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Where does a resistant tomato plant primarily restrict the proliferation and

pathogenicity of Fusarium oxysporum?

Previous studies, including our current findings, have consistently demonstrated that Fusarium
oxysporum f.sp. lycopersici (Fol) proliferates within xylem vessels and extends into
aboveground parts, irrespective of the host’s susceptibility or resistance. This colonization
pattern has been observed across various resistance mechanisms, both during (Fo47)
Endophyte-mediated resistance (EMR) and (/-1, I-2, I-3, and I-7) R-gene-mediated resistance
(RMR) (van der Does et al., 2019; de Lamo et al., 2021; Simkovicova et al., 2024). Likewise,
other xylem-invading pathogens such as Verticillium dahliae (fungus) and Ralstonia
solanacearum (bacterium) show similar proliferation patterns within the tomato xylem,
regardless of host resistance (Chen et al., 2004; Planas-Marques et al., 2020). In contrast, foliar
pathogens are often confined to the initial infection site and do not spread to adjacent tissues in
a resistant plant (De Wit et al., 1985; Bent et al., 1994; Grant et al., 1995; Song et al., 1995; He
et al., 2018).

While neither RMR nor EMR completely halts Fo/ proliferation, both resistances significantly
reduce fungal colonization within the plant vasculature, ultimately preventing disease
development (van der Does et al., 2019; de Lamo et al., 2021; Simkovicova et al., 2024). This
suppression of Fol's pathogenicity is observed even when the fungus colonizes susceptible
scion tissue grafted onto an /-2-resistant rootstock. Grafting of a resistant scion expressing /-2
onto a susceptible rootstock did not confer protection, demonstrating the unidirectional nature
of this resistance (Simkovicova et al., 2024). Similar unidirectional resistance transfer has been
observed when grafting a susceptible scion onto an /-7 rootstock (Heinze and Andrus, 1945).
Grafting approaches have been successfully employed to manage Fol, V. dahliae, and R.
solanacearum in agricultural settings (Louws et al., 2010; Thies, 2021). These findings suggest
that immune receptor activation induces 1) signals that enhance defense responses in systemic
scion tissue, and/or 2) the accumulation of mobile compounds that translocate from the
rootstock to the scion, likely via the xylem sap, thereby effectively limiting pathogen spread
and disease progression. Additionally, a microscopical examination of /-2-RMR revealed
containment of the pathogen within xylem vessels, preventing its spread to surrounding tissues
(Mes et al., 2000). Plants resistant to R. solanacearum and V. dahliae similarly restrict these
pathogens to xylem tissues, limiting their spread in the host and preventing colonization of
xylem adjacent tissues (Garas et al., 1986; Nakaho, 1997). Notably, the lack of disease
symptoms is not due to an inability of the fungus to express its virulence genes, as Fol-secreted
effectors were readily detected within the xylem vessels of inoculated plants during (-7, I-2, I-
3, and I-7) RMR (Simkovicova et al., 2024).



