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Summary 

Plants have evolved intricate defense strategies over millions of 
years to adapt to environmental changes, but the plethora of 
molecules involved in these processes remains underexplored. A 
significant area of study focuses on signaling peptides, which hold a 
great potential for use in crop protection as innovative 
biotechnological tools. Our contribution to this field of study began 
with Prosystemin (ProSys), the precursor of the first signaling 
peptide identified in plants, Systemin (Sys), discovered by Ryan in 
1991 in Solanum lycopersicum. Since previous research on ProSys 
revealed its activities were greater than the sole Sys contribution, 
our work aimed to identify ProSys smallest bioactive sequences 
responsible for the broader roles it plays. In Chapter 1, we identified 
new short peptide motifs along ProSys sequence that were tested 
for their biological activity. Selected peptides successfully protected 
tomato plants against insect pests and necrotrophic fungi without 
direct toxicity effects, triggering defense pathways linked to jasmonic 
acid (JA) and oligogalacturonides (OGs). Given that plants function 
as holobionts, involving dynamic interactions between the host and 
its associated microbiome, in Chapter 2 we explored the effects of a 
selected Prosys-derived peptide on the tomato phyllosphere 
microbiome. The peptide shaped the leaf microbiome both 
taxonomically and functionally, with shifts resembling microbial 
patterns typically associated with JA-mediated stress responses. 
The enrichment of a targeted microbiome positioned the peptide not 
only as an effective resistance elicitor, but also as a potential 
attractant of a specific beneficial microbiota. 
In Chapter 3, based on the in vivo discovery of some peptide motifs 
predicted in Chapter 1, it was hypothesized that ProSys might 
undergo further proteolytic processing to release additional peptides 
beyond Sys. Revealing the presence of a truncated form of ProSys 
lacking the Sys sequence (PSDel1-178) in chloroplasts, we proposed 
new pathways for ProSys fate inside the plant cell. Overall, our 
findings provide novel understanding into ProSys multifaceted roles 
in plant stress responses while underlining its potential as a valuable 
source of new peptide-based tools for crop protection. This 
investigation led to an international patent registration involving the 
discovered ProSys peptide motifs. 
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Abstract 

In the history of tomato Prosystemin defense processes, the focus 
has always been the Systemin peptide, a key player in activating 
multiple responses to a wide range of stressors. However, the 
mechanisms that underpin such a broad protection capacity are also 
possibly linked to the intrinsic disorder of its precursor protein 
Prosystemin (ProSys). Since recent findings suggest that ProSys 
has its own biological activity independent from Systemin sequence, 
the present work aims to demonstrate that this precursor harbours 
additional peptide motifs capable of activating stress-related 
pathways. Our in silico prediction revealed the presence of repeated 
peptide motifs along ProSys structure. Selected peptides were 
synthetically produced to screen their biological activity in protecting 
tomato plants against different pest organisms. When exogenously 
supplied in small doses, they induced key defense-related genes 
associated with jasmonic acid and oligogalacturonides pathways, 
reduced necrosis caused by Botrytis cinerea and Alternaria alternata 
infections, and significantly impaired the survival of Spodoptera 
littoralis larvae. Overall, our study not only advances the 
understanding of ProSys beyond the well-known Sys peptide but 
also highlights its potential in plant defense, identifying new derived 
tools that could be employed as innovative strategies in crop 
protection. 

