin S-receptor-like serine/threonine-protein kinase (Solyc01g014530.2) and Ethylene
responsive factor (Solyc09¢089930.3) resulted downregulated after priming and stress in defRPP13-
like plants.
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3.3.5.2 VOCs enmissions

The volatilome analysis conducted at T1 did not reveal any significant differences among the
various samples when analysed using Principal Component Analysis (PCA) or visualized
through the heatmap. This suggests that, at this early time point, the volatile organic
compounds (VOCs) emitted by the plants were not strongly influenced by the different
treatments or genotypes.

However, a more focused examination of the VOC B-ionone provided some interesting
insights. It was observed that the defRPP13-like plants emitted this particular VOC only in
the non-primed conditions, specifically in the NP-S and NP-NS groups. In contrast, in the
WT plants, B-ionone was emitted exclusively by the primed stressed (P-S) plants. This pattern

suggests a genotype-dependent modulation of 3-ionone emission (Figure 54).
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Figure 54: Box plot showing the normalized count per seconds (ncps) of b-ionone in the eight
groups.

At T2, after four weeks of exposure to the pathogen B. cnerea, a clear differentiation in the
volatilome of stressed plants compared to healthy plants was observed. This indicates that
the volatile profiles of the plants were significantly altered as a result of the pathogen-induced
stress (Figure 55).

Interestingly, despite this clear separation, no noticeable differences in VOC emission were

observed between plants of different genotypes or those treated with 3-ionone. This suggests
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that, while stress clearly impacts the volatilome at this later time point, the genotype or §3-
ionone treatment alone did not have a prominent role in altering VOC emission patterns

under these experimental conditions.
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Figure 55: Volatilome analysis of the four defRPP13-like and the four WT groups: A) Principal
component analysis on Emitters and NP-NS. The variance explained by each component is reported
in brackets. B) Heat map showing the volatilome profiles. The colour scale represents normalized
counts per second (CPS) for each detected mass. C) Box plot of masses involved in stress response
putatively annotated as: m/z 107.048 Benzaldheyde and m/z 145.1208 Hexyl acetate.

3.3.5.3 Physiological parameters

Measurements carried out at T'1, 48 hours after the 8-ionone exposure and 24h after B.cinerea
inoculation experiment, did not show significant differences in the values of Photosynthesis
rate (A) (umol m—2 s—1) and maximum quantum efficiency of photosystem II (Fv/Fm)
between the experimental groups, indicating the absence of detectable effects of the
treatments in terms of physiological stress for both the genotypes evaluated (ANOVA
$>0.05) (Figure 56-A). However, WT subjected to the double treatment of priming and stress

showed on average the lowest Fv/Fm and Photosynthesis rate rate (A).
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For what concerns stomatal conductance (GH>O) (mmol m—2 s—1) (Figure 56-B) the WT

primed, both in stressed or not stressed conditions, showed higher values than the other

groups, while this trend was not observed in the defRPP13-like plants.
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Figure 56: A) Bar plots with mean and standard deviation of the variables measured at T1: Maximum
quantum efficiency of photosystem II (Fv/Fm), and Photosynthesis; B) Transpiration rate (E) and

Stomatal conductance (GH-O).

Measurements carried out at T2 showed differences between stressed and non-stressed

plants, but also in this case no significance has been registered according to the ANOVA

tests (p>0.05). The parameters more influenced were the maximum quantum efficiency of

photosystem II (Fv/Fm), Photosynthesis rate (A), transpiration rate (E) (mmol m—2 s—1)

and stomatal conductance (GH20) (mmol m—2 s—1). For all these parameters, stressed

mutant plants (defRPP13-like P-S and NP-S), were observed the lowest values (Figure 57-

A, B).
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Figure 57: Bar plots with mean and standard deviation of the variables measured at T2: A) Maximum
quantum efficiency of photosystem II (Fv/Fm) and Photosynthesys; B) Transpiration rate (E) and
Stomatal conductance (GH20),

3.3.5.4 Disease Development Determination

B. cinerea spores infected all plants. The use of the McKinney index for damage quantification
did not reveal statistically significant differences in leaf damage. Damages increase during the
monitoring in all genotypes and treatments, even if the two primed groups (defRPP13-like
P-S and WT P-S) showed on average a low severity index (Figure 58). Interestingly,
observations of damage on flowers showed that in primed WT plants, damage was reduced
compared to non-primed WT plants. However, in the mutants, priming did not affect the

percentage of damage (Figure 59).