While xylem sap from Fol-inoculated /-7 resistant plants has demonstrated anti-Fol activity in
vitro (Stromberg, 1977), it remains unknown whether xylem sap isolated during /-2, I-3, or I-7
RMR has similar antifungal properties. Xylem sap collected from oilseed rape plants infected
with Verticillium longisporum also demonstrated antifungal efficacy in suppressing the
pathogen’s growth (Floerl et al., 2008). Given that the /-7 resistance gene is expressed in the
outer root layers (Kajala et al., 2021), the induction of antifungal compound accumulation in
the xylem sap is presumed to involve a systemic defense response that propagates through the
cortex. This process may be mediated by mobile signaling molecules that activate the
expression of defense-related genes in xylem-adjacent cells. In this context, it is plausible to
hypothesize that 1) the pathogen is contained within the xylem due to the unidirectional
transport of antifungal compounds through the xylem sap, 2) the primary role of these
antifungals occurs outside the xylem, with their presence in the xylem sap being incidental—
either resulting from tissue damage or unintended transport into the xylem, and/or 3) the
compounds are not antifungal themselves but trigger the production of such compounds in the
foliage. It is also important to consider the role of physical and chemical barriers in limiting
pathogen colonization (Kashyap et al., 2021). For instance, cell wall strengthening through
lignification and suberization, and accumulation of phenolics, in tissues outside of the
vasculature were observed in resistant pea genotypes challenged with Fo f.sp. pisi (Bani et al.,
2018). Upon pathogen attack, Fusarium wilt-resistant tomato varieties exhibited significantly
higher production of phenolics, terpenoids, and alkaloids, which was demonstrated to
contribute to their resistance (Anjum et al., 2017). The presence of a barrier is further supported
by transcriptional activation of genes involved in lignin biosynthesis in cotton plants during
Fusarium wilt resistance (Hou et al., 2021) and in resistant tomato varieties inoculated with R.
solanacearum (Ishihara et al., 2012; Planas-Marques et al., 2020; Kashyap et al., 2022). Other
resistance mechanisms potentially contributing to the restriction of Fo/l’s colonization include
vascular gelation, observed in Fusarium wilt-resistant carnations, and the formation of tyloses,
which restrict pathogen movement within the vasculature of resistant tomato varieties
challenged with Fo, Verticillium albo-atrum, and R. solanacearum (Hutson and Smith, 1980;
Baayen and Elgersma, 1985; VanderMolen et al., 1987; Grimault et al., 1994). To further
elucidate the role of reinforcement mechanisms during EMR and (/-/, I-2, I-3, and /-7) RMR
in tomato plants, future studies should focus on histological investigations of the development
of potential barriers (e.g., lignin, suberin, tyloses, and phenolics ). The timing and extent of
these defenses are likely critical, as some of these mechanical barriers (e.g., tyloses,
lignification) have also been observed in susceptible plants (Hutson and Smith, 1980; Martinez-
Soto et al., 2023). Consequently, these analyses should be conducted at multiple time points
post-inoculation and combined with transcriptomic analyses of genes involved in the formation
of these mechanical defenses. Furthermore, to accurately correlate these observations with the
extent of pathogen colonization, a fluorescent Fo/ line that expresses GFP only after penetration

of the root cortex should be utilized. This approach minimizes background interference from
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spores and hyphae on the root surface (van der Does et al., 2008). Collectively, these findings
suggest that during resistance responses, mechanical and chemical barriers may partially hinder
Fol colonization in tissues external to the vasculature, however, this colonization is eventually

fully arrested within the xylem vessels.

How do alterations in the xylem sap proteome of a resistant tomato cultivar

contribute to the prevention of Fusarium oxysporum disease symptoms?

Several studies from the host lab employed proteomic approaches, including 1-D and 2-D gel
electrophoresis followed by mass spectrometry, to characterize the protein composition of
xylem sap. The proteomic landscape of xylem sap undergoes significant changes in abundance
following the onset of Fusarium wilt symptoms in infected tomato plants, with 92% of the
proteins affected (Gawehns et al., 2015). The altered proteome is enriched with pathogenesis-
related (PR) proteins from various families, including PR-1, PR-2 (B-1,3-glucanases), PR-3
(chitinase), PR-5, PR-9 (peroxidase), and PR-10 (ribonucleases) (Rep et al., 2002; Houterman
et al., 2007; Gawehns et al., 2015; de Lamo et al., 2018). Notably, the PR-5 protein PR-5x was
observed in both susceptible and resistant plant lines. However, a significantly higher fold-
change in PR-5x abundance was observed in Fol-inoculated resistant /-2 plants at two wpi,
relative to mock-inoculated controls (de Lamo et al., 2018). Moreover, PR-5x was also detected
in the xylem of /-/ plants exhibiting RMR at one wpi (Rep et al., 2002). Another isoform of
PR-5, NP24, along with a PR-2 protein, shows enhanced accumulation during Fo47-induced
EMR (de Lamo et al., 2018). Accumulation of PR proteins has also been observed in the xylem
sap of other plant species upon inoculation with pathogenic Fo strains. For example, both
resistant and susceptible Brassica oleracea varieties inoculated with Fo f.sp. conglutinans
displayed a wide range of PR proteins in their xylem sap, including PR-1, PR-2, PR-3, PR-4,
and PR-5s (Pu et al., 2016). Various PR proteins, including PR-2, PR-4, PR-7 (endoproteinase),
and a PR-5 (PR-5x), were found to accumulate at elevated levels in the xylem sap of R.
solanacearum inoculated resistant tomato varieties (Planas-Marqués, 2020). Notably, many of
the identified PR proteins, particularly those in the PR-2, PR-3, PR-4, and PR-5 families, are
hypothesized to exhibit direct antifungal activity, suggesting their active role in suppressing Fol