1.1 Introduction 

Agriculture faces significant challenges, many of which are 
intensified by climate change, ranging from increasing abiotic 
stresses to pest infestations that threaten crops yield and quality 
(N’Danikou & Tchokponhoue, 2020). These pressures result in 
billions of dollars in economic losses annually (Zahid et al., 2024). 
Abiotic stress alone accounts for up to 70% of global yield reductions 
(Das & Das, 2019), while the Food and Agriculture Organization 
(FAO) estimates that around 40% of global crop production is lost 
each year due to biotic factors, with the greatest impact occurring 
during the pre-harvest phase (Isman, 2019; Tang et al., 2023). 
Prospects regarding the survival of staple crops like maize, wheat, 
and rice under these environmental conditions are expected to 
deteriorate in the coming years (Tigchelaar et al., 2018). The 
growing vulnerability within the agricultural systems raises serious 
concerns regarding the ability to meet the increasing food demands, 
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highlighting the need for new frontiers in sustainable crop protection 
strategies that should not rely on chemical pesticides. Therefore, the 
European Union (EU) has established ambitious goals aimed to 
preserve crops health and ensure food security, such as the Farm 
to Fork strategy (Faichuk et al., 2022). Within the European Green 
Deal, this strategy proposes to reduce pesticide use by 50%, 
particularly those containing harmful chemicals (Faichuk et al., 
2022). These policies emphasize the need for integrated 
approaches to mitigate environmental stressors without introducing 
health risks across the entire production chain, from farmers to 
consumers (Helepciuc & Todor, 2022). Among the alternatives 
gaining attention there are microbial biological control products 
(MBCPs) (Helepciuc & Todor, 2022), natural predators like 
entomopathogenic fungi (Scorsetti et al., 2018), biopesticide 
molecules derived from animals, plants, or microorganisms, as well 
as nanotechnologies and plant-based solutions (Constantine et al., 
2020; González-García et al., 2021; Zeng et al., 2020). Plant-
derived solutions, including signaling peptides or pesticide 
molecules, may offer sustainable alternatives to chemical pesticides 
in pest management programs, minimizing environmental and 
human risks while safeguarding crops health. Signaling peptides, in 
particular, play a crucial role in plant immunity by inducing resistance 
to a wide range of stressors (Wiesel et al., 2014; Yamaguchi & 
Huffaker, 2011). Notably, peptides can act both endogenously and 
exogenously to modulate plant responses. For instance, their ex 
vivo application can be used to amplify or anticipate plant defense 
mechanisms. An example is the Zea mays peptide ZmPEP3, which 
has been shown to enhance resilience to herbivorous insects by 
activating jasmonic acid (JA) and ethylene (ET) pathways, central to 
herbivore defense (Huffaker et al., 2013). Similarly, Prunus persica-
derived plant elicitor peptides (PEPs) helped counteract bacterial 
infections, such as the one caused by Xanthomonas arboricola pv. 
pruni, by involving ET, abscisic acid (ABA), and WRKY related genes 
(Foix et al., 2021). In tomato, the systemin peptide (Sys), derived 
from the C-terminus of its precursor Prosystemin (ProSys), 
exemplifies an endogenous signaling peptide, or phytocytokine, 
capable of enhancing basal immunity in both tomato and related 
plant species (Aprile et al., 2022; Coppola et al., 2017, 2019; Gust 
et al., 2017; Molisso et al., 2020; Pastor-Fernández et al., 2020). 
Typically associated with JA signaling and the octadecanoid 
pathway, Sys has long been recognized as a valid weapon against 
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necrotrophic fungal attacks and chewing insects threats (McGurl et 
al., 1994; Noval et al., 2007; Zhang et al., 2020), while also playing 
a role in mitigating salinity stress (Cirillo et al., 2022; Orsini et al., 
2010). This defense mechanism relies on JA production and the 
downstream synthesis of proteinase inhibitors, which deter insect 
digestion, inhibit fungal colonization, and enhance plant tolerance to 
drought and salinity (Cirillo et al., 2022). 
The potential for integrating peptides into crop protection programs 