128



Severity index (IM)

35.00
30.00

25.00

20.00

15.00

10.00

L~
_._—-—-'__—_
5.00 %

0.00

# oF @ P S

defRPP13-lke NP-S defRPP13-lke P-S ~=——WTNP-§ ——=WTP-S

Figure 58: Line graph showing changes in the disease severity index over time for the four B. cnerea-
infected groups
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Figure 59: Bar plot showing the percentage of flower damages in the four B.cinerea-infected groups.
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Discussions

The transformation protocol targeting the RPP13-like and S/GLR3.5 genes revealed notable
differences in efficiency and outcomes between the two tomato cultivars, RS and MT. The
MT cultivar consistently exhibited higher regeneration rates and transformation efficiencies
compared to RS. For instance, the regeneration rate for MT explants was 82.86% for RPP13-
like, significantly outperforming the 31.67% observed in RS. Despite these differences, both
cultivars produced transformed plants with Cas9 integration, but successful genome editing
was more frequent in MT. This cultivar is particularly suitable for biotechnological
applications in basic research, sharing some characteristics like small dimension and short
56

life cycle with A. thaliana . These results highlight the need to improve transformation

protocols for economically important cultivars such as RS.

For RPP13-like, genome editing resulted in biallelic mutations in several MT plants, with one
line (MT1-15a) successfully producing seeds. This line displayed stable inheritance of the
mutation across its progeny, along with phenotypic alterations, including reduced plant
height and delayed flowering. In the case of S/IGLK3.5, genome editing was less efficient,
with only one MT plant showing a mutation. Molecular screening confirmed the presence of
specific mutations induced by Cas9 in the RPP13-like gene, including insertions and deletions
that led to eatly stop codons and disrupted protein function. These mutations, particulatly in
the MT1-15a line, provided a stable genetic background for further analysis of physiological

responses, gene expression, and stress tolerance mechanisms following VOC treatment.

The apocarotenoid B-ionone, known for its defensive role against plant pathogens'”",

showed a significant interaction with the RPP13-like protein during 7z silico docking
experiments. Consequently, this compound was selected to assess its effects on both wild-

type (WT) and mutant defRPP13-like plants in VOC sensing experiments.

By combining data from RNA-Seq, physiological parameters, VOCs, and disease
development, several patterns emerged, revealing the interplay between genotype, priming,

and stress.

Mutants (defRPP13-like) in the NP-NS condition exhibited basal upregulation of stress-
response genes, such as pathogenesis-related proteins and glutathione S-transferase, while
downregulating other key immune-related genes, like polyphenol oxidase ' and subtilisin-

like proteases % This pattern suggests an imbalanced immune system, even in the absence
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of external stimuli. Regarding other measurements carried out at T1, physiological
parameters did not show significant differences, suggesting that the mutation does not affect
overall performance under these conditions. However, only mutants emitted B-ionone,
whereas WT plants did not, indicating a genotype-specific constitutive production of this
compound, possibly linked to alteration in carotenoids cleavage and stress signalling

pathways.

Under stress alone (NP-S), minimal differences were observed between mutants and WT
plants, suggesting that despite the basal immune system alterations observed in controls,
mutants can still react to stress similarly to WT plants. This is consistent with the high
versatility of the plant immune system and the complexity of its signalling pathways®’. Both
physiological and VOC emission datasets indicated stress-induced changes, but no genotype-
specific differences were evident at this stage, highlighting the predominant influence of
stress over genotype modulation. However, also defRPP13-like NP-S emitted B-ionone,

while WT NP-S did not.

In the P-NS group, where the effects of B-ionone sensing alone can be observed, mutants
exhibited activation of defence-related genes, such as chitinase and resistance-related
proteins, while simultaneously suppressing innate immune signalling pathways, including
flagellin sensing and lectin kinases. This dichotomy suggests that priming partially enhances
defensive readiness but disrupts stress signalling coordination. However, as a similar pattern
was observed in NP-NS plants, these transcriptomic changes cannot be solely attributed to
B-ionone effects on WT versus mutant plants. One notable observation at T1 after priming
was an average increase in stomatal conductance in WT plants compared to mutants, though
not statistically significant. This result aligns with findings presented in Chapter 1, where a
blend of VOCs coming from stressed plants stimulated the stomatal opening. This may
suggest that several volatile stimuli can induce stomatal opening as first results. Moreover, in
this experiment there it is evident a genotype-specific physiological response to B-ionone,

with WT and defRPP13-like reacting differently.