proliferation and preventing disease symptoms (dos Santos and Franco, 2023).

In this thesis, Chapter 2 aimed to elucidate the molecular mechanisms underlying the constraint
of Fol within the stem vasculature during RMR. This objective was addressed through the
analysis of xylem sap protein profiles in Fol-inoculated resistant tomato varieties (Simkovicova
et al.,, 2024). Notably, the presence of four distinct R-genes within a single pathosystem is
unusual and offers a unique opportunity to compare the immune responses elicited by each

receptor. To enhance peptide detection and enable a detailed analysis of proteomic alterations



during (I-1, I-2, I-3, or I-7) RMR in the xylem sap, we employed Solid-Phase-enhanced Sample
Preparation (SP3) rather than in-gel digestion and coupled it with a highly sensitive TIMS-TOF
LC-MS machine. The use of SP3 for protein purification from xylem sap offers significant
advantages, including 1) a high recovery rate, 2) decreased contamination, 3) minimal sample
handling, and 4) the ability to capture low-abundance proteins, making it suitable for small
sample volumes and reducing the amount of xylem sap required (Hughes et al., 2019). By
employing this method together with the advanced TIMS-TOF LC-MS machine, we
successfully identified approximately 700 plant proteins in the xylem sap from mock-inoculated
I-2 plants, a significant increase from the 300 proteins previously reported (de Lamo et al.,
2018; Simkovicova et al., 2024). Our analysis revealed a differential accumulation of proteins
from seven PR families (PR-1 to PR-7) in the xylem sap during /-1, I-2, I-3, and I-7 mediated
RMR. Four proteins; the previously identified PR-5x, two PR-2 isoforms, and a PR-4 were
identified in all four R-gene lines after Fol/ inoculation. This indicates that part of the
downstream responses triggered by the activation of distinct I receptors are similar. Chapters 3
and 4 focus on establishing a causal link between the accumulation of PR proteins and enhanced
defense against Fol. Previous studies have shown that resistant cultivars exhibit a faster and
stronger induction of PR proteins than susceptible cultivars when exposed to vascular
pathogens (Lu et al., 2013; Soheili-Moghaddam et al., 2022; Poursakhi et al., 2024). However,
it remains unknown whether temporal differences in PR protein accumulation exist between R-
gene lines. This could be investigated using single-cell and spatial omics technologies alongside
fluorescent Fol colonization tracking (Duyvesteijn et al., 2005; Yu et al., 2023). Such an
integrated approach has the potential to reveal cell- and tissue-specific defense responses over

time.

It is also important to note that the presence of fungal-secreted proteins can influence the
accumulation of xylem-localized PR proteins. Previous research from the group showed that
inoculation with mutant Fol strains—lacking either AVR2, AVR3, SIX5, or SIX6—Ieads to
increased levels of specific PR proteins in the xylem sap, including PR-2, PR-3, and PR-5 (PR-
5x and NP24) (Gawehns et al., 2015). This observation indicates these Fol effectors may
selectively target PR proteins or their regulatory networks. This hypothesis is supported by the
finding that some fungal effectors can target PR proteins such as PR-3 and PR-5 proteins. For
example, Fol has been shown to secrete both a serine protease and a metalloprotease that act
synergistically to cleave host PR-3 proteins (Jashni et al., 2015). Additionally, PR-5 proteins
have been identified as targets for effectors essential for the pathogenicity of V. dahliae, Botrytis
cinerea, and Blumeria graminis f.sp. hordei (Gonzalez-Cendales et al., 2016; Pennington et al.,
2016; Zhang et al., 2019). To my knowledge, no studies have yet demonstrated the targeting of
PR-2 function by pathogen-secreted proteins. To explore whether Fol-secreted proteins target
PR proteins, future research could utilize pull-down assays coupled with mass spectrometry