resides in their perception by cell membrane receptors, triggering 
signaling cascades which can also stimulate the endogenous 
production of the applied peptides (Coppola et al., 2019). Moreover, 
the structural homology of leucine rich repeat receptor-like kinases 
(LRR-RLKs), involved in plant defense and development, broadens 
the application of peptides, as demonstrated for Sys across multiple 
plant species (Molisso et al., 2020; Wang et al., 2018). Ongoing 
research on peptides is not only elucidating their physiological roles 
but also expanding their potential applications (Olsson et al., 2019), 
opening avenues for the patenting of innovative crop protection 
strategies. In this context, we have thoroughly explored new 
structural elements within the 200-amino acid ProSys protein, 
aiming to both explain its multifaceted contribution to tomato 
defense beyond Sys and to identify new exploitable tools for crop 
protection (Castaldi et al., 2024; Molisso, et al., 2022a). Deletion of 
Sys sequence from ProSys (PSDel1-178), revealed additional and 
non-overlapping defense-related functions of this proteoform 
compared to Sys, whether overexpressed in transgenic plants or 
delivered ex vivo (Corrado et al., 2016; Molisso et al., 2022b). 
Notably, the investigated plants produced pectin-derived oligomers 
known as oligogalacturonides (OGs) with varying degrees of 
polymerization (DP) (Molisso et al., 2022b). Traditionally, OGs have 
been described as endogenous damage-associated molecular 
signals, released upon stress perception, which elicit resistance to 
fungal and bacterial phytopathogens (Ferrari et al., 2013) but also 
ET induction, crucial for fruit ripening in tomato (Simpson et al., 
1998). Prompted by these results that extended ProSys roles in 
plant stress-coping mechanisms, Molisso and co-workers (2022a) 
aimed to functionally dissect and screen ProSys regions, identifying 
larger biologically active fragments within PSDel1-178 region, namely 
PS1-70 (first 70 aa) and PS1-120 (first 120 aa) that we further 
investigated with the present work, providing a first structural 
rationale behind their functionality. The formation of repeated 
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sequence motifs along protein structure belongs to genes encoding 
intrinsically disordered proteins, such as ProSys (Buonanno et al., 
2018; Habchi et al., 2014). Its gene evolutionary history, probably 
characterized by duplication, module exchange, or expansion 
events, likely associates with the found repeated motifs (Habchi et 
al., 2014; McGurl & Ryan, 1992; Tompa, 2003) and aligns with 
rapidity of evolution, disorder propensity, and functional versatility of 
IDPs (Habchi et al., 2014). Moreover, disordered regions are 
believed to be crucial for performing diverse functions, making IDPs 
indispensable in processes like transcriptional regulation, cell cycle 
control, and stress adaptation, particularly in eukaryotes (Roey et 
al., 2014; Theillet et al., 2014). Recently, ProSys has been shown to 
exhibit interaction promiscuity (Natale et al., 2023), highlighting its 
versatility under stressful conditions and raising important questions 
about which structural elements are responsible for such activity. In 
this study, we aimed to answer this question, performing an in silico 
study of ProSys structure that revealed the presence of repeated 
peptide motifs along PSDel1-178 region. Since preliminary studies 
suggested that PS1–70 fragment is highly disordered compared to 
PS1–120 fragment predicted to gain some secondary structure 
(Buonanno et al., 2018; Molisso et al., 2022a), we selected 
representative peptide motifs located within PS1-70, which already 
demonstrated a significant activity in protecting plants against both 
the larvae of the noctuid Spodoptera littoralis and the necrotrophic 
fungus Botrytis cinerea (Molisso et al., 2022a). Candidate peptides 
were synthetically produced and tested for their potential to enhance 
stress tolerance in tomato plants, placing them as novel immune-
modulating agents for plants. Our comprehensive characterization 
included different tests, from target to non-target organisms, 
providing additional insights into ProSys functional mechanisms and 
opening new avenues for the development and future registration of 
plant-derived, eco-friendly tools for crop protection. 