Transcriptomic analysis of the P-S group revealed that this condition elicited the most
extensive changes in defRPP13-like mutants. Upregulated genes included those involved in
oxidative stress resistance (e.g., peroxidases), cell wall remodelling, and energy metabolism

(e.g., trehalose-6-phosphate synthase). However, downregulation of critical immune
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signalling components, such as glutathione S-transferase and ethylene-responsive factors,

suggested an incomplete or mis regulated defence response.

In terms of physiology, no statistical differences were observed, although WT P-S plants
exhibited higher stomatal conductance on average, potentially attributable to B-ionone
treatment or interactions with plant pathogens. Interestingly, while WT P-NS plants
displayed higher CO; assimilation (A) and Fv/Fm values, indicative of a healthy
photosynthetic system, this was not observed in WT P-S plants, suggesting a stressful

condition.

A significant distinction between WT and defRPP13-like mutants under P-S was that only
WT plants emitted -ionone. VOCs analysis revealed that priming alters 3-ionone emission
patterns. While WT plants emitted B-ionone only after both VOC exogenous application and
priming, mutants exhibited emission only in the not-primed condition. The functional roles
of the RPP73 gene family remain poorly understood, in fact there is a lack of knowledge
regarding their expression patterns, regulatory mechanisms, and specific contributions to
disease resistance *'. On the other hand, it has been demonstrated in many instances the

direct role of some VOCs influencing gene expression patterns*>>**

, or to be taken up and
converted in other compounds™. Thus, consistently with the tesults of docking 7 silico, it

could be hypothesised a direct role of 3-ionone in the regulation of RPP13 protein.

For what concerns the long-term effects of B-ionone priming, they were evaluated through
physiological measurements and VOC sampling at T2, and damage assessment in the time.
The primary observation was that stressed plants, regardless of genotype, showed similar
modifications in VOC emissions, with stress-related compounds (e.g., Benzaldehyde,

" predominating. Physiological measurements, however, showed that

Hexenyl acetate
mutants stressed (P-S and NP-S) exhibited lower average values for maximum quantum
efficiency of photosystem II and CO; assimilation, though without statistical significative
differences. These findings may suggest that the mutation in the RPP13-like affect negatively

the plants performance in terms of photosynthesis, but not in terms of secondary

metabolism.

Disease development, evaluated through flower damage and severity index, indicated that

primed WT plants experienced reduced flower damage on average, though this reduction

132



was not statistically significant. defRPP13-like seem in general less able to cope with the

biotic stress in comparison to WT plants, and not influenced by the VOC sensing.

Taken together, these findings highlight some relevant observations. The first is that the
RPP13-like gene at locus (Solyc03g078300.1.1) is undoubtedly involved in the basal plant
regulation of biotic stress, as its disruption significantly alters the gene expression of many
stress-related genes.

The second observation is that only the mutant plants with the defRPP13-like gene, without
priming, showed an enhanced production of beta-ionone, while no emissions were registered
after the exogenous application of VOCs. This may indicate that beta-ionone is involved in
the RPP13-like activity, potentially acting as a regulator.

However, despite being interesting, these findings need to be strongly corroborated by
additional experimental work.

A similar observation can be made regarding the role of beta-ionone as a priming tool to
enhance plant tolerance to abiotic stress. In fact, none of the considered parameters
measured in WT plants, especially the evaluation of damage, gave statistically significant

results.

Conclusions

The study highlights the differential efficiency of genetic transformation and genome editing
between two tomato cultivars, MT and RS, with MT showing higher success rates,
particularly for the gene encoding for RPP13-like protein. Mutations in RPP13-like in MT
led to phenotypic changes and altered stress-response gene expression, suggesting a role in
biotic stress regulation. Additionally, 8-ionone emerged as a potential regulator linked to
RPP13-like activity, as it was constitutively produced by mutants but not wild-type plants
under non-primed conditions. Despite intriguing observations, such as the impact of §-
ionone on gene expression and VOC emissions, the study found no statistically significant
effects on stress tolerance or damage reduction. These findings underline the complexity of
plant stress responses and suggest that further research is needed to validate the role of §3-

ionone in priming and to refine protocols for economically important cultivars like RS.
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