analyses. These assays would use tagged recombinant PR2, PR-3, and PR-5 proteins identified
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in the xylem sap and the filtered secretome of a transgenic Fol strain overexpressing the
transcription factor F7F1 (van der Does et al., 2016), which drives constitutive secretion of

effector proteins.

What are the potential transcriptional regulators linking I-receptor
activation to PR protein accumulation during Fusarium oxysporum

resistance in tomato plants?

While the precise signaling cascades connecting I-receptor activation to PR protein
accumulation during Fol resistance in tomato plants remain unclear, research has illuminated
several key aspects of this process. The R-genes in tomato roots display diverse expression
patterns, with /-/ and /-3 localized to the outer layers and /-2 and /-7 found in cells adjacent to
the xylem (Kajala et al., 2021). While I-1, I-2, and I-3 confer recognition of effector proteins
Avrl, Avr2, and Avr3, respectively, the corresponding Avr protein recognized by -7 remains
unidentified (Rep et al., 2004; Houterman et al., 2008, 2009; Gonzalez-Cendales et al., 2016).
Notably, I-1 recognizes the C-domain of Avrl, and exposed residues within this domain allow
Avrl to evade recognition by an /- allelic variant found in a susceptible cultivar (Yu et al.,
2024). Upon pathogen recognition, both I-1 and I-7 mediate resistance through the Enhanced
Disease Susceptibility 1 (EDS1) pathway, a key regulator of both basal resistance and ETI (Hu
et al., 2005; Gonzalez-Cendales et al., 2016). EDS1 is known to play a crucial role in activating
salicylic acid signaling pathways (Wiermer et al., 2005). In contrast to /-7 and /-7, the responses
mediated by /-2 and /-3 are EDS1-independent, and resistance is compromised in the presence
of Avrl (Houterman et al., 2008; Gonzalez-Cendales et al., 2016). Given the structural
homology between Avrl and Avr3, Avrl is proposed to suppress /-3-mediated resistance via
competitive inhibition of Avr3 recognition (Yu et al., 2024). Additionally, research has shown
that I/Avrl-dependent necrosis in N. benthamiana has been shown to rely on the plant immunity
receptor kinases SOBIR1 and SERK3/BAKI1 (Catanzariti et al., 2017). These findings highlight

the existence of distinct signaling pathways activated downstream of I receptor recognition.

The specific transcription factors (TFs) activated by signaling cascades during Fol resistance
remain unknown. Here, to identify key TFs potentially regulated by the four tomato I receptors,
PlantRegMap (https://plantregmap.gao-lab.org/) was utilized. This online tool identifies
transcription factors (TFs) with binding motifs located in the promoter regions of a user-defined
gene set. It then employs Fisher’s exact tests to assess which TFs are significantly
overrepresented in this set compared to all annotated genes of a specific species. The promoter
regions of a set of 18 PR genes, whose proteins were detected in the xylem sap of at least two
Fol-inoculated R-gene lines (Chapter 2, Figure 5b), were analyzed. This analysis revealed nine
TFs whose binding motifs were significantly enriched in the promoter regions of the selected