1.2 Results 

1.2.1 ProSys displays repeated peptide motifs along its 
structure 

Previously collected data in our lab showed that ProSys truncated 
form PSDel1-178, depleted of Sys sequences, exhibited a biological 
activity in tomato plant protection alone (Corrado et al., 2016; 
Molisso et al., 2022b). Therefore, we performed a detailed analysis 
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of ProSys sequence aiming to detect putative other functional motifs 
beyond Sys. The analysis was carried out using both RADAR 
algorithm (Heger & Holm, 2000) and multiple sequence alignment 
method (Notredame et al., 2000). Along ProSys N-terminus, that 
excludes Sys peptide sequence, we identified and characterized 4 
long imperfect repeats of 24–33 residues that were named as “Total 
1–4” (T1–4), which contained shorter amino acid repeats assigned 
to two separate groups, “Green 1–4” (G1–4), and “Red 1–4” (R1–4), 
of 14–16-residues and 9-residues, respectively (Fig. 1.1). The 
compositional features of the repeated peptide motifs (RMs) are 
primarily characterized by disorder-promoting amino acids (Theillet 
et al., 2013), enriched in polar and highly charged residues in a 
range of 77,4%-85,7%, as shown in Table 1.1 (in Appendix). 

 

Figure 1.1: Repeated peptide motifs embedded in ProSys N-terminal 
region. (A) The T1-4 sequences are underlined, while G1-4 motifs are 
highlighted in green and R1-4 motifs in red. (B) A scaled schematic 
representation of RMs groups distributed on the 200-amino acids long 
ProSys sequence. Repeated peptide motifs are illustrated as coloured 
rectangles, with the Sys sequence represented as a dashed-line rectangle 
in the C-terminal end. 

Among these residues, Aspartic and Glutamic acid appear as the 
most abundant and confer an overall net negative charge to ProSys 
protein. In order to screen their ability in counteracting plant biotic 
stresses, candidate RMs representative of each group, were 
selected from the first 48 residues of the protein (T1, G1, R1; Fig. 
1.1A, B). 

1.2.2 Some peptides exhibit an ordered-state tendency 

Candidate synthetic peptides exhibited random coil characteristics, 
with a pronounced minimum around 200 nm and ellipticity near zero 
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at approximately 220 nm in aqueous solution (Fig. 1.2A, B; in 
Appendix). To explore their tendency to assume a certain degree of 
order, we used TFE at different concentrations to mimic hydrophobic 
conditions (Fig. 1.2C, D; in Appendix), typical of protein-protein 
interactions (Buonanno et al., 2018; Roccatano et al., 2002). Among 
the three peptides tested, only T1 and G1 displayed a propensity to 
adopt an alpha-helical secondary structure, with T1 showing the 
strongest tendency starting from 15% to reach a peak at 30% TFE. 
While R1 did not exhibit any ordered conformation even at higher 
concentrations, T1 behaviour was comparable to ProSys protein as 
previously described (Buonanno et al., 2018). Moreover, an 
isodichroic point in the CD spectrum overlay, observed at 
approximately 206 nm, indicated a transition from a random coil to 
an alpha-helix, suggesting an equilibrium between these two 
conformations (Zhou et al., 1993). 

1.2.3 Synthetic peptide motifs counteract biotic stressors 
threats 

1.2.3.1 Mortality and lack of development in Spodoptera 
littoralis larvae 

Young tomato plants treated with candidate synthetic peptides were 
able to efficiently contrast Spodoptera littoralis larvae attacks. 
Indeed, plants exogenously supplied with peptides 6 hours before 
larvae feeding on leaf disks, strongly compromised their survival 
(Log-rank test: χ2 = 166.7, df = 3, P < 0.0001) (Fig. 1.3A). The trend 
indicated that all the peptides negatively affected the larvae 
compared to the control group (C-larvae) that showed the 100% of 
survival (Log-rank test: C-larvae vs T1-larvae χ2 = 126.3, df = 1, 
P < 0.0001; C-larvae vs G1-larvae χ2 = 128.1, df = 1, P < 0.0001; C-
larvae vs R1-larvae χ2 = 126.5, df = 1, P < 0.0001). 
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Figure 1.3: Plants treated with 100 fM of T1, G1, and R1 compromise 
growth and survival of S. littoralis larvae. (A) Survival rate of larvae fed 
on leaf disks from of plants treated with 100fM of synthetic peptides or PBS 
0.1X as control. Different letters indicate significant differences in the 
survival curve (Log-Rank test, P < 0.0001). (B) Larval weight in grams (g) 
from 3rd instar until all the larvae per the group died. Synthetic peptides 
treatments impaired larvae development compared to the control group. 
Different letters denote significant differences in the larval weight (g) (One 
Way Anova: P < 0.001; day 19 t-test: P < 0.0001). Values represent means 
± SE. 

Specifically, larvae fed on T1- or G1-treated leaves exhibited a 
similar mortality trend, showing deaths on the 16th and 18th days of 
the bioassay, respectively. In contrast, R1-treated leaves appeared 
less effective compared to both T1 (Log-rank test: χ2 = 8.422, df = 
1, P = 0.0037) and G1 (Log-rank test: χ2 = 7.017, df = 1, P = 0.0081). 
Larval death was associated with a remarkable impairment of 
growth and development (Fig. 1.3B), due to a lower body weight 
(One Way ANOVA: P < 0.0001). 