PR gene set (Table 1). Notably, overexpression of the tomato MYB2 TF (Solycl1g065840) in
tobacco plants has been shown to enhance secondary cell wall formation by activating cellulose
biosynthesis (Shi et al., 2017). Similarly, the Arabidopsis thaliana homolog of this tomato
MYB TF (Solycl10g005550) participates in secondary cell wall fortification by upregulating
lignin biosynthesis genes (Zhou et al., 2009). Furthermore, the Arabidopsis homolog of the
tomato ERF TF (Solyc03g005520) has been identified as a downstream regulator of the
ethylene and jasmonic acid signaling pathways, binding to the GCC box of ethylene-inducible
PR genes (Hao et al., 1998). ERF1 has also been shown to be required for resistance in A.
thaliana against Fusarium wilt (Berrocal-Lobo and Molina, 2004). Several other TFs listed in
Table 1 have been implicated in pathways involved in biotic and abiotic stress responses (Lee
et al., 2012; Hu et al., 2018; Suprun et al., 2023). This bottom-up approach identifies TFs that
are potentially involved in Fusarium resistance providing leads for future research aimed at
uncovering the components of the signaling pathways involved. Future studies could
investigate the role of these TFs through gene overexpression or knockout studies, and
chromatin immunoprecipitation followed by sequencing to identify the target genes they
regulate. Furthermore, analyzing the temporal dynamics of TF expression could elucidate
differences in resistance mechanisms. Given the expression patterns of the R-genes, it is
plausible that /-7 and /-3, which are expressed in the outer root layers, exhibit lower fungal
abundance in the stem compared to /-2 and /-7 due to their potentially earlier activation of
immune responses. However, it is important to note that Avr recognition can occur even before
the pathogen physically reaches the I receptor-containing cells, as demonstrated by the Avr2-
Six5 pair, which can move through plasmodesmata to reach /-2-expressing cells near the

vasculature (Blekemolen et al., 2022).

Table 1: A list of transcription factors with enriched binding motifs in genes, whose proteins
differentially accumulate in the xylem sap during RMR upon avirulent Fol inoculation.

Solye ID TF Family Potential function
Solyclig065840 MYB Upregulate cellulose biosynthesis genes
Solyc06g076030  Dof Unknown
Solyc03g005520  ERF Regulates ethylene/jasmonate-dependent pathways
Solyclig011050 MYB Unknown
Solyc05g014290 MYB Unknown
Solyc10g055410 MYB Regulates anthocyanin biosynthesis
Solycllg011260 GRAS Gibberellin signaling pathway repressor
Solyc10g005550 MYB Upregulate lignin biosynthesis genes
Solyc01g065980  ERF Enhances carotenoid and ethylene biosynthesis
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What challenges hinder the investigation of PR-5’s role in Fusarium wilt

resistance, and what strategies can be implemented to overcome them?

Chapter 3 builds on previous research that identified PR-5x as the only protein to differentially
accumulate in the xylem sap during /-2-mediated resistance, while NP24 and another PR protein
exhibited differential accumulation during Fo47-mediated resistance (de Lamo et al., 2018).
Given that NP24 and PR-5x share a conserved structural feature with other antifungal PR-5
proteins, specifically an acidic cleft that is implicated in the binding and cleavage of fungal f3-
1,3-glucan (Batalia et al., 1996; Min et al., 2004; Ghosh and Chakrabarti, 2008), we aimed to
conduct an in vitro antifungal activity screening to evaluate the direct anti-Fo/ activity of PR-
5x and NP24.

In light of the limitations associated with existing methodologies for recombinant PR protein
production and the complexity of antifungal assays (Rosano and Ceccarelli, 2014; Kraut-Cohen
et al., 2024), we developed a streamlined pipeline in Chapter 4. This approach enables the rapid
assessment of the potential antifungal activity of PR proteins transiently produced in N.
benthamiana, utilizing fluorescent microscopy and in vitro growth assays. The efficacy of this
pipeline was assessed using purified recombinant PR proteins (PR-2, PR-3, PR-4, and PR-5x)
and apoplastic fluid enriched with PR-5x or NP24. Cumulatively, the results from both
approaches demonstrated that the PR-4 and the two PR-5 isoforms exhibited anti-Fol activity,
consistent with previous research on other PR protein family members (Vigers et al., 1992;
Fierens et al., 2009; Guevara-Morato et al., 2010; Pereira Menezes et al., 2014). Notably, the
use of total apoplastic fluid, which preserves the natural protein environment, revealed a more
pronounced antifungal effect for PR-5x as compared to the purified protein alone. This suggests
that utilizing total apoplastic fluid is a more sensitive approach for rapid antifungal activity
screening and is recommended for future studies. Furthermore, the accuracy of the
measurements in the pipeline is affected by the non-homogeneous dispersion of fungal hyphae.
Incorporating state-of-the-art equipment, such as automated confocal and widefield microscopy
in combination with a multimode microplate reader (BioTek Cytation C10), will streamline the
analysis and enhance the precision of the antifungal assays. The pipeline outlined in Chapter 4
offers a reliable approach for producing large quantities of PR proteins in planta and evaluating
their antifungal activity. It can also be applied to assess the antifungal properties of PR proteins

against a variety of plant pathogens genetically engineered to constitutively express GFP.

To elucidate the role of PR-5x and NP24 in resistance to Fol in vivo: 1) Loss-of-function
mutants were generated and subjected to Fo/ disease assays to determine the impact of PR-5x
and NP24 absence on disease susceptibility, and 2) Overexpression lines were generated and

evaluated in Fol disease assays to determine if enhanced PR-5 protein expression confers



increased resistance. CRISPR/Cas9 mediated loss-of-function pr-5x or np24 mutant lines did
not result in compromised RMR or EMR, respectively. The lack of a phenotype could be
attributed to functional redundancy among PR proteins and/or the presence of other defense
mechanisms. Indeed, we have shown that in addition to PR-5x, other PR proteins accumulate
differentially in the xylem sap of all four R-gene lines during resistance (Simkovicova et al.,
2024). Although xylem sap proteomics was not analyzed for EMR in this study, the unaffected
resistance observed in np24 mutant lines further suggests the involvement of other defense-
related components. It is also plausible that PR-5x and NP24, despite their significant
accumulation, might not be as crucial for Fol resistance compared to other proteins. A previous
study demonstrated the critical role of a single PR protein, PR-7, localized in the xylem, in
providing resistance against R. solanacearum (Planas-Marques, 2020; Zhang et al., 2023). The
study found that even when other PR proteins were present, the absence of PR-7 alone led to
increased susceptibility, indicating its essential role in combating this pathogen. A recent study
investigated the roles of two PR-5 genes, SLTLPS5 and SLTLP6, in disease resistance, revealing
that single knockout lines of these genes showed a minor reduction in resistance to Fol, V.
dahliae, and Fusarium solani in small-scale disease assays (Li et al., 2023). Both genes are
located within a seven-gene PR-5 cluster on Chromosome 8 in tomato plants, which also
includes PR-5x and NP24.

Evaluating the effects of other PR proteins identified in Chapter 2, or combinations of multiple
PR proteins, was hindered by the labor-intensive and time-consuming nature of tissue culture
and stable knockout line selection in tomato plants. Alternative approaches, such as Virus-
Induced Gene Editing (VIGE) in N. benthamiana, have emerged in recent years (Zhang et al.,
2022). VIGE relies on Agrobacterium tumefaciens-mediated transient expression of a viral
vector encoding gRNA within a Cas9-expressing plant, facilitating germline edits that are
directly established in the F1 progeny (Ellison et al., 2020). Under my supervision, an intern,
Laetitia de Vanssay de Blavous, undertook the adaptation of this technology to tomato plants.
Subsequent efforts by a research technician, Jo Gomila, along with concurrent research from
other laboratories, have successfully demonstrated the functionality of this system in tomato
plants and confirmed its potential to expedite the generation of knockout lines for future
research (Liu et al., 2024; Uranga et al., 2024; Wang et al., 2024). A recent study exemplifies
further advancements in this field by developing a non-transgenic CRISPR/Cas delivery system
using engineered tomato spotted wilt virus, which can be cleared from regenerated plants
through antiviral treatment. This system eliminates the need for generating transgenic plants
with stable Cas expression (Liu et al., 2023).