1.2.3.2 Reducing necrotrophic infections caused by Botrytis 
cinerea and Alternaria alternata 

To assess the ability of T1, G1, and R1 to contrast necrotrophic 
fungal infections, two fungal bioassays with Botrytis cinerea and 
Alternaria alternata were carried out. After B. cinerea inoculation, 
tomato leaves treated 6 hours earlier significantly reduced necrotic 
lesions caused by the fungus (One Way ANOVA: P < 0.0001; Fig. 
1.4A). A similar trend was observed throughout A. alternata assay 
(Fig. 1.4B). However, while in the first case G1 was the most 
effective in counteracting the infection among the three peptides, in 
the second case all of them showed a similar behaviour compared 
to PBS 0.1X-treated leaves, used as controls (One Way ANOVA: 
P < 0.0001). 
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Figure 1.4: Plants treated with T1, G1, and R1 suppress fungal 
infection. B. cinerea (A) and A. alternata (B) necrotic lesions progress 
after leaves treatment with 100 fM of synthetic peptides or PBS 0.1X. Bars 
represent means of necrotic areas measured 1, 3, 5, 8 days post-inoculum 
(dpi). Statistically significant differences are indicated with letters (One 
Way ANOVA: P < 0.0001). Error bars indicate standard error. 

1.2.4 Peptides effects do not involve direct antimicrobial 
activity 

To assess the potential direct toxicity of synthetic peptides, they 
were applied in vitro to B. cinerea and the green microalga 
Chlamydomonas reinhardtii. The viability of B. cinerea cultured in 
media containing T1, G1, and R1 did not significantly differ from 
controls (Fig. 1.5). Similarly, C. reinhardtii displayed similar growth 
patterns over 7 days when exposed to the experimental peptides 
(Fig. 1.5B-D). Notably, the presence of the G1 peptide in the culture 
medium led to a 1.5-fold increase in C. reinhardtii growth compared 
to untreated media (One-Way ANOVA: P < 0.05). Therefore, 
peptides did not show toxicity towards any of the tested 
microorganisms.  
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Figure 1.5: In vitro antifungal B. cinerea vitality assay and growth 
performance of C. reinhardtii exposed to G1, R1, and T1 peptides. (A) 
Each sterile 12-well plate was filled with 1 mL of PDB 1/2 medium 
containing synthetic peptides at the final concentration of 100 fM, except 
for the control wells with growth medium only. Spores of B. cinerea were 
then added to each well and fungal growth was evaluated 24-hpi of the 
pathogen. The absorbance of the medium was measured at 600 nm 
(OD600). Statistical significance of data was calculated with One-way 
ANOVA, Tukey-Kramer Honestly Significant Differences (HSD) test with P 
< 0.05; ns, not significant. Error bars indicate standard error. Microalgae 
were inoculated in Bold basal medium added with (B) peptide G1 or (C) 
peptide R1 or with (D) peptide T1 at three different concentrations: 0.0001, 
0.1 and 1 nM and incubated at 24 °C up to seven days. The cell density 
was evaluated every 24 hours for a week. 

1.2.5 Peptide motifs trigger defense-related genes 

1.2.5.1 The octadecanoid pathway 

The phytohormone JA is a key molecule in the octadecanoid 
pathway for the activation of defense responses, particularly against 
necrotrophic pathogens and chewing insect pests (Ghorbel et al., 
2021). Here we assessed the expression of two early genes 
involved in this pathway, such as Allene Oxide Synthase (AOS; 
Solyc11g069800) and Lipoxygenase D (LoxD; Solyc03g122340), as 
well as two jasmonate-responsive genes, Proteinase Inhibitor type I 
and II (Pin I and Pin II; Solyc09g084470.2.1 and 
Solyc09g084450.3). Quantitative Real-Time PCR (qPCR) analysis 
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revealed that all examined genes were upregulated by peptide 
motifs application compared to controls, with T1 inducing the most 
significant response (Fig. 1.6). 

 

Figure 1.6: Repeat motifs induce defence related genes. Expression 
analysis of JA-related genes at 6 hours post treatment with 100 fM of T1, 
G1, R1, or PBS 0.1X as control. Numbers are displayed in relation to the 
calibrator control condition, which is set to 1 (mock-treated plants). 
Different statistical groups are denoted by different letters (One-Way 
ANOVA: P < 0.05). Error bars indicate the standard error. 
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