In Chapter 3, a tomato line susceptible to Fo/ was transformed to overexpress either PR-5x or
NP24. In addition to the well-known constitutive viral 35S promoter, known for driving gene

expression across most plant tissues regardless of developmental stage (Amack and Antunes,
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2020), we utilized the XSP10 promoter, which demonstrates high activity within the root and
lower stem vasculature (Rep et al., 2004). This approach was motivated by a couple of reviews
exploring the potential of PR proteins for developing disease-resistant crops, which highlighted
potential drawbacks associated with using the 35S promoter. Specifically, the homology-
dependent silencing of transgenic PR genes or the continuous activation of a PR gene can
negatively impact plant growth and development (Ali et al., 2018; Kaur et al., 2022). For
example, expression of the rice PR-5 gene under the control of the 35S promoter in transgenic
banana plants resulted in silencing in several lines, however, some lines showed transgene
expression and exhibited enhanced resistance to Fusarium oxysporum f. sp. cubense tropical
race 4 (Mahdavi et al., 2012). The objective in Chapter 3 was to generate several independent
transgenic lines to assess their potential for conferring (partial) resistance to Fol. Obtaining
viable lines expressing PR-5x under either promoter proved challenging, and quantifying PR-
Sx transcript levels in these lines was further complicated by the high sequence similarity among
PR-5 gene homologs. For NP24, multiple transgenic lines were generated, yet enhanced
expression was observed in only one line per promoter. Notably, the line with the highest
expression, driven by the 35 promoter, exhibited a consistent reduction in susceptibility to Fol.
However, this line also showed a dwarf phenotype and a significant reduction in seed yield,
indicating pleiotropic effects. Understanding the functionality of PR-5 proteins in plant defense
mechanisms clearly necessitates the identification of inducible promoters with spatiotemporal
regulation during Fol colonization. To my knowledge, only a limited number of inducible
promoter systems have been successfully implemented in transgenic plants to significantly
enhance PR protein accumulation in response to a fungal pathogen attack. For instance, the use
of a rice PR-10 promoter sequence has shown substantial enhancement in the transcriptional
activation of PR-1, PR-3, and PR-5 genes, leading to increased resistance against Magnaporthe
grisea infection (Mei et al., 2006) However, its broad activation profile, encompassing
responses to Xanthomonas oryzae pv. oryzae and phytohormones like jasmonic acid, salicylic
acid, and abscisic acid (Hwang et al., 2008), may lead to deleterious phenotypes. To circumvent
the limitations of natural promoters, synthetic promoters present a compelling alternative,
offering enhanced specificity and transcriptional efficiency. Through the incorporation of
diverse cis-regulatory elements, synthetic promoters have demonstrated efficacy in driving
targeted gene expression in response to pathogen invasion and tissue wounding (Rushton et al.,
2002; Misra and Ganesan, 2021).
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What is the potential of PR-5 proteins to enhance disease resistance in crops

against Fusarium wilt?

Members of the PR-5 protein family have been shown to have antifungal activity and be
involved in immune responses to a wide variety of plant pathogens, positioning them as
promising candidates for developing crop varieties with durable and broad-spectrum resistance
2023). This thesis investigated two xylem-localized PR-5 protein isoforms in tomato plants,
whose accumulation is induced during Fo! resistance. The findings reveal that 1) both isoforms
exhibit direct antifungal activity against Fol, and 2) transgenic tomato plants overexpressing
NP24 show significantly enhanced resistance to Fol in greenhouse trials. Despite the suggested
involvement of NP24 in Fol resistance, several challenges remain for its effective

implementation in field applications.

One of the primary challenges in utilizing transgenic lines with elevated PR-5 accumulation is
the difficulty in precisely controlling both the timing and level of PR-5 expression (Ali et al.,
2018; Kaur et al., 2022). This regulation is critical to minimizing the potential negative effects
of overexpression. The use of temporal and spatial promoters provides a potential strategy to
fine-tune PR-5 expression and mitigate overexpression issues, though suitable promoters for
fungal vascular pathogens have yet to be identified. Interestingly, the solution to this may
already exist within the natural variation of PR-5 gene promoter sequences between Fol-
susceptible and -resistant plant varieties. For instance, a single nucleotide polymorphism in the
promoter region of a PR-3 gene in a susceptible cucumber cultivar was found to disrupt a TF
binding site, which in turn impaired PR-3s expression and contributed to the plant's
susceptibility (Bartholomew et al., 2022). Hence, subtle variations in promoter regions and their
effects on transcription factor binding may be key to developing Fusarium resistance, and
exploring similar polymorphisms in PR-5 promoters could identify those that naturally enhance
resistance. Instead of overexpressing a single PR-5 gene, an alternative approach would be to
stack it with multiple PR genes, such as those PR proteins found in the xylem sap during RMR
in Chapter 2. The synergistic action of two or more PR proteins has been shown to enhance
resistance and reduce susceptibility to various pathogens (Kaur et al., 2022). For instance,
transplastomic tobacco lines co-expressing an antifungal PR-5 (4P-24) and PR-2 gene in the
chloroplast exhibited significantly enhanced broad-spectrum resistance to various filamentous
pathogens in field trials (Boccardo et al.,, 2019). In another study, transgenic rice lines
expressing both PR-5 (AP24) and a PR-3 gene showed significantly reduced sheath blight
disease symptoms compared to lines expressing only one (Sripriya et al., 2017). Notably, this
study used a 35S promoter to express AP24, resulting in high transcript levels in homozygous

lines without negatively impacting development or growth. This finding suggests that the
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negative effects sometimes associated with constitutive PR-5 expression are not universal and

likely depend on the specific PR-5 gene and plant species.

The immunoglobulin E-binding properties of several PR-5 proteins, including NP24, classify
them as human food allergens, thereby challenging the use of PR genes in transgenic crop
development (Sinha et al., 2014; Ippoushi et al., 2015). A study identified three potential
antibody recognition sites, M1, M2, and M3, in PR-5 proteins through in silico analysis. Single
mutations at these sites caused significant disruptions, resulting in reductions of 72%, 60%, and
76% in IgE binding in vitro, respectively, while mutating all three sites simultaneously led to a
90% reduction in IgE binding (Sharma et al., 2013). Structural analysis of NP24, conducted in
this thesis using PyMOL (www.pymol.org), identified that among the IgE binding sites, only
M1 is located within the cleft region between domains I and II. This region is postulated to be
crucial for the protein's antimicrobial activity (Koiwa et al., 1999; Ghosh and Chakrabarti,
2008). Further research is necessary to determine the impact of the M1 point mutation on
antifungal efficacy. This information is essential for developing engineered PR-5 proteins that
maintain their antifungal properties while reducing allergenic potential. To enhance the
antifungal efficacy of PR-5 proteins, future research should employ in silico docking
simulations using f-1,3-glucan as the substrate to assess the binding affinity and interaction
dynamics of the nearly 300 PR-5 variants found within the Solanaceae family (de Jests-Pires
et al., 2020). This thesis presents observations indicating that AF enriched with NP24 exhibits
more potent antifungal properties against Fol compared to those containing PR-5x. In silico
analyses suggest that this discrepancy may be attributed to a single amino acid variation within

the before mentioned cleft region (Chapter 3, Supplementary Figure 16).

Lastly, this thesis offers valuable insights for developing non-GMO crops with improved
disease resistance against Fo. One strategy is to screen both wild and cultivated varieties for
naturally elevated levels of PR-5 expression or a broader approach, such as simultaneous
screening for other PR proteins identified in Chapter 2. Moreover, screening mutagenesis lines
can uncover novel genetic variations that enhance PR protein expression during defense

responses, as observed in the PR-3 promoter region of resistant cucumber plants.
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